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ABSTRACT 

Experiments were conducted on the water sorption characteristics of three wood species, for both 
juvenile wood and mature wood, at conditions above and below 100°C. A pressurized chamber was 
constructed for this purpose. At 50°C, equilibrium moisture content (EMC) behavior deviated only 
slightly from predictions based on the published data for Sitka spruce. At 160°C, the sorption behavior 
was distinctly different from the 50°C data, or any extrapolation from published low-temperature data. 
The data suggested that a change in the sorptive properties of the wood occurred as temperature and 
moisture conditions exceeded the glass transition temperature for lignin. At 50"C, juvenile wood tended 
to equilibrate at a higher moisture content than mature wood. At 160"C, however, juvenile wood 
exhibited a markedly lower EMC than mature wood. Thermal degradation of wood was detected 
during the experiments. Reduction in the sorptive behavior as a result of thermal degradation is 
proposed as a possible explanation for differences in EMC behavior for juvenile and mature wood at 
160°C. 

Kc,ywords: EMC (equilibrium moisture content), wood, thermal degradation, high-temperature, sorp- 
tion. 

INTRODUCTION and to characterize the EMC vs. relative hu- 

 hi^ research effort focused on investiga- midity behavior of selected wood species in 
lions of the wood-water relationship at con- environments pressing- 
ditions relevant to the hot pressing of wood- 
based composites. Very little information has BACKGROUND 

been documented on the equilibrium moisture 
content (EMC) behavior of wood in environ- 
ments of elevated temperature and pressure. 
Such data are essential in understanding the 
influence of moisture on the viscoelastic be- 
havior of wood. The specific objectives of this 
study were: to develop apparatus and tech- 
niques suitable for collecting sorption iso- 
therm data at high temperatures and pressures, 

During the hot pressing of wood-based 
composites, internal mat temperature has been 
measured in excess of 150°C and relative hu- 
midity calculated to reach or exceed 75% 
(Humphrey and Bolton 1989; Kamke and Cas- 
ey 1989; Karnke and Wolcott 1991). In some 
cases, saturation occurs (Karnke and Johnson 
1994). Such severe processing conditions are 
adequate to transcend the glass transition of 
the iiscoelastic wood (Kelly et al. 

I. Present address: Scientist, Forest Research, Inc., Pri- 
vate Bag 3020, Rotorua, New Zealand. 1987) and have been reported to change the 
t Member of SWST. properties of the wood component (Geimer et 
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al. 1985; Price 1976; Casey 1987). Casey 
(1987) found as much as a 30% increase in 
specific dynamic bending modulus for flakes 
that were tested before and after being con- 
solidated in a flakeboard panel. Such results 
suggest that there is much to gain from an im- 
proved understanding of wood-water relations 
in hot-pressing environments and how they 
bear upon material properties. 

The relationship that exists between a wood 
element and the water vapor in its local en- 
vironment is likely the single most significant 
factor affecting its behavior in both manufac- 
ture and service. Wood-water relations in am- 
bient to moderate conditions have been well 
addressed in excellent texts by Skaar (1972, 
1988) and Siau (1971, 1984, 1995). The data 
compiled by the U.S. Forest Products Labo- 
ratory (1999) for the equilibrium moisture 
content (EMC) of Sitka spruce as a function 
of relative humidity, in oscillating desorption 
at temperatures from 0 to 130°C, have become 
the foundation from which nearly all EMC 
predictions are made. Simpson (1971, 1973, 
1980) has evaluated theoretical sorption mod- 
els using statistical regression analysis and de- 
termined that, while several exhibit an excel- 
lent fit to the Forest Products Laboratory EMC 
data, none can accurately predict the heat of 
sorption of wood. Avramidis (1989) evaluated 
four empirical moisture sorption models that 
incorporate temperature as an independent 
variable in addition to relative humidity. He 
found that they are as effective in fitting the 
FPL data as the theoretical sorption models 
presented by Simpson (1973), and simpler to 
apply to data representing a range of temper- 
atures. The Hailwood-Horrobin model (Hail- 
wood and Horrobin 1946) with coefficients 
determined by Simpson (1973) is probably the 
most widely used equation for predicting 
EMC of wood. 

Experimental data on the EMC behavior of 
wood at temperatures above 100°C are not 
nearly as well represented in the literature. 
Keylwerth (1949), Grumach (1951), and 
Kohlman and Malmquist (1952) have collect- 
ed EMC data in pure steam at temperatures up 

to 154OC. High-temperature EMC values in 
pressurized, saturated environments have been 
determined through a variety of methods by 
Hann (1966), Strickler (1968), Lutz (1974), 
Engelhardt (1979), and Resch et al. (1988) 
These studies employed a range of techniques, 
and while they reported contradictions in both 
the shape of the EMC vs. relative humidity 
curve and the existence of adsorption-desorp-. 
tion hysteresis, they all clearly showed that the 
nature of the wood-water relations changed 
significantly as temperature and pressure in- 
creased. With the exception of the study by 
Lutz (1974), all of these researchers have sug- 
gested some influence of wood degradation at 
high temperatures. Using a gravimetric tech-- 
nique for moisture content determination, En-- 
gelhardt (1979) and Resch et al. (1988) at- 
tempted to correct for this loss of mass. This 
phenomenon agrees with research on wood 
stability as reviewed by Hillis (1984); how- 
ever, the time frame necessary for such deg- 
radation to occur makes it more of a concern 
in the characterization of long-term EMC ex- 
periments than in the manufacture of wood- 
based composites. 

High-temperature EMC predictions ob- 
tained through various methods of extrapola- 
tion from low-temperature data have also been 
presented by Keylwerth (1949), Sturany 
(19521, Kauman (1956), and Ladell (1957). 
Rosen (1980) derived psychrometric relation- 
ships for superheated steam environments and 
discussed their influence on the EMC of wood. 
Simpson and Rosen (1981) provided a review 
of previous high temperature EMC work and 
presented a method of extrapolation at atmo- 
spheric pressure based on a fit of the Hail- 
wood-Horrobin equation to EMC data for Sit- 
ka spruce (U.S. Forest Products Laboratory 
1999). 

EXPERIMENTAL 

Mature log sections of yellow-poplar (Lir- 
iodendron tulipifera), loblolly pine (Pinus tae- 
da), and aspen (Populus tremuloides) were ob- 
tained and cut into cants. These cants were 
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further separated into juvenile, mature, and in- 
termediate portions. Juvenile wood was de- 
fined as the wood inside the tenth growth ring 
and mature wood as that material outside the 
thirtieth growth ring, as per Kretschmann and 
Bendsten (1992). The wood material was then 
end-sealed and allowed to air-dry at ambient 
laboratory conditions for approximately 12 
months. 

Equilibrium moisture content data were col- 
lected and used to create desorption isotherms 
at 50°C and 160°C in order to provide infor- 
mation across the range of temperatures found 
in wood-based composites manufacture. Dif- 
ferent gravimetric methods were employed for 
the 50°C and 160°C isotherm experiments. Be- 
low 10O0C, experiments could be conducted at 
atmospheric pressure. Above 10O0C, a pres- 
surized vessel was required to obtain water va- 
por pressure values in excess of atmospheric 
pressure. 

For the 50°C desorption, juvenile, mature, 
and intermediate wood specimens of yellow- 
poplar and loblolly pine were machined to di- 
mensions of approximately 8 cm (tangential) 
by 5 cm (radial) by 2 cm (longitudinal). Due 
to the smaller size of the aspen log, aspen 
specimens were longer in the longitudinal di- 
rection, and smaller in the transverse dimen- 
sions. Specimens for the 160°C experiments 
were created to maximize surface area, and 
thus speed up the desorption process. Wood 
strips approximately 5 cm (tangential) by 0.4 
cm (radial) by 25 cm (longitudinal) were sep- 
arated by 4-mrn wooden spacers and bound 
together using thin chrome1 wire (Fig. 1). This 
configuration comprised one specimen. 

At 50°C, desorption was carried out in a one 
m3 environment cabinet with recirculating, 
forced-air flow. Dry-bulb and wet-bulb ther- 
mocouples were used to monitor temperature 
and humidity of the environment to within 
0.l0C and 0.5% relative humidity. 

For the 50°C experiments, the air-dried 
specimens were first allowed to equilibrate at 
50°C and 95% relative humidity within the 
chamber. Specimens were then subjected to an 
initial desorption to 25% relative humidity, af- 

ter which they were again reconditioned to 
95% relative humidity. Henceforth, EMC data 
were collected as the specimens equilibrated 
in a humidified environment, which was re- 
duced in a stepwise fashion, in 5% increments, 
to 25% relative humidity. The final step was 
oven-drying the specimens at 103°C in a con- 
vection oven. Specimens were maintained at 
each relative humidity step until weight loss 
was less than 0.1% per day, as determined by 
weighing on a laboratory balance. Weight 
measurements required the removal of the 
specimens from the chamber. 

A special pressurized sorption apparatus 
was created to conduct the EMC experiments 
at 160°C. A test chamber that could be pres- 
surized was necessary to generate wood EMC 
conditions near fiber saturation at temperatures 
above 100°C (Fig. 1). This device consisted of 
a 50-1 stainless steel vessel, which could with- 
stand internal pressures in excess of six at- 
mospheres. It had computer control of tem- 
perature and internal pressure. A computer al- 
gorithm compared the current internal condi- 
tions with user-defined setpoints. Based on 
this information, digital outputs were used to 
energize or de-energize electric resistance 
heating elements, control the high-pressure 
pump for make-up water, and to open a sole- 
noid valve for venting. 

Temperature control was achieved using 
three electronic resistance heaters mounted on 
the exterior of the pressure vessel. The pri- 
mary and secondary heaters were incased in 
cast aluminum jackets that conformed to the 
circumference of the cylindrical vessel. Both 
the primary and secondary heaters were 100 
ampere, 220 volt units. The primary heater, 
surrounding the lower part of the vessel, was 
run at 100% power; and the secondary heater, 
surrounding the upper portion of the vessel, 
was operated at 50% power. The tertiary heat- 
er was a flat ring-shaped unit fixed to the bot- 
tom of the cylinder. This heater was rated at 
220 volts, 10 amperes and operated at 100% 
power. The primary and tertiary heaters were 
controlled to maintain a constant setpoint tem- 
perature measured on the external surface of 
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1 - Computer control and acquisition unit 
2 - Pressure transducer 
3 - Solenoid valve 
4 - Load beam 
5 - Make-up water reservoir 
6 - High pressure water pump 
7 - Pressure gauge 
8 - Venting port 
9 - Thermocouple well 

10 - Control thermocouple 
11 - Wood sample 
12 - Secondary heating element 
13 - Primary heating element 
14 - Tertiary heating element 
15 - Water injection port 
16 - Radiation shield 

FIG. I .  Schematic drawing of pressurized sorption apparatus and illustration of 160°C desorption specimen. 
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the cylinder. The secondary heater was con- 
trolled to maintain a constant specimen tem- 
perature that was measured with a type-K ther- 
mocouple embedded in a piece of wood ad- 
jacent to the sorption specimen. After the ini- 
tial heat-up sequence, most of the temperature 
control was accomplished with the secondary 
heater. 

EMC data, were collected by monitoring the 
mass of a wood specimen (Fig. 1) within the 
sorption vessel as the total pressure, and thus 
the relative humidity of the internal water va- 
por environment was reduced in a stepwise 
fashion from saturation to atmospheric pres- 
sure. Constant temperature of the specimen 
was maintained throughout. A paramount con- 
cern was protecting the sensitive weighing in- 
strumentation from the corrosive steam envi- 
ronment. To do this, an external weighing ap- 
paratus was created to monitor the mass of the 
specimen while it was suspended inside the 
chamber (Fig. 2). This device consisted of a 
load beam (0 to 227 g range max, 0 to 10 volt 
output, 0.25% of full-scale combined error) 
mounted on the outside of the vessel. The load 
beam was attached to the specimen by means 
of a chrome1 wire (0.025-mm diameter), 
which passed through a small orifice (0.030- 
mm diameter) in the lid. The small leak in- 
herent to this design served to improve cir- 
culation within the vessel, and was compen- 
sated for by introducing de-oxygenated, dis- 
tilled make-up water. The loss of water vapor 
through the orifice created a natural circulation 
of water vapor from the bottom of the vessel, 
past the specimen, and out the top. A stainless 
steel cylinder served as a shield to protect the 
specimen from direct heat radiation from the 
vessel wall. This allowed the specimen tem- 
perature to closely match the temperature of 
the water vapor atmosphere. 

Prior to the desorption experiments, the load 
beam was calibrated with weights of known 
mass. The influence of temperature and pres- 
sure was determined by hanging a brass 
weight on the weighing mechanism and per- 
forming a complete desorption cycle. This was 
done using weights reflecting the upper (sat- 

0.03 mm dia. / I 
orifice 

I specimen 1 

FIG. 2. Schematic drawing of weighing mechanism for 
the pressurized sorption apparatus. 

urated) and lower (dry) limits of mass for the 
desorption specimens. 

The control sequence steps for the high- 
temperature desorption experiments are shown 
in Table 1. Preliminary experiments were car- 
ried out to determine the soak times necessary 
at each humidity step. The time increments 
used in the work by Resch et al. (1988) were 
employed as guidelines and adjusted based on 
observations with the wood species and spec- 
imen geometry used in this study. It was also 
necessary to determine the amount of wood 
degradation that took place during each hu- 
midity step. This provided a framework for 
subsequent correction of EMC data due to 
mass loss. Specimens for the mass loss tests 
were assembled, weighed, and hydrated at 
95% relative humidity. A matched specimen 
was used to calculate an approximate oven- 
dry weight. Specimens were placed in the 
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TABLE 1 .  Control sequetzcefi~r high-ten~prrature desorp- 

Control Setpolnt< 

Rel. Hum. 

I 
Step l'lme (mln.) Temp. ("C) Presure (kPa, prla) (%) 

Heat-up 

I 75" 160 583.8 (84.7) 95 
2 10" 160 583.8 (84.7) 95 

Desorption 
3 45 160 583.8 (84.7) 95 
4 10 160 
5 45 160 549.3 (79.7) 89 
6 20 160 
7 45 160 480.4 (69.7) 78 
8 20 160 
9 45 160 411.4 (59.7) 67 

10 20 160 
11 45 160 342.4 (49.7) 56 
12 20 160 
13 45 160 273.5 (39.7) 44 
14 20 160 
15 45 160 204.5 (29.7) 33 
1 h 20 160 
17 45 160 135.5 (19.7) 22 
18 20 160 
19 45 160 101.0 (14.7) 16 

Cool Down 

20 225 20 101.0 (14.7) - 

sorption vessel with three liters of water, and 
the vessel was sealed and heated to 160°C. 
The pressure was increased to the level nec- 
essary for the first relative humidity step 
(95%), and the mass of the specimen was re- 
corded throughout the duration of that step. 
The chamber was then depressurized and the 
specimen's weight was recorded, after which 
the specimen was oven-dried at 103°C and 
weighed again. This procedure was repeated 
for all the relative humidity steps listed in Ta- 
ble I. Due to concerns of wood degradation 
in the severe environments, specimens were 
not subjected to an initial adsorption--desorp- 
tion cycle at 160°C, as in the 50°C experi- 
ments. 

Specimens were assembled from the air- 
dried wood and then hydrated in an environ- 
ment of 95% relative humidity at 25°C before 
placement in the pressurized sorption appara- 

tus. A small piece of each specimen was oven- 
dried at both 103°C and 160°C to determine 
the initial moisture content using a gravimetric 
technique. This information was then used to 
approximate the initial oven-dry weight. Three 
liters of liquid water were added before the 
prehydrated specimens were suspended from 
the weighing mechanism and sealed inside the 
vessel. The vessel was heated at approximate:- 
ly 2°C per minute until the isotherm tempelr- 
ature of 160°C was reached. Once the internal 
pressure had attained a level corresponding to 
95% relative humidity (587 kPa, 85 psia at 
160°C), the desorption sequence was initiated. 
At this time, essentially all of the air initially 
in the vessel had been displaced by water va- 
por. The isotherm temperature was then main- 
tained as the internal pressure was reduced to 
atmospheric pressure in seven steps. Figure 3 
illustrates the targeted environmental condi- 
tions for the high-temperature experiments iis 
well as characteristic temperature and relative 
humidity values recorded during the desoql- 
tion. Some fluctuation in relative humidity and 
temperature about the setpoint conditions was 
evident. The relative humidity is tied closely 
to temperature through the saturated water va- 
por pressure, and thus minor fluctuations in 
temperature, inherent to the heating system 
employed, resulted in subsequent variations in 
relative humidity. Occasionally such variation 
resulted in equilibrium not being achieved at 
a given step, in which case the control se- 
quence continued to the next step and EMC 
data at that condition were omitted for that 
specimen. Specimens were judged to have 
reached equilibrium when their observed mass 
was unchanged for 5 minutes. 

Once the desorption experiment was com- 
plete and the apparatus had cooled, specimens 
were removed, weighed, and placed in a con- 
vection oven at 160°C to dry. This oven-dry 
mass was compared to the initial oven-dry 
mass to determine the amount of mass lost 
during desorption due to hygro-thermal deg- 
radation. Together with the results of preliim- 
inary mass-loss experiments, this value was 
used to correct the oven-dry mass for subse- 
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I I I I I I 

0 75 150 225 300 375 450 525 
Time (minutes) 

FIG. 3. Environmental conditions and specimen temperature for a desorption experiment at 160°C 

Relative Vapor Pressure 

RESULTS AND DISCUSSION 
FIG. 4. Desorption isotherms for yellow-poplar, aspen, 

quent moisture content calculations. The oven- 

and loblolly pine at 50°C. Data points represent an average ~i~~~~ 4 shows desorption isotherms for 
of all wood types. Error bars indicate one standard devi- 
ation. Line is EMC predicted by the Hailwood-Horrobin 

yellow-poplar, aspen, and loblolly pine at 

I-hydrate model (H-H 1) with parameters after Simpson 500C. The exhibit the 
sigmoid shape commonly reported for wood 

dry mass after desorption was also compared 
to the final measured mass in the sorption ves- 
sel at atnlospheric pressure to compensate for 
drift of the load beam over time. 

Chemical analyses were carried out on three 

40--  

35- 
C 
C) f 30- 
0 25- 

f replicate specimens taken from mature wood 
20- .- specimens of all three species both before and s 5 15- after desorption. A standard HPLC carbohydrate 

.- 
L analysis with Klason lignin was performed as 
P .- 10- 
a per the technique of Kaar et al. (1991) on the 
u treated and untreated samples. Ash content was 

also determined by thermogravimetric analysis 

0 0 2 0 4 0 6 0 8 1 
(TGA) (700°C, 10°C/min.). 

- - 

o yellow poplar 1 
x Aspen I A ~ o b ~ o ~ ~ y  Pine 

1 -H-H t31ypson (1973) 

I 
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Data Juvenlle 

Data Mature 

H H 1 J~venlle 

H-H 1 Mature 

- - -  - -  

0 2 0 4 0 6 0 8 1 

Relative Vapor Pressure 

5,  ti^^ isotherm data for juvenile and ma- FIG. 6. Desorption isotherm data for juvenile and m.a- 

lure aspen wood at 5 0 0 ~ .  ~i~~~ a nonlinear fit ture loblolly pine wood at 50°C. Lines represent a nonlin- 

to the Hailwood-Horrobin I -hydrate model. ear fit to the Hailwood-Horrobin 1-hydrate model. 

(Simpson 1980) and are free from any suspi- 
cious anomalies. Each data point represents an 
average of eleven specimens: four each of ju- 
venile and mature wood, and three of inter- 
mediate wood. The solid line indicates pre- 
dicted EMC using the Hailwood-Horrobin 1- 
hydrate model, 

EMC = 

where W, K, and K, are temperature-depen- 
dent parameters and h is the relative vapor 
pressure. 

The Hailwood-Horrobin 1 -hydrate model fit 
to the FPL Sitka spruce (Picea sitchensis) 
data, over the range of 0 to 100°C, give the 
following polynomial equations for the tem- 
perature-dependent parameters (Siau 1995). 

K = 4.73 + 0.048(T) - 0.0005(T2) 

K, = 0.706 + 0.0017(T) - 0.000006(T2) 

The experimental and predicted values 
agree only up to a relative vapor pressure of 
about 0.4, after which the data points gradu- 
ally diverge upwards from the predicted curve, 
reaching a maximum deviation of 4% EMC at 

a relative vapor pressure of 0.95. Considering 
that the predictions are based on data from Sit- 
ka spruce, this difference is not remarkable. 

Figures 5, 6, and 7 illustrate the EMC and 
relative vapor pressure relationships of mature 
and juvenile wood for aspen, loblolly pine, 
and yellow-poplar, respectively. Nonlinear re- 
gression analysis was used to fit the Hailwood- 

FIG. 7. Desorption isotherm data for juvenile and ma- 
ture yellow-poplar wood at 50°C. Lines represent a non- 
linear fit to the Hailwood-Horrobin 1-hydrate model. 

40 

- 35- 
E 30- 

I x Data Juvenlle - 1  
r Data Mature 

H-H 1 Juvenle ' 1 -n HIMature 1 
2 s 25-  
g! 

g 20- 

3 
5 15- 
'C n - 
'5 10- 
D- W 

0 0 2 0 4 0 6 0 8 1 

Relative Vapor Pressure 
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TAAI .~  2. Parameters c?f the Hailwood-Horrobin 1 -hy- 
drate model evaluated at 50°C. Sitka spruce parameters 
from Sirnpson (1973). 

Sitka spruce 0.306 5.88 0.776 

Aspen: 
Juvenile 0.330 8.010 0.841 
Mature 0.340 7.334 0.839 

Loblolly pine: 

Juvenile 0.278 5.837 0.801 
Mature 0.263 5.171 0.777 

Yellow-poplar: 

Juvenile 0.3 15 6.178 0.832 
Mature 0.295 4.836 0.816 

Horrobin I-hydrate model to the data from 
this study. The parameters of the model eval- 
uated at 50°C are given in Table 2. At a given 
humidity level, EMC for juvenile wood was 
generally higher than that for mature wood. 
The largest difference occurred at the highest 
relative humidity, with a maximum deviation 
of 1.3% MC for loblolly pine at 95% relative 
humidity. Applying a test for independence 
between regression lines (Neter and Wasser- 
man 1974) revealed that the 50°C isotherms 
for juvenile and mature wood are statistically 

independent at a significance level of a equal 
to 0.025 for all three species. 

Experiments conducted to evaluate degra- 
dation of wood indicated that at 160°C, mass 
loss due to thermal degradation was much 
more severe at high relative humidity than at 
low relative humidity (Fig. 8). This behavior 
can be explained by the drastic increase in 
thermal degradation of wood that occurs with 
increasing moisture content. Skaar (1976) re- 
ported reaction rates for thermal degradation 
in wet wood to be as h g h  as ten times those 
for dry wood. Hillis (1984) also reviewed sev- 
eral studies that corroborate these findings. 

To account for wood material lost to ther- 
mal degradation, a relationship to distribute 
the mass loss among the stages of the desorp- 
tion process was developed. This function 
preferentially attributed the mass loss to the 
higher moisture content portion of the desorp- 
tion experiments and corrected the observed 
EMC by adjusting the oven-dry weight to re- 
flect mass lost at each step. The mass-loss cor- 
rection function applied to the wood degra- 
dation data is shown in Fig. 8. Both actual and 
predicted mass loss were normalized and dis- 
played as a cumulative distribution function. 
Note that the loss of wood material is depen- 
dent on temperature, moisture content, and 

- A  - Actual mass Loss 

+ Predlded mass loss CDF 

Relative Vapor Pressure 

FIG. 8. Mass loss due to wood degradation as a function of relative vapor pressure, for desorption of mature yellow- 
poplar at 160°C. Lines represent normalized mass loss in the form of a cumulative distribution function (CDF). 
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C 
00 25- 

f 
C .e 20- 

3 
5 15- .- 
0 - 
'3 10- u 
W 

5 - 

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 

Relative Vapor Pressure Relative Vapor Pressure 

FIG. 9. Desorption isotherm data for juvenile and ma- FIG. 11. Desorption isotherm data for juvenile and 
ture aspen wood at 160°C. Lines represent a nonlinear fit mature yellow-poplar wood at 160°C. Lines represent a 
to the Hailwood-Horrobin 1-hydrate model. nonlinear fit to the Hailwood-Horrobin I-hydrate model. 

time. The results in Fig. 8 are based on the 
time needed to achieve equilibrium at each rel- 
ative humidity step of the desorption experi- 
ment. 

Relationships for EMC and relative vapor 
pressure at 1600C for the mature and juvenile 
wood of aspen, loblolly pine, and yellow-pop- 
lar, respectively, are shown in Figs. 9, 10, and 

40 - -- ~- - 

Data, Juvenlle 
A Data, Mature 

0 0.2 0.4 0.6 0.8 1 
Relative Vapor Pressure 

FIG. 10. Desorption isotherm data for juvenile and 
mature loblolly pine wood at 160°C. Lines represent a 
nonlinear lit to the Hailwood-Horrobin I-hydrate model. 

11. Nonlinear regression analysis was again 
used to fit the Hailwood-Horrobin 1-hydrate 
model to the data. The parameters of the mocl- 
el, evaluated at 160°C are given in Table 13. 
The high-temperature desorption isotherrr~s 
were distinctly lower than their 50°C counter- 
parts, an expected result of the reduced activ- 
ity of water with increasing temperature. Th.e 
initial linear portion and the first inflection 
point (near 0.1 relative vapor pressure) char- 
acteristic of the traditional, sigmoid-shaped, 
isotherm are absent in these results. This bt:- 
havior is consistent with the results of Strick- 

TABLE 3. Parameters o f  the Hailwood-Horrobin 1-hv- 
drate rnodel evaluated at 160°C. 

- 
Parameters 

Aspen: 
Juvenile -0.010 -1.012 0.830 
Mature 0.004 -0.990 0.77 1 

Loblolly pine: 
Juvenile 0.016 -0.981 0.664 
Mature 0.004 -0.990 0.77 1 

Yellow-poplar: 
Juvenile 0.002 -0.996 0.776 
Mature 0.005 -0.971 0.572 
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ler (1968), Engelhardt (1979), and Resch et al. 
(1988). EMC initially increased rather slowly 
with relative vapor pressure, in a more or less 
linear fashion, up to a level of around 0.5. At 
this point, an inflection occurred and EMC in- 
creased at an accelerating rate as saturation 
was approached. This behavior suggested that 
some type of change in the material occurred 
around 50% relative humidity, affecting the 
sorptive behavior of the wood. Strickler 
(1968) recorded similar results, including a re- 
versal effect at high relative vapor pressures, 
where the EMC increased with increasing 
temperature, causing the sorption isotherms to 
cross over those at lower temperatures. He 
suggested a revised theory of sorption for high 
temperatures, postulating that this inflection 
was due to a combination of multilayer sorp- 
tion and inordinate swelling of the wood struc- 
ture due to softening of the glassy wood poly- 
mers. 

The temperature and humidity conditions at 
which the EMC increases rapidly are above 
the reported range for lignin to exceed its glass 
transition temperature (Kelly et al. 1987). 
When a material goes through a glass transi- 
tion, it is theorized that a corresponding in- 
crease in free volume occurs. Free volume is 
defined as the intermolecular space within a 
network of polymer molecules (Aklonis and 
MacKnight 1983). Above the glass transition, 
the number of accessible primary sorption 
sites available in wood increases rapidly, 
yielding in effect an expanding monolayer of 
sorbed water molecules. The data of Hann 
(1966) and Engelhardt (1979) also support the 
idea that plasticization of wood influences the 
inflection of the EMC and relative humidity 
relationship. In addition, the results of Strick- 
ler (1968) indicate that as the isotherm tem- 
perature is increased from 100 to 170°C, the 
inflection in the EMC curve moves toward 
lower relative vapor pressures. This appears to 
reflect the coupling effect between tempera- 
ture and moisture on the glass transition of 
polymers. As temperature increases, the mois- 
ture level necessary for the onset of the glass 
transition is reduced (Aklonis and MacKnight 

1983). Researchers have also reported this 
phenomenon on sorbents other than wood. Ur- 
quhart and Williams (1924) observed a similar 
reversal effect at high relative humidity, which 
they attributed to "swelling of the material 
and consequent exposure of new surface." Jef- 
fries (1960) also noted similar behavior with 
synthetic polymers at 120 and 150°C. 

At 160°C, all three species illustrate an ap- 
parent difference in EMC behavior between 
juvenile and mature wood. This difference was 
the most significant (a < 0.025) for loblolly 
pine, and less statistically robust for aspen (a 
= 0.15) and yellow-poplar ( a  < 0.24). Curi- 
ously, EMCs for juvenile wood were lower 
than those for mature wood at 160°C, whereas 
this hierarchy was reversed at 50°C. This was 
likely a result of the chemical differences be- 
tween the two wood types, which was in some 
way manifested as a difference in sorptive be- 
havior at high temperatures. 

Table 4 lists the results of the chemical anal- 
yses performed on mature wood samples be- 
fore and after desorption experiments. How- 
ever, the observed changes in chemical com- 
position are not significant in light of the ac- 
curacy of the technique. In general, mature 
wood samples tended to lose 1.5 to 4% (based 
on total mass) of their hemicelluloses during 
desorption, with loblolly pine recording the 
highest losses and yellow-poplar the least. As 
a result of these hemicellulose losses, there 
was a relative increase in the lignin and cel- 
lulose content during desorption. Loblolly 
pine exhibited the largest increase in total lig- 
nin, and the smallest increase in cellulose. Be- 
cause juvenile wood specimens were not an- 
alyzed, these results do little to explain the dif- 
ferences in sorptive behavior between mature 
and juvenile specimens. 

When compared to mature wood, juvenile 
wood has a higher concentration of hemicel- 
luloses and lignin, at the expense of cellulose 
(Panshin and deZeeuw 1980). Concerning the 
three primary components of wood, hemicel- 
luloses are both the most hygroscopic and the 
most susceptible to thermal degradation. Lig- 
nin is both the least hygroscopic and least sus- 
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TABLE 4. Chemical composition of mature ( M )  wood samples of southern pine (SP), aspen (AS), cmd yellow-poplar 
( Y P )  hefbre (u )  and after ( t )  desorption. Totcrl composition of a sample is not 100% due to omission of uronic acids 
~ind uceryl content. 

Sugar Cornposit~on. % 
- Llgntn. % 

Non-Cellulo\r 
Ccllulo\e Acida Acld A\h, '36 

Sample Glucan Xylan Gali~ctan Arab~nan Mannan Ibtal Sugar Insoluble Soluble Total Lignln Content 

SPMu 43.94 6.97 2.22 0.00 15.17 68.29 25.55 0.29 25.84 0.03 
SPMt 44.43 5.63 1.54 0.00 13.12 64.71 29.41 0.58 29.99 0.58 
ASMu 42.95 17.04 0.00 0.00 1.85 61.85 19.24 3.07 22.31 0.43 
ASMt 44.40 14.80 0.00 0.00 1.66 60.86 21.59 2.97 24.56 0.13 
Y PMu 43.91 13.76 0.00 0.00 1.51 59.18 22.06 3.91 25.97 0.41 
YPMt 47.58 12.26 0.00 0.00 1.68 61.52 25.35 3.18 28.53 0.02 
Sigma Oat 
Spclta Xylan 
(control) 11.19 66.66 0.00 6.49 0.00 84.34 2.20 0.57 2.77 3.22 

- 
,' (Klaron), al\o ~nclttde\ rxtractlves on this analyui 

ceptible to wood degradation (Fengel and We- 
gener 1989; Christensen and Kelsey 1959). At 
low temperatures, juvenile wood should thus 
be slightly more hygroscopic than mature 
wood, explaining the higher EMC exhibited 
by juvenile wood at 50°C. Juvenile wood at 
160°C would have, due to the relative thermal 
instability of the hernicellulose, lost its most 
sorptive component and become less hygro- 
scopic than mature wood. 

Based on the sorptive nature of the different 

) '-- [ . x a n l e  and Mature 

..... ' Resch et al (1988) 

, - Resch et al (1988) adjusted 
- -- 

0 0 2 0 4 0 6 0 8 I 

Relative Vapor Pressure 

F I G .  12. EMC for yellow-poplar wood at 160°C. Data 
fiom combined mature and juvenile wood from this study 
in addition to data from Resch et al. (1988). 

wood components, a difference in the amount 
of wood material lost due to thermal degra- 
dation would have helped to explain the te11-I- 
perature effect on the differences in EMC be- 
tween mature and juvenile wood. However, all 
specimens exhibited similar mass losses, rang- 
ing from 8 to 11 % of their oven-dry mass. Hsu 
et al. (1988) treated wood with saturated stearn 
at approximately 200°C for 4 minutes and 
found an increase of water soluble compounds 
of 15% for aspen and 10% for lodgepole pine. 
There was essentially no change in the cellu- 
lose and lignin content. 

The measured mass losses due to the de:- 
sorption experiments may not reflect the corn- 
plete nature of the wood degradation proces:;. 
It is quite probable that some of the hemicell- 
luloses could have been degraded such that 
their hygroscopicity was reduced; yet the deg- 
radation products still remained within the 
wood structure. Thas, many of the degradation 
products would contribute to the nonsorptive 
mass of the specimen, but not actively partic- 
ipate in adsorbing or desorbing water. 

Figures 12 and 13 display the 160°C iso- 
therm data from this study along with data col- 
lected by others. These comparisons illustrate 
that thermal degradation, species, and juve- 
nile-mature wood difference can lead to quite 
different observed sorption behavior. The 



116 WOOD AN11 FIBER SCIENCE, JANUARY 2001, V. 33(1) 

0 0.2 0 4 0.6 0.8 1 

Relative Vapor Pressure 

40 

35 - 
E 30- 
2 

2 5 ~  
g, 

20 .- 
S 

FIG. 13. EMC for mature and combined mature and 
juvenile loblolly pine wood at 160"C, in addition to data 
from Strickler (1968) for adsorption of grand fir at 150 
and 170°C. 
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technique used by Resch et al. (1988) to col- 
lect data for the EMC of yellow-poplar at 
160°C (Fig. 12) was the most similar. Resch 
et al. only considered time when correcting for 
mass lost due to wood degradation. EMC was 
calculated at each step based on the initial 
oven-dry weight of the specimens, whereas 
EMC values in this study were calculated 
based on the (corrected) oven-dry weight at 
each step. When corrected as per the method 
used herein, the data of Resch et al. appear 
closer to the EMC results generated in this 
study for yellow-poplar (juvenile and mature). 
Results of Hann (1 966) for yellow-poplar tend 
to agree more closely with the data presented 
here, while the data of Engelhardt (1979) for 
beech tend to fall in between. The EMC data 
of Strickler (1968) for adsorption of grand fir 
at 150" and 170°C are slightly elevated in 
comparison to the desorption EMC data for 
loblolly pine (combined mature and juvenile 
wood) presented in this paper (Fig. 13). Larger 
deviations occur above 0.8 relative vapor pres- 
sure. The temperature-dependent parameters 
of the Hailwood-Horrobin 1-hydrate model 
presented by Siau (1995) failed to adequately 
describe EMC behavior at 160°C exhibited 

here and in the literature, and predicted non- 
sensical values of EMC at temperatures above 
155°C. 

CONCLUSIONS 

Equilibrium moisture content data in the 
form of desorption isotherms were collected 
for mature and juvenile wood of aspen, lob- 
lolly pine, and yellow-poplar. These data per- 
tain to the understanding of material behavior 
during the manufacture of wood-based com- 
posites. 

A high-temperature sorption apparatus was 
designed to generate the environments neces- 
sary to achieve saturation conditions at 160°C. 
This apparatus had the instrumentation and 
control features necessary to create a constant 
temperature, water vapor environment, and to 
reduce the humidity level of that environment 
in a stepwise fashion from saturation to at- 
mospheric conditions. A gravimetric method 
of MC determination was performed continu- 
ously inside the apparatus. 

At 50°C EMC behavior of the wood spe- 
cies studied deviated only slightly (and only 
at high humidity) from predictions based on 
the data derived from Sitka spruce. EMC be- 
havior at 160°C, however, was distinctly dif- 
ferent from the 50°C data, or any extrapolation 
from existing low-temperature data. Isotherms 
generated at 160°C initially exhibited low 
EMCs before turning sharply upwards above 
50% relative humidity. This behavior suggest- 
ed that a change in the sorptive properties of 
the wood occurred as temperature and mois- 
ture conditions exceeded the glass transition 
temperature for lignin. 

Considerable differences existed between 
the EMC relationships of juvenile and mature 
wood. At 50°C, juvenile wood tended to equil- 
ibrate at higher EMCs than mature wood. At 
160°C, however, juvenile wood exhibited 
markedly lower EMCs than mature wood. 
Thermal degradation of wood was detected 
during desorption experiments. This degrada- 
tion was manifested as mass loss and was 
much more severe at high humidity levels. Re- 
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duction in the sorptive behavior as a result of 
thermal degradation was proposed as a possi- 
ble explanation for differences in EMC behav- 
ior for juvenile and mature wood at 160°C. 
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