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The sorption of water vapor by cellulosic materials is modeled with an exponential relationship 
between the Gibbs free energy change and equilibrium moisture content. The utility and simplicity 
of the model are illustrated with applications to several sets of sorption data in the literature. Ad- 
sorption and desorption isothel-ms generally are described with an accuracy of +0.5% moisture con- 
tent up to relative humidities of about 90%. Effects of temperature ant1 sorption hysteresis are ex- 
amined briefly. 
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The sorption (adsorption and desorption) of water vapor by cellulosic materials 
at a fixed temperature is characterized by sigmoid curves relating equilibrium 
moisture contents and relative humidities. These relationships are of considerable 
practical interest because they greatly affect the properties of materials such as 
wood, paper, textiles, and cellulose derivatives during the manufacturing process 
or in use as  final products. Some of these important properties are strength, 
dimensional stability, machinability, adhesiveness, and decay resistance. 

The nature of adsorption has been discussed extensively in the literature, and 
many theoretical models have been derived to explain the details of this process. 
Simpson (1979) has shown that a number of theories of Type TI (or multilayer) 
adsorption can describe sorption data for wood, and that they provide reasonable 
mechanistic interpretations of how wood takes up water. In contrast to work on 
adsorption, little effort has been made to describe theoretically the equilibrium 
moisture contents obtained by desorption. Instead, the kinetics of this process 
has been of greater interest, and numerous models describing desorption rates 
have been proposed (Stamm 1964; Hearle and Peters 1960; Skaar 1972; and Siau 
197 1). 

Nonlinear regression methods were used by Simpson (197 1, 1973) to fit sorption 
data for wood to several mathematical models of Type IT adsorption. He found 
that the equilibrium moisture content of wood can be reproduced well with these 
techniques. Deviations of 0.5% moisture content or less were obtained over the 
entire range of temperature and relative humidity. Anderson and McCarthy (1963) 
derived an equation for Type I1 adsorption on the basis of an exponential rela- 
tionship between moisture content and differential heat of wetting. Combination 
of this exponential expression with a form of the Gibbs-Helmholtz equation from 
thermodynamics results in a sigmoid relationship between moisture content and 
relative humidity when temperature is constant. The authors show that their 
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isotherm accurately reproduces adsorption data for a number of fibrous materials 
over a range of relative humidities from 10 to 85%. 

This paper describes an empirical model that can be used to characterize iso- 
therms for Type I1 sorption and to present supporting evidence from data in the 
literature. The approach used is similar to that of Anderson and McCarthy (1963) 
and, indeed, a similar final result is found. The two models differ, however, in 
the thermodynamic variables employed and in the ease with which the model 
parameters can be related to measurable quantities. In subsequent sections, the 
thermodynamic considerations and practical applications to existing data are dis- 
cussed. 

THERMODYNAMIC CONSIDERATIONS 

This section presents details of model development as well as a discussion of 
hysteresis and temperature effects on sorption and how these effects change the 
parameters of the model. Limitations in development of the model are described 
also. 

Model  deve lopment  

The model to be developed must be regarded as empirical in that, like the 
Anderson-McCarthy equation, i t  has as its foundation an observed relationship 
between a thermodynamic variable and equilibrium moisture content. If the ad- 
sorption and desorption of water vapor by a cellulosic material at constant tem- 
perature are measured after reaching equilibrium with several relative humidities, 
the resulting isotherms generally take the sigmoid shapes referred to earlier. In 
a thermodynamic analysis of these isotherms, the decrease in Gibbs free energy 
per gram of sorbed water may be calculated from 

where R is the universal gas constant, M is the molecular weight of water, p is 
the equilibrium pressure of water vapor (assumed to be an ideal gas) at absolute 
temperature T,  and p,, is the corresponding saturation vapor pressure (Skaar 
1972). Since p/p,, equals percent relative humidity (RH) divided by loo%, AG is 
also written in terms of RH in Eq. (I).  Consideration must be given to the limiting 
cases of Eq. ( I )  when RH approaches zero and loo%, corresponding to dryness 
and fiber saturation, respectively. Let the moisture content expressed as a frac- 
tion of the oven-dry weight be denoted by m. Then the fiber saturation point, m,, 
logically should be defined as the moisture content of the material for which 
AG = 0 at a specified temperature. This definition is consistent with the concept 
that m, corresponds to a RH of 99.99% (or 100% for practical purposes). On the 
other hand, an infinite AG is obtained from Eq. (1) when RH = 0. Such a result 
is questionable since the Gibbs-Helmholtz equation would then require an infinite 
heat change, which has never been observed (Babbitt 1942). For this paper, a 
finite value of AG. say AG,,, is regarded as a satisfactory estimate of AG as RH 



10 WOOD A N D  FIBER SCIENCE, JANUARY 1983, V. 15(1) 

approaches zero. These considerations impose the following two conditions on 
any sorption model which is intended to apply over the entire RH range: 

AG = AG,, when m = 0 (2) 
AG = 0 when m = m,. (3) 

Stamm and Loughborough ( 1933, Kelsey and Clarke (1 956), and Babbitt ( 1942) 
are among the authors who have reported AG as a function of m for cellulosic 
materials. Except for m values approaching the fiber saturation point, their data 
suggest an exponential variation of AG with m, and such a relationship is used 
here. This constitutes a point of departure from Anderson and McCarthy (1963), 
who utilize a similar relationship between differential heat of wetting and moisture 
content. A model to consider is 

In AG = In AG,, I - - . 3 
This model fails to satisfy Eq. (3) because AG = 1 when m = m,. It also restricts 
the upper limit of RH to about 97% at room temperature. On the other hand, a 
high degree of linearity often can be achieved in plots of In AG versus m. For 
example, strong linearity is evident in Figs. I and 2, which present plots of 
experimental data reported by Stamm (1964) and Kelsey and Clarke (1956) for 
sorption of water vapor by white spruce and klinki pine, respectively. When 
extrapolated to In AG = 0 (or AG = I ) ,  the desorption curves intersect the m- 
axis at values close to the fiber saturation point as determined from the isotherm 
plots. Thus, the m value at AG = 1 ,  defined as m ,  for both adsorption and de- 
sorption, must replace m, in the model. The extent to which m ,  represents m, for 
plots of desorption data is uncertain because of extrapolation to a value of m, in 
a region where moisture content is increasing rapidly with relative humidity. 
Nevertheless, m,. may be regarded as an approximate value of m, for desorption. 
An alternative model satisfying both Eqs. (2) and (3) is 

If plots of experimental data are constructed according to Eq. (S), it is generally 
found that linearity is not as great as with Eq. (4), but that the deviations from 
linearity are not excessive. These deviations usually occur in the region of high 
RH where both models fail to correctly describe sorption affected by capillary- 
condensed water. Because of its greater linearity and relative simplicity, Eq. (4) 
with m, replacing m, will be utilized in the remainder of this paper. Failure to 
satisfy Eq. (3) is not considered to be of practical interest here. 

Rearrangement of Eq. (4) gives, for desorption data, 

where dimensions of AG are callg. Substitution of Eq. (1) into Eq. (6) produces 
the desorption isotherm 
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FIG. I .  Gibbs free energy change with equilibrium moisture content for sorption of water vapor 
by white spruce wood at 25 C. Adapted from Stamm (1964). 

which is a two-parameter model valid over most of the RH range. In an exact 
sense, the model is not valid at extremely small RH values. In the limiting 
case, when m = 0 and T = 298 K ,  Eq. (7) becomes 

0.10 0.20 0.30 
MOISTURE CONTENT ( g / g )  

FIG. 2 .  Gibbs free energy change with equilibrium moisture content for sorption of water vapor 
by klink~ pine at 25 C. Adapted from Kel\ey and Clarke (1956). 
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In this calculation AG,, is taken as 165 callg, which agrees with published data for 
wood (Stamm and Loughborough 1935). This value is consistent with a differential 
heat of desorption of 270 callg and an entropy change of 0.35 cal/g°K. The true 
value of R H  is only of academic interest, however, since for practical purposes 
RH = 0 when m = 0. 

Efj(.~c.ts of hysteresis and temperature 

Sorption hysteresis is a term that refers to the fact that the amount of water 
held by cellulosic materials at a given temperature and relative humidity depends 
on the direction from which equilibrium is approached. More water can be held 
following desorption than following adsorption. The quotient of the adsorption 
and desorption moisture contents at fixed relative humidity and temperature, 
referred to here as the hysteresis ratio, varies from about 0.75 to 0.90 (Stamm 
1964). This variability primarily depends upon the RH level and the nature of the 
sorbing material. 

A relationship similar in form to Eq. (7) describes RH as a function of m during 
adsorption except at values of RH exceeding about 90%. As for desorption. 
capillary condensation apparently alters the exponential relationship between AG 
and m determined by forces of attraction between the cellulosic material and 
water. For adsorption, however, m, in Eq. (7) must be interpreted in a different 
way than for desorption. Though no immediately apparent significance can be 
attached to m, as determined from plots of adsorption data, it is interesting to 
note that if the logarithm of Eq. (6) written for adsorption is divided by the 
same expression for desorption, the hysteresis ratio at the given temperature 
and relative humidity is approximated by the ratio of m, values for adsorption 
and desorption. If the hysteresis ratio is denoted by r, the resulting equation is 

where subscripts a and d refer to adsorption and desorption and the quantity In 
AG is the same for both processes. Accuracy of the approximation is dependent 
upon the degree of equality between values of AC,, for adsorption and desorption. 
Consider Figs. I and 2, for example. Because values of AG,, for adsorption and 
desorption are more nearly identical in Fig. I than in Fig. 2, the hysteresis ratio 
should be more accurately estimated for the Stamm data than for the data in Fig. 
2 .  A check of the data in Figs. I and 2 shows this is indeed the case. 

The general effect of increasing temperatures on sorption of water vapor by 
cellulosic materials is to decrease the amount of water held when other factors 
remain constant. However, even this effect is not always present since at high 
RH values the higher-temperature isotherms for soda-boiled cotton of Urquhart 
and Williams (1924) and for some of the wood data of Kelsey (1957) cross those 
of lower temperature. Furthermore, cellulosic materials degrade rapidly at high 
temperatures and relative humidities, making the interpretation of sorption data 
even more complex. 
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FIG. 3.  The effect of temperature on Gibbs free energy change as a function of equilibrium mois- 
ture content for klinki pine (Kelsey 1957). 

According to Eq. (7), nonexplicit effects of hysteresis and temperature on sorp- 
tion can be accounted for by their influence on AG,, and m,. Existing data (Stamm 
and Loughborough 1935) suggest that AGO is independent of temperature, but that 
m, (and thus m,.) is temperature-dependent. A detailed study of these effects is 
beyond the scope of this paper, and no attempt will be made to generalize AG,, 
and m,, in such a way that they can be used for purposes of prediction. Only a 
brief inquiry into how these parameters vary will be reported here. 

Figures 3 and 4 show plots of experimental data for temperature-dependent 
water vapor sorption by klinki pine (Kelsey 1957) and cotton thermally stabilized 
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FIG. 4. The effect of temperature on  Gibbs free energy change as a function of equilibrium mois- 
ture content for thermally stabilized cotton (Jeffries 1960). 

at 90 C (Jeffries 1960). Figure 4 shows that overall linearity of In AG with m for 
cotton is relatively poor, but that the variables are roughly linear until In AG falls 
below about 2.5. This value corresponds to relative humidities between about 70 
and 75% at temperatures from 30 to 90 C. These data show that the linearity of 
In AG with m is not always valid over the entire range of m. Nevertheless, useful 
approximations of sorption isotherms can still be made, as will be demonstrated 
later. The two data sets were analyzed by least squares regression to determine 
values of A and B in the equation 
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TABLE I. Surnmc~ry oJ'rc2grrssion results for drrtrr o f  Krlsey (1957) und Jcffries (1960). Vcilurs of  AG,, 
c~nd rn, c.rin he drtermined,fron: A und B. 

Ternpcraturr Ratio 
Par'irneter ("C) A d \ o r ~ t i o n  D e \ u r ~ t i o n  (Ads./Des I 

Kelsey Data (Wood) 

4.957 
- 19.132 

0.259 

4.915 
- 19.786 

0.248 

4.848 
- 19.920 

0.243 

4.834 
-21.997 

0.220 

Jeffries Data (Cotton) 

4.807 
-28.086 

0.171 

4.805 
-30.750 

0. 156 

4.758 
-34.1 19 

0.136 

4.862 
-43.235 

0.112 

where A = In AG,, and B = -(Aim,) in accordance with the logarithmic form of Eq. 
(6). Values of A, B ,  m, , and their ratios (adsorption to desorption) are presented 
in Table 1 .  As discussed earlier, m, for desorption approximates the fiber satu- 
ration point occurring in a reproducible sorption cycle. An m, for adsorption 
estimates the product of m, for desorption and the hysteresis ratio. The question 
of whether the differences shown in Table 1 are statistically significant has not 
been considered here. Such a study should be based on extensive data and would 
extend beyond the scope of this paper. 

The data in Table 1 indicate that for wood A decreases slightly with increasing 
temperature, but that a similar trend is less evident for cotton. The small change 
in A for wood may occur because prior to sorption the wood had not been 
stabilized at a temperature equal to or exceeding the highest experimental tem- 
perature. Factor B increases in the negative direction with increasing tempera- 
ture, as would be expected if m, (or m, )  decreases with temperature. The larger 
B values for cotton reflect the smaller moisture contents associated with sorption 
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in this material due to fewer available sites and higher temperatures. Kelsey 
(1957) gives a value of 1.65 for the ratio of sites available for sorption in wood 
to those in cellulose. At 25 to 30 C. Table 1 shows this ratio to be about 1.50 for 
averaged values of m, for adsorption and desorption. This ratio decreases to 
about 1.42 in the neighborhood of 50 C. 

Limitations 

In addition to error due to the assumptions made in model development, certain 
limitations may introduce further error into isotherms constructed with the pres- 
ent method. Some of these factors, which are believed to be of secondary im- 
portance, are: species variability, internal or external stresses, fiber plasticization 
and degradation caused by exposure to heat, and size of sorption step (Wengert 
and Mitchell 1979). It is noted also that the model has not been tested with 
sorption data for extracted or partially decayed materials. 

APPLICATION O F  T H E  MODEL 

This section describes application of the model isotherm to experimental data. 
Illustrations of the results are presented through use of the model to represent 
data presented earlier. 

Equation (7) shows that two parameters must be known to describe a set of 
adsorption or desorption data at a fixed temperature. These parameters are AG,, 
and m,, and are known a priori only in a general way. For example, there is 
evidence that AG,, = 165 calig and m, = 0.30 for wood. An isotherm constructed 
on the basis of this information alone would probably be a good representation 
of desorption for several species of wood at room temperature. If one wants to 
be more specific, and has knowledge of AG,, and a single data point (preferably 
at a relative humidity smaller than 85%), a linear relationship between In AG and 
m, and hence a sorption isotherm, can be determined from Eqs. (1) and (10). 
However, more useful applications of the model may be made when two or more 
moisture content-relative humidity data points (below 85% relative humidity) are 
available along with the constant temperature at which the data points are defined. 
In such cases, Eqs. (1) and (10) can be used either to mathematically represent 
a number of experimental data points or to supply missing data (when only two 
or three data points are available) without specific knowledge of AG,,, m,, or the 
hysteresis ratio. First, the temperature and relative humidity data are used in Eq. 
( I )  to obtain values of AG. Next, these values and their corresponding moisture 
contents are substituted into Eq. (10) to produce equations that can be solved for 
the parameters A and B. If only two data points are available, the resulting set 
of algebraic equations can be solved. If a number of data points are available, A 
and B can be determined either by inspection of a plot of the data according to 
Eq. (10) or by linear regression techniques. With A and B known, AG,, and m, 
can be computed from the relationships 

A = In AG,, = -Bm, ( 1  1 )  

and used in Eq. (7) either for the purpose of curve fitting or calculating missing 
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data. Alternatively. A and B can be used in Eq. (10) and then combined with Eq. 
( I )  to accomplish the same tasks. 

A more complex situation arises if the data set to be described involves effects 
of hysteresis and temperature. Little specific information is available on how AG,, 
and m,. vary with temperature and from one cellulosic material to another. The 
effect of hysteresis presumably is best accounted for through use of a hysteresis 
ratio to correct a known m, value for desorption to a corresponding value for 
adsorption by simple multiplication. Hysteresis ratios are expected to depend on 
temperature, relative humidity, and nature of the material undergoing sorption 
(Skaar 1979). Clearly, information similar to that in Table 1 can be of help. How- 
ever, further research will be required to determine the applicability of the simple 
model described here to temperature-dependent sorption data. 

Figures 3 and 4 represent experimental sorption data for which the linearity of 
In hG with m is not pronounced. Figures 5 and 6 show the corresponding iso- 
therms calculated from Eq. (7) with AG,, and m,. determined from values of A and 
B in Table I. The experimental data points are plotted for comparison. For the 
Kelsey data in Fig. 5, the calculated moisture contents generally are smaller than 
the experimental values at the low- and high-humidity ends of the isotherms. 
They slightly overestimate the data in the middle of the relative humidity range. 
The curves for cotton in Fig. 6 are similar. This behavior is to be expected from 
careful examination of Figs. 3 and 4, and is due to representing the nonlinear data 
with a single straight line determined by a regression model. Failure of the model 
isotherms to pass through the origin in Figs. 5 and 6 is caused by introduction 
into Eq. (7) of a finite, rather than infinite, value for ACi as RH approaches zero. 
This deviation from the mathematical relationship expressed by Eq. (I) causes 
negative values of m that are not shown in the figures. However, for practical 
purposes. m = 0 when RH = 0. The maximum standard error of the estimate for 
data in Fig. 3 is 0.0108; for Fig. 4,  this value is 0.0228. Corresponding average 
standard errors of the estimate are 0.0065 and 0.0140. 

In cases when linearity is more pronounced, better agreement between the 
model and experiment is achieved. Because of the strong linearity in the data of 
Figs. I and 2. the constants A and B from Eq. (10) were not determined by 
regression, but from lines placed through the data by visual estimation. Thus, 
isotherms in the form of Eq. (7) can be written by inspection for the data in Fig. 
I (with MIRT equal to 0.0304) as 

RH = e x p [  roo I (12) 

and 

for desorption and adsorption, respectively. Similar isotherms for the data in 
Fig. 2 are 
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FIG. 5 .  Comparison of experimental and calculated isotherms for sorption data of Kelsey (see 
Fig. 3) .  

and 

-- RH - exp[- . 0 3 0 4 ( e ~ p [ 4 . 8 5 ] ) ~ - ( ~ ~ ~ ~ ~ ~ )  1 .  
100 

(15) 

The computed isotherms are shown in Figs. 7 and 8 with the actual data plotted 
for comparison. Except for RH approaching zero, the agreement is excellent, as 
expected. 
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FIG. 6 .  Comparison of experimental and calculated isotherms l'or sorption data of Jeffries (see 
Fig. 4). 

DISCUSSION 

Figures 5 to 8 demonstrate that the relationship given in Eq. (7) can represent 
water vapor sorption by cellulosic materials for relative humidities between about 
5 and 90%. As with other sorption models, complexities caused by capillary 
condensation invalidate the model at higher humidities. 

The model presented in this paper is similar to two of the mathematical models 
of adsorption discussed by Simpson (1973). These are the isotherms of Anderson 
and McCarthy (1963) and Bradley (1936). The primary difference between the 
present model and that of Anderson and McCarthy is the variable (Gibbs free 
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FIG. 7. Experimental and calculated isotherms for sorption data of Stamm (see Fig. 1 )  

energy change or differential heat of wetting), which is taken to vary exponentially 
with moisture content. Because the entropy change of sorbed water is a decreas- 
ing function of moisture content, it is clear from the Gibbs-Helmholtz equation 
that at least one of these approaches is not strictly correct. Until the linearity 
question is clearly resolved, Gibbs free energy seems to be a more convenient 
variable to use because questions of how to evaluate the entropy change do not 
arise. Furthermore. simplifying assumptions in the Anderson-McCarthy deri- 
vation do not properly account for the change in entropy. If A in Eq. (10) is 
written as In AG,,, then 

and substitution of Eq. ( I )  gives 

This isotherm is identical in form to Eq. (9) in the paper of Anderson and 
McCarthy except for the replacement of P E  and P  with AG,, and B. Anderson and 
McCarthy eventually equate P E  with the Gibbs free energy change at zero mois- 
ture content, so the models are identical, with AGO = PE and B = P .  Thus, the 
present work provides some insight into how the parameters P E  and P in the 
paper of Anderson and McCarthy can be interpreted. The other model similar in 
form to the present model (except for a small constant term) is the Bradley 
isotherm (1936). This isotherm was derived on the basis of dipoles in the adsorbed 
water vapor induced by a polarizing electric field on the internal surface of the 
solid. The simplified (two constant) Bradley isotherm can be written as 
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F I G .  8. Experimental and calculated isotherms for sorption data of Kelsey and Clarke (see Fig. 2). 

which is identical to Eq. (17) when K,  = MAG,,IRT and In K, = B. Anderson and 
McCarthy (1963) have pointed out that the theory of Bradley provides a possible 
mechanistic interpretation of their work; the same is true for the work reported 
in this paper. 

SUMMARY 

A sorption model based on an exponential relationship between the change in 
Gibbs free energy and equilibrium moisture content is developed and tested with 
data in the literature. It is shown that single isotherms for adsorption and de- 
sorption can be reproduced within practical limits by approximating the Gibbs 
free energy change at zero moisture content and at the fiber saturation point. 
Effects of temperature and sorption hysteresis are examined briefly and found to 
be consistent with work of previous investigators. Little mechanistic information 
is provided, but the model is similar in form to the polarization theory of Bradley 
(1936) as well as the adsorption isotherm proposed by Anderson and McCarthy 
( 1963). 
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