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ABSTRACT 

Sorption isotherms of a number of gypsum building materials have been measured using different drying protocols. The results
show that the isotherms are sensitive to the initial drying conditions. The current ASTM test method recommends that gypsum
materials be dried at 40°C (104°F), but the drying relative humidity is not specified. The intent of the relatively low drying temper-
ature is to remove the hygroscopically bound water and to prevent the loss of chemically bound water. It was found that drying
at 40°C (104°F) and about 0.2% relative humidity in an oven flushed with dry air results in loss of the chemically bound water,
while drying at 40°C (104°F) and 11-12% relative humidity in a vented oven does not sufficiently dry the material. Drying at
23°C (73°F) and ~0.5% relative humidity as obtained in an oven or enclosure flushed with dry air or in a desiccator is recom-
mended for these types of materials.

INTRODUCTION

Moisture damage in buildings amounts to about $9 billion
per year in the U.S. Our laboratory is engaged in an extensive
program of hygrothermal engineering aimed at reducing the
impact of moisture damage in the exterior envelopes of build-
ings. A significant part of this project involves mathematical
modeling of moisture transport and storage in envelope
components. Mathematical modeling of these processes
requires knowledge of the moisture transport and storage
properties of the various building materials, one of which is the
sorption isotherm.

A sorption isotherm is a curve of moisture content versus
relative humidity at a fixed temperature. The isotherm is
measured by first drying the material to remove hygroscopi-
cally bound water and then exposing it to constant relative
humidity (RH) conditions until equilibrium mass has been
reached. The moisture content at a given RH is expressed as a
percentage of the dry mass. Measurements of sorption
isotherms are covered by ASTM Test Method C 1498 (ASTM
2003a) and ISO 12571:2000 (E) (ISO 2000a).

ASTM C 1498-01 specifies drying temperatures as: 

a) for materials which do not change either structure or
dimensions at 105°C (221°F), for example, some
mineral materials, use 105 ± 4°C (221 ± 8°F); b) for
materials in which structural or dimensional changes
occur between 70°C (158°F) and 105°C (221°F), for
example for some cellular plastics, use 70 ± 2°C (158 ±
4°F); c) for materials in which elevated temperatures
bring about chemical or physical changes, for example
crystalline water in gypsum or blowing agent solubility
in some cellular plastics, use 40 ± 2°C (104 ± 4°C).

ASTM C 1498-01 considers drying to be complete when five
successive daily weighings produce mass changes of less than
0.1% of the specimen mass. ISO 12571:2000 (E) references
ISO 12570:2000 (E) (ISO 2000b) for drying conditions,
which are the same as for ASTM C 1498-01. ASTM C 1498-
01 does not address the RH conditions for drying, while ISO
12570:2000 (E) specifies an RH of less than 10%.

Gypsum is a mineral with the chemical formula
CaSO4•2H2O (molecular mass = 172.17). Related minerals
are hemidydrate, CaSO4•½H2O (molecular mass = 145.15),
and anhydrite, CaSO4 (molecular mass = 136.14). Loss of
water of hydration from gypsum to form hemihydrate or anhy-
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drite upon heating is a well-known phenomenon. It contributes
directly to the effectiveness of gypsum board as a fire barrier.
When one surface of gypsum board is exposed to a fire, the
water of hydration is slowly released as steam. Since the
chemical reaction is endothermic, heat transmission through
the board is retarded. A dehydrated zone propagates through
the thickness of the board, with the temperature on the other
side of the zone never greatly exceeding 100°C (212°F). This
is below the temperature at which lumber begins to ignite or
at which steel begins to lose its strength (Gypsum Association
1982).

The loss of water of hydration is also utilized in ASTM
Test Method C 471M-01 for quantitative chemical analysis of
gypsum and gypsum products. The amount of free water
contained in a sample is determined by heating to 45±3°C
(113±6°C) for two hours and measuring the mass loss. The
amount of chemically combined water is determined by heat-
ing to 215-230°C (419-446°F) for two hours and measuring
the mass loss. The mass loss at the higher temperature is used
to calculate the purity of gypsum or the amount of gypsum or
gypsum plaster in gypsum products (ASTM 2003b).

Gypsum usually dehydrates in a two-step process,
converting first to hemihydrate and then to anhydrite.
However, under low water vapor partial pressure (or low RH),
gypsum can convert directly to anhydrite. Gypsum is usually
considered to be stable at temperatures lower than 40°C
(104°F), and the dehydration reactions are kinetically inhib-
ited (Wirsching 1985).

The specification in ASTM C 1498-01 of drying at 40°C
(104°F) is intended to prevent the transformation of gypsum to
hemihydrate or anhydrite so that the measured sorption
isotherm will correspond to gypsum. This paper presents
results of sorption isotherm measurements on several
commercial gypsum building materials, performed with
several drying procedures. Also presented are results of drying
experiments on gypsum with the paper facing removed and on
the thermodynamics of the chemical reactions involved in the
loss of water of hydration.

EXPERIMENTAL PROCEDURES

Two ovens were used to dry the specimens. One oven
was ventilated with openings to the ambient air. It is expected
that the dew point within this oven would be nearly the same
as in the ambient air and, thus, the RH within the oven would
be a function of the oven temperature and the temperature
and RH of the air surrounding the oven. The other oven was
tightly sealed and was continuously flushed with
compressed air piped in from the laboratory’s power plant.
The air was dried at the power plant to a dew point that varied
between –40°C (–40°F) and –51°C (–60°F), depending upon
the condition of the drying columns.

After drying, the specimens were placed in airtight desic-
cators containing saturated salt solutions that maintained RHs

between 11.3% and 97.4% at a temperature of 23°C (73°F)
(ASTM 2003a, 2003c). The desiccators were placed inside
controlled temperature/humidity cabinets where the tempera-
ture was controlled at 23.0±0.1°C (73.4±0.2°F). Measure-
ments were started at the lowest RH and, after equilibrium was
reached, the specimens were transferred to the next higher RH
until measurements had been made over the range of RHs.

The specimens consisted of about 10 to 15 grams (0.02 to
0.03 lb) of material cut roughly into 13 mm (0.5 in.) cubes. The
specimens were contained in 60 mL (2 fluid oz) flint glass jars
with tightly fitting polypropylene lids from which the card-
board liners had been removed. The lids were placed on the
jars for weighings on a balance that had a capacity of 5 kg (11
lb) and a resolution of 1 mg (2 ×10–6 lb). Each data point is the
average of three replicates, as specified by C 1498.

MATERIALS TESTED

Sorption isotherm tests were performed on the following
commercially available materials:

• Nominal 12.7 mm (0.5 in.) thick regular gypsum wall-
board (SHEETROCK Brand Gypsum Panels manufac-
tured by the United States Gypsum Company, a division
of USG Corporation). Gypsum wallboard consists of a
noncombustible core that is essentially gypsum, sur-
faced with paper bonded to the core (ASTM 2004a,
2004b, 2004c). Tests were also performed on the gyp-
sum core of the wallboard.

• Nominal 12.7 mm (0.5 in.) thick regular treated core
gypsum sheathing board (SHEETROCK Brand Gypsum
Sheathing manufactured by the United States Gypsum
Company). Treated core gypsum sheathing board con-
sists of a noncombustible core that is essentially gypsum
with a water-resistant material incorporated into it, sur-
faced on both sides with water-repellent paper bonded to
the core (ASTM 2004a, 2004c, 2004d).

• Nominal 12.7 mm (0.5 in.) thick glass mat gypsum sub-
strate (DensGlass Gold Exterior Guard manufactured by
the G-P Gypsum Corporation, a subsidiary of Georgia-
Pacific Corporation).   Glass mat gypsum substrate con-
sists of a noncombustible water-resistant core that is
essentially gypsum, surfaced with glass mat that is par-
tially or completely embedded in the core (ASTM
2004e). The glass mat gypsum substrate tested also had
a primer coating.

(Proprietary trade names are listed only as an aid to identify
the material tested and do not constitute an endorsement of
that product either by the authors or by the U.S. Government
or by ASHRAE. The reader is cautioned that manufacturers
may change products over time while retaining the same
brand name.) 
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RESULTS AND DISCUSSION

Sorption Isotherms

The first set of specimens was dried at 40°C (104°F) in the
oven flushed with dry air. Based on the power plant’s dew
point, the RH should be less than ~0.2%. Mass losses observed
during drying at this condition ranged from 15% to 18% (see
Table 1). The second set of specimens was dried at a lower
temperature of about 23°C (73°F), at which the RH should be
less than ~0.5%. As shown in Table 1, the mass losses were
much smaller, ranging from 0.2% to 0.7%. It is considered that
the mass losses at the lower drying temperature are due to loss
of hygroscopic moisture, with the higher losses for the wall-
board and sheathing board being due to moisture in the paper
facings. The much higher mass losses during drying at 40°C
(104°F) are attributed to loss of water of hydration as the
gypsum (CaSO4•2H2O) was transformed to anhydrite
(CaSO4). Conversion of pure gypsum to pure anhydrite would
be accompanied by a mass loss of 20.9%. The smaller mass
losses in Table 1 are due to other materials in the products,
such as the paper and glass facing materials, as well as silica
and other constituents within the gypsum core. 

An additional specimen of wallboard core was dried first
at 40°C (104°F) and ~0.2% RH and then at 204°C (399°F) in
the vented oven (204°C [399°F] is the recommended temper-
ature for recharging of calcium sulfate desiccants, at which
temperature essentially all water should be removed). The
mass loss during the first drying step was 16.8% (the same as
the similar specimen in Table 1), and it was 17.8% after the
high temperature drying. The extra mass loss at the high
temperature is at least partly due to volatilization of other
constituents of the gypsum core. Evidence for this was the
appearance of a white coating on the insides of the jars.

Specimens of wallboard and wallboard core were dried in
the vented oven at 40°C (104°F) and ~11-12% RH. These two
specimens experienced mass losses of only 0.2% and 0.1%,
respectively; this is considered to be due to loss of part of the
hygroscopic water.

As noted in Table 1, the specimens were preconditioned
prior to drying at somewhat different conditions. The largest
difference is that the specimens dried at 40°C (104°F) and
~0.2% RH were preconditioned at 23°C (73°F) and 50% RH,

while the other specimens were conditioned at lower RHs of
25-35%. From the sorption isotherm data in Table 3 (to be
discussed later), it can be seen that the main effect of these
differences in preconditioning would be that the mass losses
for specimens dried at 40°C (104°F) and ~0.2% RH would
have been about 0.1-0.2% lower than the values in Table 1 if
these specimens had been preconditioned at 32.9% RH instead
of 50% RH. The large difference in mass loss between these
specimens and the others remains. The differences in precon-
ditioning have no effect on the sorption isotherms to be
discussed next.

Sorption isotherms for the specimens dried at 40°C
(104°F) and ~0.2% RH are given in Table 2 and Figure 1.
Isotherms for the four specimens were very similar. The mois-
ture content (MC) increased to about 4-5% at 11.3% RH, then
increased slowly as the RH was increased to 75.4% or 84.6%,
after which it increased sharply to about 17-20%, and finally
ended at around 20-23% at the final RH of 97.4%. The first
increase is attributed to transformation of anhydrite (CaSO4)
to hemihydrate (CaSO4•½H2O). An increase of 6.6% would
be expected for pure materials, and the lower measured values
are due to other constituents, such as paper, glass, and silica as
mentioned earlier. The large increase at 84.6% or 94.0% is
attributed to transformation of hemihydrate (CaSO4•½H2O)
back to gypsum (CaSO4•2H2O). Conversion from pure anhy-
drite to pure gypsum would be accompanied by a 26.5%
increase in MC and, again, the smaller measured MCs are due
to the other constituents.

Sorption isotherms for specimens dried at 23°C (73°F)
and ~0.5% RH are given in Table 3 and Figure 2. The MCs
with these drying conditions are much smaller than those for
drying at 40°C (104°F) and ~0.2% RH and are considered to
be entirely due to hygroscopic moisture. The sorption
isotherms for the wallboard and sheathing board were nearly
identical, and were about a factor of two higher than the
isotherms for the wallboard core and the glass mat substrate.
The difference between these two groups of isotherms is due
to absorption of moisture in the paper facings of the wallboard
and sheathing board.

Sorption isotherms for wallboard and wallboard core
dried at 40°C (104°F) and ~11-12% RH are listed in Table 4
and are compared in Figure 3 with isotherms for drying at
23°C (73°F) and ~0.5% RH. The isotherms for drying at 40°C

Table 1.  Mass Loss During Drying of Gypsum Sorption Isotherm Specimens

Drying Conditions

Mass Loss, %

Wallboard Core Wallboard Sheathing Board Glass Mat Substrate

40°C (104°F), ~0.2% RH 16.8* — 15.2* 17.9*

23°C (73°F), ~0.5% RH 0.25† 0.57‡-0.64† 0.68† 0.23†

40°C (104°F),
11-12% RH

0.09‡-0.13† 0.21‡ — —

* Preconditioned at 23°C (73°F), 50% RH
† Preconditioned at laboratory conditions, ~22-25°C (~72-77°F), ~25-35% RH
‡ Preconditioned at 23°C (73°F), 32.9% RH
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Table 2.  Sorption Isotherms for Gypsum Materials Dried at 40°C (104°F) and ~0.2% RH

Relative Humidity, %

Moisture Content, %

Wallboard Core
No. 1

Wallboard Core
No. 2

Sheathing
Board

Glass Mat
Substrate

11.3 4.9 4.9 4.2 5.4

32.9 5.3 5.3 4.8 5.8

53.5 6.1 6.0 5.6 6.6

75.4 6.6 6.5 6.4 7.3

84.6 18.0 6.8 16.8 20.6

94.0 19.6 20.2 18.8 21.8

97.4 20.4 21.6 20.3 22.6
Note: Wallboard Core No.2 was dried at 40°C (104°F) and ~0.2% RH and then at 204°C (399°F).

Table 3.  Sorption Isotherms for Gypsum Materials Dried at 23°C (73°F) and ~0.5% RH

Relative Humidity, %

Moisture Content, %

Wallboard Core Wallboard 
Sheathing

Board
Glass Mat
Substrate

11.3 0.11 0.29 0.30 0.08

32.9 0.18 0.51 0.51 0.14

53.5 0.25 0.71 0.73 0.22

75.4 0.34 1.02 1.06 0.34

84.6 0.46 1.40 1.36 0.79

94.0 0.86 2.26 2.11 1.02

97.4 1.43 3.39 3.29 1.56

Figure 1 Sorption isotherms of gypsum materials dried at
40°C (104°F) and ~0.2% RH.

Figure 2 Sorption isotherms of gypsum materials dried at
23°C (73°F) and ~0.5% RH.



(104°F) and ~11-12% RH are lower than those for drying at
23°C (73°F) and ~0.5% RH and are offset by roughly constant
values. While the MC difference for the wallboard core is only
about 0.1-0.2%, it is much larger for the wallboard. The
isotherms for drying at 40°C (104°F) and ~11-12% RH inter-
sect the x-axis near 10%, implying that no moisture is gained
from 0 to ~10% RH. On the other hand, the isotherms for
drying at 23°C (73°F) and ~0.5% RH have the shape that is
typical of porous building materials (Kumaran 2001). These
data show that drying in a vented oven at 40°C (104°F) is not
adequate to remove all of the hygroscopic moisture from
gypsum building materials, especially those containing paper
facings.

Comparison with Literature Data

Figure 4 compares sorption isotherms for wallboard
obtained with the three drying procedures with data from the
literature. Richards et al. (1992) noted the importance of
drying temperature and dried their specimens at room temper-
ature in a desiccator containing dry CaCl2, for which the RH
was taken to be 1.4%. Their data are intermediate between our

curves for drying at 23°C (73°F)/~0.5% RH and 40°C
(104°F)/~11-12% RH. Cunningham and Sprott (1984) dried
their specimens in an oven at an unspecified temperature.
Since their data are close to our curve for drying at 40°C
(104°F)/~0.2% RH, it appears that their specimens were trans-
formed nearly to anhydrite, and that their curve includes the
effect of transformation back to hemihydrate with subsequent
sorption of hygroscopic moisture and then transformation to
dihydrate near 100% RH. Luck’s (1964) data do not show any
sorption of moisture until RHs above 80% and may be low due
to inadequate drying. The curve from Kumaran’s (2001)
compilation of data is intermediate between our curves for
drying at 23°C (73°F)/~0.5% RH and 40°C (104°F)/~0.2%
RH, and it appears to be influenced by partial transformation
to dehydrated phases.

Drying Experiments

It is apparent that drying conditions can introduce large
differences in the sorption isotherms for gypsum materials. In
order to determine preferred drying conditions, a series of
drying experiments was conducted on specimens of wallboard

Table 4.  Sorption Isotherms for Gypsum Materials Dried at 40°C (104°F) and 11-12% RH

Relative Humidity, %

Moisture Content, %

Wallboard Core Wallboard

11.3 0.01 0.01

32.9 0.06 0.18

53.5 0.14 0.35

75.4 0.22 0.61

84.6 0.35 0.87

94.0 0.78 1.48

97.4 1.27 2.28

Figure 3 Sorption isotherms of gypsum wallboard and
wallboard core.

Figure 4 Comparison of sorption isotherms for gypsum
wallboard with data from literature.
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core. The first set of experiments was conducted in the sealed
oven flushed with dry air. Curves of mass loss versus time are
given in Figure 5, where each curve corresponds to a separate
set of specimens. Drying at temperatures as low as 30°C
(86°F) was adequate to remove a large amount (if eventually
not all) of the water of hydration, but drying at 23°C (73°F) for
a month appears to result only in removal of the hygroscopi-
cally bound water. Note that apparent anomalies in the drying
curves marked by the arrows have simple explanations: (1)
The curves for drying at 40°C (104°F) have a dip at about Day
15 because some other sources of moisture were placed in the
oven that day, and the gypsum specimens picked up moisture
from them; after these moisture sources were removed, then
the mass loss continued as before. (2) The small dip in the
drying curve for Spec. No. 1 at 30°C (86°F) at about Day 22
occurred after a very heavy rainfall that may have influenced
the dryness of the flushing air. Again, there were some slight
differences in preconditioning prior to drying. The specimens
dried at 40°C (104°F) were preconditioned at 23°C (73°F) and
50% RH, while the other specimens were preconditioned at
laboratory conditions of ~22-25°C (~72-77°F) and 30-40%
RH. From the sorption isotherm data in Table 3, these differ-
ences should cause less than ~0.1% difference in starting MC.

Taking the time to reach one-half of the total mass loss of
~17% as a measure of the speed of drying yields the Arrhenius
plot of logarithm of time versus the inverse of the absolute
temperature in Figure 6. Extrapolation to 23°C (73°F) predicts
that it would take 78 days to lose one-half of the water of
hydration. Electron microscope studies by Hudson-Lamb et
al. (1996) show that decomposition of gypsum to anhydrite
proceeds by formation and growth of nuclei. The results in
Figure 5 suggest that a temperature of 23°C (73°F) may be too
low to allow nucleation of anhydrite. Support for this interpre-
tation comes from the curves (see Figure 5) at 30°C (86°F),
which show a four- to six-day nucleation period during which

the mass loss remains less than about 0.6% before starting to
increase significantly.

It is interesting that the slope of the plot in Figure 6 gives
an activation energy of about 93.9 kJ/mol (40.4 kBtu/lb-mol)
(H = slope × gas constant). This is in excellent agreement with
activation energies of 88-107 kJ/mol (38-46 kBtu/lb-mol),
determined by Hudson-Lamb et al. (1996), using thermogravi-
metric and differential scanning calorimetry. Because of their
high heating rate of 5°C (9°F) per minute, significant mass loss
in their experiments was delayed to higher temperatures of
about 100°C (212°F) to 130°C (266°F). 

A second set of drying experiments was conducted on a
single set of specimens in the vented oven. Mass losses were
recorded for this set of specimens as the oven temperature was
increased in stages.   Figure 7 shows drying at temperatures
between 40°C (104°F) and 60°C (140°F), along with the RHs

Figure 5 Drying the gypsum wallboard core in dry air. See
text for explanation of events marked with arrows.

Figure 6a Arrhenius plot for drying of gypsum wallboard
core in dry air.

Figure 6b Arrhenius plot for drying of gypsum wallboard
core in dry air.
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in the oven, as calculated from the laboratory dew point
temperature. The heavy horizontal dashed line is the mass loss
of similar specimens after drying for 30 days at 23°C (73°F)
in the oven flushed with dry air (both specimens were precon-
ditioned at ~22-25°C (72-77°F) and 30-33% RH prior to
drying). Figure 7 shows that small mass losses occurred as the
specimen was heated in steps, but the mass loss did not equal
that from drying in dry air until 60°C (140°F) (or possibly
55°C [131°F] if given more time). Since x-ray diffraction stud-
ies by Hudson-Lamb et al. (1996) showed the presence of a
very small amount of hemihydrate at ~60°C (~140°F), the
continuous mass loss at 60°C (140°F) may be due to formation
of subcritical nuclei of hemidydrate. Continuation of drying at
higher temperatures is shown in Figure 8. The mass loss of
12.9% at 65°C (149°F) clearly indicates the transformation to
hemihydrate, with a nucleation period of two to three days and
a growth period through about 19 days. Further heating at
70°C (158°F) to 90°C (194°F) produced only minor additional
mass loss, and heating for one day at 103°C (217°F) produced

transformation to anhydrite with a final mass loss of about
17%. Figure 9 summarizes the vented oven drying experi-
ments by plotting the mass loss and oven RH as functions of
the drying temperature. The theoretical mass loss for transfor-
mation from gypsum to hemihydrate is three-fourths of that
for transformation from gypsum to anhydrite. The measured
mass losses in Figure 9 are in almost exact agreement with this
ratio (12.9/17.0 = 0.76). The agreement of this ratio confirms
that the mass losses are due to the transformations from
gypsum to hemidydrate or anhydrite. 

The results presented in this section were obtained only
on the core material of regular wallboard. Some variations in
percent mass loss and speed of drying would be expected for
materials with paper or glass facers and with other types of
admixes and impurities. However, it is expected that the trends
would be qualitatively similar.

Figure 7 Drying of gypsum wallboard core in vented oven.

Figure 8 Drying of gypsum wallboard core in vented oven.

Figure 9a Drying of gypsum wallboard core in vented oven.

Figure 9b Drying of gypsum wallboard core in vented oven.
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These results show the difficulty in choosing conditions
for drying of gypsum materials in preparation for sorption
isotherm measurements. Drying in a vented oven at too low a
temperature does not remove all of the hygroscopic moisture
(this will also be the case for paper facings), but drying at too
high a temperature causes loss of chemically bound water.
Likewise, drying in a very low RH environment at too high a
temperature will also cause loss of chemically bound water.
Drying in a very low RH environment at the same temperature
as the isotherm measurements are performed appears to be the
logical choice.

Thermodynamic and Kinetic Considerations

Existing thermodynamic data were used to predict RHs
for equilibrium among water vapor and the various phases of
calcium sulfate. The following chemical reactions were
considered:

2/3CaSO4•2H2O = 2/3 CaSO4•½H2O + H2O(g) (1)

½ CaSO4•2H2O = ½ CaSO4 + H2O(g) (2)

2 CaSO4•½H2O = 2 CaSO4 + H2O(g) (3)

Equations 1 to 3 are for the equilibria between (1) gypsum
and hemihydrate, (2) gypsum and anhydrite, and (3) hemihy-
drate and anhydrite, respectively.

Four solid phases of calcium sulfate can exist at room
temperature: dihydrate (gypsum), hemihydrate, anhydrite III,
and anhydrite II (Wirsching 1985). In addition, hemihydrate
exists in two forms,  α and β. These two forms differ in parti-
cle morphology and formation conditions. At low tempera-
tures and low water vapor partial pressures, β-hemihydrate is
the type that is formed. Anhydrite III exists in similar  α- and
β- forms. Anhydrite II is produced by dehydration at elevated
temperatures. The types of interest here are dihydrate,  β-
hemihydrate, and  β-anhydrite III.

Data on heats of formation, entropies, and specific heats
from the literature (Garvin et al. 1987; Cox et al. 1989; Kelley
et al. 1941) were used to calculate the change in bulk Gibbs
energies for the reactions by Pitzer (1995):

(4)

Since the chemical reactions are normalized to one mole
of water on the right-hand side, the equilibrium water vapor
pressure (in bars) is given by

(5)

Figure 10 shows the calculated RHs for the dehydration
transformations, along with the RH for the vented oven used
in the drying experiments. For each of the thermodynamic
equilibrium curves, the phase with more water would be stable

(or at least metastable in the case of hemidydrate) above the
curve, and the phase with less water would be stable (or meta-
stable) below the curve. The theory predicts that heating above
30°C (86°F) in the vented oven should transform dihydrate to
hemihydrate and that heating above about 43°C (109°F)
should transform dihydrate to anhydrite. However, the vented
oven drying data show that no transformation occurs until
about 65°C (149°F) and then the transformation is to hemihy-
drate. The theory predicts that heating to about 103°C (217°F)
would transform hemihydrate to anhydrite, in agreement with
the drying data. 

Thermodynamics is only able to predict the reactions that
are energetically possible, while speeds of reactions are deter-
mined by kinetics. Some reactions are kinetically inhibited,
and the transformation of dihydrate to anhydrite is one of them
(Wirsching 1985; Knacke et al. 1991). Kelley et al. (1941)
noted that dehydration of dihydrate requires a breakdown of
the crystal lattice (monoclinic to rhombohedral). This would
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Figure 10a Thermodynamic equilibria for gypsum
dehydration reactions.

Figure 10b Thermodynamic equilibria for gypsum
dehydration reactions.
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be accompanied by additional surface energy and lattice strain
energies (not included in Equations 4 and 5) that would require
higher temperatures or lower relative humidities to nucleate
hemihydrate or anhydrite within the dihydrate crystal lattice.
On the other hand, Kelly et al. note that dehydration of hemi-
hydrate does not require a significant change in the lattice
(rhombohedral to hexagonal), and the thermodynamics curve
correctly predicts this transformation. Studies by Hudson-
Lamb et al. (1996) and by Paulik et al. (1992) also confirm that
these transformations occur by the nucleation and growth
mechanism. Impurities and admixes within the dihydrate
would tend to provide sites for heterogeneous nucleation. This
would be accompanied by a defect contribution to the Gibbs
energy that would tend to offset some of the surface and lattice
strain energies. The net effect, however, is that the present data
confirm that the reactions are kinetically inhibited. (For
general discussions of nucleation and growth within solid
phases and contributions to the Gibbs energy due to surface
energy, lattice strain energy, and defect energies, see Kingery
[1960] and Porter and Easterling [1992]).

For drying in the oven flushed with dry air, the thermo-
dynamics curves predict transformation from dihydrate to
anhydrite below 6-8% RH for temperatures of 23-40°C (73-
104°F). This transformation was observed for temperatures as
low as 30°C (86°F). However, the transformation did not occur
within 30 days at 23°C (73°F), probably because of the diffi-
culty of nucleation of anhydrite at this temperature.

CONCLUSIONS AND RECOMMENDATIONS

Drying conditions can have a very significant effect on
sorption isotherms measured on gypsum building materials.
Drying conditions must be sufficient to remove hygroscopi-
cally bound water, but not so severe as to remove chemically
bound water. Drying at 40°C (104°F) in a vented oven does not
remove all of the hygroscopically bound water, especially for
gypsum materials that include paper facings. Drying at higher
temperatures in a vented oven runs the risk of removal of
chemically bound water. Drying under desiccated conditions
(such as a desiccator or an oven flushed with dry air) at slightly
elevated temperatures will remove chemically bound water.
Drying under desiccated conditions at room temperature
(~23°C [73°F]) over a 30-day period did not remove chemi-
cally bound water and is the recommended procedure. The
large variations in literature data on sorption isotherms of
gypsum building materials appear to be related to the (often
unreported) drying conditions. Data reported here on speci-
mens dried at room temperature and ~0.5% RH are recom-
mended for use in modeling efforts.
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NOMENCLATURE

∆CP= specific heat at constant pressure difference between 
products and reactants, kJ/mol

∆G = Gibbs energy difference between products and 
reactants, kJ/mol

∆H = enthalpy difference between products and reactants, 
kJ/mol

∆S = entropy difference between products and reactants, 
kJ/mol

Pv = vapor pressure, bar

R = gas constant

T = temperature, K

0 = quantity evaluated at the standard state (298.15 K, 1 bar)
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