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Synopsis. The transformations of gypsum to calcium
sulfate hemihydrate and hemihydrate to gypsum were car-
ried out in NaCl solutions containing a small amount of
strontium ions in order to elucidate their mechanisms. The
values of the apparent partition coefficient of strontium be-
tween solution and solids were followed during the trans-
formations and the gypsum and hemihydrate crystals were
observed by SEM. The results showed that the transforma-
tions progressed by a dissolution-reprecipitation process.

Calcium sulfate minerals, gypsum (CaSO4-2H,0)
and anhydrite (CaSO,), occur widely as sedimen-
tary deposits in nature.!’ Calcium sulfate hemihydrate,
CaS04-1/2H50 (in mineral form, bassanite), which is
an intermediate product in the transformation of gyp-
sum to anhydrite, occurs exclusively in evaporitic envi-
ronments, such as sabkha or arid zones.?>~* The hemi-
hydrates prepared by the dehydration of gypsum in
an oven are generally metastable.”) The hemihydrates
formed in concentrated NaCl solutions contain sodium
up to 5% by weight and are more stable than those
of Na-free.®” The kinetics of gypsum dehydration®
and the hydration of hemihydrate® have been studied.
Crystallographic studies of the hemihydrates have been
made.”? A dissolution-reprecipitation process was sug-
gested as being the mechanism for the transformation
of gypsum to anhydrite.!®'?) The mechanism for the
transformation of gypsum to hemihydrate and hemihy-
drate to gypsum in NaCl solutions has not yet been
clarified.

The calcium sulfates incorporate strontium ions;
some experimental studies concerning this incorpora-
tion have been made.!>~!% The incorporation behavior
of strontium ions in calcium sulfates can be conveniently
described by an apparent partition coeflicient, Dg,=
(Sr/Ca)y,/(Sr/Ca)s, where (Sr/Ca)y, and (Sr/Ca)s de-
note the weight ratios of Sr/Ca in the calcium sulfates
(m) and solution (s), respectively. Some investigators
have used the Dg, values for the elucidation of the
mechanism of the phase transformation, e.g. gypsum to
anhydrite® and aragonite to calcite.'® The purpose of
this study was to establish the mechanism of transfor-
mations of gypsum to hemihydrate and hemihydrate to
gypsum in NaCl solutions by observing the variation in
the Dg, values during the transformations. The trans-
formations were also inspected by observing powder X-
ray diffractgrams (XRD) and photos of scanning elec-
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tron microscopy (SEM).

Experimental

The most important parameters controlling the rela-
tive stability of calcium sulfates are the temperature and
salinity.'® The experiments were conducted in two systems:
the transformation of gypsum to hemihydrate (G-H) and
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Fig. 1. Relationship between Ds, values and the du-
ration time. O: Transformation of gypsum to hemi-
hydrate (G-H). @: Transformation of hemihydrate to
gypsum (H-G).
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Fig. 2. Changes in Ds; values with Na/Ca ratios in the
solids at intervals of three hours. The arrows indicate
the progressing pathway of the transformations (the
circles are plotted every three hours during the period
of 30 h). O: Transformation of gypsum to hemihy-
drate (G-H). @: Transformation of hemihydrate to
gypsum (H-G).



1962

Fig. 3.
3.4: 24 h.

hemihydrate to gypsum (H-G). The G-H system was carried
out at 85 °C using a natural sample of gypsum, alabaster,
already containing strontium ions, in 75% NaCl saturated
solution containing a small amount of strontium ions. The
H-G system was conducted at 23—30 °C using hemihydrates
which were synthesized in the NaCl solutions containing a
small amount of strontium at 85 °C.'") We used 81% evap-
oratively-concentrated seawater in the G-H system as well.

The experimental procedure of the G-H system, for ex-
ample, was as follows: 20 cm® of NaCl solution containing
a small amount of strontium was added to 200 mg of pow-
dered gypsum in a polypropylene bottle. The NaCl solution
was saturated with respect to hemihydrate at 85 °C prior to
the run. The bottle was then vigorously shaken and permit-
ted to stand at 85 °C for 14 d until equilibrium was reached.
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3.4

SEM photos for the transformation of gypsum to hemihydrate at some stages. 3.1: 0 h, 3.2: 6 h, 3.3: 18 h,

The solution and the solid were analyzed for calcium, sodium
and strontium, which were determined by atomic absorption
spectro-photometry. A part of calcium was determined by
the chelate-titration method using EDTA.

Results and Discussion

Dg, Values as a Function of Run Time. An
example of the relation between Dg, values and the du-
ration time in the G-H and H-G systems is shown in
Fig. 1. In each system, the Ds, values at the end of run
were equal to the equilibrium values that had been esti-
mated for gypsum and hemihydrate, around 0.2 and 2,
respectively.'” Although the Ds, values in the H-G sys-
tems fell steeply near to 0.2 within one day, the values
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Fig. 4.
30 h.

for the G-H system varied in a complex manner: the Ds,
values rose from 0.5 to 4 first, and then fell to less than 2
(Fig. 1). The up-and-down variation in the values may
be attributed to the peculiar structure of an interme-
diate metastable-hemihydrate formed during the early
stage of the G-H system. The metastable-hemihydrate
can accommodate larger amounts of strontium ions in
its lattice, relative to stable hemihydrates.” After five
days the transformation of gypsum to hemihydrate was
nearly completed and the Ds, values for the system
were almost constant, as shown in Fig. 1. These facts
suggest that the transformation rate in hemihydrate to
gypsum is larger than that in gypsum to hemihydrate
under these conditions. Gypsum was also completely
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4.4

SEM photos for the transformation of hemihydrate to gypsum at some stages. 4.1: 0 h, 4.2: 6 h, 4.3: 9 h, 4.4

transformed into hemihydrate after five days in 81%
evaporatively-concentrated seawater at 85 °C. The con-
centrated seawater corresponds to a solution saturated
with respect to gypsum® and favors the transformation
of gypsum to hemihydrate. This supports the fact that
bassanite is found in arid zones near to the coast such
as the Arabian Gulf.?)

Changes in Dg, Values with Na/Ca Ratios.
As mentioned above, hemihydrates prepared in NaCl
solutions contain sodium- replacing calcium..  The
changes in the Ds, values with Na/Ca weight ratios in
the solids were traced every three hours during a period
of about 30 h. The result is given in Fig. 2. This figure
shows a steep fall in the Dg, values for three hours in
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the begining of the transformation of hemihydrate to
gypsum. Following the rapid decrease in the Dg, val-
ues, the Na/Ca ratios in the solid became lower. This
suggests that the strontium ions predominantly escaped
from the crystal, and that the sodium ions successively
separated from the structure. On the other hand, the
transformation of gypsum to hemihydrate indicates that
the strontium ions were gradually incorporated in the
framework of hemihydrate along with the sodium ions.

Mechanism of the Transformations. The phase
transformations were followed by XRD at intervals of
three hours. New peaks of XRD for hemihydrate in
the G-H system appeared after six hours. The peaks
for gypsum almost disappeared after 27 h from the be-
ginning. New peaks for gypsum in the H-G system
appeared after three hours. The prominent peaks for
hemihydrate were almost changed to those for gypsum
after about 18 h. These results suggest that the trans-
formations are gradual and that the G-H transforma-
tion proceeds faster than the H-G transformation under
these conditions.

The crystals formed in the transformations were also
observed by SEM. Figures 3 and 4 show the SEM pho-
tos of selected steps in the transformations. In the G-H
system gypsum dissolved in an early stage and gradu-
ally changed into fine new crystals (Figs. 3.2—3.4). In
the H-G system a part of the hemihydrate crystals was
dissolved during the initial stage (Fig. 4.2), and was
consequently dismembered; needle-shaped gypsum was
then formed on the surface of hemihydrate (Fig. 4.3).
The gypsum on the surface grew and the conversion was
completed along with the passage of time.

If the phase transformation progresses in the solid
state, the original concentrations of incorporated ions,
strontium and sodium, in solids and solutions may be
preserved. However, if the transformation of gypsum
to hemihydrate takes place by a process of dissolution-
reprecipitation, strontium and sodium ions will be re-
distributed between the newly-formed hemihydrate and
the solution. In this case the dissolution of gypsum and
the precipitation of hemihydrate would occur concur-
rently. The variations in the values of Ds, and Na/Ca
ratios described above and the SEM photos strongly
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suggest that the transformation progress due to the
dissolution-reprecipitation process is the same as the
process for the transformation of gypsum to anhydrite
suggested by Ostroff'® and Kushnir.'V

The authors wish to thank Yukichi Yoshino, emeritius
professor of the University of Tokyo, for useful advice
and Kazuko Katsuki, Toho University, for technical ad-
vice on the measurements of XRD and SEM.
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