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Direct formation of the y-CaSO, phase in dehydration process of gypsum: In situ FTIR study
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ABSTRACT

The dehydration mechanism of natural single crystals of gypsum was investigated in the temperature
range 300430 K by in situ infrared (FTIR) spectroscopy. The thermal evolution of the second-order
modes of H,O and SO, groups in gypsum, in the wavenumber range 4850-5450 cm™' and 20502300 cm™!
respectively, were used to probe the dehydration and rehydration sequence. A total disappearance of the
combination modes of H,O and the replacement of four SO bands (2245, 2200, 2133, and 2117 cm™)
observed at room temperature by three bands (2236, 2163, and 2131 cm™) observed at 390 K indicates
the direct formation of y-CaSO, upon heating. Upon cooling water re-enters into the y-CaSO, structure at
around 363 K to form bassanite. This observation, that the dehydration of gypsum directly yields y-CaSO,
(anhydrite) without the intermediate formation of hemi-hydrate (bassanite), is further corroborated by
the dehydration behavior of bassanite. The second-order SO, modes of bassanite observed around 2218,
2136, and 2096 cm™ were replaced with the bands of y-CaSO, at about 378 K upon heating.

INTRODUCTION

Gypsum (CaSO,-2H,0) is a hydrous mineral that often
occurs in extensive masses of great thickness, in association
with limestone, shales, and in evaporite deposits (Chang et al.
1996). Despite several studies on this mineral, considerable de-
bate persists on many points, such as the stability and existence
of sub-hydrate phases (Follner et al. 2002b), the mechanism of
the dehydration and rehydration processes (Chio et al. 2004;
Prasad et al. 2001; Chang et al. 1999), and the specific structural
and spectral signatures for o~ and B-hemihydrate and o- and
Y-anhydrite (Follner et al. 2002a; Bartram 1969; Morris 1963).
For instance, Strydom and Potgieter (1999) reported significant
differences in the amounts of moisture loss as well as their re-
spective surface areas after dehydration for natural and synthetic
gypsum, respectively, indicating the need to better understand the
mechanism of the dehydration behavior of gypsum. Bassanite
(CaS0,-0.5H,0) and soluble anhydrite (y-CaSO,) are the estab-
lished low-temperature (below 383 K) dehydration products of
gypsum. On the other hand the insoluble anhydrite (0-CaSO,)
occurs on heating gypsum above 633 K (Chang et al. 1996),
which is an irreversible process. Different phases of calcium
sulfate, namely gypsum, bassanite, and anhydrite have been
characterized by X-ray diffraction (Lager et al. 1984), inelastic
neutron scattering (Pedersen and Semmingsen 1982), infrared
(Seidl et al. 1969), and Raman (Krishnamurthy and Soots 1971)
spectroscopic methods. In situ IR studies of the phase transition
of gypsum by Putnis et al. (1990) showed the existence of the
three phases CaSO,-2H,0, CaSO,-0.5H,0, and y-CaSO,, and also
showed that the dehydration process had the following steps:

CaSO,2H,0 — CaS0,:0.5H,0 + 1.5 H,0
CaS0O,-0.5H,0 — CaSO, + 0.5 H,0
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A similar mechanism was reported by Chang et al. (1999)
from their thermo-Raman spectroscopy studies of synthetic
samples. Powdered samples were used in all the previous
studies. The critical temperature and pressure above which
hemihydrate (bassanite) is stable was estimated as 358 K and 2
kbars (Yamamoto and Kennedy 1969). Thus formation of hemi-
hydrate is thermodynamically unstable. According to Zen (1965)
“it appears that bassanite might be stable under high pressures in
abnormally cold spots in the crust though the requisite pressure
hardly explains the petrographical observations. On the other
hand the occurrence of bassanite in industrial and experimental
work clearly shows the possibility of its metastable formation
under wide ranges of conditions.”

While the occurrence of gypsum and anhydrite is common in
natural environments, the occurrence of bassanite in nature is very
rare (Yamamoto and Kennedy 1969). Tiemann et al. (2002) reports
that well-formed hemihydrate single crystals exist in deep-sea
statoliths of the coromate medusa “Periphylla periphylla.” The
environmental conditions for this deep-sea medusa (water at about
6 °C, salt concentration about 35 gl™") does not favor the formation
of hemihydrate and should readily take up water to form gypsum.
The formation of hemihydrate was attributed to the nucleating
influence of specialized bio-molecules and the isolation of the
hemihydrate crystals from water by a thin organic layer preventing
the formation of gypsum (Tiemann et al. 2002).

Bassanite has been found in very few places in dry regions,
such as arid zone soils in Australia (Akpokodje 1984/85). It has
also been found in cavities in leucite, tephrite blocks ejected
from Vesuvius, and with gibbsite in fumaroles of this volcano
(Chang et al. 1996). If the phase transition sequence of gypsum
is a two-step process as shown above, then bassanite should be
present as a mineral in gypsum beds which grade into anhydrite
at depth. However, the rare occurrence of bassanite in such cases
is puzzling (Chang et al. 1996). We have been investigating the
dehydration mechanism of natural gypsum using vibrational
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spectroscopic methods (Sarma et al. 1998; Prasad 1999; Prasad
etal. 2001). In all of these studies we used single-crystal samples
for the Raman spectroscopic analysis and showed evidence for
phase transformations of gypsum to y-CaSO, and then to bas-
sanite by observing the characteristic v,(SO,) Raman modes at A
1008 (gypsum), A 1026 (anhydrite), and A 1014 cm™ (bassanite).
The bassanite phase is predominantly formed during the cool-
ing cycle (Prasad et al. 2001). Similar observations have been
reported by Chio et al. (2004) for their Raman investigations.
Our observations that bassanite is formed upon cooling and
rehydration of y-CaSO, differs from the observations of Chang
et al. (1999) and Putnis et al. (1990), who reported a sequential
phase transformation, i.e., from gypsum to bassanite and then
to anhydrite upon heating.

The main objective of our studies is to understand the dehy-
dration and rehydration mechanism during the phase transition
sequence using single crystals by in situ FTIR spectroscopy.
Recently Badens et al. (1998) reported one dehydration step for
gypsum to y-CaSO, when the water vapor pressure is between
1 and 500 Pa. However, two-step dehydration was reported at
water vapor pressure of 900 Pa (Badens et al. 1998). In this paper
we present the thermally induced variation for the combinational
modes of water and sulfate groups of gypsum single crystals
using in situ FTIR spectroscopy over the wavenumber ranges
4850-5450 and 2050-2300 cm™, respectively. We have particu-
larly chosen the second-order modes because their activity strongly
depends on the factor group variations. Second, experiments can
be carried out directly on the thin single crystals, without matrix
materials such as KBr, avoiding the interactions due to surface or
adsorbed water, which is particularly significant while probing
structural changes involving liberation of water molecules.

MATERIALS AND METHODS

Sample preparation

Small crystals were cut along the plane of cleavage from a large transparent
rectangular sheet of gypsum obtained from M/s Hindustan Minerals and Natural
History Supply Co., Calcutta, India. These samples were polished to reduce the
thickness. The thickness of the samples was measured by a screw-gauge with a
precision of 10 pum. Originally, samples with various thicknesses (500 and 200
um) were used for investigations and it was observed that they are opaque for IR
radiation at higher temperatures, just above dehydration, making it difficult to record
spectral features in the y-CaSO, phase. Thus, a sample thickness of about 100 um
was optimal for recording the FTIR spectra in the temperature range of 300—430 K
and the results presented here were obtained with 100 um thick samples.

Small portions of the sample from a large crystal of gypsum were used for
initial X-ray diffraction (XRD) and IR absorption study using the conventional
KBr pellet technique. A plate 5 x 5 x 0.1 mm?® in size was used in the thermal
transformation study. The residue was allowed to cool for more than 24 hours before
further analysis. A small portion of the sample was used to make a KBr pellet for
characterization in the IR range 400-4000 cm™, and the remaining powder was
used for XRD analysis.

X-ray diffraction

The X-ray diffraction (XRD) patterns were obtained using a Philips PW-1830
powder diffractometer with Ni filter. The radiation used was CuKo.and the 26 scan was
from 10°-80°. These data confirmed the mineralogical assignments of the sample.

Infrared spectroscopy

FTIR studies were carried out with a NEXUS FTIR spectrometer from
Thermo-Nicolet, using a thermo-electrically cooled deuterated triglycene sulfate
(DTGS) detector, extended range KBr (XT-KBr) beam splitter, and a dual source,

capable of working in the wavenumber range 375-12,500 cm™'. We did not carry
out polarization-dependent studies as we lack such capability. The sample was
placed in a specially fabricated environmental chamber. This chamber can be
used to increase the temperature of the sample under study up to about 950 K with
an accuracy of * 2°. Circulating tap water is used to cool the outer jacket of the
chamber, which consists of infrared transparent windows. The spectra were recorded
in the wavenumber region 1500 to 8000 cm™" using a white light source (tungsten
halogen) and each spectrum is an average of 256 scans with 1 cm™' resolution. The
second-order modes look rather noisy, particularly those of SO, groups as they
occur toward the leading edge of the light source. In principle one can decrease
the noise by recording the spectrum at the usual spectral resolution of 4 cm™'. The
conventional KBr pellet method was also used to characterize the starting sample,
i.e., ground-up gypsum and the residue, i.e., after heat treatment, in the wavenumber
range 400 to 4000 cm™', using a NEXUS Ever-Glo source.

RESULTS

Characterization

The XRD pattern of the natural gypsum sample showed
prominent peaks with d-spacings at 7.55, 4.26, 3.79, and 3.06 A
which are comparable with corresponding d-values of 7.52, 4.25,
3.76, and 3.05 A reported by Follner et al. (2002a). Similarly,
the residue generated during the experiments also showed XRD
peaks with d-values around 5.99, 3.47, 3.00, and 2.8 A, which are
comparable to the corresponding d-values 6.00, 3.50, 3.01, and
2.89 A for bassanite as reported by Follner et al. (2002b).

Furthermore, the starting material (gypsum), the residue
(bassanite), and CaSO, (anhydrite) were characterized by
the conventional KBr pellet technique. The spectrum in the
wavenumber range 400-1800 cm™ is shown in Figure 1 and the
characteristic hydroxyl-stretching modes are shown as an inset.
The peak positions of gypsum, bassanite, and anhydrite are listed
and compared in Table 1a. These values are in good agreement
with those reported in the literature (Bensted and Prakash 1968;
Putnis et al. 1990). The v,(SO,) mode at 1005, 1008, and 1014
cm! is seen in gypsum, bassanite, and anhydrite respectively (see
Table 1a). The v,(SO,) mode shows two components at 602 and
669 cm™! for gypsum, whereas they occur at 601 and 660 cm™
for bassanite. However, there is a splitting in the v,(SO4) mode
resulting in three modes at 676, 615, and 595 cm™ in anhydrite.
This behavior is very similar to that reported by Putnis et al.
(1990). Observed spectra in the v3(SO,) mode region (1100-1200
cm™) are comparable with those of Bensted and Prakash (1968).
Gypsum has two IR-active modes in the bending modes of water
(v,) observed at 1621 and 1685 cm™, whereas bassanite has only
one mode at 1620 cm™'. The other two stretching modes (v; and
v,) of water groups are found at 3547 and 3405 cm™' for gypsum,
and the corresponding modes for bassanite are at 3610 and 3550
cm! (see inset of Fig. 1).

Observed infrared spectra in the overtone region due to H,O
are shown in Figure 2a. It is noteworthy that the spectral behav-
ior in the 6000-7000 cm™ wavenumber range, where the first
overtones of the hydroxyl stretching modes are expected, is very
similar to the fundamental modes. From the group theoretical
point of view the allowed combination modes in the infrared
are those which are individually active in infrared and Raman
(see discussion). The modes at 6919, 6710, and 6512 cm™ for
gypsum could be assigned to [V5(A,) X V3(A)], [Va(B,) X Vi(B,)],
and [v,(A4,) X v,(A,)] respectively. The overtones of the hydroxyl
stretching modes in bassanite are observed at 7027 and 6766
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TABLE 1A. Observed infrared fundamental modes (in cm™) of gypsum,
bassanite, and anhydrite recorded at ambient conditions

Present study * Assignment

gypsum bassanite anhydrite  gypsum bassanite anhydrite
602 601 595,615 6021 600t 59416161 v, SO,
669 660 676 667,668" 660,658t 665668t v, SO,
1005 1008 1014 1004 1008 1008 v, SO,

- 1096 - - 1094 - vs, SO,
1117 1116 1124 1120 1115 1115 Vs, SO,
1145 1153 1145 1155 1135 Vs, SO,
1167 1168 1157 1155 1168 1155 vs, SO,
1621 1620 - 1623 1623 - v, H,0
1685 - - 1688 - - vy, H,0
3405 3550 - 3410 - - vy, H,0
3495 - - 3500 3560 - vy, H,0
3547 3610 - 3555 3615 - v3, H,0

* Band positions from Bensted and Prakash (1968).
1 Band positions from Putnis et al. (1990).

TaBLE 1B. Observed band positions of H,O groups (in cm™') of gypsum

Ay By A, B,
Vi 3401* 34001 3405 33921
v, 16301 1679t 1685 1621
V3 3489* 35001 3547 34901

* Band positions from Prasad et al. (2001).
t Band positions from Krishnamurthy and Soots (1971).

cm™'. The infrared modes due to combinations of stretching
(v; and/or v,) and bending modes (v,) of water in gypsum are
observed at 5123 and 5070 cm™. There are two more shoulders
at 5034 and 5170 cm™. The corresponding mode in bassanite
is observed at 5207 cm™. The sulfate group overtone spectra
around 2000-2300 cm™ are shown in Figure 2b. The spectral
behavior in this region is different in the three phases. The top
trace in Figure 2b, corresponding to gypsum recorded at ambient
temperature (300 K), shows four peaks at 2245, 2200, 2133, and
2117 cm™". These modes are due to combinations of the v, and v;
modes of sulfate (Bensted and Prakash 1968). The Raman-active
modes for gypsum are v, at A 1008 cm™ (A4,) and v; at A 1141
cm™ (A,), A 1116 cm™ and A 1132 cm™ (B,) (Prasad et al. 2001;
Krishnamurthy and Soots 1971). Similarly, the infrared-active
modes are at 1005 cm™ (v-4,), 1145 cm™ (v5-4,), and 1117 and
1167 cm™ (vs-B,). A total of six combination modes involving
(V1 +V;) are expected in the wavenumber range 2050-2300 cm™,
four of which are seen in our results. Bensted and Prakash (1968)
reported similar observations. At higher temperatures (390 K)
these four bands are replaced by bands at 2236 and 2131 cm™
with a shoulder around 2163 cm™ (see trace C in Fig. 2b recorded
at 398 K). These spectral features resemble those associated with
anhydrite from the Nicolet spectrum library with peak positions
at 2234 and 2142 cm™. Bensted and Prakash (1968) also reported
peaks at 2130, 2150, and 2230 cm™ for the anhydrite phase.
The observed peak positions for second-order sulfate modes in
bassanite are at 2218, 2136, and 2096 cm™' (see trace B in Fig.
2b). These are comparable to the peak positions, for cement
additive, at 2213 and 2136 with a shoulder around 2101 ¢m™!
from the Nicolet library. Bensted and Prakash (1968) reported
similar band positions for hemihydrate at 2220, 2130, 2090, and
2030 cm™'. Thus, in addition to water modes, we can also use
these second-order spectral signatures of SO, groups to probe
the dehydration dynamics.
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FIGURE 1. Infrared spectrum of gypsum (A), bassanite (B) and
v-CaSO, (C) in the wavenumber region 400—1800 cm™'. OH stretching
modes are shown in the inset.
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FIGURE 2. (a) Observed second-order modes of gypsum (A)
and bassanite (B) in the wavenumber region 4000-8000 cm™'. (b)
Characteristic second-order modes of SO, groups in gypsum (A),
bassanite (B), and y-CaSO, (C).

In situ Fourier transform infrared studies

We have investigated phase transitions in gypsum with an
aim to understanding the dehydration mechanism. The thermal
evolution of the combination modes of water in the wavenumber
region 4850-5450 cm™ and the second-order modes of sulfate
groups in the wavenumber region 2050-2350 cm™' were closely
monitored in the temperature range 300-430 K. The thermal
evolution of these bands was observed at intervals of 5 K close
to the transition temperatures. However, for clarity we only show
3—4 traces recorded at different temperatures in Figures 3-5. The
rate of heating was slower than 2° per minute in the temperature
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range 353-398 K. We had chosen to investigate the phase tran-
sition sequence using single crystals because of differences in
the mechanism of dehydration. As previously stated, the results
of Putnis et al. (1990) and Chang et al. (1999) show stepwise
dehydration in powdered samples, whereas studies from our
laboratory (Sarma et al. 1998; Prasad 1999; Prasad et al. 2001)
and by Badens et al. (1998) show single-step dehydration for
crystalline gypsum. The total experiment was carried-out in three
steps; step 1, dehydration of gypsum in the temperature range
300-430 K; step 2, rehydration of y-CaSO,; and step 3, dehydra-
tion of bassanite up to 430 K. Observed spectral variations at
some selective temperatures are shown in Figures 3-5. Recorded
profiles in these figures are shown by dots and the continuous
lines represent deconvolved profiles. During the dehydration of
gypsum (step 1) the water combination modes showed marginal
spectral variation until about 388 K and completely disappeared
around 390 K (Fig. 3). However, on cooling a single band ap-
peared at 5206 cm™, indicating the bassanite phase (Fig. 4). This
band is very narrow compared to the complex H,O bands of
gypsum. The second-order modes of sulfate group also showed
interesting temperature-induced variations. The four gypsum
peaks at 2245, 2200, 2133, and 2117 cm™ were replaced with
three bands at 2236, 2163, and 2131 cm™" at around 390 K dur-

Step 1: Dehydration of Gypsum
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FIGURE 3. Deconvolved bands of the combination modes of H,O
(A) and SO, (B) of gypsum at different temperatures as indicated along
with traces. Observed profiles are shown by dots. Continuous lines show
fitted and deconvolved profiles.
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ing the first stage of our experiment, characteristic of anhydrite
(see part B of Fig. 3).

In step 2, the dehydrated gypsum, i.e., anhydrite, was cooled
slowly to room temperature and the rehydration behavior was
observed. As can be seen from Figure 4, water molecules re-
entered the structure at around 363 K. The characteristic sec-
ond-order modes of sulfate groups of bassanite were observed
at 2218, 2136, and 2096 cm™ and that of the water combination
around 5206 cm™'. These spectral features are seen more clearly
at ambient temperature. We observed a large variation in absor-
bance of fundamental water modes, also indicating the re-entry
of water molecules. On cooling we failed to recover the spectral
features characteristic of gypsum. In fact, the spectra showed the
signatures of bassanite, which is in general agreement with our
previous results (Prasad et al. 2001). The bassanite formed in step
2 was taken as the starting sample for step 3 (Fig. 5).

The combination mode at 5206 cm™' collapsed at around 383 K
and this behavior appeared from 378 K. The second-order modes of
sulfate also showed typical variations characteristic of anhydrite as
previously described, namely the replacement of bassanite features
(2218, 2136, and 2096 cm™") with anhydrite bands (2236, 2163,
and 2131 cm™) (see Fig. 5). These results indicate the dehydra-
tion of bassanite to y-CaSO,, beginning at about 378 K. The band

Step 2: Rehydration of Anhydrite
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FIGURE 4. Deconvolved bands of the combination modes of H,O
(A) and SO, (B) for y-CaSO, upon cooling. All other details are same
as those in Figure 3.
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at 5206 cm™ reappeared upon cooling along with that of the SO,
mode structure around 2218, 2136, and 2096 cm™', signifying
the rehydration of y-CaSO, to form bassanite. This observation
confirms that of 2. However, we failed to observe formation of
gypsum from this bassanite even after preserving the sample for
over three months under laboratory conditions.

DiSCUSSION

A large number of Raman and infrared spectroscopic studies
on gypsum were aimed at probing the hydrogen-bonding scheme.
Generally, the variations of water modes are weakly dependent
on pressure (Couty et al. 1983). However, more recent studies of
pressure-dependent FTIR and Raman spectroscopy of gypsum by
Khnittle et al. (2001) report a new phase above 5-6 GPa. Interest-
ingly these variations are similar to those reported for bassanite
(Putnis et al. 1990). On the other hand, the hydroxyl modes and
hydrogen-bonding scheme is usually dependent on temperature
(Chang et al. 1996). In the hemi-hydrate phase stretching modes
of hydroxyls are shifted to higher wavenumber by about 100
cm™! compared to gypsum, indicating weakening of the hydrogen
bonding (see inset in Fig. 1).

The symmetric (v,) and asymmetric (v;) stretching modes of
water in gypsum show a large gap, which is rather unusual (Fig.
1). There are two different interpretations for this observation.

Step 3: Dehydration of Bassanite
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FIGURE 5. Deconvolved band profiles of second-order infrared active
modes of H,O (A) and SO, (B) groups in bassanite upon heating. All
other details are same as those in Figure 3.
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One attributes the two modes to v(O-H) having two non-equiva-
lent O-H---O bond lengths of 2.816 and 2.896 A (Couty et al.
1983; Chio et al. 2004). Another interpretation is factor-group
splitting (Krishnamurthy and Soots 1971; lishi 1979). Kling and
Schiffer (1969, 1971) suggested a similarity between liquid water
and the water in gypsum. Furthermore, they also proposed that
the water molecules in gypsum are vibrationally distorted. The
Fermi resonance may also contribute to a greater separation
between the v, and v; modes (Kling and Schiffer 1971).

Gypsum is an ionic crystal belonging to the monoclinic space
group CY,, with two formula units per unit cell, i.e., there are a
total of 24 atoms in the unit cell. Since the unit cell of gypsum
possesses a centre of inversion, the principle of mutual exclusion
applies so that only the gerade modes are Raman active while
ungerade modes are infrared active. A detailed factor group
analysis results in activity of nine internal modes of SO, groups
as 5A, + 4B, and six internal modes of H,O as 3A, + 3B,. The site
groups for these ions are C, and C, respectively. All the splittings
in the internal modes have been clearly observed and reported
in earlier studies (Krishnamurthy and Soots 1971; Bensted and
Prakash 1968; Berenblut et al. 1971). Considering the activity
of the second-order modes, all the overtones belonging to (4, X
A,), (B, xB,), (A, xA,),or (B, B,) are Raman active. However,
the combination bands are IR active;e.g., (A,x A,) and (B, X B,)
results in A, species while (A, X B,) and (A, X B,) results in B,. As
can be seen from Figure 2a the water combination mode region
in gypsum is highly complex with two bands around 5123 and
5070 cm™" and two prominent shoulders at 5034 and 5170 cm™'.
However, the observed band positions of the second-order water
modes of gypsum are vastly different from those for liquid water.
In liquid water the IR combinations bands are at 5193 cm™' and
the overtones are at 6885 cm™. Table 1b lists the infrared- and
Raman-active fundamentals of water modes in gypsum for all
A,, B,, A,,and B, species. Several combination modes, i.e., v,
or Vi + V,, are thus group-theoretically allowed for the water
modes. From the observed spectral profile in the wavenumber
region 4850-5450 cm™', Lorentzian profiles were fitted using
GRAMS software. Figure 3 shows the deconvolved plots of
second-order modes of water (A) and sulfate (B) at four different
temperatures, i.e., 300, 388, 390, and 398 K. Even though we
show the results at some selected temperatures in Figures 3-5,
we actually monitored the dehydration behavior over very small
temperature intervals near the phase transition temperatures. The
best spectral fit for the data at 300 K was obtained with eight
Lorentzian peaks with R* = 0.99. However, the fit was not good
for lesser number of profiles. R? for the data at 388 K was 0.97
with eight peaks.

As seen in Figure 3, the water modes show marginal varia-
tions up to about 388 K and completely disappear around 390 K,
and no water modes were observed up to about 430 K. A ques-
tion often asked is whether or not the dehydration of gypsum to
bassanite is through an intermittent y-CaSO,. Our earlier Raman
spectroscopic studies (Prasad et al. 2001) and those of Chio et
al. (2004) support the former, whereas Chang et al. (1999) sup-
ports the latter interpretation. In our previous Raman studies
we observed that the v,(SO,) mode of gypsum A 1008 cm™" was
replaced with a mode around A 1026 cm™ at higher temperature
(370 K). On cooling we observed a mode around A 1014 cm™.
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These three modes we attributed to gypsum, y-CaSO,, and bas-
sanite, respectively. Chio et al. (2004) also reported Raman shifts
for the v,(SO4) mode in gypsum, y-CaSO,, and bassanite of A
1007, A 1026, and A 1014 cm™'. They further suggested that the
changes in Raman shifts for this mode with respect to varying
hydration state, in addition to the strong intensity and the narrow
peak width, could be utilized to distinguish various hydrate forms
of CaSO,. The results of Chang et al. (1999) are different. These
authors reported that the v,(SO,) Raman mode of gypsum is at
1010 cm™ and shows spectral variations to above 391 K; a band
around A 1017 em™ (assigned to bassanite) appears and grows
to maximum around 405 K and decreases and vanished around
413 K. Another weaker mode around A 1024 cm™ (assigned to
anhydrite), appears around 391 K, grows and reaches a maximum
at around 413 K. Putnis et al. (1990) in their FTIR studies also
reported that the spectral signatures of bassanite develop (replac-
ing those of gypsum) with increasing temperature, indicating a
sequential transition. These authors also reported a temperature
region where gypsum-bassanite-anhydrite coexists. Chang et al.
(1999) reported that the dehydration temperature of bassanite is
lower than that of gypsum. From Figures 3 and 5 we also notice
that the dehydration temperature of bassanite is about 12° lower
than that of gypsum and is 378 and 390 K, respectively. Even
though we probed the transitions with temperature intervals of
about 2-5° we failed to observe co-existence of spectral signa-
tures typical of gypsum and bassanite. The disappearance of
IR modes due to water molecules of gypsum provides strong
evidence for its dehydration to y-CaSO,. Further support of this
observation is through the thermal evolution of the second-order
SO, modes, as shown in Figure 3B. The four-mode structure
observed at 300 K with deconvolved peak positions at 2245,
2200, 2133, and 2117 cm™ is clearly replaced with three bands
around 2236, 2163, and 2131 cm™" at 390 K. As previously dis-
cussed, the former is characteristic of gypsum, whereas the latter
is characteristic of y-CaSO,.

From Figure 4 it is clear that rehydration of y-CaSO, oc-
curred around 363 K, as can be seen from the reappearance of
the water combination mode around 5206 cm™ and a shoulder
mode around 2096 cm™'. The absorbance for fundamental modes
also showed a sudden increase indicating the re-entry of water
molecules into the structure. These spectral features increase and
become very clear at lower temperatures indicating the growth
of bassanite. The experiments in this study (Figs. 3 and 4) sup-
port our earlier studies (Prasad et al. 2001) where we proposed
that the water molecules of gypsum dehydrate completely and
the water molecules re-enter into soluble anhydrite to form bas-
sanite. As described we have not seen recovery of the gypsum
features, indicating that the gypsum dehydration is an irrevers-
ible process.

In the final step we studied the dehydration behavior of
bassanite. In Figure 5, we demonstrate deconvolved plots at
some selected temperatures where maximum spectral variations
occurred. The spectral features of the second-order SO, group
observed at 2218, 2136, and 2096 cm™ at 300 K are typical of
bassanite (Bensted and Prakash 1968). A noticeable spectral dif-
ference between bassanite and CaSQ, is the presence of a mode
around 2096 cm™'. As the temperature is increased to about 378
K, the combination mode due to H,O observed around 5206 cm™!
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became weaker and at about 383 K it completely disappeared,
indicating dehydration of bassanite to y-CaSO,. This behavior has
even been observed from the thermal evolution of SO, second-
order modes, where the peaks shifted to 2237, 2157, and 2131
cm™ at around 383 K. This behavior continued up to about 430
K. Furthermore, similarities in the second-order SO, mode struc-
ture at 390 K during the gypsum dehydration process (as shown
in Fig. 3b) and that at 383 K during the bassanite dehydration
process (shown in Fig. 5b) confirm the formation of intermittent
v-CaSO, during the dehydration of gypsum.
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