RESEARCH COMMUNICATIONS

In situ micro-Raman investigation of
dehydration mechanism in natural

gypsum

P. S. R. Prasad”*, A. Pradhan* and T. N. Gowd'

"Mineral Physics Group, National Geophysical Research Institute,
Hyderabad 500 007, India

iDepartment of Physics, Indian Institute of Technology,

Kanpur 208 016, India

The stability of bassanite and the mechanism of dehyd-
ration of natural gypsum were investigated by in situ
micro-Raman spectroscopy in the temperature range
300-380 K and 300—450 K. From the thermal evolu-
tion of the sulphate (940-1200 cm™) and water (3250
3750 cm™) molecular stretching (v, and vs;) modes, it
was evident that the gypsum dehydrated irreversibly
into bassanite at about 370 + 5 K. We report that this
transformation was preceded by the soluble anhydrite
phase, with a characteristic Raman shift for v,(SO,) to
about 1026 cm™'. From the Arrhenius-type variations
in the reduced intensities of v{(SO,) for bassanite and
anhydrite at 1014 em™ and 1026 cm™, respectively, the
activation energy for bassanite to anhydrite was esti-
mated to be 32.5 6.6 kJ mol ™.

GYPSUM, a simple hydrous mineral, shows a transition
sequence gypsum—bassanite—anhydrite and the phase tran-
sitions are construed to be controlled by dehydration and
rehydration processesl. Bassanite (CaSQOy4 - 0.5H,0) and y-
CaSO, (soluble anhydrite) are the low-temperature (below
383 K) dehydration products of gypsum. y-CaSO, could
be rehydrated to form bassanite. However, heating of
gypsum above 633 K results in formation of a-CaSO;
(anhydrite)'. The water molecules in gypsum are highly
interactive with CaO and SO, groups and are also essen-
tial constituents in the crystallographic arrangement’. The
volume decrease due to the dehydration of gypsum,
increases the porosity and thereby interaction with other
fluids of the sediments™*. Further, this process has impact
on its mechanical properties’. It was already established
that the dehydration phenomenon is more temperature-
dependent than pressure-dependent'*®’. In fact, the tran-
sition temperature of gypsum to bassanite linearly shifts
upwards with pressureg. The transition sequence and the
individual phases were earlier studied by many techniques,
including IR and Raman spectroscopic methods" .
However, there are many unanswered questions, particu-
larly on the stability and the existence of bassanite and
other hydrous phases with 2 < H,O < 0.5. The bassanite is
known to be unstable at all the temperatures at one bar
pressure’ and the temperature and pressure above which
this phase is stable was estimated to be 85°C and 2 kb,
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respectively”. On the other hand, most of the experi-
mental results indicate that the dehydration sequence of
gypsum follows a stepwise mechanism at ambient pres-
sure. If true, one expects that bassanite would occur
commonly as a secondary mineral. However, bassanite is
found rarely in nature, and its rare occurrence has been
difficult to understand'®. On the other hand, impurities
like Sr, Ba, K, Na and Mg are known to play a key role in
the formation of gypsum and the dehydration process’'> 7.
We undertook a comprehensive study on some natural
gypsum samples using in situ Raman spectroscopy. Our
previous work clearly demonstrated that the sulphate
internal modes were sensitive to the phase changes and
could effectively be used to probe the structural tran-
sitions'®!"”. Further, the natural alkali and alkaline impuri-
ties in gypsum play an active role in the thermal evolution
of sulphate modes and onset of dehydration®’. Recent
studies on synthetic gypsum powdered samples using
Raman studies have shown evidences for stepwise dehydra-
tion”'. In this paper, a comprehensive analysis of observed
spectral variations in some of the internal modes of
sulphate and water molecular groups of natural gypsum
are presented with an aim to understand the stability of
bassanite and elucidate the mechanism of de(re)hydration,
particularly in natural samples.

A small crystal was cut from a large transparent rect-
angular sheet of gypsum, collected from an unknown salt
core location in India and was obtained from M/s
Hindustan Minerals and Natural History Specimen Supply
Co, Calcutta (India). These samples have been characte-
rized earlier by XRD, Raman and IR spectroscopic
methods. Major alkali and alkaline impurities were char-
acterized by XRF. Earlier experimental results on the
dehydration of gypsum showed that the dehydration was
sequential first to hemihydrate (bassanite) and then to
anhydrate. Hemihydrate is known to be thermodynami-
cally unstable at all temperatures; however it is available
in nature, although rarely and its existence and formation
are difficult to understand. The objective of the present
study is to understand the evolution of low temperature
dehydration phases (< 383 K), by simultaneously probing
Raman modes of sulphate and water molecular groups.
The Raman spectroscopic measurements were carried out
on the cleaved plane without optical polishing.

The thermogravimetric measurements were conducted
in Mettler Toledo Star Systems, using finely-powdered
samples, with a heating rate of 2°/min up to 420 K, and
thereafter at 20°/min up to 720 K. Similar heating rates
have been used by other workers also, who have reported
stepwise dehydration”'. The infrared spectra under ambient
temperature and pressure, were recorded on a Nicolet 740
FTIR spectrometer mainly to characterize the starting and
dehydrated products of gypsum.

In situ Raman measurements were carried out on a
SPEX 1877 Triplemate system, equipped with a liquid
nitrogen-cooled CCD detector. Excitation source was
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514.5 nm radiation (30 mW) from a SPECTRA PHYSIC
165, SW argon ion laser. An in-house fabricated variable
temperature cell, which could go up to 520 K, with an
accuracy better than £ 5 K, was used for phase transition
studies. A copper—constantan thermocouple was mounted
in close proximity of crystal to monitor its temperature.
The relative humidity of the surroundings was about 60%.
The typical rates at which the temperature of the sample
was increased/decreased were lower than 1°/min. The
sample was irradiated along y-axis with the laser radiation
and back-scattered radiation was collected. The uncer-
tainty in the intensity and peak position for sharp and
strong Raman bands is about 10% and * 1 cm ™, respec-
tively, and the same for weak and broad bands could be
upto 15% and £ 5 em ™.

A natural gypsum sample, used in the present study,
was earlier characterized by XRF, infrared (IR) and
Raman spectroscopic techniques'®?’. The observed vibra-
tional modes were compared with the previously pub-
lished values”'?. The unit cell parameters from XRD
studies were found to be a=5.68 A, b=15.18A, ¢ =
6.51 A and B = 118.4° with Z = 4. The space group is 12/a
(Cgh) which is in agreement with that of Pedersen and
Semmingsen®’.

From the thermogravimetric study it was found that the
dehydration of gypsum which started slowly at about
356 K became rapid at higher temperatures (Figure 1).
This process was almost completed at around 396 K.
From Figure 1, total mass loss during the dehydration
process is about 20%. This mass change is higher than
that expected for gypsum to bassanite transition. Interes-
tingly we have not observed any other mass change till
about 720 K.

In situ Raman studies were carried out with two main
aims. Firstly, to understand the stability of bassanite phase
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Figure 1. Thermogravimetric (TG) and differential thermogravimetric

(DTG) traces of gypsum up to 720 K. The heating rates are 2°/min and
20°/min, respectively, in the temperature range 300-420 and 420—
720 K.
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formed due to the dehydration of gypsum. Secondly, to
understand the mechanism of dehydration and rehydration
sequence in natural gypsum. So the experiment was
conducted in two steps. In step 1, the sample was heated
only up to a temperature (380 K) where it started to
dehydrate and was cooled back to ambient temperature. In
step 2, partially dehydrated gypsum from step 1 (kept
under ambient conditions for about 72 h, although at a
heating rate of 1°C/min and soaking time of 15 min is
adequate to complete the process under ambient con-
ditions) was re-heated to 450 K, till it dehydrated. Some
thermosensitive Raman modes of the sulphate and water
molecules were monitored at various temperatures during
heating and cooling cycles to understand the process.
Observed thermal evolution of v, and v; modes of
sulphate and water molecular groups during gypsum to
bassanite transition is shown in Figure 2 a and b, res-
pectively. The spectral traces 1-4 (from the bottom) were
recorded during increasing temperature, while traces 5
and 6 were during the cooling cycle. These traces were
recorded at temperatures 300, 335, 358, 371, 358 and
300 K, respectively. Temperature of the sample was
varied at a rate less than 1°/min and soaking time was
about 15 min. Spectral profiles at different temperatures
were deconvoluted into minimum number of Lorentzian
lines with the help of lab-calc software (Galactic Indus-
tries Corpn, USA) and the best-fitted parameters were
used for further analysis'®. It is clear from Figure 2 a that
the characteristic v{(SO4) mode of gypsum, appeared
around 1008 cm™ in this sample and shifted abruptly to
higher wavenumber (1026 cm ') at around 370 K, with an
appreciable decrease in the peak intensity. The v;(SOy4)
mode which appeared at around 1141 em™ in gypsum
shifted upwards and split into two peaks at 1148 and
1171 em™, around 370 K. This structure largely remained
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Figure 2. Raman spectra of gypsum in (&) sulphate and (b) water
stretching mode regions at various temperatures. Traces 1-4 (from the
bottom) are during heating and 5 and 6 are during cooling cycles.
Traces 1-3 show the characteristic features of gypsum, whereas the
features in trace 3 and traces 4 and 5 correspond to soluble anhydrite
and bassanite, respectively.
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as such when the temperature was decreased to 300 K.
The v;(SO,;) mode on the other hand stabilized at around
1014 cm™' on cooling. The sample completely lost its
transparency and turned opaque and these spectral fea-
tures were retained even after keeping the sample at
ambient temperature for a longer time (approx. 72 h).

The observed spectral changes in the water stretching
mode region were even more prominent (Figure 2 b). The
two Raman modes observed around 3401 and 3489 cm™'
in gypsum (in trace 1) were earlier assigned to v, and v;
modes of water molecules'”. Interestingly the spectral
variations associated with both the sulphate and water
molecular groups were observed at the same temperature.
On cooling, corresponding modes appeared around 3554
and 3616 cm ', respectively (trace 6, Figure 2 b). The
background level also increased sharply around 370 K.
The spectral traces 4—6 were recorded at 6 times higher
acquisition times.

In step 2, the dehydrated gypsum was re-heated to
450 K. The spectral variations in the v, and v; modes of
sulphate and water observed at temperatures 300, 373,
425, 445, 372 and 303 K (from the bottom) are shown in
Figure 3. It is interesting to note that the v,(SO,) mode
which shifted to 1026 cm™ at around 373 K, has not
shown any further wavenumber shift at higher tempera-
tures. The v;(SO,) doublet at room temperature in this
case, has not shown much variation, except that an
additional broad mode appeared at 1115 cm ' around
425 K. With increasing temperature these modes became
weaker and broader. The weaker v;(H,O) and v;(H,0)
modes at about 3552 and 3611 cm ', respectively, as
shown in Figure 3 b, disappeared at elevated temperatures
and reappeared on cooling without shift.

Gypsum dehydrates to bassanite by losing one and half
of its crystalline water at high temperature'. The exuded
water molecules leave behind some voids in the crystal
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Figure 3. Thermal evolution of v| and v3 modes of () sulphate and
(b) water groups of bassanite {dehydrated gypsum). Traces 1-4 (from
the bottom) are during heating and traces 5 and 6 are during cooling
cycles. Characteristic Raman bands for bassanite are observed in traces
1, 5 and 6. Spectral traces for soluble anhydrite are in 2—4.
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structure. The voids could be filled in by the other
constituents like sulphate and calcium groups and/or some
impurities that may co-exist with gypsum. On the stability
of various gypsum phases, it was suggested that the
gypsum should dehydrate into anhydrite at one bar pressure
and that bassanite should be unstable at all temperatures
at ambient pressure”"”. Further, a detailed analysis of
pressure dependence of the onset temperature (7;) for
gypsum to bassanite transition indicated a linear upward
shift for 7, with pressure®. Extrapolating this behaviour to
ambient pressures resulted in higher 7, than that observed
experimentally (370 K), which the authors® attributed to
some additional mechanism. However, all the experiments
reported so far indicate a stepwise dehydration reaction
from gypsum to bassanite. From Figure 3 a it is clear that
the v,(SO,) mode, which appeared around 1008 cm™', had
shown interesting variations with temperature. The peak
position and reduced intensity variations in v,(SO4) mode
were systematically plotted in Figure 4. From Figure 4 a,
it appears that the peak position shifted abruptly to
1026 cm ™" with a small asymmetric peak around 1016 cm ',
at about 370 K. On decreasing the temperature, the peak
around 1026 cm ' disappeared and the asymmetry around
1016 cm™' developed into a stronger band. Further,
the v,(H,O) and v;(H,O) observed at around 3401 and
3489 cm ' in gypsum phase (Figure 3 b), completely
disappeared at around 370 K and reappeared at around
3552 and 3611 cm™' on cooling. Earlier Raman spectro-
scopic studies at ambient conditions on calcium sulphate
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Figure 4. (a) Peak positions and {b) reduced intensity variations with
temperature in vi{SO4) mode of gypsum. Experimental uncertainties
are shown only on a few points for clarity.
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hydrates indicated that the v,(SO,) mode in bassanite
occurs at around 1018 cm™', while the corresponding
mode for the soluble anhydrite appears at 1020 cm ™' (refs
23 and 24). Our observations of v;(SO,) at a shifted
position (compared to gypsum at 1008 cm ') at 1014 cm™'
and v;(H,0) and v;(H,0), respectively, at around 3552
and 3611 cm™ indicate that the dehydrated (heated up to
370 K and cooled) product could be the bassanite. A split
in the Raman bands at 1152 and 1174 cm™ for v4(SO.)
corroborates this fact. Further, v,(H,O) and v3(H,O) modes
shifted upwards with increasing temperature, indicating an
increase in (OH .. .O) bond distance (i.e. weaker hydro-
gen bonding) in bassanite. We observed the same spectral
features as described, even after 72 h of cooling, indica-
ting that the bassanite was not rehydrated rapidly to form
gypsum under these experimental conditions.

Another interesting feature in the heating cycle was the
appearance of 1026 cm™' (v,(SO,)) band along with the
disappearance of (OH) modes prior to the onset of spectral
features typical of bassanite. From Table 1 it is clear that
all other weaker modes of sulphate tetrahedra are com-
parable to the corresponding modes observed at ambient
conditions by Bensted”. Apparently not many spectro-
scopic studies are reported in the literature with a distinc-
tive feature for soluble and insoluble anhydrites. Small
variations in the Raman band positions for sulphate tetra-
hedra observed in the present study could tentatively be
attributed to the higher temperature. All these Raman spec-
tral anomalies observed at around 370 K could be attributed
to the following: during dehydration, gypsum loses all its
crystalline water and then the water molecules required for
the formation of bassanite re-enter into the structure.

There are many unanswered questions regarding the
formation and stability of bassanite. It is known to be
unstable at ambient conditions and even if it does form, it
should dehydrate to anhydrite at higher temperatures. We
are unaware of any attempts to verify the reversibility of
this dehydration sequence under similar experimental
conditions. From the thermal evolution of the Raman

bands shown in Figure 3, it is clear that the spectral
features typical of anhydrite started appearing around
360 K, and around 445 K spectral features typical of
bassanite phase were completely replaced by those of
anhydrite. However, on cooling the spectral features
of bassanite were recovered, indicating that the bassanite
to anhydrite transition is reversible under our experimen-
tal conditions. Further, FTIR spectra on the end product
of the reaction has shown all the characteristic features of
bassanite, namely v,;(H,0), v,(H,0O) and v;(H,0O) bands,
respectively at 3560, 1621 and 3615 cm .

The spectral parameters of v,(SO4) mode of bassanite
showed interesting variations with temperature, as plot-
ted in Figure 5. A new mode appeared at 1026 cm '
around 360 K and became stronger at higher tempera-
tures. At about 425 K, the characteristic mode of bassa-
nite (1014 cm™') disappeared, while that of anhydrite at
1026 cm ™' persisted (Figure 5 a). The reduced intensity of
the band (defined as I, = I,,w,/{n(w) + 1} where [, is the
observed peak intensity at w, and n(w) the Bose—Einstein
population factor) around 1014 cm™' decreased, while that
around 1024 cm™ increased with temperature (Figure
5 b). This variation was fitted to an Arrhenius-type rela-
tion to estimate the activation energy associated with the
transition (Sarma et al.'®). From the intensity variations
in both the bands, we estimated the activation energy to
be 31.87+8.1 and 32.46 %+ 6.6 k] mol™’, respectively
(Figure 5 c). These values are in close agreement with
those in previously published reports'®®, i.e. 32.94 and
28.00 kJ mol ™', respectively.

On decreasing the temperature the spectral features
in the Raman spectra of bassanite were recovered. The
v1(SO,) mode appeared at 1014 cm ™' and v4(SO,) mode,
which split into three components in the anhydrite,
merged into two bands at 1152 and 1174 cm™. More
interestingly, the v;(H,O) and v;(H,0O) re-appeared at
around 3554 and 3616 cm™' (Figure 3 b). These results
clearly demonstrate that bassanite dehydrates into anhyd-
rite in a reversible fashion.

Table 1. Observed Raman band positions (cm™') of sulphate group in dehydrated products of
natural gypsum, i.e. CaSO4 - nH,O

n Vi V2 Vi3 Va
Gypsum

2.0° 1008 420, 494 1141 623

2.0° 1010 414, 494 1114, 1138,1144 622, 624, 676
Bassanite

0.5° 1014 421, 490 1152, 1174 630, 680

0.5° 1018 438, 494 1132, 1150, 1174 602, 636, 676
Anhydrite

0.0%@ 1026 424, 490 1105 (vb), 1152, 1174 608, 628, 668, 685
0.0° 1020 438, 498 1131, 1150, 1172 611, 630, 679

*Present study; @Observed at temperature 425 K; vb, Very broad; YFrom Bensted?*.
OH stretching modes in gypsum are at 3401 and 3489 em™ and those of bassanite at 3554 and

3616 cm™'.
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Figure 5. Temperature-induced variations in (&) peak position and
(b) reduced intensity (/r) of the characteristic v{(SO4) modes of
bassanite (1014 cm™, 0) and anhydrite (1026 cm™, A). Open (0, A)
and closed (®, A) symbols are for the temperature increasing and
decreasing cycles, respectively. In(/g) as a function of inverse tempe-
rature is plotted in {c) to estimate the activation energy.

In summary, our in situ micro-Raman studies on natural
gypsum provided the following information about the
dehydration-induced transition sequence:

(a) Gypsum dehydrates into bassanite at around 370 K
and it was an irreversible change at ambient pressure;
(b) The formation of bassanite by the dehydration of
gypsum occurs through an intermittent soluble anhydrite
phase, which was not discovered earlier. In other words,
the entire water of crystallization of gypsum becomes
detached from the structure and then the required water
molecules (0.5H,0) re-enter into the crystal structure to
form bassanite. However, careful in situ XRD studies
could provide more insight into the phenomenon; (c) It
appears that bassanite formed from the dehydration of
gypsum is stable and does not rehydrate to form gypsum

under our experimental conditions. Even if it rehydrates
to gypsum, it might occur on longer time scales; (d) Bas-
sanite dehydrates into soluble anhydrite with characte-
ristic Raman mode for v,(SO,) around 1026 cm™' and this
reaction is reversible as long as the temperature does not
exceed 633 K (a point where it transforms into insoluble
anhydrite).
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