
Introduction

Pure gypsum, naturally existing in the nature as a

somehow compact rock, is composed of calcium sul-

fate, displaying approximately 3% equilibrium mois-

ture and about 20 mass% of chemically bound and/or

combined crystallization water. Thus, its chemical for-

mula is CaSO4⋅2H2O (calcium sulfate dihydrate) [1].

The thermal behavior of gypsum has been investi-

gated due to its usage as a building material. During

heating, gypsum undergoes two endothermic decompo-

sitions. The first dehydration reaction occurs at approxi-

mately 100–120°C, when calcium sulfate dihydrate is

converted into calcium sulfate hemihydrate (the reaction

is always complete at 160°C) as shown by Eq. (1) [2]:

CaSO4⋅2H2O→CaSO4⋅1/2H2O+3/2H2O (1)

The amount of energy required by this first dehy-

dration reaction is about 500 kJ kg
–1

of gypsum.

The second dehydration reaction occurs when

calcium sulfate hemihydrate is converted to anhy-

drous calcium sulfate, Eq. (2) [2]:

CaSO4⋅1/2H2O→CaSO4+1/2H2O (2)

The thermal decomposition of gypsum depends

on the experimental conditions. Among these condi-

tions, the heating rate and the atmosphere of the ther-

mal treatment are particularly important. Thus, slow

heating rates as well as low water vapor partial pres-

sures determine the formation of a product with a high

specific surface area called to β-CaSO4 III. The sub-

sequent heating of this loose material leads to the

compact α-CaSO4 IV [2].

Two isostructural phases, α- and β-gypsum are fre-

quently observed. The α-phase is prepared by the gyp-

sum dehydration, in water-saturated environment,

above 97°C. On the other hand, β-gypsum is obtained

by heating at 100°C, in vacuum or under an unsaturated

moisture environment. In relation to properties, the

β-gypsum has a higher free energy and higher solubility

than α-gypsum, leading to different properties during

re-hydation. Therefore, α-gypsum requires less water to

be re-hydrated than β-gypsum and its crystals do not

disaggregate when they are placed to water [3–5].

In spite of the different properties α- and β-gyp-

sum are difficult to be distinguished, due to their similar

profiles when analyzed by X-ray diffraction and infrared

spectroscopy. Hence, other techniques have been tested,

to obtain fingerprints of these materials, using for in-

stance the micro-Raman technique. In this work, natural

gypsum was calcined at 170 and 400°C and character-

ized by the usual techniques and also by TMDSC.

Experimental

Ball milled as received gypsum, agricultural grade

gypsum from the mine Rancharia – PE/Brazil was used
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as raw material. In a laboratory electric rotary kiln

ca. 300 g of the raw material were put into the oven and

heated up to 170, 400 and 600°C at a heating rate

of 50°C min
–1

, and was kept under isotherm conditions

for 30 min. Cooling occurred within the kiln by natural

convection, upon switching off the furnace.

The samples were characterized before and after

calcinations, using X-ray diffraction (D5000, Siemens),

with CuKα radiation, infrared spectroscopy using KBr

pellets (MB 102, Bomem) and TMDSC (TA 2920 mod-

ulated DSC, TA Instruments). In these analyses, a sam-

ple mass of about 10 mg was used. The TMDSC analy-

ses were carried out by scanning the samples in

the 30–300°C temperature range, at an underlying heat-

ing rate of 10°C min
–1

and a modulation amplitude

of ±1.0°C every 60 s. Samples of α- and β-gypsum were

also characterized for the sake of comparison.

Results and discussion

XRD patterns (Fig. 1) of the gypsum sample before

heat treatment indicate the presence of gypsum

dihydrate (JCPDS file 74-1433), besides the gypsum

hemihydrate – the β-phase, with hexagonal structure

and space group P-3m1 (JCPDS card 81-1848). After

heating at 170°C, the amount of the dihydrate phase

decreases, whereas the amount of β-gypsum increases.

The same JCPDS files mentioned above were used to

identify these phases. A small amount of anhydrite

phase is already observed (JCPDS card 72-0916).

After calcination at 400°C, the dihydrate phase dis-

appears. As expected, the amount of anhydrite (JCPDS

card 72-0503) increases. In relation to hemihydrate, the

diffractogram shows a superposition of two phases:

β-gypsum (CaSO4⋅0.5H2O – JCPDS card 14-0453) and

another hydrated phase, with 0.67 mole of H2O

(CaSO4⋅0.67H2O – JCPDS card 85-0531), with

monoclinic structure.

A common structural motif in all CaSO4 phases are

chains in the form [–Ca–SO4–Ca–SO4–], where sulfate

tetrahedra are coordinated through oxygen atoms with

two neighboring Ca ions in the chain direction [6].

Gypsum is distinguished by a marked layer

structure with perfect cleavability parallel to (010),

where the sheets of coordinated water are located.

The structure is monoclinic I2/a and is basically a

layer structure bound together by hydrogen bonding.

Zig-zag chains of CaO8 polyhedra running parallel to

the c-axis are bound together by similar zig-zag

chains of SO
4

2–
units. This forms a double-sheet poly-

hedral layer perpendicular to the b-axe in which the

two sheets are related by the a-glide. Two of the oxy-

gen atoms bonded to the Ca
2+

cations belong to H2O

molecules and the remaining six oxygen atoms are

bonded to the sulfate groups. The H2O molecules are

significantly distorted and form a layer that binds to-

gether the polyhedral layers via the O–H hydrogen

bond, which is directed almost entirely along the

b-axis explaining the perfect {0 1 0} cleavage [7].

In the hemihydrate structure, the Ca – SO
2+

4

2–

chains run along the c-axis and form channels of ap-

proximately 4 � diameter hosting the water mole-

cules. Symmetry is near to a threefold screw axis. De-

viations are obviously correlated with water content

as discussed later. By means of careful drying of

hemihydrate, water can be removed almost quantita-

tively, which yields the so-called soluble anhydrite

(also denoted as AIII phase or γ-CaSO4) with hexago-

nal symmetry. According to literature data, the α- and

β-hemihydrates are not true polymorphs. The differ-

ences between them arise from their mode of produc-

tion, resulting in different crystal sizes and habits, and

not from different crystal structures [6, 8, 9].

The structure of the thermodynamically stable

orthorhombic anhydrite (AII, insoluble anhydrite)

contains the Ca–SO4–Ca chains oriented in direction

of the shorter c-axis. In a- and b-direction these

chains are corner-linked [6].

Therefore, it may be observed that the X-ray dif-

fraction patterns may not lead to the complete eluci-

dation of the phases present in gypsum samples. This

fact is due to the different gypsum phases, which

show superposition of peaks, making the identifica-

tion difficult. For α- and β-phases, the problem is

even more difficult, once they present the same

crystal structure.

An important point is the presence of dihydrate

phases even after calcination at 170°C, indicating that

the dehydration reaction was not complete.

Infrared spectra were used to evaluate the gyp-

sum samples before and after thermal treatment. The

results are presented in Fig. 2.
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Fig. 1 XRD patterns of gypsum samples



According to the literature, the observed spectra

are characteristic of calcium sulfate [10]. Three sulfate

bands are observed, ν2 is a small band around 460 cm
–1

,

which becomes broader after calcination, ν3 is a broad

band located at about 1150 cm
–1

, while ν4 band splits

into two bands at about 600 and 660–670 cm
–1

. The lat-

tice water absorbs at 3400–3600 cm
–1

(antisymmetric

and symmetric OH stretchings) and at 1620–1685 cm
–1

(HOH bending). For natural gypsum, another band at

about 2120–2232 cm
–1

is also observed, indicating the

presence of contamination [11, 12].

The main differences between the three spectra

are related to water bands. The bands at 3404 and

1684 cm
–1

disappear after heat treatment at 400°C,

while the band at 3540 cm
–1

dislocates to higher fre-

quencies (Δν=10 cm
–1

).

The spectra of calcined gypsum were compared

to known samples of α- and β-gypsum (Fig. 3). A

similar profile is observed for all samples analyzed,

with small differences in the position of the bands.

These results show that differentiation between α-

and β-forms of gypsum using infrared spectroscopy is

rather difficult.

DTA is a useful technique to characterize the dif-

ferent forms of gypsum. In general, all of the studies

of CaSO4⋅2H2O dehydration using DTA show the

presence of the two endothermic peaks. However, the

corresponding temperatures show remarkable alter-

ation: these peaks were obtained at 130 and 180, 180

and 215 or 149 and 169°C, for example. They indi-

cate the crystal structure modification. According to

Sebbahi and Elbeyli [13, 14], the corresponding tem-

peratures are influenced by the experimental condi-

tions, e.g. by the heating rate, nitrogen or air atmo-

sphere and sample impurities. Another important

point is the influence of nature as well as the different

origin of the samples.

The next peak is exothermic, indicating the tran-

sition of soluble γ-anhydrite (with hexagonal struc-

ture) to insoluble β-anhydrite (with orthorhombic

structure). The temperature of this peak depends on

the precursor. For natural gypsum, the previous reac-

tions lead to the formation of β-gypsum, which trans-

forms to γ-anhydrite and to β-anhydrite above 350°C.

The same temperature range is observed in the DTA

curves of β-gypsum. When α-gypsum is evaluated, a

very sharp exothermic peak appears at lower tempera-

tures, around 215°C [4, 13, 15].

When the thermal analysis is performed by

TMDSC, the reversing and non-reversing events are

separated. These results are presented in Fig. 4.

The reversing curves present one to four endother-

mic peaks and one exothermic peak, depending on the

heat treatment. These peaks might be related to phase
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Fig. 2 Infrared spectra of the untreated and heat treated gyp-

sum samples

Fig. 3 Infrared spectra of α- and β-gypsum samples

Fig. 4 a – Reversing and b – non-reversing TMDSC curves of untreated and heat treated gypsum samples



transitions. The non-reversing curves display one or two

endothermic peaks, according to the heat treatment.

These peaks are related to dehydration processes.

When the endothermic peak in the non-reversing

curve is related to one peak in the reversing curve,

probably phase transition associated to dehydration

process occurs. These transitions are currently ob-

served in the DTA curves as stated before. In the pres-

ent case, the untreated samples and the samples after

calcination at 170°C present two steps with these

characteristics – the first one at about 145°C (as-

signed to the Eq. (1)) and the second one at

about 180°C (assigned to the Eq. (2)) for the untreated

sample and at about 195°C for the sample calcined

at 170°C. After calcination at 400°C, a dehydration

process still occurs at about 190°C. According to

Chang et al., CaSO4 might absorb moisture, leading

to the sample re-hydration [12].

Reversing curves display two other endothermic

and one exothermic peaks, which are not related to

the dehydration processes. According to Angeleri and

Cardoso [3–5], gypsum presents at least nine different

crystalline phases: two with the composition of

CaSO4⋅2H2O, three phases with composition of

CaSO4⋅1/2H2O and four phases with composition of

CaSO4. Thus, these peaks may be related to phase

transitions which are not related to a dehydration pro-

cess. The endothermic transition at 136°C, present in

the untreated and treated at 170°C samples, may be

assigned to a phase transition of the gypsum di-

hydrate. The endothermic transition of untreated gyp-

sum, observed at 158°C, may be assigned to a transi-

tion of the hemihydrated gypsum. The endothermic

peak observed at 209°C in the gypsum heat treated

at 170°C and the exothermic peaks noticed in this

sample are related to transitions of the anhydrite.

According to Angeleri et al. [4], one exothermic

peak is observed at 215 and 360°C for α- and β-gyp-

sum, respectively, and it is related to the

γ-anhydrite→β-anhydrite transition. When natural

gypsum is studied by DTA, this peak is observed at

about 360°C, due to the analysis conditions (opened

crucible). In the present case, closed crucibles are

used in the analyses. So, the exothermic peak is ob-

served at lower temperature, indicating that α-gyp-

sum is formed during the decomposition process. The

highest intensity of the exothermic peak, observed for

untreated gypsum, indicates that a higher amount of

α-gypsum is formed in this sample.

The TMDSC curves of the analyzed samples

were compared to the TMDSC curves of α- and

β-gypsum and anhydrite and are displayed in Fig. 5.

The reversing curves of are different – α-gypsum

presents two endothermic peaks with similar intensi-

ties, while β-gypsum presents a small endothermic

peak followed by a high intensity peak. The non-re-

versing curves of both gypsum forms present one en-

dothermic peak, but only α-gypsum presents one

exothermic peak just after the endothermic peak.
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Fig. 5 TMDSC curves of α-, β-gypsum and anhydrite samples; a – reversing, b – non-reversing and c – anhydrite



This result indicates that β-gypsum is formed af-

ter heat treatment at 170°C, besides gypsum di-

hydrate, in agreement with the XRD patterns. After

calcination at 400°C, XRD patterns indicate that

anhydrite and hemihydrate phase are formed.

TMDSC results show that the non-reversing profile is

very similar to the β-phase, as α-gypsum presents a

sharp exothermic peak after the endothermic peak. On

the other hand, the reversing curve shows a small en-

dothermic peak at 178°C and a larger peak at 196°C.

The small endothermic peak may due to the superpo-

sition of the exothermic one, characteristic to the

anhydrite, as presented in Fig. 5. Thus, the TMDSC

results indicate that β-gypsum is formed after heat

treatment at 170 and 400°C.

Conclusions

The obtained results indicate that TMDSC can be

used to identify the different forms present in gypsum

samples, completed with X-ray diffraction. A clear

difference is observed between the reversing and the

non-reversing curves of α- and β-gypsum, making the

identification easier. In the present case, the heat

treatment leads to the formation of β-gypsum.

Another important point is the possibility of identi-

fication of other phase transitions, which are not related

to the dehydration processes. Due to their superposition

with dehydration peaks, these transitions cannot be ob-

served using conventional DTA/DSC analysis.
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