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Kinetic study of the thermal dehydration of borogypsum
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Abstract

In Turkey, a large amount of borogypsum waste is discharged by the economically important boric acid industry. Calcination of this waste
provides a promising technique not only for recovering an economic value but also for reducing its environmental impact. The aim of this
work is to study the thermal behavior of borogypsum, which contains gypsum crystals, boron oxide and some impurities under nonisothermal
conditions in air atmosphere by using thermogravimetry and differential thermal analysis techniques (TG–DTA). Experiments were carried
out at temperatures ranging from ambient to 773 K at different heating rates. The temperatures of conversion from gypsum to hemihydrate
a on kinetics.
T ehydration
r
©

K

1

w
h
c
d
e
o
a
T
s
b
t
a
c
a
t
d

mic

eral
yp-
pro-

ined
r me-
psum
m to
ength
s

rs a

be-
and

tures
dif-
re-

tion

pa-

0
d

nd anhydrite states were determined. Various methods were used to analyze the TG and DTA data for determination of reacti
he activation energy and frequency factor were calculated for dehydration of borogypsum. Activation energy values of the main d
eaction of borogypsum were calculated to be approximately 95–114 kJ mol−1.

2004 Elsevier B.V. All rights reserved.
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. Introduction

About, 62% of the world’s boron ores are found in the
estern part of Turkey. The hydrated boron minerals, which
ave a big potential in Turkey are the main materials for the
hemical industry. Especially, colemanite, used in the pro-
uction of boric acid (H3BO3), is very important from the
conomic point of view[1,2]. Over 120 million tons of bor-
gypsum is produced as an industrial by-product of boric
cid production at the factories of Bandırma Eti Holding in
urkey. Borogypsum is formed by reacting colemanite with
ulphuric acid in the production of boric acid and is obtained
y filtering the reaction mixture on the filter presses. The ma-

erial mainly consists of gypsum, B2O3 and some impurities
nd causes various environmental and storage problems. The
ontent of B2O3 in borogypsum obtained during the boric
cid production increases up to 7%. It is a valuable indus-

rial raw material for its B2O3 content. In contrast, B2O3 is
issolved by rain water and mixed with soil. High amount of

∗ Corresponding author. Tel.: +90 212 449 1897; fax: +90 212 449 1895.

boron content, which has toxicological effect leads econo
losses and also causes environmental pollution[3–5]. To re-
duce pollution and disposal of this industrial waste, sev
works have been carried out for the utilization for borog
sum as calcium sulfate dihydrate (gypsum) in cement
duction[6–12]. It has been reported that the mortar obta
from the cement with calcinated borogypsum gives bette
chanical strength than cement prepared using natural gy
and borogypsum. The addition of calcinated borogypsu
Portland cement clinker increases the compressive str
from 43.2 to 54.1 Nmm2. Hence, the use of different form
of borogypsum in building industry as raw materials offe
potential alternative for utilization[12].

Also, the dehydration reaction of borogypsum has
come an important process. Production of hemihydrate
anhydrite, which depends on the calcination tempera
due to different temperatures, leads to the formation of
ferent structures. Therefore, kinetics of the dehydration
actions is an important factor in the design of calcina
equipments.

The aim of this research is to determine the kinetic

E-mail address:ielbeyli@yildiz.edu.tr (̇I.Y. Elbeyli). rameters by using TG–DTA techniques for the production of
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hemihydrate (CaSO4·1/2H2O) and anhydrite (CaSO4) from
borogypsum by the calcination process.

2. Material and methods

2.1. Material

Borogypsum used in the experiments was supplied by Eti
Holding Bandırma Borax and Boric Acid Plants in Turkey. It
is formed during the production of boric acid from coleman-
ite, which is important borate ore. In the process, coleman-
ite (Ca2[B3O4(OH)3]2·2H2O) is reacted with sulphuric acid
(H2SO4) solution, and borogypsum is formed as a by-product
in filter-press as follows;

Ca2 [B3O4(OH)3]2 · 2H2O + 2H2SO4 + 6H2O

→ 6H3BO3 + 2CaSO4 · 2H2O (1)

Before the thermal experiments, borogypsum was dried in the
oven at 105◦C for 2 h, crushed and grounded by using me-
chanical methods. The particle sizes were not taken into ac-
count, since it has a crushable structure and completely sieved
in a−140 + 71�m. X-ray diffraction peaks are obtained by a
Rigaku X-ray diffractometer using Cu K� radiation. Thermal
a anhy-
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tions of Coats–Redfern (CR) (Eqs.(2)and(3)) [17], Kissinger
(KI) (Eq. (4)) [18], Doyle (DO) (Eq.(5)) [19].

The Coats–Redfern equation:

For n = 1 : ln

[−ln(1 − χ)

T 2

]
= ln

k0R

βE
− E

RT
(2)

For n �= 1 : ln

[
1 − (1 − χ)1−n

T 2(1 − n)

]
= ln

k0R

βE
− E

RT
(3)

The equation of Kissinger:

ln

(
β

T 2
m

)
= ln

(
k0R

E

)
− E

RTm
(4)

The equation of Doyle:

d(logβ)

d(1/Tm)
≈ −0.4567

E

R
(5)

The frequency factor,k0, may be determined by

βE

RT 2
m

exp

(
E

RTm

)
= k0 (6)

where χ = fraction decomposed (%);T= temperature
(K); k0 = frequency factor (s−1); R= gas constant
(8.314 J mol−1 K−1); E= activation energy (J mol−1);
β −1 .
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nalysis, to obtain the percentages of hemihydrate and
rite of the sample was performed in a SETARAM Lab
imultaneous TG–DTA instrument. Temperature calibra
as achieved by using the ICTAC-recommended DTA s
ards. Sample mass was about 25 mg and different he
ates of 2, 5, 10 and 15 K min−1 up to 773 K were used u
er air flow of 100 ml min−1 in experiments. All data we
btained using covered sample crucibles due to conte
olemanite in borogypsum. It is known that colemanite le
o explosive dehydroxylation at high temperatures due
ery porous structure[13]. This property of colemanite lea
ome samples to leap up from the crucibles. In the the
xperiments, alumina crucibles were covered to preven
ample loss.

.2. Kinetic theory for solids

Thermal analysis techniques are used in the evalu
f kinetic parameters of solid-state reactions in dehydra
rocess[14,15]. A number of models have been develo

o obtain the kinetic parameters from the thermogravim
ata for studying the mechanism of solid-state decom

ion processes. In these works, the authors assumed fi
er reaction mechanism[14,16]. In this study, to determin

he kinetic parameters for the dehydration of borogyps
he first order (n= 1) thermal decomposition model whi
roposed in earlier solid-state decomposition works
ssumed.

The kinetic parameters, activation energy (E) and fre-
uency factor (k0) were calculated from the fraction of sam
ecomposed (χ) values by utilizing the mathematical equ
= heating rate (K s ); Tm = temperature of the peak (K)
TG–DTA curves for borogypsum at various heating r

re presented inFigs. 2 and 3. Kinetic parameters were calc
ated from fraction of sample decomposed and temper
ata with the help of the methods.

. Results and discussion

X-ray diffraction pattern of the borogypsum is sho
n Fig. 1, and the chemical composition of borogypsum
resented inTable 1. Both data confirm that borogypsu
ainly consists of gypsum crystals, B2O3 and some impu

ities. Figs. 2 and 3show TG and DTA curves of borogy
um obtained at heating rates of 2, 5, 10 and 15 K mi−1,
espectively under air atmosphere. The dehydration pa
btained under different heating rates were similar excep

able 1
hemical analysis of borogypsum

onstituents Weight (%

2O3 7.00
iO2 7.74
e2O3 0.74
l2O3 1.37
aO 25.24
gO 0.88
a2O 0.10

2O 0.79
O3 35.62
l− 0.0042
oss on ignition 20.91
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Fig. 1. X-ray pattern of borogypsum (−140 + 71�m).

Fig. 2. TG curves for the dehydration of borogypsum carried out at different heating rates.

Fig. 3. DTA curves for the dehydration of borogypsum carried out at different heating rates.
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the usual increase in the observed dehydration temperatures
with increase in heating rate.

According to the DTA curves, based on two basic en-
dothermic peaks, of this study dehydration of borogypsum
occurs in two steps, which appears at approximately 418–450
and 441–475 K (Fig. 2). These curves consist of two reac-
tions that are partially overlapping. Overlapping reactions
are sometimes difficult to locate on the TG curve uncertain
point where one reaction ends and the other starts. By using
the DTA curve, an extrapolation procedure can be used to
determine approximately where the second reaction begins.
It can be seen from the DTA curves that minor reaction occur
during near a major reaction when borogysum is heated. Ma-
jor reaction, which is shown as transformation to hemihydrate
structure, occurs in the temperature range of 413–463 K (step
1). The first weight loss occurs in this region according to the
TG curves corresponds to the loss of 3/2 moles of water. XRD
pattern of the borogypsum after heating up to 463 K is shown
in Fig. 4. The pattern shows the product formation as hemi-
hydrate borogypsum. The second peak in DTA curves, which
shows minor reaction, indicates the conversion of borogyp-
sum from hemihydrate to anhydrite. This reaction occurs in
the temperature range of 463–493 K (step 2). The observed
second weight loss according to the TG curves corresponds to
the loss of 1/2 moles of water crystallization. XRD pattern of
t
T te or
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d xper-
i d to
b loss,
w erials
1 ula-
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Table 2
Temperatures of dehydration reactions for each steps

Rate of heating
(K min−1)

Step 1 Step 2

Ti (K) T ∗
m1 (K) Tf (K) Ti (K) T ∗

m2 (K) Tf (K)

2 400 418.59 430 430 441 448
5 405 429.84 440 440 457 463

10 410 440.00 461 461 473 479
15 416 449.82 465 465 475 489

*Tm: temperature at which maximum weight loss takes place in TG or peak
temperature in DTA.Ti : initial temperature,Tf : final temperature.Tm1 values
were used in KI and DO methods for calculation of activation energy and
frequency factor.

tions (20.93%). It can be observed that increase of the heating
rate affects initial, final and peak temperatures (Table 2).

In the literature, there are a number of studies on gyp-
sum and its conversion to hemihydrate and anhydrite states
at different temperatures. In general, all the studies of the
CaSO4·2H2O dehydration through DTA show the presence
of two endothermic peaks. However, the dehydration tem-
peratures have been quite varied. This difference might be
explained by the influence of nature as well as by the differ-
ent origins of the samples[20]. Although many studies about
the decomposition of gypsum have been reported, we have
not noticed any work about the kinetics of thermal decompo-
sition of borogypsum.

The data obtained from the DTA–TG curves were used to
calculate the activation energy of the dehydration steps. The
conversion or fractions of sample decomposed was calculated
as the ratio of the weight loss to the total weight loss by using
computer programme of DTA–TG instruments on the basis
of the following reactions:

CaSO4 · 2H2O → CaSO4 · xH2O + (2 − x)H2O (7)

wherex is the mole fraction of water changing between 0
and 2. The conversion versus temperature graphs are drawn
from TG data, as shown inFig. 2. Borogypsum starts losing
he borogypsum after heating up to 493 K is shown inFig. 5.
he pattern demonstrates formation of soluble anhydri
nhydrite III (hexagonal) with conversion of hemihydrat

In addition to the two endothermic peaks, there is a
ble small exothermic peak at 650 K in TG curves. T
eak indicates transformation of soluble anhydrite (he
nal) to insoluble anhydrite (orthorombik). Based on the
ata, the average weight loss measured for the four e

ments carried out at different heating rates were foun
e approximately 19.60%. This means that the mass
hich occurred between the starting and the ending mat
9.60%. This is in accordance with the theoretical calc

Fig. 4. X-ray diffractogram of
 ydrate structure for borogypsum.
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Fig. 5. X-ray diffractogram of anhydrite structure for borogypsum.

water approximately at 400 K, and weight loss is completed
between 448 and 485 K.Table 3shows the conversion at a
given temperature for different heating rates. According to
the Table 3, final temperatures of reaction or temperatures,
which are fixed of mass loss have quite change depend on
the heating rates.Table 3shows values, which are used in
calculation of kinetic parameters with CR method.

Kinetic parameters calculated for dehydration of bor-
ogypsum are given inTables 4 and 5. According to the
Coats–Redfern Method, the left side of Eq.(2) must be plot-
ted versus 1/T. Activation energy was calculated using the

Table 3
Change of decomposed fractions at different heating rates with temperature during dehydration of borogypsum

2◦C min−1 5◦C min−1 10◦C min−1 15◦C min−1

T (K−1) χ (%) T (K−1) χ (%) T (K−1) χ (%) T (K−1) χ (%)

400.10 1.3747 405.06 1.841 410.07 1.741 416.02 1.8636
404.81 2.0257 407.57 2.0069 417.44 2.004 420.46 2.0089
408.28 3.0235 415.05 3.0124 426.15 3.0191 431.53 3.0081
410.59 4.0205 418.48 4.0366 430.04 4.0387 435.82 4.0082
412.41 5.0329 420.85 5.0160 432.75 5.0246 438.62 5.0215
414.01 6.0562 422.82 6.0241 434.91 6.0412 440.92 6.0137
415.45 7.0576 424.60 7.0650 436.80 7.0024 443.09 7.005
416.76 8.0227 426.17 8.0529 438.76 8.0377 445.19 8.0051
418.06 9.0324 427.77 9.0770 440.68 9.0116 447.48 9.0148
419.50 10.0648 429.38 10.0724 442.73 10.0005 451.40 10.0307
4
4
4
4
4
4
4
4

483.72 16.6967

slope of the line and the frequency factor was obtained from
the intercept of the line. The method proposed by Kissinger
utilizes DTA data. As indicated at Eq.(4), the ln(β/T 2

mT
2

m)
versus 1/Tm graph gives a straight line. The activation energy
was calculated from the slope of the line, and the frequency
factor is obtained from the intercept of the line. The approxi-
mation of Doyle uses Eq.(5), with DTA data. If the logarithm
of heating rates is plotted against 1/Tm, the slope will be equal
to −0.4567E/R. From the slope the activation energy and the
frequency factor are calculated from Eq.(5). Data obtained
from TG curves at different heating rates are shown inTable 3
20.95 11.0417 430.98 11.0468
22.63 12.0131 432.71 12.0042
25.15 13.0091 434.88 13.0039
30.86a 14.0051a 437.71 14.0229
35.64 15.0093 440.29a 14.5147a

39.60 16.0135 443.73 15.0032
43.56 17.0196 446.47 15.5085
48.08 17.5248 448.84 16.0096

451.08 16.4904
453.19 17.0025
455.41 17.5213
457.47 18.0038
460.60 18.5015
463.08 18.6686
a Initial of step 2.
445.07 11.050 454.46 11.0325
447.57 12.0239 458.00 12.0203
450.48 13.0091 461.17 12.7016
450.61 13.0518 462.94 13.0046
456.67 14.4063 465.28a 13.3514a

461.41a 15.0123a 467.57 13.6615
466.98 16.0109 469.88 14.0144
469.42 16.5279 471.28 14.2429
471.54 17.0103 473.07 14.5941
473.84 17.5205 475.18 15.0197
476.19 18.0112 477.47 15.5022
479.52 18.5146 479.80 16.0023

482.50 16.5058
485.56 16.9586
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Table 4
Kinetic parameters evaluated from TG curves using Coats–Redfern (CR)
method

Steps E (J mol−1) k0 (s−1) R2 Heating rate
β (K min−1)

Step 1 141188 1.28× 1014 0.9924 2
Step 2 19413 0.0142 0.9981
Step 1 97823 4.15× 108 0.9842 5
Step 2 14654 0.0065 0.9800
Step 1 97864 3.65× 108 0.9865 10
Step 2 16279 0.0174 0.9929
Step 1 99469 5.59× 108 0.9800 15
Step 2 16988 0.0272 0.9932

R2: correlation coefficient.

Table 5
Kinetic parameters evaluated from DTA–TG curves using Kissinger (KI)
and Doyle (DO) method

Parameters KI DO CRa

E (J mol−1) 95004 97203 114143
k0 (s−1) 1.68× 109 3.49× 108 3.65× 108

R2 0.9841 0.9864 0.9900
a Supplementary total activation energy for two steps.

as a ratio of the mass loss at a given temperature. As it can be
seen from the equations of KI and DO methods, peak temper-
atures (Tm) were used for the calculation of activation energy
in step 1. It should be noticed that these methods can be used
for only step 1 in order to mass loss of major reaction occurs
in step 1. The amount of sample undergoing reaction in steps
1 and 2 is very similar for four experiments (Fig. 2) and has
the same conversion. It is determined that CR method is a
more suitable method for the calculation of kinetic param-
eters in each step than the KI and DO methods. Activation
energy (E) and frequency factor (k0), calculated for different
heating rates by CR method, inTable 5seem generally in
good agreement.

4. Conclusions

The main point of this paper is the study of the thermal
behaviour of the borogypsum and to calculation of kinetic
parameters for dehydration reactions. Also, the effects of
different heating rates on the course of dehydration are in-
vestigated. Based on the results of this work, the dehydration
reaction is proposed to take place according to the following
mechanism:

CaSO4 · 2H2O → CaSO4 · 1H2O + 3H2O (8)

C

W s not
c ss is
s other
h action
t

ues (Tm, the temperature of maximum rate of mass loss) to-
wards higher temperatures take place as a result of increasing
the heating rate. Kinetic parameters were deduced at each
stage under nonisothermal conditions and are in good agree-
ment for three models (Coats–Redfern, Kissinger, Doyle).
Base on the calculation of CR, KI and DO methods, acti-
vation energy values for major dehydration reaction change
between 95 and 114 kJ mol−1 (step 1). However, the highest
activation energy (141 kJ mol−1) was obtained by the ther-
mal experiment, which was carried out at the lowest heating
rate.
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İ.Y. Elbeyli, S. Pi¸skin / Journal of Hazardous Materials B116 (2004) 111–117 117

[16] N. Saikia, P. Sengupta, P.K. Gogoi, P. Borthakur, Kinetics of dehy-
droxylation of kaolin in presence of oil field effluent treatment plant
sludge, Appl. Clay Sci. 22 (2002) 93–102.

[17] A.W. Coats, J.P. Redfern, Kinetic parameters from thermogravimetric
data, Nature 20 (1964) 68.

[18] H.E. Kissinger, Reaction kinetics in differential thermal analysis,
Anal. Chem. 29 (11) (1957) 1702.

[19] C.D. Doyle, Estimating isothermal life from thermogravimetric data,
J. Appl. Polym. Sci. 24 (1962) 639.

[20] S. Sebbahi, M.L.O. Chameikh, F. Sahban, J. Aride, L. Benarafa,
L. Belkbir, Thermal behaviour of Moroccan phosphogysum, Ther-
mochim. Acta 302 (1997) 69–75.


	Kinetic study of the thermal dehydration of borogypsum
	Introduction
	Material and methods
	Material
	Kinetic theory for solids

	Results and discussion
	Conclusions
	Acknowledgements
	References


