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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
and anhydrite states were determined. Various methods were used to analyze the TG and DTA data for determination of reaction kinetics.
The activation energy and frequency factor were calculated for dehydration of borogypsum. Activation energy values of the main dehydration
reaction of borogypsum were calculated to be approximately 95-114 k3.mol
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction boron content, which has toxicological effect leads economic
losses and also causes environmental pollyte]. To re-

About, 62% of the world’s boron ores are found in the duce pollution and disposal of this industrial waste, several
western part of Turkey. The hydrated boron minerals, which works have been carried out for the utilization for borogyp-
have a big potential in Turkey are the main materials for the sum as calcium sulfate dihydrate (gypsum) in cement pro-
chemical industry. Especially, colemanite, used in the pro- duction[6-12] It has been reported that the mortar obtained
duction of boric acid (HBOs3), is very important from the  fromthe cementwith calcinated borogypsum gives better me-
economic point of viewl,2]. Over 120 million tons of bor-  chanical strength than cement prepared using natural gypsum
ogypsum is produced as an industrial by-product of boric and borogypsum. The addition of calcinated borogypsum to
acid production at the factories of Bandirma Eti Holding in  Portland cement clinker increases the compressive strength
Turkey. Borogypsum is formed by reacting colemanite with from 43.2 to 54.1 Nmra Hence, the use of different forms
sulphuric acid in the production of boric acid and is obtained of borogypsum in building industry as raw materials offers a
by filtering the reaction mixture on the filter presses. The ma- potential alternative for utilizatiofiL2].
terial mainly consists of gypsum B3 and some impurities Also, the dehydration reaction of borogypsum has be-
and causes various environmental and storage problems. Theome an important process. Production of hemihydrate and
content of BO3 in borogypsum obtained during the boric anhydrite, which depends on the calcination temperatures
acid production increases up to 7%. It is a valuable indus- due to different temperatures, leads to the formation of dif-
trial raw material for its BO3 content. In contrast, BDs is ferent structures. Therefore, kinetics of the dehydration re-
dissolved by rain water and mixed with soil. High amount of actions is an important factor in the design of calcination

equipments.
* Corresponding author. Tel.: +90 212 449 1897; fax: +90 212 449 1895, 1he a@im of this research is to determine the kinetic pa-
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hemihydrate (CaS£1/2H,0) and anhydrite (CaSfp from tions of Coats—Redfern (CR) (Eq®) and(3)) [17], Kissinger
borogypsum by the calcination process. (KD) (Eq. (4)) [18], Doyle (DO) (Eq.(5)) [19].
The Coats—Redfern equation:

2. Material and methods Forn=1:In M — |nk0_R _E )
T2 BE RT
2.1. Material 1—
1-(1- " koR E
Fornqél:ln|:%}=lno——— 3)
Borogypsum used in the experiments was supplied by Eti r*(1—n) BE  RT
_HoIdmg Bandyma Borax anq Boric AC'Id Plgnts in Turkey:. It The equation of Kissinger:
is formed during the production of boric acid from coleman-
ite, which is important borate ore. In the process, coleman- | B\ _ In koR E 4
ite (Cap[B30a(OH)s]2-2H,0) is reacted with sulphuric acid 2) =" ) wm (4)
(H2SOy) solution, and borogypsum is formed as a by-product . _
in filter-press as follows; The equation of Doyle:
d(lo E
Ca [B304(OH)3]5 - 2H20 4 2HSOy + 6H0 (log) ~ —0.4567— (5)
d(1/ Tm) R

6H3BO3 + 2CasSQ - 2H,0 1 i
— 6H3BO3 Q- 2H D the frequency factoko, may be determined by

Before the thermal experiments, borogypsum was dried in the 5 E

oven at 105C for 2 h, crushed and grounded by using me- — exp<—> = ko (6)
chanical methods. The particle sizes were not taken into ac- T RTm

count, since ithas a crushable structure and completely sievedyhere y =fraction decomposed (%);T =temperature
ina—140 + 71um. X-ray diffraction peaks are obtained by a  (k); ky=frequency factor (s!); R=gas constant
Rigaku X-ray diffractometer using Cukradiation. Thermal (8314 Jmot!K-1); E=activaton energy (Jmof);
analysis, to obtain the percentages of hemihydrate and anhy = heating rate (Ks); Tr, = temperature of the peak (K).
drite of the sample was performed in a SETARAM Labsys = TG_DTA curves for borogypsum at various heating rates
simultaneous TG-DTA instrument. Temperature calibration are presented |ﬁ|gs 2 and 3Kinetic parameters were calcu-

was achieved by using the ICTAC-recommended DTA stan- |ated from fraction of sample decomposed and temperature
dards. Sample mass was about 25mg and different heatingyata with the help of the methods.

rates of 2, 5, 10 and 15 K mirt up to 773 K were used un-

der air flow of 100 mImint in experiments. All data were

obtained using covered sample crucibles due to content of3 Results and discussion
colemanite in borogypsum. It is known that colemanite leads

to explosive dehydroxylation at high temperatures due toits  x_ray diffraction pattern of the borogypsum is shown
very porous structurd 3]. This property of colemanite leads Fig. 1, and the chemical composition of borogypsum is
some samples to leap up from the crucibles. In the thermal presented inTable 1 Both data confirm that borogypsum

experiments, alumina crucibles were covered to prevent themainly consists of gypsum crystals,®; and some impu-

sample loss. rities. Figs. 2 and 3show TG and DTA curves of borogyp-
o . sum obtained at heating rates of 2, 5, 10 and 15 Kthin
2.2. Kinetic theory for solids respectively under air atmosphere. The dehydration patterns

obtained under different heating rates were similar except for
Thermal analysis techniques are used in the evaluation
of kinetic parameters of solid-state reactions in dehydration Table 1
procesq14,15] A number of models have been developed Chemical analysis of borogypsum

to obtain the kinetic parameters from the thermogravimetric constituents Weight (%)
data for studying the mechanism of solid-state decomposi- g, 700
tion processes. In these works, the authors assumed first orsio, 7.74
der reaction mechanisiii4,16] In this study, to determine  FeOs 0.74
the kinetic parameters for the dehydration of borogypsum, Al20s 137
the first order 1= 1) thermal decomposition model which a0 253;;1
proposed in earlier solid-state decomposition works was Nio 010
assumed. K,0 0.79
The kinetic parameters, activation enerds) @nd fre- SO 3562
quency factorko) were calculated fromthe fractionof sample €I~ 0.0042
Loss on ignition 201

decomposedy) values by utilizing the mathematical equa-
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Fig. 1. X-ray pattern of borogypsum-140 + 71um).
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Fig. 2. TG curves for the dehydration of borogypsum carried out at different heating rates.
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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 temperaturegable 2

with increase in heating rate. Temperatures of dehydration reactions for each steps
According to the DTA curves, based on two basic en- Rate ofreating Step 1 Step 2
. . . K min-
dothermlc peaks, of '[h.IS study dehydration .of borogypsum (Kmin™) TK) TK) T TK) T5,K) Ti(K)
occurs in two steps, which appears at appro?(lmately 418-450 2 400 41850 430 430 441 248
a_md 441-475 KI{lg_. 2. These curves consist gf two reac- g 405 42984 440 440 457 463
tions that are partially overlapping. Overlapping reactions 10 410  440.00 461 461 473 479
are sometimes difficult to locate on the TG curve uncertain 15 416 ~ 449.82 465 465 475 489

point where one reaction ends and the other starts. By using' T,,: temperature at which maximum weight loss takes place in TG or peak
the DTA curve, an extrapolation procedure can be used totemperature in DTAT;: initial temperatureTs: final temperaturelm values
determine approximately where the second reaction begins.Were used in Kl and DO methods for calculation of activation energy and
It can be seen from the DTA curves that minor reaction occur eduency factor.
during near a major reaction when borogysum is heated. Ma-
jor reaction, which is shown as transformation to hemihydrate tions (20.93%). It can be observed that increase of the heating
structure, occurs in the temperature range of 413-463 K (steprate affects initial, final and peak temperaturésie 2.
1). The first weight loss occurs in this region according tothe  In the literature, there are a number of studies on gyp-
TG curves corresponds to the loss of 3/2 moles of water. XRD Sum and its conversion to hemihydrate and anhydrite states
pattern of the borogypsum after heating up to 463 K is shown at different temperatures. In general, all the studies of the
in Fig. 4. The pattern shows the product formation as hemi- CaSQ-2H;O dehydration through DTA show the presence
hydrate borogypsum_ The second peak in DTA curves, which of two endothermic peaks. However, the dehydration tem-
shows minor reaction, indicates the conversion of borogyp- Peratures have been quite varied. This difference might be
sum from hemihydrate to anhydrite. This reaction occurs in explained by the influence of nature as well as by the differ-
the temperature range of 463—493K (step 2). The observedent origins of the samplg20]. Although many studies about
second weight loss according to the TG curves corresponds tdhe decomposition of gypsum have been reported, we have
the loss of 1/2 moles of water crystallization. XRD pattern of Nnot noticed any work about the kinetics of thermal decompo-
the borogypsum after heating up to 493 K is showRii 5. sition of borogypsum.
The pattern demonstrates formation of soluble anhydrite or ~ The data obtained from the DTA-TG curves were used to
anhydrite 11l (hexagonal) with conversion of hemihydrate. ~ calculate the activation energy of the dehydration steps. The
In addition to the two endothermic peaks, there is a vis- conversion or fractions of sample decomposed was calculated
ible small exothermic peak at 650K in TG curves. This astheratio of the weight loss to the total weight loss by using
peak indicates transformation of soluble anhydrite (hexag- computer programme of DTA-TG instruments on the basis
onal) to insoluble anhydrite (orthorombik). Based on the TG ©f the following reactions:
_data, the average Weig_ht loss mea;ured for the four EXPEr-ca5Q - 2H,0 — CaSQ - xH.0 + (2 — )H,0 @)
iments carried out at different heating rates were found to
be approximately 19.60%. This means that the mass loss,wherex is the mole fraction of water changing between 0
which occurred between the starting and the ending materialsand 2. The conversion versus temperature graphs are drawn
19.60%. This is in accordance with the theoretical calcula- from TG data, as shown iRig. 2 Borogypsum starts losing
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Fig. 4. X-ray diffractogram of hemihydrate 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 slope of the line and the frequency factor was obtained from
between 448 and 485 Kiable 3shows the conversion at a the intercept of the line. The method proposed by Kissinger
given temperature for different heating rates. According to utilizes DTA data. As indicated at E4), the In(8/T2T?r,)
the Table 3 final temperatures of reaction or temperatures, versus 1Ty, graph gives a straight line. The activation energy
which are fixed of mass loss have quite change depend onwas calculated from the slope of the line, and the frequency
the heating ratesTable 3shows values, which are used in factor is obtained from the intercept of the line. The approxi-
calculation of kinetic parameters with CR method. mation of Doyle uses E@5), with DTA data. If the logarithm
Kinetic parameters calculated for dehydration of bor- of heating ratesis plotted againstdy, the slope will be equal
ogypsum are given ifTables 4 and 5According to the to —0.456 E/R. From the slope the activation energy and the
Coats—Redfern Method, the left side of E&) must be plot- frequency factor are calculated from E§). Data obtained
ted versus T. Activation energy was calculated using the from TG curves at different heating rates are showreible 3

Table 3
Change of decomposed fractions at different heating rates with temperature during dehydration of borogypsum
2°Cmint 5°Cmin! 10°Cmin! 15°Cmin!
T(K™) x (%) T(K™) x (%) T(K™) x (%) T(K™) x (%)
40010 13747 40506 1841 41007 1741 41602 18636
404.81 20257 40757 20069 41744 2004 42046 20089
40828 30235 41505 30124 42615 30191 43153 30081
41059 40205 41848 40366 43004 40387 43582 40082
41241 50329 42085 50160 43275 50246 43862 50215
41401 60562 42282 60241 43491 60412 44092 60137
41545 7.0576 42460 7.0650 43680 7.0024 44309 7.005
41676 80227 42617 80529 43876 80377 44519 80051
41806 90324 42777 90770 44068 90116 44748 90148
41950 100648 42938 100724 44273 100005 45140 100307
42095 110417 43098 110468 44507 11050 45446 110325
42263 120131 43271 120042 44757 120239 45800 120203
42515 130091 43488 130039 45048 130091 46117 127016
430862 14.0052 43771 140229 45061 130518 46294 130046
43564 150093 4402F 145147 456.67 144063 465282 133514
43960 160135 44373 150032 461412 15.0123 46757 136615
44356 170196 44647 155085 46698 160109 46988 140144
44808 175248 44834 160096 46942 165279 47128 142429
45108 164904 47154 170103 47307 145941
45319 170025 47384 175205 47518 150197
45541 175213 47619 180112 47747 155022
45747 180038 47952 185146 47980 160023
46060 185015 48250 165058
46308 186686 48372 166967
48556 169586

a Initial of step 2.
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Table 4 _ ues Tm, the temperature of maximum rate of mass loss) to-
Kinetic parameters evaluated from TG curves using Coats—Redfern (CR) \yards higher temperatures take place as a result of increasing

method : : _ the heating rate. Kinetic parameters were deduced at each
Steps E@mor?) ko (s7) R Heating rate stage under nonisothermal conditions and are in good agree-
. p (Kmin™) ment for three models (Coats—Redfern, Kissinger, Doyle).
::epi 11‘;1?2 Cl)-cz)iéol 0-2992;‘81 2 Base on the calculation of CR, KI and DO methods, acti-
ep . . . . . .
Step 1 97823 415 10 0.9842 5 vation energy values for major dehydration reactlon_ change
Step 2 14654 0.0065 0.9800 betyve(_an 95 and 114 kJ mdi (step 1). Hovyever, the highest
Step 1 97864 3.65 108 0.9865 10 activation energy (141 kJ mot) was obtained by the ther-
Step 2 16279 0.0174 0.9929 mal experiment, which was carried out at the lowest heating
Step 1 99469 5.5% 10° 0.9800 15 rate.
Step 2 16988 0.0272 0.9932
R?: correlation coefficient.
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