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Different calculation methods applied to TG, DTG and DTA curves obtained with a 
Merrier Thermoanalyzer at one or several heating rates have been tested. It has been 
shown that the dehydration of syngenite can best be described by the Avrami equation I 

[_1n(1_c011/2= 3.46.102Xexp / 2"73"10a) - -  ~z "t 

where ~ is the degree of decomposition, T the absolute temperature, and t the time. 
The mean value of the activation energy is 54 kcal �9 mole-1. This is in good agree- 

ment with the results obtained under isothermal conditions. The method of Satava 
and ~kv~tra, supplemented by the numerical tables of Zsak6, is most useful in obtaining 
the kinetic equations describing the thermal decomposition of solids. 

In an earlier publication [1 ] we presented our results on the kinetics of thermal 
dehydration of syngenite under isothermal conditions. Analysis of the experimental 
data, using three different graphical methods, indicated that the process can be 
best described by the Avrami equation I, chosen from among nine kinetic equations 
taken from the literature [2-6]. In the present paper we describe the results of 
experiments carried out under non-isothermal (dynamic) conditions [7]. Work 
under dynamic conditions has now become popular for a number of reasons: the 
measurements can be made quickly, over a large range of temperatures, and no 
exploratory experiments are required (these are often necessary with isothermal 
techniques). Also, with the help of a single curve, several stages of the reaction 
can be followed. 

We now present results of our investigations of the kinetics of thermal dehydra- 
tion of synthetic syngenite, based on TG, DTG and DTA curves obtained at one 
or several heating rates. On the basis of the available literature, an attempt was 
made to select the most suitable method of obtaining kinetic information. Five 
kinetic equations were considered. They were designated by Sharp et al. [5] F 1, 
A2, A3, R2 and R3, and correspond to different mechanisms of nucleation and of 
reaction at the interphase boundary. 
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12 DANKIEWICZ, WIECZOREK-CIUKOWA: THERMAL DEHYDRATION OF SYNGENITE 

Experimental 

Equipment and methods of measurement 
Thermal analysis of  syngenite K2Ca(SO4)2 �9 H20 (synthetized as described 

earlier [1 ]) under non-isothermal conditions was carried out in static air using a 
Mettler Thermoanalyzer. The reference substance for D T A  was c~-A12Oz. The 
following heating rates were employed: 10, 6, 4 and 2 ~ per minute. Samples of  
around 70 mg were used, placed in a 2 cm 3 crucible (PtRh 10%). Simultaneous 
T G  - D T G -  DTA curves shown in Fig. 1, obtained at a heating rate of  10 ~ �9 min -  1 
are typical and cover the entire process of  dehydration of syngenite. The area 
under the DTA curve was measured using a planimeter (PZO-Warsaw). 
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Fig. 1. Simultaneous TG DTG DTA curves for the dehydration of syngenite. Heating rate: 
10~ 

Results and discussion 

The evaluation of thermogravimetric data  obtained under non-isothermal con- 
ditions has been discussed in a number of  reviews [ 8 - 1 1  ]. Experimental data 
from TG, D T G  and DTA curves were used to deduce the apparent  kinetic param- 
eters on the basis of  two basic types of  equations: 

dC~dT Z exp (- ~ )  (1) 

and 
T~ 

f(~-) - g(e) = exp - ~ - ~  
0 To 

dT (2) 
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where heating rate q --- dT/dt. In both equations all the symbols have their usual 
meanings. 

The kinetics of dehydration of syngenite were investigated using a number of 
particular equations and these are briefly considered below, 

1. The final equation deduced by Coats and Redfern [12-  13] has the form 

g(~) E 1 ZR I 2RT) 
log T~ - 2.303R T + l ~  1 -  (3) 

Figure 2 shows the dependence of log #(a)/T 2 on 1/T for functions g(a) - F1, As, 
A3, Rz and R3. None of the plots is a straight line. 

2. Horowitz and Metzger [14] used the relationship 

E 
log g(~) = 2.303 RT2m " 0 (4) 

where Tm is the temperature corresponding to the point of inflection of the DTG 
curve and O = T -  Trn- A plot of log 9(~) versus 6) is shown in Fig. 3. The position 
of the point of inflection on the TG curve could be taken to indicate that the reac- 
tion was of the first order. Because of this, the curve corresponding to the function 
F 1 showed the best linearity. The energy of activation deduced from this plot was 

Fig. 2. Dependence of log 
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93.8_+4.6 kcal �9 mole -1, and the average value of the logarithm of the pre-ex- 
ponential factor was 37.09. 

3. Using Eq. (2), Zsak6 [15] deduced the following relationship 

ZE 
l o g - -  = log g(~) - log p(x) = B (5) 

qR 

For five functions 9(c 0 and activation energies in the range 4 6 - 6 6  kcal �9 mole -1, 
we calculated the standard deviations of B i from the arithmetical mean B, using 
the formula 

s (6) 
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Fig. 3. Dependence of log g (~) on O according to Eq. (4) for five functions g(~). Tm = 553 K. 

where N is the number of experimental data used to obtain/~. Tabulated values 
of log g(7) as a function of c~ [16] and - l o g p ( x )  of E were used [15]. The smallest 
standard deviation was obtained for the function Aa with E = 57.0 kcal �9 mole-1. 
The logarithm of the associated pre-exponential factor, log Z, was 22.52. 

4. The method of Satava and ~kvfira [16], which is based on Eq. (5), is illustrated 
in Fig. 4. The best correspondence between log g(c 0 and - log p(x) over the great- 
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est range of values of c~ was obtained for plots derived from the function A2 with 
E = 54___ 1 kcal �9 mole -x. The logarithm of the pre-exponential factor was then 
equal to 21.61_0.10. The treatment of results can be made considerably easier 
when the tabulated values of - log p(x) given by Zsak6 [15] are utilized. 

I 

Temperature , ~ " '" '""" 
/ 270 ~ 8r 

?!! 
-1.0 i 

o A 2 
~ P '  D g 1 

Fig. 4. D e p e n d e n c e  o f  log O (~) on T for five functions # (~). Points correspond to the plot  
of  - -  log p ( x )  versus T for E = 54 kcal �9 mole  -1 

5. In order to evaluate the activation energy from TG curves obtained with 
two different heating rates, Gyulai and Greenhow [17] proposed the relationship 

log ql = log /2 (7) 

T~ 

where i =  exp - ~  dT 

To 

Data required to obtain plots of log(il/i2 ) as a function of E are given in Table 1 
for several pairs of q values, together with the corresponding values of the activa- 
tion energies. The plots are shown in Fig. 5. 

6. The final equation derived by Achar et al. [18] has the form 

[ d~/dt  I _ E 1 
log [ ~ )  2.303 R T + log Z (8) 

Plots of log d~/dt. 1/f(c 0 against 1/T are shown in Fig. 6 for five functions f(~). 
None of the plots is linear. The method is thus not suitable in our case. 

7. Freeman and Carroll [19] used the equation 

A log(d~/dt) E AI/T 
= + n (9) 

A log(1 - ~) 2.303 R A log(1 - ~) 
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Table 1 

Numerical data used in plotting Fig. 5 and values of E 
derivated following Guylai and Greenhow [17] for ~ = 0.63 

q~/qe 

1 0 : 6  
1 0 : 4  
1 0 : 2  
6 : 4  
6 : 3  
4 : 2  

log (qJq2) 

E, kcal.  mo le -  t 

30 50 

0.116 0.188 
0.255 0.414 
0.500 0.814 
0.139 0.226 
0.373 0.626 
0.246 0.396 

E, 
kcal.  m o l e -  t 

58.25 
47.75 
42.75 
38.50 
38.10 
37.25 

A log(da/dt) A lIT 
Figure 7 shows the dependence o f  _ A log(1 -- a) on )1 l o g 0  - c0" The order  o f  

reaction is n = 1.05___0.07 and the slope o f  this plot  gives E = 112.0+3.2 kcal �9 
�9 m o l e -  1. 

8. On the basis o f  D T G  curves obtained at different heating rates, Fr iedman 
[20] and Anderson  [21] derived the equation 

I d a  } E 1 
log ~ =-2.303R T + l ~ 1 7 6  (10) 
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ql qz'~./.,:Z 
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Fig. 5. An illustration of the procedure used by Gyulai et al. [17] for evaluating activation 
energies 
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where Tis the temperature corresponding to the constant degree of decomposition 
~. Our data, plotted according to Eq. (10) are shown in Fig. 8, and the derived 
kinetic parameters are E = 33 kcal �9 mole -1, n = 6.80 and log Z = 13:90. 

9. The final form of the equation proposed by Reich [22] for interpreting T G  
curves obtained at different heating rates is 

log - 2.303 R T 
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Fig. 6. Dependence of log I - -  
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Fig. 7. Graphical representation of Eq. (9) 
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Fig. 8. Graphical representation of Eq. (10) 
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T being defined as for Eq. [11 ]. Plots of  log(q/T 2) against 1/T for four values of  q 
are shown in Fig. 9. They gave E = 42.0__+2.8 kcal �9 mole -1 

10. Figure 10 shows plOts of  1/T against log q corresponding to the equations 
advocated by Berlin and Robinson [23] and Ozawa [24]: 

where A - 

1 2.303 R 
log q + A 

T E 

2.303 R 

E 
[log Z + n log(1 - c 0 - log d~/dt] 

0.4567E 1 
log q 

R T 

The slope leads to an E of  about  42 kcal �9 mole-1. 

(12) 

(13) 
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Fig. 11. Arrhenius plot for the method of Borchardt and Daniels [25] 

11. For  flrst-oder reactions in solution, Borchardt and Daniels [25] give the 
equation 

AT 
k - - -  (14) 

A - a  

where k is the reaction rate constant at the temperature T, A T is the height of  the 
DTA peak at time t, A is the total area of  the DTA peak and a is the area up to 

AT 
time t. The activation energy was obtained from a plot of  log A - a  against lIT 

(shown in Fig. 11), assuming n = 1. The value of  E obtained by this method was 
78.8+ 5.2 kcal �9 mole -1 and log Z = 30.27+0.07. 
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12. Figure 12 shows a plot o f  

is based on the equat ion o f  Fgtu [26] : 

against ~log(~ / 
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Fig. 12. Graphical representation of Eq. (15) 

The kinetic constants  obtained were E = 101.8+53.2 kcal �9 mole -~, log Z = 
= 40.21 ___20.39 and n = 1.53__+ 1.60 - a likely set o f  values. 

13. The plot  o f  log AT versus 1/T presented in Fig. 13 was obtained using the 
equation recommended by Piloyan et al. [27]: 

E 1 
log AT _~ + C (16) 

2.303 R T 

where C is constant.  I t  yields E = 57 .7_  9.8 kcal �9 mole-1.  
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14. Kissinger's [28] equation relates the shift in tee DTA peak temperature 
T m to the heating rate: 

: E 
d [ 1  / - 2.303R (17) 

t ~ r n j  

The activation energy was obtained from a graph of log q/T2m versus 1/T m (Fig. 
14). Th i sme thod  gave E = 40.6___2.9 kcal" mole -1 and log Z = 15.864-1.18. 
The derived order of reaction [29 ] was 1.24 4- 0.03. 

Some of the methods used to treat the experimental data for the dehydration 
of syngenite under dynamic conditions clearly do not give satisfactory results. 
This applies particularly to the methods which assume that the process can be 
described by Eq. [I], with the functionf(c 0 taking the form [1 - e]", where n is 

I 3 ~ ' 1 0  ~ K -~ 

~78 1.82 186 

o - j  , i L - I  
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Fig. 13. Dependence of log AT on 1/T according to[Eq. (16) 
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Fig. 14. Dependence of log (q/T 2) on 1/T according to Eq. (17) 
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the order of reaction. This assumption was made by Coats and Redfern [12], 
Horowitz and Metzger [14], Achar et al. [18], Freeman and Carroll [19] and 
Borchardt and Daniels [25]. It is known that for heterogeneous reactions the 
value of n cannot always be interpreted in simple physical terms. The second 
group of  methods can be called "multi-curve" methods, because each of them uses 
several TG [17, 24], DTG [20-23]  or DTA [28] curves obtained at different 
heating rates. The mechanism of reaction does not have to be assumed, but no 
nformation can be obtained as to the character of  the euqation which might 

describe the process. The kinetic parameters obtained with the aid of these methods 
are mutually consistent. They lead to a mean value of the activation energy of 
about 40 kcal �9 mole-  1. The final choice of the kinetic equation and of the kinetic 
parameters which formed a self-consistent set and which could be reconciled with 
the results obtained under isothermal conditions [1 ] was made using the methods 
of  Satava and gkvfira [16] and Zsak6 [15]. Using the DTA curves, a similar value 
of  the energy of activation can only be derived by employing the method of 
Piloyan et al. [27]. 

Conclusions 

Results on the dehydration of syngenite under isothermal and non-isothermal 
conditions are comparable. It has been shown that the Avrami equation I, 

[ - l n ( 1  - ~)]1/2 3.46 "1021exp [ 2.73" 104 ) = ~? t 

describes the course of the reaction in a satisfactory manner with mean E = 
= 54 kcal �9 mole -1 and log Z = 21.54. This equation refers to the reaction taking 
place in air, under atmospheric pressure, in the temperature range 230-280  ~ . 
It can be taken to indicate that the nucleation, and not the diffusion of  water 
molecules or a reaction at the interphase boundary, is the rate determining step [7]. 

It has been demonstrated that in the investigation of  reactions such as the 
thermal decomposition of  solids, the integral graphical approach of Satava and 
gkvfira, applicable to TG results, is particularly advantageous in deriving the 
kinetic equation and the apparent kinetic parameters describing the process. 

The authors  would like to thank Dr. E. M. Bulewicz of this Depar tment  for valuable 
discussions, and Dr. M. Szalkowicz and Mr. B. Gawliczek for carrying out the measurements 
on the Mettler instrument at the Institute of Metallurgy at the School of Mining and Metallurgy 
in Cracow. 
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R~SUMI~ -- Divers proc6d6s de calcul appliqu6s aux courbes TG, TGD et ATD obtenues 
l 'aide d 'un thermoanalyseur Mettler, avec une ou plusieurs vitesses de chauffage, conduisent h 
l '6quation cin6tique suivante pour exprimer le processus de d6shydratation de la syng6nite: 

[ _ l n ( l _ ~ ) ] l , 2 = 3 . 4 6 . 1 0 ~ e x p  ( _  2"73T10~) �9 t 

off ~ = deAr6 de d6composition, T = temp6rature absolute, t = temps. La valeur moyenne de 
l'6nergie d'activation est 54 kcal �9 mol-~, en bon accord avec les r6sultats des 6tudes en condi- 
tions isothermes. La m6thode de ~atava et Skvfira, combin6e avec les tables num6riques de 
Zsak6, s'est r6v616e la plus efficace pour l 'obtention de l'6quations d6crivant la cin6tique de 
la d6composition thermique des corps solides. 

ZUSAMMENFASSUNG - -  Mit verschiedenen Berechnungsmethoden wurde anhand der TG, DTG 
und DTA-Kurven, die bei einer und mehreren Aufheizgeschwindigkeiten der Probe im 
Thermoanalysator der Firma "Mett ler"  erhalten wurden bewiesen, dab die kinetische Glei- 
chung zur Beschreibung des Dhydratisierungsprozesses des Syngenits folgende Gestalt hat: 

[ - - ln(1- -~) ]1 /2= 3.46 10~lexp ( 2'73-T-10~ ) �9 - -  " t 

(c~-Zersetzungsgrad, T absolute Temperatur, t-Zeit) Der Mittelwert der Aktivierungsenergie 
betr/igt: 54 kcal �9 mol -L  Die Gleichung und die Werte der kinetischen Parameter stimmen 
gut mit den Ergebnissen der isothermen Experimente fiberein. Bei den Untersuchungen ther- 
mischer Reaktionen der Zersetzung von Festk6rpern hat sich die Methode yon ~atava und 
Skvfira, erg/inzt dutch die numerische Tabelle yon Zsak6 als besonders geeignet erwiesem 
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Pe3tOMe - -  C HOMOIIIbtO TepMoaHaJm3aTopa ~bapM~l <<MerTJIep>> 61,ina H3MepeHLI rrpH O)IHO$ 
~axofl-Jm6o, a T a ~ e  n p n  pazrm~m, ix c~opocTsX HarpeBa xpr~B~,ie TF ,  ~ T F  n ~ T A  cnarermTa.  
I/lcrioJii,3ya p a 3 J m ~ I e  MeTO/I~I pacRera,  rIora3aHo, ~To X~I~eT~Ka ~IerrI~paTa~Irt~ cmiren~wa 
Mox~eT 6blTlb onrlcana ypaBnei~l~eM: 

[ - - l n ( 1 - -  ~)]1,~ = 3 .46 .10e l  exp --(.2"7_3T 10' ) . t  

r~e  c~-cTene~rb npeBpameI-c~, T - -  a6conm:r~a~ T e ~ e p a T y p a ,  t - -  BpeMa. H a ~ e n o ,  ~TO c p e ~ e e  
3Haqenae 3HeprHrt arTm3aIIm~ paBgo 54 KKa~.MOJIB--~. N a t  Ya~HeT~eci~oe ypaBueune,  Tar  ~ 3na- 
~enr~e a n e p r I ~  aKT~tBalIHH xopoIBO COFJIacytoTC~ C pe3yJIBTaYM~l It3oTepMH~ecKHx JIaHHb~X. 
UcTanoB~eno, ~TO n p a  rtccJ~e~oBaH~t peaKunR repMJ~ecKoro pa3~o~eHr~ TBep~blX Ten, nar~6o- 
nee  yJ/OBrleTBOpIITeZt,I-II, Ie pezyzlI,TaTbI MOryT 6t, ITb noay~em,~ IIpltMeHa~l I~pe~IJ~o~emas~e 3KaKo 
3naaena~- log  p ( x )  ~ MeTo)/y/Ilaram,~ ~ I1/rd3apr~n 
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