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The kinetics of the solid-state reaction between alumina and strontium carbonate were 
studied by thermogravimetry. The effects of the structure (q or e} and/or doping (with Li + 
or Cd 2+) of the alumina on the kinetics of the reaction were examined. The results ob- 
tained were correlated with the phase composition and structural changes, followed by a 
number of physicochemical analyses (DTA, XRA and IRA) throughout the course of 
the reaction. 

In earlier work [1], thermogravimetric techniques have shown unlimited reliability 
in efforts to tackle the everlasting problem inherent in studies on the kinetics of solid- 
state reactions, i.e. the problem of determining the fraction of reaction completed [2]. 
This could be fulf i l led by measuring precisely the change in weight due to gas evolu- 
t ion (CO 2) occurring as a result of a simultaneous reaction (AI20 3 + BaCO3). 

The present study has been designed to extend the earlier theme and method of 
investigation [1] to an analogous reaction system, so as to explore the effect of change 
in the nature of the mobile alkaline earth oxide [3] on the kinetics of formation of 
the corresponding technically important aluminate [4]. To accomplish this objective, 
phase composition and structural changes ~ ere observed closely throughout the course 
of the reaction. Moreover, the kinetics of the reaction were studied with emphasis on: 
(a) the rate equation which best fits the experimental data, i.e. the fraction of reaction 
completed (x) vs. time (t) data; (b) whether the reaction is phase boundary or trans- 
port-controlled; (c) the distribution of the product phase with respect to the reactant 
phase; (d) the effect that changes in the structural characteristics of one of the re- 
actants (alumina) may have on the overall reaction; (e) the reaction rates and some of 
the factors influencing them. 

E xperimental 

The solid-state reactions: 

e- or r/-AI20 3 + SrCO 3 -~ Sr-aluminate + CO 2 
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y% M-doped o~-AI203 + SrCO 3 -+ Sr-aluminate + CO 2 

y% M-doped r/-AI203 + SrCO 3 -~ Sr-aluminate + CO 2 

(where y% ranges between 0.5 and 10.0 atom M% atom AI, and M is either Li + or 
Cd 2+ ions) were studied isothermally between 800 and 920 ~ and weight changes 
were monitored as a function of time with a sensitivity of 0.1 mg by means of thermo- 
gravimetry, in a dynamic atmosphere of air (20 ml min -1 ) ,  using the apparatus and 
technique described earlier [1]. From the recorded weight loss curves, the fraction of 
reaction completed (x) was calculated as the ratio of the weight loss at time t to the 
theoretical total weight loss. The reaction time was corrected according to the method 
described by Yamashita et al. [5]. The data (x and t) were analysed kinetically using 
a computer-oriented scheme [6] based on rate law equations corresponding to four 
basically different mechanisms. These equations have been reviewed comprehensively 
by Geiss [7] and Sharp et al. [8]. 

To follow up phase composition and structural changes pertaining to the reaction 
progress, a parallel set of these reactions was run independently in a muffle furnace. 
Heating was interrupted after 2 h at different reaction temperatures (800-1200~ 
The reaction mixtures thus obtained were subjected to thorough differential thermal 
(DTA), X-ray (XRA) and Jr-absorption (IRA) analyses, adopting the apparatus and 
techniques given elsewhere [9]. 

The SrCO 3 used was a high-purity (99.9%) Merck product. The preparation of the 
pure or doped aluminas involved was described earlier [1]. The homogeneity of the 
solid solutions of doped aluminas thus obtained was confirmed, except for the 10% 
Cd-doped e-AI203. For this sample the co-existence of small proportions of CdO and 
CdAI204 was demonstrated. 

The procedures followed in preparing and calcining the homogeneous equimolar 
powder mixtures of reactants were described in detail previously [10]. 

Results and discussion 

Earlier thermal analysis results [11] have shown that SrCO 3 begins to liberate CO2 
at 950 ~ in air, whereas all the reactions concerned in the present study start to release 
CO 2 at a temperature well below 950 ~ At  around 850 ~ the completed fraction of 
most of the reactions concerned was between 70 and 80% in 2 h, while under identical 
conditions no CO 2 evolution was detected from SrCO 3 [11]. This fact ensures that the 
change in weight due to gas evolution actually represents the rate of the reaction. It is 
worth mentioning that the XRA results for the reaction mixtures calcined at different 
temperatures (800-1200 ~ for 2 h showed no diffraction pattern for SrO, thus 
further indicating that the gas evolution was associated with the reaction between 
SrCO 3 and alumina (pure or doped) to form a product phase, and not with the decom- 
position of SrCO3 to SrO. 
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Ef fec t  o f  a lumina  s t ruc ture  on  the k inet ics  o f  the react ion 

The comp, uter-oriented kinetic analysis of the isothermal solid-state reaction 

between SrCO 3 and e- or r /-AI20 3 was performed for each set of  data (x and t) and 
the results are given in Tables 1 and 2, respectively. 

The results in Table 1 (SrCO 3 + e-AI203)  reveal the effect of the reaction tem- 
perature on the type of the rate-controll ing process. A t  8 0 7 - 8 5 9  ~ the product 

T a b l e  1 Kinetic results obtained by computer-oriented analysis of the isothermal change in the 
fraction completed (x), at time t, of the solid-state reaction between SrCO 3 and e-AI203 

Reaction temperature, ~ 
807 a 830 a 859 a 880 b 907 b 920 b 

Rate constant, min - ] 

Activation energy, 
kJ mo l -  1 

m c 

3 1  �9 1 0  - 6  5 4 -  10 -5  15 �9 10 - 4  32.  10 -4  51 �9 10 -4  73- 10 -4  

743 743 743 321.7 321.7 321.7 

0.20 0.24 0.25 0.45 0.49 0.58 

a Product growth controlled by nuclear growth. Most appropriate kinetic equation: nuclear 
growth equation (Eq. (1)). b Product growth controlled by diffusion of reactants through a con- 
tinuous product layer. Most appropriate kinetic equation: Ginstling--Brounstein equation (Eq. (2)). 
m c = The exponent of the nuclear growth rate law equation (Eq. (1)). 

growth may be control led by nuclear growth, whereas at higher temperatures 

(880--920 ~ the control l ing process tends to be di f fusion of  the reactants through a 

product  layer. A similar temperature-dependence of  the rate-controll ing process in the 

reaction wi th r/-AI203 is observed f rom the results in Table 2. 

The results in Tables 1 and 2 indicate that the nuclear growth rate law equation 

In (1 - - x )  = (kt)  m (1) 

w i th  m in the range 0 .20-0 .25,  and the Ginst l ing-Brounstein equation 

2 
2 - 

k t  = 1 - - - ~  x - (1 - x )  3 (2) 

are the most appropriate mathematical representations of the kinetics of the reaction 
at the temperatures indicated. 

The kinetic parameters computed wi th the aid of Eqs (1) and (2) (given in Tables 1 

and 2) show that the presence of r /-AI20 3 promotes the faster format ion of strontium 

aluminate. A similar conclusion was reached earlier for  the format ion of barium 
aluminate [1 ]. This was ascribed to the higher surface area and the spinel-like structure 

of r /-AI20 3, which faci l i tate faster boundary reactions and easier build-up of  the 
aluminate product phase, respectively. Overall, however, the promot ing effect of 
r /-AI20 3 is more obvious when it reacts wi th  SrCO3 than wi th  BaCO 3 [1]. The positive 

contr ibut ion of  SrCO 3 may be accomplished by means of its relatively high surface 
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T a b l e  2 Kinetic results obtained by computer-oriented analysis of the isothermal change in the 
fraction completed (x), at time t, of the solid-state reaction between SrCO 3 and ~-AI203 

Reaction temperature, ~ 
812 a 833 a 855 a 880 a 905 b 920 b 

Rate constant, min- ! 

Activation energy, 
kJ mol 1 

m c 

15 �9 10 -6 97. 10 .-5 50 �9 10 -4 64. 10 -4 75 �9 10 -4 95. 1 0  - 4  

530 530 530 530 289.4 289.4 

0.22 0.23 0.25 0.31 0.36 0.50 

a See footnote a, Table 1, b see footnote b, Table 1, c see footnote c, Table 1. 

area [12] (initiating faster boundary reactions) and/or of the smaller size (0.113 nm) 
of the diffusing Sr 2+ ions as compared to that (0.143 nm) of the Ba 2+ ions [13] 
(facilitating easier diffusion through a product layer). Moreover, the lower heat of 
dissociation of Sr-O (468.9 J/kg mol) than that (573.6 J/kg mol) of Ba-O [13] may 
decrease the energy barrier of the diffusion process [14]. The intensively hydrated 
nature (DTA, XRA) of the strontium aluminate product layer (from di- to tetra- 
hydrated SrO~ AI203 (XRA, IRA)) might also help such an easy cationic dif- 
fusion [15]. 

According to the possible mechanisms of the solid-state formation of spinels in 
binary oxide systems, reviewed by Schmalzried [14], this cationic diffusion (struc- 
ture-sensitive) and an "oxygen-vapour" transport are the two routes via which the 
unidirectional diffusion of SrO [3] throughout the product layer is believed to take 
place. The oxygen-vapour transport is controlled by the energy required to release the 
oxygen into the vapour phase [2], and subsequently by the conjugate mobil i ty through 
the product layer maintaining local electrical neutrality [14]. If, according to results 
compiled elsewhere [13], SrO is an n-type semiconductor whereas BaO is of p-type, 
the higher electrical conductivity measured preliminarily for pelletized SrAI20 4 
(the calcination product at 1200 ~ for 72 h) than that reported earlier for BaAI204 [1 ] 
is conceivable. Thus, the oxygen-vapour transport is expected to be faster across the 
strontium aluminate product layer, thus accounting for the higher activity of SrCO 3. 

E f f e c t  o f  d o p i n g  

Computer-oriented kinetic analysis was also performed on the data (x and t) of 
the isothermal reaction between SrCO3 and Li- or Cd-doped AI203 (e or r/) The 
results obtained maintained the validity of both the nuclear growth and Ginstl ing- 
Brounstein rate law equations. The results showed that doping affected the kinetics 
of the diffusion-controlled part of the reactions only. Table 3 gives the effect of 
doping, with either Li + or Cd 2+, on the activation energy of the reaction, calculated 
using the G instling-Brounstein equation. 

It is to be expected [16] that Li + ions are incorporated substitutionally, whereas 
the larger Cd 2+ ions may incorporate interstitially [16]. It was found [17] that 
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Table 3 The effect of doping on the calculated activa- 
tion energy value a 

Activation energy, 
% Doping kJ mol- I 

0.5% Li-doped ~-AI203 + SrCO 3 234.4 
10.0% 157.1 
0.5% Li-doped ~t-AI203 + SrCO 3 275.9 
5.0% 252.8 

10.0% 217.1 
0.5% Cd-doped c~-AI203 + SrCO 3 321 

10.0% 348 
0.5% Cd*doped ~-AI203 + SrCO 3 251.1 
5.0% 234.4 

10.0~ 210.4 

a Calculated for the diffusion-controlled part of 
the reactions. 

interstitially incorporated ions (viz. Cd 2+) could create electron-donor centres. 
The effect of the substitutionally incorporated ions, however, depends mostly on the 
valency of the doping ion relative to that of the host. Our preliminary electrical con- 
ductivity measurements on pellets of strontium aluminate-based Li + or Cd2+ (5%) 
solid solutions (obtained after prolonged calcination (72 h) at 1200 ~ reflected a 
considerable decrease in the resistance of the aluminates. Accordingly, Li 4 ions are 
also anticipated to create electron-donor centres. 

The observed increase of the diffusion-controlled reaction rate (Table 3) as a result 
of doping with Li + ions may be understood in terms of the expected pertinent 
enhancement of the rate of the oxygen-vaP0ur transport across the product layer. 
It is worth mentioning that the contribution of the binding energy of Sr-O cannot be 
considered since the dopant is incorporated into the stationary oxide (AI203) only. 

The trend of variation of the activation energy of the reaction between SrCO 3 and 
Cd-doped T/-AI20 3 as a result of the increase of the % doping (Table 3) is compatible 
with the expected increase of the electronic conduction of the product layer. Sur- 
prisingly, however, this pattern is not followed in the case of Cd-doped ~-AI203. 

The results of physicochemical analyses showed that CdAI204 spinel was formed 
only in the 10% Cd-doped ~-AI203 calcined at 600 ~ for 5 h. In this spinel, Cd 2+ ions 
should replace the octahedrally situated AI 3+ ions. The formed layer of CdAI204 
would occupy grain boundaries of the AI203 and consequently an additional isolating 
layer might be built up at the SrCO3/(~-AI203 phase boundary. The diffusion process 
throughout such a multi-phase product layer may therefore be expected to take place 
rather slowly. 

The foregoing results may suggest analogously [1] that oxygen-vapour transport 
depends primarily on the mobil i ty of 0 2 -  valence electrons throughout the reaction 
product layer, rather than on the magnitude of the binding energy (metal-oxygen) 
of the diffusing oxide. 

J. Thermal AnaL 30, 1985 



134 ZAKI et al.'. A THERMOGRAVlMETRIC STUDY 

R eferences 

1 M. I. Zaki, G. A. M. Hussien and R. B. 
Fahim, Thermochim. Acta, 74 (1984) 167. 

2 S. F. Hulbert and J. J. Klawitter, J. Am. 
Ceram. Soc., 50 (1967) 484. 

3 T. Iseki, K. Yamaguchi and H. Tagai, J. 
Am. Ceram. Soc,, 69 (1970) 425. 

4 0 .  Henning. Wiss. Z. Hochsch. Archit. 
Bauwes., Weimar, 3 (1968) 315. 

5 M. Yamashita, T. Maruyama and W. 
Komatsu, Z. Phys. Chem. N. F., 105 (1977) 
187. 

5 The program listing and subroutines are 
available on request. 

7 E. A. Geiss, J. Am. Ceram. Soc., 46 (1963) 
374. 

8 J. H. Sharp, G. W. Brindley and B. N. 
Narahari Achar, J. Am. Ceram. Soc., 49 
(1966) 379. 

9 R. B. Fahim, M. I. Zaki and R. M. Gabr, 
Surf. Tech., 11 (1980) 215. 

10 R. B. Fahim, M. I. Zaki, A. M. EI-Roudi 
and A. M. A. Hassaan, J. Res. Inst. Catal., 
Hokkaido Univ., 29 (1981) 25. 

11 R. B. Fahim, M. I. Zaki and G. A. M. 
Hussien, Powder Technol., 33 (1982) 
161. 

12 A. Amin and S. A. Se~im, J. Chem. Tech. 
Biotechnol,, 30 (1980) 183. 

13 G. V. Samsonov, The Oxide Handbock, 
IFI/Plenum, New York, 1973. 

14 H. Schmalzried, Solid State Reactions, 
Verlag Chemie, Weinheim, 2nd edn., 1981. 

15 P. Kofstad, Nonstoichiometry, Diffusion 
and Electrical Conductivity in Binary Metal 
Oxides, Wiley-lnterscience, New York, 
1972. 

16 Z. M. Jarzebski, Oxide Semiconductors, 
Pergamon Press, New York, 1973. 

17 R. B. Fahim, R. M. Gabr and M. I. Zaki, 
Indian J. Chem., 19A (1980) 829. 

Zusammenfassung - Die Kinetik der Festk6rperreaktion zwischen Aluminiumoxid und Strontium- 
carbonat wurde thermogravimetrisch untersucht. Die Effekte der Struktur (ff und c~) und/oder des 
Dopens des Aluminiumoxids (mit Li + oder Cd 2+) auf die Kinetik der Reaktion wurde untersucht. 
Die erhaltenen Ergebnisse wurden mit der Phasenzusammensetzung und mit durch physikalisch- 
chemische Analysenverfahren (DTA, XRA und IRA) w~hrend des Reaktionsverlaufs verfolgten 
strukturellen Ver~nderungen in 8eziehung gebracht. 

Pe3~oMe -- C noMou~b~0 TepMorpaBHMeTpHH H3y4eHa KHHeTHKa TBepAoTenbHO~l peaKu, HH Me>KAy 
OKHCbK) anlOMHHHR H Kap~OHaTOM CTpOHU, HR. H3yqeHo Bs cTpyKTypHblX dpOpM (~1 HRH 
(~) OKHCM aJ31OMHHHR 14 J3eFHpoBaHHOH HOHaMH Li -F H.qH Cd 2+ OKHCH a.rlIOMHHHR Ha KHHeTHKy 
peRKU, HH, nonyqeHHble pe3yRbTaTbl Koppe]lHpOBanHcb C (~)a3OBblM COCTaBOM H CTpyKI3/pHblMH 
H3MeHeHHRMH, yCTaHOBneHHblMH MeTO,0,OM ~TA. peHTreHo~a3OBblM aHanH3OM H HK cneKTpOC- 
KOnHe~ B npoL~ecce npoTeKaHHR peaKI4HH. 

The Conference mater ia l  is f in ished 
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