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Abstract 

Isothermal TG studies of the thermal decompositions in nitrogen of barium (490-610°C) 
and strontium (380-530°C) peroxides to the corresponding oxides with the evolution of 
gaseous oxygen showed that reactions were deceleratory overall with an initial relatively 
rapid process followed by the main deceleratory reaction. Curves of fractional decomposition 
(c 0 against time could be described by the Ginstling-Brounshtein diffusion model (low ~) 
and the first-order rate equation (BaO2, a > 3.0; SrO2,  ~ > 0.5). The activation energy for 
the main deceleratory process of the decomposition of BaO 2 is 185 _+ 5 kJ mol -~, which is 
considerably higher than the value of 119 +_ 2 kJ mol- '  for the deceleratory stage of the SrO  2 

decomposition. Non-isothermal kinetic analyses gave similar E a values for the decomposi- 
tions of both BaO2 and SrO2, namely 165 _+ 5 kJ mol-~. Possible mechanisms are discussed. 

Keywords: Barium peroxide; Decomposition; Isothermal; Mechanism; Strontium peroxide; 
TG 

1. Introduction 

Several studies o f  the decomposi t ion o f  the alkaline-earth peroxides have been 
reported [ 1-26].  However,  only a few of  these studies report  values for the kinetic 
parameters.  N o  kinetic parameters  for the decomposi t ion o f  SrO2 were found in the 
literature. 
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Fig. 1. TG of BaO 2 [a] and SrO 2 [b] heated at 20°C min -1 in N 2. 

DSC traces for B a O  2 samples heated in N 2 showed a high-temperature en- 
dotherm (>600°C)  attributed to the decomposition of BaO2 [1]. The expected 
enthalpy change, calculated from standard enthalpies of  formation, was 56.5 kJ 
mo1-1. The measured value of 64.7 kJ mol -I  for 85% pure BaO2 (which is corrected 
to 76.2 kJ mol - i  for 100% BaO2) compared well with the 80.1 kJ mo1-1 recorded 
by Till [2]. Drennan and Brown [1] also reported an endotherm at 360°C, which 
they ascribed to the dehydroxylation of Ba(OH)2, present as an impurity in some 
of the samples studied. The high-temperature decomposition endotherm recorded in 
nitrogen was absent in the traces for all samples heated in 02 up to the instrument 
limit of  725°C, indicating that decomposition is shifted to higher temperatures in 
the presence of 02. 

T G  curves for B a O  2 heated in N 2 at 20°C min -~ (Fig. 1, curve [a]) showed the 
removal of  small amounts (~0 .2%)  of moisture at ~ 100°C, the onset of  decompo- 
sition above 500°C and the maximum rate at ~680°C. The 7.7% mass loss found 
agrees well with the expected loss of  8.0% for decomposition of 85% pure BaO2 to 
BaO and 02. In 02, onset of  decomposition was shifted to ~700°C and the 
maximum rate to ~730°C. 

DSC studies [1] of  the behaviour of  S r O  2 in N2 showed two endotherms with 
onset temperatures at 390°C (400°C in 02) and 525°C (550°C in 02), corresponding 
to AH values of  23.1 + 6.7 and 15.9 + 3.9 kJ mol 1. The total AH value for the two 
endotherms recorded is 43.9 kJ mol -~, which converts to 51.7 kJ mol ~ for 100% 
purity. Fahim and Ford [3] recorded a value of 48.1 kJ mol -J. The endotherms 
were smaller in 02 (11.7 + 3.6 and 15.3 + 1.2 kJ mol -l ,  respectively), due to the 
inhibition of decomposition by the 02 atmosphere. As the sample mass was 
increased and less rapid flushing was used, the first endotherm increased in intensity 
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until the second endotherm virtually disappeared. This endotherm was often 
preceded by a small exotherm, associated with the dehydroxylation of  Sr(OH)2. 

The TG curve for SrO2 in N2 (Fig. 1, curve [b]) shows that, after the initial loss 
of adsorbed water ( <  1%) at 100°C, decomposition occurs in two steps: the first 
with mass loss ~4.0% and onset at 390°C, is followed by loss of a further ~8.0%, 
onset at 525°C (calculated 11.4% for decomposition of  85% pure SrO2 to SrO and 
O2). This value of ~ 12.0% coincides well with previous studies [1] which recorded 
a value of 12.7%. A further gradual loss of ~2.0% occurs toward the limit of the 
instrument at 900°C (decomposition of some SrCO3). In 02, the relative mass losses 
in the two stages (8 -9% followed by 3-4%) and the onset temperatures are 
dependent on the pressure of 02. The DTG curve of the decomposition agrees well 
with DSC curves of SrO2 in N2. 

The isothermal decomposition of BaO2 has been reported [3] to obey first-order 
kinetics, with an activation energy Ea of 135 kJ mol -~. The non-isothermal 
decomposition was also studied [3] and the value of E a, determined from a plot of 
ln(ln(1--~))/T 2 versus l /T ,  was 141 kJ tool -1. Although the kinetics deviated 
strongly from first-order behaviour above 800°C, this was explained in terms of 
diffusion resistance. 

Erofeev and Sokolova [4] obtained a value of Ea = 192 kJ mol -~ for the 
isothermal decomposition of BaO2 (based on ~ = 1 - e x p ( - k t " ) ) .  Mayorova et al. 
[5] used programmed temperature thermogravimetry and obtained a value for E a of  
360 + 20 kJ mol ~ by assuming first-order behaviour. Brunere and Dokuchaeva [6] 
represented the decomposition of BaO2 by a three-step process: nucleus formation 
(Ea = 12 kJ mol 1); grain growth (E a = 104 kJ mol- l ) ;  and oxygen diffusion (E a = 
2 kJ tool 1). The details of this research were not available. 

2. Experimental 

2.1. Materials  

The materials used in this study were: BaO2, Unilab Saarchem, < 20 #m, 85% pure, 
main impurity BaO; SrO2, Bernardy Chemie, < 20 pm, 85% pure, main impurity SrO. 

2.2. Thermal analysis apparatus 

Perkin-Elmer Delta series TGA7 and DSC7 instruments were used. The TG  
furnace was calibrated magnetically using the Curie points of nickel (354°C) and 
iron (780°C). Unless otherwise stated, the TG  was continuously flushed with 
nitrogen flowing at 6 cm 3 min 1. The sample pans used in the TG  were platinum. 

DSC experiments were performed in AI pans (below 575°C) and in Pt pans 
(below 725°C). The DSC was calibrated using the melting temperatures of pure 
(>99.9%) indium (onset 156.60°C) and zinc (onset 419.45°C), and the peak area 
was calibrated using the enthalpy of fusion of indium (28.45 J g-l) .  N2 was used as 
the purge gas (flow rate 50 cm 3 min-1). 
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Fig. 2. Isothermal decomposition of BaO 2 in N2: [a] 610; [b] 600; [c] 590; [d] 570; [e] 550; [f] 530; [g] 
520; [h] 510; [i] 505; [j] 500; [k] 495; and [1] 490c'C. 

3. Results and discussion 

Isothermal TG studies were performed on the peroxide systems at a series of  
different temperatures (490-610°C for BaO 2 and 380-530°C for SrO2). The T G  
curves were converted to ~, time curves (where the fractional decomposition, 

= ( m o - m ) / ( m o - m f )  and mo and mf are the initial and final sample masses, 
respectively). The value of mf used was that calculated for complete decomposition 
to the oxide. The isothermal ~,t curves at different temperatures are shown in Fig. 
2 (BaO2) and Fig. 3 (SrO2). 

3. I. Decomposition o f  B a O  2 

Decomposition of BaO2 in N2, which begins between 490 and 495°C, is very slow 
at temperatures below 500°C, and reaction does not approach completion. The 
low-temperature (495°C) curve for the decomposition of BaO2 (curve [k]) shows at 
least four stages: (i) an initial deceleratory process (0 < ~ < 0.1); (ii) an approxi- 
mately linear process ( 0 . 1 < ~ < 0 . 2 5 ) ;  (iii) a second deceleratory process 
(0.25 < e < 0.3); and (iv) a very slow approximately linear process which hardly 
contributes significantly at this temperature, so that the total extent of  reaction at 
low temperatures is only 40% of that expected. Increasing the temperature to 500°C 
has a marked effect on all of these processes. Processes (i), (ii) and (iii) become 
almost linear and the final process (iv) shows up as deceleratory. 
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Fig. 3. Isothermal decomposition of SrO2 in N2: [a] 380; [b] 390; [c] 400; [d] 420; [e] 430; [1"] 440; [g] 480; 
[h] 520; and [j] 530°C. 
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Fig. 4. Arrhenius plots for BaO2 [a] and SrO~ [b]. 

As an approximate  kinetic analysis of  the first stages of  reaction, the initial slopes 
So of  the c~,t curves were measured and In So was plotted against 1 / T  (Fig. 4, curve 
[a]). This assumes that the initial reaction may be treated as a zero-order reaction; 
d T / d t  = k = so (constant  over 0 < :~ < 0.2). In general, for a rate equat ion o f  the 



148 M.J. Tribelhorn, M.E. Brown/Thermochimiea Acta 255 (1995) 143-154 

0.8 I ff" i 0., [ f ] J ' f d  

0.4 " 
. , .  v,] ......... 

0.2 

0 0 10 20 30 40 50 
Time/min 

Fig. 5. Test of  kinetic models for the isothermal decomposition of  BaO2 at 600°C: [a] ~; [b] F1 × 5; [c] 
R3; [d] R2; [e] D4; and [q D1. 

form da/dt = k ( 1 -  ~)n, for ~ << 1, d~/dt ~ k ,  and the influence of the apparent 
order n is removed. Such a treatment gave Arrhenius plots (Fig. 4) with two 
approximately linear regions. For  BaO2, the change in behaviour occurred at about 
770 K (496°C) and the E~ values were 109.4+ 3.8 kJ mo1-1 for the higher 
temperature region and a very high apparent value of ~ 1200 kJ mol-~ for the 
lower temperatures. 

Kinetic analysis of  the full a,t curves in terms of the integrated rate equations 
( f (a)  = k(t - to)) for the standard deceleratory kinetic models [27] is illustrated by 
the plots in Fig. 5 o f f ( a )  (scaled where necessary for easier comparison) against t. 
The best description of the experimental results was in terms of either the first-order 
model (F1) (f(~) = - l n ( 1  - ~ )  = k(t - to ) )  or the Ginst l ing-Brounshtein diffusion 
model (D4) ( f (a )  = (1 - ( 2 ~ / 3 ) )  - ( 1  -~)(2/3)= k(t - to ) )  where to is a time correc- 
tion if the model does not apply from t = 0 .  The a range 0.1-0.8 was used for 
calculation of k values, but the fit of  the F1 and D4 models extended to ~ ~ 0.95. 
The fit of  these models to the data is shown in Figs. 6 and 7 for the F1 and D4 
models, respectively. In calculating the fit of  the D4 model, it is convenient to 
calculate t = f ( a )  rather than a = f ( t ) .  The D4 model shows good agreement with 
the experimental data from very low values of  a until ~ exceeds about 0.8. The fit 
of  the first-order model to the data is satisfactory only at values of  ~ above 0.3. 

The Arrhenius parameters for the BaO2 decomposition, calculated from the 
temperature dependence of the above rate coefficients, are listed in Table 1. 

The applicability of  individual deceleratory models is always difficult to deter- 
mine, especially when the final stages of  reactions are slow and the values of  mr are 
of limited accuracy. However, the values of  E a determined are not greatly altered by 
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Fig. 6. Fit of the F1 model for the isothermal decomposition of BaO 2 (600°C): [a] experimental; [b] F1 
model. 
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Fig. 7. Fit of the D4 model for the isothermal decomposition of BaO 2 (600°C): [a] experimental; [b] D4 
model. 

the choice o f  kinet ic  model .  The value o f  E a ob ta ined ,  180 _+ 3 kJ mol  1, is close to 
that  of  192 kJ mol  1 r epor t ed  by Erofeev [4], bu t  h igher  than  some o f  the o ther  
values repor ted .  The value o f  Ea for the init ial  rate process  (109.4 _+ 3.8 kJ mo1-1) 
is consis tent  with the findings o f  Brunere  and D u k u c h a e v a  [6] for  gra in  growth.  
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Table 1 
Kinetic parameters for the thermal decomposition of barium and strontium peroxides 

Kinetic model c~ Range Ea/(kJ tool -1) A/min 1 

Isothermal TG on BaO 2 (560 600°C) 
FI First order (n = 1) 0.1 0.8 182.8 _+ 2.6 (42.3 ± 1.1) × l09 
D4 Ginstling 0.1 0.8 177.9+ 1.6 (22.6_+0.2) x 107 

Brounshtein 

Isothermal TG on SrO 2 (380 390'C) 
D4 Ginstling 0 0.4 249.6 + 3.0 (68.8 + 0.1) × 1015 

Brounshtein 

Isothermal TG on SrO 2 (440-480°C) 
F1 First order (n = 1) 0.1-0.9 119.7+0.8 (5.10_+0.03) x 10 ~' 
D4 Ginstling 0.1 0.9 119.3+0.6 (4.42_+0.02) x 105 

Brounshtein 

System Order Ea/(kJ mol I) A/s  1 r2a 

Non-isothermal kinetics 
BaO, ! 160.0 + 1.2 (92.0 + 0.3) x 107 0.99 

" ~ 164.5 + 1.3 (18.4 +0.1) x 108 0.99 
3 

1 173.5 _+ 1.5 (74.0_+ 0.3) x 10 ~ 0.99 

SrO 2 ~ 161.8 + 2.2 (60.0 + 0.1) X 109 0.99 
5 164.3 + 2.2 (93.5 +0.1) x 109 0.99 
3 - -  - -  

1 169.4_+ 2.1 (22.7 + 0.1) x 10 I° 0.99 

~L Correlation coefficient. 

Variations in kinetic parameters are to be expected on account of the reversible 
nature of the decomposition. The conditions used in the above experiments, namely 
small sample masses and rapid removal of oxygen product by flushing with 
nitrogen, would tend to decrease any influence of the reverse reaction. Rate control 
by removal of oxygen by diffusion is consistent with the D4 model which applies 
over the major portion of the reaction. Deviation from this model at high values of 
c~ could be explained in terms of some recrystallisation of product oxide at the 
surface slowing reaction more than predicted. 

3.2. Decomposition of SrO: 

The isothermal decomposition of SrO2 (380 530°C) is qualitatively similar to 
that described above for BaO2 although the multiple stages at low temperatures are 
not as clearly defined (Fig. 3, curve [a]). The marked effect of temperature on the 
initial stages results in these stages becoming so rapid that initial mass losses at 
higher temperatures are approximately linear. The increase in rate of the final 
deceleratory stage, with consequent increase in extent of decomposition within a 
fixed time, is shown in Fig. 3. 

The Arrhenius plot is shown in Fig. 4, curve [b]. The activation energy for the 
initial stages, determined, as for BaO2, from the initial slopes, showed a distinctive 
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change in slope at about 440°C. The value of E a determined for the lower 
temperature range was 170 _+ 14 kJ mol l, and that of  the higher temperature range 
a much lower 37.2 _+ 6.2 kJ mol -~. These values are both considerably smaller than 
the values obtained for BaO2. The low value of Ea at high temperatures suggests 
diffusion control. 

The kinetic models used in the analysis of  the BaO 2 results were also applied to 
the overall c~,t curves for the decomposition of SrO2. The low temperature (380°C) 
behaviour is best described by the D4 model, while the F1 and D4 models provide 
the best description of the kinetic behaviour at the higher temperatures (480°C), as 
was found for BaO2. The agreement between these models (predicted values) and 
the experimental data at 480°C is shown in Figs. 8 and 9. The Ginst l ing-Broun-  
shtein model agrees well with the data at values of  c~ up to 0.8 (Fig. 9), as it did for 
the BaO2 decomposition. The agreement between the first-order model and the 
experimental data is reasonable above e values of  0.5 (Fig. 8). 

At the lower temperatures (380 390°C) the overall extent of  reaction is decreased 
to about 40% of the expected total in more than four hours. These deceleratory 
curves could also be fitted approximately by the D4 model for 0.1 < c~ < 0.4. The 
apparent activation energy for this temperature region (Table 1) was 250_+ 3 kJ 
mol J which is higher than the other values estimated. The practical consequence of 
a high activation energy is the sensitivity to temperature displayed. T G  studies 
support  the indications that two different mechanisms occur during decomposition 
of the peroxide. This would account for the fitting of different models to the initial 
and the later stages of  the decomposition curve. 
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Fig. 8. Fit of the Fl model for the isothermal decomposition of SrO 2 (480°C): [a] experimental; [b] Fl 
model. 
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Fig. 9. Fit of the D4 model for the isothermal decomposition of SrO 2 (480°C): [a] experimental; [b] D4 
model. 

3.3. Non-isothermal kinetic analysis 

The Borchardt and Daniels method [28] was used to obtain kinetic parameters 
from programmed temperature thermal analysis studies. The T G  curves (in N2 at 
20 K min -~) were converted to ~,T curves and plots of  ~ against l I T  and of 
ln[(d~/dt)/(1 -~)n]  against 1/T for various values of  n were examined for linearity. 
The Arrhenius parameters calculated from the slopes and intercepts of  the appro- 
priate linear regions of  the plots are listed in Table 1. The apparent activation 
energies for the two peroxides are similar and not very different from the values 
obtained for BaO2 from isothermal experiments. The non-isothermal value of SrO2 
lies between the isothermal values for the low and high temperature experiments. 
Values of  E a do not depend strongly on the value of n in the range n =0 .5 -1 .0 .  
Since the mechanism of decomposition of BaO2 becomes relatively complex beyond 

~ 0.6, determination of kinetic data was restricted to this range. Similarly for the 
SrO2, the complex behaviour beyond ~ ~ 0.4 (being a combination of  the two 
decomposition stages, superimposed upon one another) restricts determination of 
the kinetic data for the initial decomposition to the region 0 < ~ < 0.4. 

4. Conclusions 

The isothermal decompositions of  both of the peroxides, BaO2 and S r O 2 ,  a r e  

deceleratory overall with an initial relatively rapid process followed by the main 
deceleratory reaction. At temperatures where decomposition to the oxide is com- 
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plete, the initial process appears as an apparently linear region (0 < ~ < 0.2) and the 
temperature dependences of these linear regions give rise to apparent activation 
energies of ~1200 kJ tool 1 at low temperatures (onset of decomposition) and 
109.4 4- 3.8 kJ mo1-1 at higher temperatures for BaO2; and corresponding values of 
169.5 _+ 13.5 and 37.2+6.2 kJ mol -~ for low and high temperature behaviour, 
respectively, of S r O  2. 

The main deceleratory process is best described by the diffusion-based Ginstling- 
Brounshtein model (D4). The activation energy for this stage of the decomposition 
of BaO2 is 185 4- 5 kJ mol -~, which is considerably higher than the value of 119 4-2 
kJ mol ' for the deceleratory stage of the SrO2 decomposition. The value of 185 _+ 5 
kJ mol ' for the decomposition of BaO2 is in good agreement with the value of 192 
kJ mol -~ reported by Erofeev and Sokolova [4], but higher than that reported by 
Fahim and Ford [3] of 135 kJ tool -~. 

The non-isothermal kinetic analyses gave similar Ea values for the decomposi- 
tions of both BaO2 and SrO 2 of 165 4- 5 kJ mo1-1. The value for BaO2 lies between 
the values mentioned above and this may be as a result of the averaging effect of 
the programmed temperature measurements. Apparent activation energies were 
considerably greater than the corresponding overall enthalpies of decomposition 
quoted above in the Introduction. 

It is clear from the above studies of the two peroxides that their thermal 
decomposition is far from the simple process represented by 

MO2(s ) -+ mO(s) 4- 0.502(g ) 

The reversibility is well established, i.e. 

MO2(s ) ~ MO(s) + 0.502(g ) 

but under the conditions applying in this study, i.e. rapid removal of product gas 
from small sample masses, the reverse reaction is unlikely to be very significant. 

One of the ways of accounting for different decomposition mechanisms for 
apparently chemically uniform material over one temperature range, is to suggest 
different reactivities of portions of the sample, determined by differing degrees of 
imperfection of these portions. Many examples of such behaviour have been 
reported, for example KMnO4, NH4ClO4, etc. [27], and Brunere [6] has suggested 
that decomposition occurs by the three-step process of nucleus formation, grain 
growth and oxygen diffusion, with initiation of decomposition occurring at imper- 
fections. 

When different mechanisms operate over different temperature ranges, either a 
chemical or a physical explanation may be put forward. A chemical explanation 
would require the occurrence of different bonding situations within the sample, e.g. 
dehydration of CuSO4.5H20. The MO2 crystal structure is tetragonal ( I4 /mmm)  

and it is possible that the energy requirements for loss of oxygen via the steps 

02---+02 + O  

20 --+ O2(g ) 
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may be different for different sets of  O~- ions in the peroxide structure. This aspect 
is being studied theoretically [29]. The third, and perhaps most likely, explanation 
for changes of mechanism could be the influence of  some recrystallisation of the 
product oxide on the course of reaction, i.e. 

MO2(c) ~ MO(a) + 0.502(g) 

and 

MO(a) --* MO(c) 

where c is crystalline and a is amorphous. Such processes have been suggested in the 
dehydration of hydrates and in many decompositions, especially those of alkaline- 
earth carbonates. The rate of removal of oxygen from the peroxide by diffusion 
could be drastically altered by the formation of a crystalline layer of oxide on the 
surface where O2 gas is eventually to be released. 
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