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Abstract 

The activity of the fresh catalyst samples of different preparations was tested in the 

decomposition of HzOz for which a mechanism was suggested. The kinetics of sintering 

in the range of 300-450°C was studied through the change in activity and surface area. 

A new empirical equation was suggested to summarize the sintering results. The second 

order mechanism of sintering as well as the activation energy (15-16 kcal/mole) were also 

discussed. 

Introduction 

The effect of thermal treatment on catalytic and surface characteristics 
of supported Co/A120 a hydrocracking catalyst was studied in a previous pub­
licationY During this study, it became necessary to investigate the behaviour 
of sintering of the unsupported polycrystalline cobalt catalyst which deter­
mines its industrial use. 

Some work2- 6) has been reported in this direction from a different point 
of view, yet the additional information provided in the present communication 
concerned mainly with testing the activity of freshly prepared catalyst samples 
of different preparations and studying the mechanism of sintering of one 
of them by following the changes in activity and texture during the heat 
treatment. 

Experimental 

Catalyst 

Four different samples of the polycrystalline cobalt catalyst were pre­
pared from cobalt nitrate as follows: (I) By ignition of the starting material 
at 400°C for 4 hours in atmospheric air, (II) by precipitation as oxalate, 
(III) by precipitation as hydroxide, and (IV) by precipitation as carbonate. 

* Department of Chemistry, Faculty of Science. Ain Shams University, Cairo. Egypt. 
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The precipitates II, III, and IV were thoroughly washed, dried for 24 hours 
at 110°C then ignited for 3 hours at 300°C. All the prepared samples were 
reduced in flowing hydrogen for 20 hours at 300°C.6l 

Sintering Technique 

Heating of the samples for 1 1/2 hour at 300°C in H2 atmosphere was 
adopted as a standard pretreatment. The sintering study was carried out 
in the temperature range 300-450°C of the industrial use, in vacuo (_10-5 

Torr), by applying the same technique described elsewhereY 

Catalytic Activity 

The catalytic activity of the different samples was tested by using a 
simple model reaction, namely, liquid-phase decomposition of H 20 2. Although 
the reaction is not typical for cobalt catalysts, it was selected because of 
its special nature attracting interest in many cases in the present investiga­
tion. The reaction proceeded kinetically as an auto-catalytic one.7) 

Specific Surface Area 

The low-temperature adsorption of N2 was applied for the determination 
of specific surface areas of different samples under study using the BET 
method.8) 

Results and Discussion 

1. Activity of Freshly Prepared Catalyst Samples In the Decomposition 
of H 20 2 

The kinetic results illustrated in Fig. 1 (a) indicates that the decomposition 
reaction proceeds on the surface of the easily reducible catalyst sample (II) 
according to the simple first-order equation. On the other samples, it seems 
that the reaction can be described by the auto-catalytic first order equation :7> 

dx/dt = (ko+ktx) (a- x) ( 1 ) 

where, x and a are the amounts of oxygen evolved at time t and at the 
end of the reaction respectively, ko is the velocity constant of the reaction 
taking place on the non-oxidized surface, and kl is the velocity constant 
of the reaction involving a side oxidation step as given below; 
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Fig. 1. (a) First-order plots of the decomposition of H20 2 over the 
surface of the fresh cobalt catalyst samples of different 
preparations: I) from NO;, II) from oxalate, III) from 
OH-, IV) from CO;-. 

(b) Auto-catalytic plots for the catalyst samples: I, III 
and IV. 

[X] is an undefined surface intermediate compound which is accumulated 
during the reaction, and COnOm is the oxide left at the end of the reaction 
as a result of the side oxidation step. 

Integrating equation (1) yields, 

I ko+klx 
kt= n (a-xr+C, 

where k=ko+kla and C=lna/ko. Thus, 

Jx/ Jt 
kt/2.303 = log -( --)2 + log a/ ko . a-x 

(2) 

The autocatalytic plots derived from equation (2) are illustrated in Fig. 1 (b) 
and the calculated results of ko and kl are. summarized in Table 1. It is 
clear that the catalyst samples I and II are the most active ones in this 
reaction. 

The activation energies of the decomposition reaction measured in the 
temperature range 30-50°C are given also in Table 1. It seems that the 
activation energy (EI ) calculated from kl values decreases in a reversed order 
to that calculated from ko (Eo). The energy of activation (EI ) indicates most 
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TABLE 1. Activity of various freshly prepared samples of 
unsupported cobalt catalyst in the decomposition 
of H 20 2 (at 40°C) 

Catalyst sample ko kl Eo EI 
(min-I) (min-I) (kcal/mole) (kcal/mole) 

I 0.38 0.018 15.0 9.0 

ill 0.16 0.012 19.5 6.2 

IV 0.10 0.016 23.5 4.0 

11* 0.65 15.0 

* k is calculated from the simple first-order equation. 

likely that the oxidation step becomes more easier on the samples III and 
IV. 

2. Sintering Isotherms at 350°C in vacuo and in azr 

The behaviour of the sintering isotherms of the catalyst sample I at 
350°C (i. e., ko and kl as a function of tsint. in hrs) in vacuo and in air are 
shown in Fig. 2. It is clear that the rate of sintering, as judged from ko 
values, is the same in air and in vacuo. On the other hand, the rate of 
sintering, as judged from kJ values seems to be different in the two atmos-
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Fig. 2. Activity (ko and kj ) of unsupported cobalt catalyst as a function 
of time of sintering at 350°C in vaCllO and in air. 
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TABLE 2. Activation energies of the decomposition of H 20 2 

over the surface of the cobalt catalyst samples 
sintered at 350°C 

Time of sintering 
Eo (kcal/mole) 

----'---'- ---~--
El (kcal/mole) 

(hrs) 
11l vacuo in air in vacuo in air 

Freshly prepared sample 15.0 9.0 

1/2 14.5 16.5 6.2 10.6 

1 14.0 16.5 6.3 12.0 

2 14.7 17.0 5.8 13.0 

4 14.7 16.1 5.8 14.2 

6 14.3 16.5 5.9 15.9 

8 14.7 16.6 6.0 16.8 

10 14.7 5.9 

pheres. For more explanation of this phenomenon, the measured energy 
of activation of the decomposition reaction over the surface of sintered sam­
ples are summarized in Table 2. From this Table, it is found that the 
energy of activation of the decomposition reaction taking place on the non­
oxidized surfaces (Eo) remains almost constant either by treating the catalyst 
in air (av., 16.5 kcal/mole) or in 'vacuo (av., 14.7 kcal/mole). Similarly, during 
the heat treatment in vacuo, the activation energy of the reaction involving 
a side oxidation step (E.~) remains constant but with much less values, viz., 
-6 kcal/mole. This low value seems to result due to cleaning the surface 
during the vacuum-treatment which facilitates the side oxidation step. How­
ever, in air a continuous increase in El reflects most probably the accumula­
tion of the formed surface oxide intermediate during the decomposition reac­
tion. 

3. Kinetics of the Sintering Process of the Catalyst Sample I 

(a) From the change of activity: 

The sintering isotherms in vacuo at 350, 400 and 450°C are shown 
in Fig. 3. (a) Differential analysis of the results of ko vs t (hr) indicated that 
the sintering process follows the second order equation (Fig. 3 (b)). For 
carrying out this analysis, the method suggested before by one of the authors9l 

was used and the activity parameter (A) was adopted by converting ko values 
according to the equation described elsewhere. lOl The results obtained from 
the analysis of kl were not indicative. 

Assuming that Arrhenius equation is applicable in the studied tempera-
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ture range, the calculated activation 
energy of the sintering process was 

found to be 15.2 kcal/mole. Atten­
tion should be paid to this value in 
view of the heats of desorption of 
gases, in particular O2 and air from 
the catalyst surface (12 - 30 kcal/ 
mole).1V If this heat is supplied as 
minimum energy for the vacuum­
sintering process, the desorption 
becomes therefore the rate deter­
mmmg step, assuming that the 
growth of crystal size and the eli­
mination of active sites take place 
progressively in a rapid manner. 

(b) From the change of surface 
area: 

The adsorption-desorption iso­
therms of N2 at -196°C on the 
surface of the freshly prepared 
catalyst sample I is illustrated in 
Fig. 4 (a). The isotherm is of type 
II of Brunauer's classification12) and 
the adsorption seems to be com­
pletely reversible on all the samples 
under study, exhibiting no hyster­
esis loop. 
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Fig. 3. (a) Sintering isotherms (ko and kl VS 

!sint) for the unsupported cobalt 
catalyst at; I-350°C, 2-400°C and 
3-450°C. 

(b) Differential treatment of the sin-
tering isotherms (ko 7'S Isint) at; 1-

350°C, 2-400°C and 3-450°C, for de-
termining the order of sintering. 

The sintering isotherms expressed in terms of SBET vs time of sintering 
are also shown in Fig. 4 (b). The results of this figure were analyzed ac­
cording to the second order equation, i. e., 

Integrating this equation yields, 

SdS = Stk.t+ 1, 

( 3 ) 

where Si is the initial surface area and k. is the velocity constant for a given 
ratio of sintering at a constant temperature. The plots of Fig. 4 (c) indicate 
the validity of the analysis based on the second order mechanism. 
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Fig. 4. (a) Adsorption-desorption isotherm of N2 at -196°C 
for the freshly prepared cobalt catalyst (I). 

(b) Specific surface area of unsupported cobalt catalyst 
as a function of time of sintering at 350, 400 and 
450°C. 

(c) Validity of the second-order equation (S;/S zos tRint). 

On the other hand, it was assumed by Huttig13) that the velocity cons­
tant k. for a given degree of sintering is inversely proportional to the time 
taken to reach this degree of sintering at constant temperature (t.), i. e., 
k.=K/t., where K is constant. Applying this assumption in Arrhenius equa­
tion, it follows that, 
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log t. = LlE./(2.303 RT) + C , 

where LIE. is the activation energy of the sintering process and C is the 
integration constant. In Fig. 5, log t8 calculated for different percentages of 
sintering is plotted against 11 T sint . CK), from which the activation energy 
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Fig. 5. Plots of log t .• 7'S liT (OK) for different percentages of sintering. 
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Fig. 6. Logarithmic relationship of the stationary values of 
activity (ko• st) and surface area (Sst) with liT (0C). 
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of the sintering process was found to be 15.7 kcal/mole. This value is fairly 
consistent with that found for the activation energy of the diffusion of the 
interstitial cobalt atoms in the solid lattice (14-15 kcal/mole)Y) This may 
also provide an interpretation for the same value obtained from activity data. 

The exponential behaviour of the sintering isotherms (Figs. 3, 4) could 
be better expressed in linear logarithmic relationship shown in Fig. 6 in­
dicating the following: 
a) A good parallelism between stationary values of activity and surface area. 

It is to be mentioned that reporting the rates per unit surface area 
could remove the necessity of discussing the change in activity with 
sintering, but the special nature of the test reaction dictated such study. 
In addition, the calculated ko/S was found to be 0.095 min-1 g m-2 for 
all the samples sintered at different conditions, which certainly needs 
much for deducing its significance. 

b) The results may fit the empirical equation of the form; 

log S=log Sst+logSdSst[ Tst~To (Tstl T - 1)] 

where S is the surface area of the catalyst sintered at a given temperature 
T, Si is the surface area of the freshly propared catalyst (To is the pre­
paration temperature which equals 300°C in the present study), Sst is the 
isothermal stationary surface area at a known temperature T st which is 
higher than the initial preparation temperature To. 

For catalytic activity a very similar equation could be postulated. This 
equation is widely different from those suggested before by one of the authors 
for the unsupported platinum9) and the unsupported copper. 15) The difference 
seems most likely to lie in the behaviour of the sintering process, i. e., the 
rates of the elimination of active centers or the diffusion of interstitial atoms 
are different in the studied systems although the process follows the second 
order mechanism in all cases. 
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