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The sintering of a diluted sample of Co/Al&IB hydrorracking catalyst was inves;tigated in the 
temperat,ure range 300-4.iO“C. Both activity (A) and metallic surface area (Sc”) measured 
through chemisorption of hydrogen showed essentially the satne sintering trends : deact,ivation 
below 400°C and activation above this temperature. In i,he t,emperature region below 400°C, 
the activation energy of the sittfering process, detertnined from both activit.y and chemisorp- 
tion data, was found lo be 14.70 kcal/mole. This is thought t,o be due mostly to surface diffu- 
sion. On t,he other hand, ac*tivation occurred at 43O’C as a result of the increased migration 
of tnetal atoms on the support srtrface. This indicates that, a solid solution with lowered melting 
point might be fortned, and t,he sintering step becomes rat,e-determining in this temperature 
region. Changes in the t,otal surface area and in the pore-size dis(,rilnttion nf t,he Support during 
ihe heat, 1 real.ment were alsc~ s( Itdied. 

1N’l’1:Ol~lJC’l’ION and Mischenko (2) studied cobalt-alumina 

It is u known fact that, solid catalysts are 
affected by thermal keatment to varying 
extents. In supported catalysts the extent 
to which sintering may take place is 
markedly dependent, on the amount of 
active component supported on an inert, 
carrier. With the increased commercial 
importance of supported catalysts of low 
metal concentrations, the physical st,ruc- 
ture of such catalysts has becsomc of con- 
siderable interest. 

Cobalt is one of the known catalyst,s 
which are normally used under high tem- 
perature conditions. Several investigations 
on supported cobalt catalysts have shown 
that’ cobalt deposited on an inactive carrier, 
e.g., asbestos, Cr203, and A1203, is more 
active thaq pure cobalt (1). Agronomov 
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catalysts containing various proportions of 
cobalt. They noticed that, in hydrogenation 
of cyclohexene, the most active catalyst 
was the one cont’aining 3G.G rnolyO of cobalt 
while the cnt,alysts containing 1.7, 3.5, and 
X3 mol% of cobalt were completely inac- 
tive. When the amount of cobalt was 
increased, especially from 3G.G to lOO$& a 
st,rong decrease in the total adsorption 
capacity of the catalyst resulted. From the 
pore size disbribution curves, it was found 
that the most active catalyst (36.6 molyO 
Co) had the widest pores. 

According t,o Hiroshi and Etsurs (S), the 
chemical state of cobalt in the supported 
&alysts could be classified into two types : 
one in which cobalt is not combined with 
tjlie carrier but remains free on its surface 
and another where cobalt forms a complex 
with the carrier and resists reduction by 
hydrogen. Specifically for the cobalt- 
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alumina system, it was noticed (4) that 
during dehydration the adsorbed metal ions 
become incorporated into the alumina 
lattice forming the magnetically dilute 
&phase which was assumed to be formed 
at low metal concentrations. On the other 
hand, a p-phase consisting mainly of metal 
oxide was found to be formed during the 
dehydration and subsequent decomposition 
of the occluded solution of higher metal 
concentration. 

The sintering of supported cobalt cata- 
lysts was also studied by several investi- 
gators. For example, in a recent study (5) 
on the sintering of cobalt supported on 
MOO films on Al203 carrier, the changes in 
the surface area during the heat treat,ment 
have been related to two processes : (1) sur- 
face diffusion occurring below 800°C and 
(2) volume diffusion occurring above this 
temperature. The activation energy for the 
process occurring below 800°C was 35 
kcal/mole and for the process occurring 
above this temperature it was 85 kcal/mole. 
These results supported the previously 
published idea of Roberts (6) that the 
extent of sintering depends on the mecha- 
nism of diffusion. This extent was found 
also to depend on the ratio of the sintering 
temperature to the melting point of the 
oxide (7). 

Similarly, the behavior of cobalt oxide 
was investigated during calcining a mixture 
of A1203 and Co0 at 50~800°C (8). It was 
found that the formation of cobalt alumi- 
nate begins at temperatures higher than 
850°C. At lower temperatures, oxidation 
and reduction of supported cobalt oxide 
occurs by the same process as that operating 
with bulk COO. 

A study of the effect of thermal treatment 
on the structure of cobalt catalysts, sup- 
ported on a number of carriers, was carried 
out by Guyer et al. (9). This study has 
shown that the strongest stabilizing effect 
occurred by using wide-porous silica. Treat- 
ment, of this catalyst up to 700°C did not 

lead to a measurable change in structure 
and surface area. In the case of micro- 
porous silica, the change in structure and 
the decrease in surface area were much 
more pronounced. Moreover, the same 
authors explained the stabilizing effect of 
the porous silica by the formation of a 
Co-SiOZ complex, which prevents the 
thermal migration of cobalt atoms. 

Analysis of the lit.erature data indicates 
that insufficient attention has been paid to 
the sintering of diluted supported cobalt 
catalysts, which undoubtedly is of con- 
siderable economic importance. The present 
study was thus undertaken to follow the 
changes in physical and textural parame- 
ters taking place during the sintering of a 
very diluted sample of a Co/A1203 hydro- 
cracking catalyst and to study the kinetics 
of the sintering process itself. The sintering 
effects imparted to the catalyst involved 
determination of catalytic activity in a 
simple model reaction and measurement of 
specific surface area and degree of metal 
dispersion by means of gas adsorption 
techniques. The mechanisms of sintering, 
followed either from activity parameters or 
from surface changes, were supplemented 
by electron microscopic measurements. 

EXPERIMENTAL METHODS 

Catalyst. A very diluted sample corre- 
sponding to 0.453 wt% of cobalt was pre- 
pared by the impregnation, in conventional 
ways, of the r-alumina support with the 
appropriate quantity of the decomposable 
cobalt nitrate solution, followed by stirring 
for 14 hr. The alumina support was pre- 
viously heated at 650°C to eliminate any 
changes in its surface characteristics during 
the sintering study. After fiteration and 
drying for 24 hr at llO”C, the sample was 
reduced in flowing pure hydrogen for 20 hr 
at 300°C (1). This procedure resulted in 
good reproducibility of the adsorption and 
catalytic activity measurements. 

The fractional degree of coverage of the 
support surface (a) was determined from 
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the knowledge of the specific surface area 
of the support and from the amount of 
cobalt adsorbed on the surface by using the 
following equation (10) : 

where UC” is the cross-sectional area of one 
cobalt atom taken as 6.25 X 10-2” m2 when 
atomic radius is assumed to be 1.25 A, 
NC0 is the number of cobalt atoms adsorbed 
per gram of support, and S is the surface 
area of alumina support in square mehers 
per gram. It was found that LY in this case 
equals 0.017, i.e., only 1.770 of the total 
surface of the support was covered with 
cobalt atoms, assuming a monoatomic 
dispersion over the support. 

Sintering technique. The sintering study 
was carried out is/z UKUO using a volumetric 
apparatus of a conventional design (11). 

With the aim of stabilizing a freshly 
prepared catalyst, evacuation for I.5 1~1 
at 300°C in :L hydrogen atmosphere was 
adopted as the standard pretreatment. 

The pretreated catalyst was heated in 
vacua for varying times, namely, 0.5, 1, 2, 
4, and 6 hr at the required temperatures. 
The present study was carried ollt in the 
temperature range 300-450°C within which 
most of the indust,ri:ll cobalt, cataiysts 
possess their maximum activity. 

Determdndion 0J catalytic activity. The 
activity of the freshly prepared catalyst 
and of different sinter~d samples were 
tested with the aid of a simple model reac- 
tion, namely, liquid-phase decomposition 
of hydrogen peroxide.” The reaction was 
found to obey first-order kinetics. From 
the results of gasometric measurements of 
the volume of evolved oxygen, VU,, and 
the half-life, t;, the rate constant (X) was 
ev:~llJ;lteCl. The rate c:onst:mt, (X.H~O~) \VilS 

taken as a measure of the catalytic activity 
(A). It was occasionally preferred to use 
the specific activity parameter (a), which 
denotes the number of molecules of H202 
decomposing per second per gram of cata- 
lyst (13). 

Determination, 0J’ specijc surjace area and 
pore-structure analysis. Adsorption-desorp- 
tion isotherms of nitrogen were measured 
at - 195°C using a conventional volumetric 
apparatus. Specific surface areas were 
calculated from the isotherms by applying 
the BET equation (14). The pore structure 
was analyzed by using t,he corrected model- 
less method (15). 

DetermFnntion of metallic surjace urea and 
degree 01’ metal dispersion. The degree of 
dispersion of cobalt, supported on the sur- 
face of alumina, was estimated by means of 
chemisorption of pure hydrogen at room 
temperature (16’). The technique adopted 
is based on minimizing adsorption on the 
support and maximizing adsorption on the 
metal (I?‘). This was achieved by measuring 
adsorption on :L nonmetallized support and 
subtracting this from the tot,al adsorption 
on the cat,alyst,, giving t*he so-&led “net 
adsorption.” The net adsorption was simply 
converted into degrees of dispersion [HI/ 
[Co], which is considered as the number of 
atoms of hydrogen adsorbed per cobalt 
atom. The specific surface area of supported 
cobalt could thtls be calculated by the use 
of the f’oIlowitig cc~l~:~tion (16) : 

&I- . 
s I c.i> = 

(~<a,, x [HI 

.‘I k [Co] ’ 

where N is Avogadro’s number, Ah is the 
atomic weight of cob& DC,, is the CIWS- 

sectional area of cobalt atom (6.35 X 1O-2” 
m’), and [H J,‘[Co) is the> degree of 
dispersion. 

From the first approxim:~tion that all 
CtJbdt crystallites are ideal cubes of uniform 
size with OII(? face in contact with the 
support and the remaining five faces ex- 
posed, t,hr avcr;ige size of cobalt particles 
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could be determined by the use of the 
following equation (18) : 

5 

ae=S’ co. PC0 

where a, is the particle size? pco is the 
density of cobalt, and SC0 is the surface 
area of supported cobalt, calculated from 
chemisorption of hydrogen. 

Electron microscopic studies. The micro- 
structural changes of the various catalyst 
samples were investigated using an electron 
microscope, Type JEM-GC, manufactured 
in Japan, applying the suspension tech- 
nique. The maximum original magnification 
power was 20,000 X. 

RESULTS AND DISCUSSION 

(a) Catalytic Activity as a Function of Time 
and Temperature of Sintering 

The sintering isotherms represented in 
Fig. 1 show the changes of catalytic 
activity, expressed as a first-order velocity 
constant (kHzo2), with time of sintering 
at 350, 400, and 450°C. It is clear that at 
a given temperature, the activity decreases 
with time of sintering, achieving certain 
constant values characteristic for the sta- 
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Fro. 1. The catalytic activity of a diMed Co/A1203 
catalyst, measured in HlOz decomposition reaction, 
a$ a function of time of siatering at, different, tem- 
peratures (sintering isotherms). 

tionary state at this temperature. The iso- 
thermal stationary activity at 450°C is 
much higher than that obtained either at 
350 or at 4OO”C, indicating that some sort 
of activation takes place at this tempera- 
ture. The phenomenon of activation has 
been observed previously in the case of 
supported I%-Al,03 (I$), Ag-SiOz (do), 
and Pt-SiOz (21). 

The kinetic results of the deactivation 
process, taking place in the temperature 
region below 4OO”C, were treated following 
the method previously described by Hassan 
et al. (19). This treatment showed that the 
process of sintering, in the present case, 
follows an unrealistic higher order mecha- 
nism (nsint. > 7).3 

The calculated activation energy of the 
sintering process, assuming that the 
Arrhenius equation can be applied, was 
found to be 14.70 kcal/mole. 

From the obtained results, two regions of 
activity seemed to exist: (a) deactivation 
or sintering region, below 4OO”C, and (b) 
activation region, occurring above this 
temperature. Moreover, it seems that the 
high-order mechanism of sintering is de- 
pendent on some factors connected with 
the pore system, the metal dispersion, and 
the nature of the controlling reaction. The 
activation phenomenon itself may be inter- 
preted in view of surface migration of the 
supported cobalt atoms, which increases 
with the increase of temperature of 
treatment. 

(b) SpeciJc Xurjuce Area as a Function of 
Time and Temperature of Sintering 

The soaked alumina support used in this 
investigation was prepared by applying the 
same technique utilized for the preparation 
of the parent Co/A1203 catalyst, i.e., by 
impregnation in bidistilled water of the 
same pH as that of cobalt solution, followed 

2 Similar previous studies (19,20, 21) showed that 
t,he sintering process follows a second-order 
mechanism. 
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FIG. 2. Typical adsorption-desorption isotherms of NZ on the surface of (a) original soaked 
aluminasupport; (b) r-alumina, heated at 60°C; (c) a freshly prepared Co/A1203 catalyst sa.mple; 
and (d) a Co/A1203 catalyst sample, sintered for 2 hr at 35O’C. 

by drying, calcinstion, and reduction in a 
stream of hydrogen. Typical adsorption- 
desorption isotherms of nitrogen on the 
surface of some selected samples, namely, 
the alumina support (soaked and heated 
at SriO’C), freshly prepared Co,/A1203 
catalyst, and one sintered sample, are 
illustrated in Fig. 2. All the isotherms seem 
to belong to type II of Brunauer and 
Emmett’s classification (22) forming closed 
hysteresis loops in all cases. 

The adsorption data for all the samples 

ing at different temperatures. It is evident 
from this figure that at each temperature 
a decrease in surface area takes place during 
the first few hours of sintering. In each 
case, this decrease is followed by a sub- 
sequent increase in the surface area. How- 
ever, this decrease reaches its maximum 
value at a characteristic time of sintering. 
The time required to reach the minimum 
surface area is lowered as the temperature 
of thermal treatment is increased. 

under investigation are summarized in 
Table 1, including the BET-C constants 

(c) Pore-Structure Analysis of Freshly Pre- 

and the specific surface areas (SUET) calcu- 
pared and Sintered Catalyst Samples 

lated by applying the BET equation and Several investigators offered reference 
the total pore volumes (V,,) estimated t-curves for the adsorption of nitrogen, e.g., 
from the saturation values of the adsorption Mikhail et al. (23), de Boer et al. (24), 
isotherms. Sing et al. (25) and Cranston and Inkley 

In Fig. 3, the calculated specific surface (26). The appropriate t-curves adopted for 
area (S,cEIT) is plott,ed versus time of sinter- the adsorption of nitrogen on the studied 
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samples were chosen on t,he basis of RET-C 
constants, which in each case should he of 
t,he same order in both the reference t-curvt: 
and the catalyst sample under investigation. 

The experimental adsorption curves were 
plotted as a function of the t-values; hence 
V = f(t) instead of V = j(p/pO). In any 
normal case of multimolecular adsorption, 
the experimental points should, therefore, 
fall on a straight line passing through the 
origin. The slope of this line gives the sur- 
face area, S1, according t(o the following 
equation S1 = 104( V,/t), where V, is the 
volume of nitrogen adsorbed in milliliters 
per gram, and t is the statistical thickness 
in angstrom units. The agreement between 
L&ET and St is the main criterion for the 
correct choice of the t-curve used in the 
analysis (Table 2). 

The pore analysis of all the samples under 
study (except the original soaked alumina) 
was carried out using the corrected model- 
less method (15), since only mesopores 

TABLE 1 

Adsorption Data of Nitrogen on the Surfaces of 
Alumina Support and Different Samples of Co/Al& 
Catalyst 

~- ___.- 
Temperature of Time of sintcr- RET-C SRE:.P T’,. 

sintering (“C) ing (hr) constant (d/g) (ml/g) 

Original (maked) alumina 67 
- - 

yAlumina, heated at 65O’C 171 
- - 
- - 

Freshly prepared Coj$1?03 catalyst 125 
- - 

Sintered catalyst 
350 0.5 Gl 

1 104 
2 -53 

4 59 
F 94 

400 0.5 113 
1 67 
2 138 
4 58 
G 81 

0.5 75 
1 206 
2 x9 
4 61 
6 87 

-. 

459 

204.0 0.323 

171.0 0.37 1 

1x7.3 0.4SQ 

1QO.X 1.144 
168.0 0.392 
110.0 0.208 

78.8 0.235 
186.3 0.618 

193.7 0.409 
86.9 0.238 
84.5 0.278 

192.8 0.562 
172.3 0.562 

181.5 0.547 
84.6 0.262 

197.0 0.759 
190.6 0.634 
160.0 0.429 

r 

I I I 
0 2 L 6 TimeChrr 

FIG. 3. Variatjion of BET-specific surface area of 
Co/A1203 cat,algst during heat treatment at different 
temperatures. 

were detected. It was decided that the 
parallel plate model can reasonably describe 
the shape of pores, for which the suffix (pp) 
was used. 

In soaked alumina, both meso- and 
mirropores were det)ect,ed. In this case bhe 

TABLE 2 

Characterist,ics of Pore Structure of r-Alumina Sup- 
port and Different, Samples of Co/Al203 Catalyst 

Temperature of Time of sinter- Sr &urn PI) vcw,, ,pp 
sintering (“C) ing (hr) h2/g) (m2:g) (ml/g) 

Original (soaked) aluminn~ 204.0 205.8 0.347 
- - 

y.Alumina, hoi~trd at GMT J Qti.0 1 GO.3 0.365 
- - 

Fwshly prepared Co~‘AlrOr ratalyst 1Ql.O 1NJ.Q 0.442 
- - 

Sintered catalyst 

350 0.5 l!N.S 190.2 1.123 
1 168.0 171.8 0.408 
2 107.0 109.4 0.218 
4 72.0 66.5 0.225 
G 185.0 180.8 0.598 

400 0.5 153.0 160.0 0.409 
1 81.0 86.6 0.234 
2 86.0 82.1 0.274 
4 190.0 188.5 0.559 
G 172.5 169.9 0.559 

450 0.3 181.0 180.3 0.540 
1 88.0 80.2 0.259 
2 198.0 198.9 0.749 
4 191.0 189.3 0.634 
G 160.0 158.4 0.429 

= 6s. = 171.7 m*/g; IsdP = 34.1 m*/g; I’,, = 0.0676 ml/g; 
and V~PD = 0.0356 ml/g. 
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FIG. 4. Pore-size distribution curves for (a) original soaked alumina; (b) y-alumina, heated 
at, 65O’C ; (c) freshly prepared Co/A1203 catalyst ; and (d) various samples of Co/AlsOa catalyst,, 
sintered for different times at 350, 400, and 430°C. 

micropores were analyzed by t.he use of 
the MI’ method (5’3). 

The pore-volume distribution curves for 
the various samples are shown in Fig. 4, 
representing the distribution of pore 
volumes (A V/Ar in milliliters per angstrom) 
as a function of the mean hydraulic radius 
(,?h(pP) in angstroms), assuming a parallel 
plate model. The collected data of pore 
structure analysis are also given in Table 2, 
where S,& and V,, represent the surfaces and 
t,he volumes associated with micropores 
whose shape has no effect on the result,s of 
the analysis and &,-pp and V,PD represent 
the surfaces and the volumes associat)ed 
with mesopores. 

The results of pore-structure analysis 
showed that in soaked alumina, t’he micro- 
pores arc characterized by a most frequent 
hydraulic radius of 3.5-4.0 A. If these 
pores are considered to be parallel plat,es, 
as in the case of mesopores, then the width 
of these plates can be taken as 7-S A. In 
the alumina support init,ially tarrated at, 

GO’%, as well as in the different samples 
of Co/Al&3 catalyst, the micropores dis- 
appear and only the mesopores, character- 
ized by a most frequent hydraulic radius 
of 13-15 A, exist. By increasing the time of 
sintering at each temperature, the number 
of these mesopores undergoes the same 
changes occurring with t,he specific surface 
area. 

It is to be noted that 2-hr treatment 
reflects the optimum sintering conditions, 
where both activity and surface area show 
parallel trends. This treatment is very 
similar to that reported recently for a 
1% /A1,03 cat,alyst (13). 

From the foregoing discussion, it is clear 
that t,he sintering trends, judged from 
activity parameter and from surface area 
measurements, are widely different except, 

with respect’ to the coincidence of the time 
of achievement of stationary activity with 
the time of maximum reduction in surface 

area. 
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TABLE 3 

Chemisorption Data of JJydrogen on the Surface of J.)ifferenl Samples of Co/Al203 Catalyst 

400 0.6 
1 
2 
4 
6 

4.50 O..i 
1 
2 
4 
6 

Temperature of sintering Time of sintering Net adsorpt,ion 

(“C) (hr) (&kcJ 

Freshly prepared sample 
- 

- O..i24 0.306 29 

Sintered catalyst 
350 0.5 

1 
2 
4 
6 

- 

0.386 0.225 3!1 
0.279 0.163 54 
0.181 0.106 84 
0.144 0.084 103 
0.090 0.053 168 

0.336 0.196 45 
0.237 0.138 64 
0.154 0.090 98 
0.099 0.058 153 
0.058 0.034 262 

0.443 0.258 34 
0.319 0.186 47 
0.210 0.123 72 
0.147 0.086 103 
0.112 0.086 133 

--__ 

(d) The Change of Degree of Metal Disper- 
sion and Metallic Surface Area during 
Heat Treatment 

Since the metal crystallite size in the 
catalyst under study is too small to be 
measured by the X-ray technique, it seems 
that chemisorption is the only approach 
to measure the metal dispersion. 

that at’ a given t,emperature the degree of 
metal dispersion of supported cobalt de- 
creases by increasing the time of heating, 
whereas the average particle size increases 
continuously. 

The adsorption of hydrogen was mea- 
sured at room temperature and was fol- 
lowed up to a pressure of 200 mm Hg.4 The 
difference between the total adsorption on 
the catalyst and the adsorption on the 
corresponding support, under identical con- 
ditions, was taken as the net adsorption on 
the supported metal. 

The results of chemisorption are sum- 
marized in Table 3, from which it is evident 

The change of calculated metallic surface 
area (Xc,) with time of sintering at different 
temperatures is shown in Fig. 5a. The data 
obtained at 450°C are higher than those 
obtained at other temperatures. The 
analysis of the data at 350 and 400°C 
showed that the rate of reduction of 
metallic surface area follows the second- 
order equation. By applying the Arrhenius 
equation in this case, the energy of activa- 
tion of the sintering process was found to 
be 14.72 kcal/mole. This is in excellent, 
agreement with the value obtained from 
activity data (viz., 14.70 kcal,/mole). 

’ Adsorption of hydrogen at liquid nitrogen tem- 
perature gave much higher result,s, which seemed to 
he due to the marked contribution of physisorption 
at this temperature. 

The second-order mechanism can be 
interpreted along the same lines mentioned 
before in literature (IS, 27-29). However, 

II : Co ratio Av particle 
size, ae 

(-9 
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FIG. 3. (a) Specific surface area of support,ed cob:dt, (SC.,,), as a flunrtioti of time of sintering 
at different temperatwes. (b) Variation of specific activity (n,,,o,) with sinkring temperat.ure. 

the high order of sintering, obtained from 
the activity data, supports the idea of 
Ituckenstein and Pulvermacher (SO), 
namely, that the sintering process in this 
t,emperature region (i.e., <4OO”C) is almost 
diffusion controlled. 

From t,he change of chcmisorption d:Aa 
with sintering temperature, it may bc 
concluded that the sintering takes place 
only in the temperature region below 4OO”C, 
where both metallic surface area and degree 
of metal dispersion decrease and the average 
particle size shows a marked increase (viz., 
from 29 to 260 pi). At 450°C a marked 
decrease in the particle size is observed 

( viz., from 260 to 130 A), which indicates 
dissociation of the already formed met’al 
crystallites. 

indicaat,e t,h:rt, when the time is increased, 
the reduction in surface area becomes much 
more pronounced t)han the loss in activity. 
Howel73+, at times >4 hr, the specific 
activity remains almost, constant regardless 
of time and trmpcr:ttjure of treat,ment. This 
seems t,o he d11c to Ataining equilibrium 
values of activity and surfncr arra (Figs. 1 
and 51)). 

The c*onstancy of spcjcific :lc:tivit,y upon 
hcat,ing the catalyst for the same time at 
different temperat,urcas indicates a good 
parallelism between the rates of reduction 
of surface arp’:L and loss of activity. 

The variation of specific activit,y wit,h It was reported previously (7) t.hat three 
temperature of sintering is illustrated in processes might occur during the sintering 
Fig. 5h. The specific activity (al120L) is process : (1) adhesion, whereby separate 
taken as the ratio between the activity particles become fritted t’ogether at point’s 
(kH202) measured in II,O, decomposition of contact; (2) surface diffusion, which is 
and the metallic surface area (SC,,). It is caused by movement of ions or atoms 
evident that different specific activities are along the surface to form aggregates; and 
obtained depending on the time of sintering. (3) lattice diffusion (or volume diffusion), 
The dashed lines show the nonequilibrium building up a more or less perfect crystal 
values of specific activity, obtained at times lattice as a result of t’hree-dimensional 
less than 4 hr. These nonequilibrium values migration. 
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FIG. 6. Electron micrographs of Co/Al& cat,alyst, samples, sintered for (b) 2 hr at 330°C, 
(c) 2 hr at 4OO”C, (d) 2 hr at 45O”C, (e) 0.5 hr at 35O”C, and (f) 4 hr at 350°C. Electron micro- 
graph (a) represents the microstructure of the freshly prepared catalyst sample. 

In the same report it was also found that 
when the ratio of sintering temperature (T) 
to melting temperature (T,,J of a supported 
metal oxide equals 0.33-0.4.5, sintering 
proceeds via surface diffusion, whereas 
above Tamman’s temperature (i.e., 
> T/T,,, = 0.45), the operative mechanism 
is that of volume diffusion. 

The electron micrographs of some 
selected samples shown in Fig. 6 indicate 
that by increasing the time of sintering at 
STiO”C, the rate of recrystallization in- 
creases. These micrographs also show that 
the particle size increases when the catalyst 
is treated for 2 hr at 350 and 4OO”C, while 
it decreases, under t’he same conditions, 
at 450°C. 

In conclusion, it is clear that, below 400°C 
(T/T,,, < 0.42) the activation energy of 
the sintering process, as judged from both 
activity and surface parameters, shows the 
same value, viz., 14.70 kcal/mole, indicat- 
ing mainly surface diffusion, which causes 
the formation and the growth of cobalt 

crystallites (u,) and, consequently, a decay 
of the exposed surface area of the metal 
(&,). 

On the ot,her hand, at 4:iO”C, near 
Tamman’s temperature (T/T,,, = 0.48), 
activation took place as a result of the 
increased migration of supported cobalt 
atoms on the surface of the support. This 
may provide further support to the pre- 
viously published idea of Dollimore and 
Rickett (5) which postulates that although 
this distinct change in activity and surface 
area is to be expected at T/T,,, > 0.5, it 
appears that a small addition of an active 
component to the alumina surface causes 
this surface to behave as if it were a solid 
solution with a lowered melting point, 
leading to a consequent readjustment of 
the parameters relating to sintering. From 
the above, it seems that in this high tem- 
perature region (> 4OO”C), the sintering 
step becomes, most probably, rate- 
determining. 
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