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Changes in the average particle size and particle size distribution (PSD) were monitored during 
sintering of a silica-supported nickel catalyst. Sintering was carried out in nitrogen and hydrogen 
atmospheres from 500 to 800°C for times varying from 1 to 100 hr. The particle size distribution 
functions (PSDs) determined both by X-ray single profile analysis and transmission electron 
microscopy were in excellent agreement. The sintering process was found to occur very rapidly 
initially and then proceeded more slowly at longer times for temperatures higher than 600°C. The 
effects of sintering temperature on the changes of PSD were found to be more pronounced than the 
effects of sintering time. As sintering progresses, the PSDs developed long tails to the larger 
diameter side. Fitting the data to the sintering power-law gave exponent values of 13 and 14 for 
sintering below 700°C in nitrogen and hydrogen, respectively. Particle growth became much faster 
as sintering was carried out at 800°C in both atmospheres. The values of the sintering exponent 
change from 13 to 6 in nitrogen atmosphere and from 14 to 4 in hydrogen atmosphere. The large 
values of the sintering exponent and the changes in the PSDs obtained during sintering at 
temperatures of 700°C and below indicate that sintering occurs by a particle migration mechanism. 
However, the sintering results obtained at 800°C tend to indicate that the atomic migration 
mechanism is predominating. 

INTRODUCTION 

Metal catalysts are generally employed in 
the form of small metal particles or crystal- 
lites dispersed on high-surface area sup- 
ports. In this form a high ratio of metal 
atoms exists on the surface and an active 
catalyst results. The support also serves the 
function of physically separating the small 
metal particles, which tends to inhibit ag- 
glomeration of the small particles into 
larger ones. Strong interaction between the 
support and the metal particles also inhibits 
agglomeration. This agglomeration, known 
as sintering, occurs very rapidly in the 
unsupported metal catalysts and leads to 
fewer metal atoms at the surface of the 
support with consequent loss of catalyst 
activity. Sintering also occurs at high tem- 
peratures in supported metal catalysts and 
is the main source of catalyst thermal deac- 
tivation. The process of sintering, by 
definition, requires changes to occur in the 
particle size distribution (PSD) (I). The 
sintering behavior of a supported metal 

catalyst depends on the initial PSD and 
knowledge of the progressive changes in 
the PSD during sintering can assist in eluci- 
dating the mechanism of sintering in the 
supported metal catalysts. Therefore, a re- 
liable determination of the initial PSD func- 
tion and the changes occurring in the PSD 
during sintering becomes essential if the 
sintering process is to be understood and 
ultimately controlled. 

Until recently, it was generally recog- 
nized that the use of X-ray diffraction in the 
study of catalysts was limited to the mea- 
surement of the average particle size using 
the breadth of a diffraction profile, either at 
half-maximum intensity or the integral half 
breadth. In a recent paper an X-ray diffrac- 
tion method for determining the average 
particle size and the particle size distribu- 
tion function of the supported metal cata- 
lysts was presented (2). The advantage of 
the technique developed is that only a sin- 
gle order of an X-ray profile is required. 
From the analysis of a single diffraction 
profile it was shown that it is possible to 
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obtain the same structural parameters that 
result from the Warren (3) analysis of dou- 
ble-order X-ray profiles. 

Other X-ray investigations on supported 
metal catalysts using either double-order 
analysis or single-order and the assumption 
of zero strain have been reported (4-7). 
However, in the single profile analysis tech- 
nique reported recently (2), the microstrain 
contributions to line broadening are not 
assumed to be zero. 

An obvious application of the X-ray dif- 
fraction technique is in following the 
changes in the PSD during sintering of 
supported metal catalysts. An initial inves- 
tigation of this type concerned with sinter- 
ing of coprecipitated nickel oxide on silica 
and alumina supports was reported by 
Ganesan et al. (2). In this study, it was 
observed that when the crystallite size was 
less than 20 A and there existed a bimodal 
character to the particle size distribution 
function, the changes in the PSD during 
sintering indicated that sintering was occur- 
ring by the particle migration and coales- 
cence mechanism (8, 9). When the average 
crystallite size in the material prior to sin- 
tering was greater than 20 A, the changes in 
the PSD function observed during sintering 
indicated the operative sintering mecha- 
nism to be an atomic migration mechanism 
(JO). 

A natural extension of this early work 
was to perform a similar set of experiments 
on the same catalysts, as employed in the 
NiO study, after reduction to nickel metal. 
The purpose of this paper is to report the 
results of the investigation performed on a 
silica-supported nickel catalyst. A second 
objective is to provide correlations between 
X-ray measured PSDs and distribution 
functions of the same catalyst determined 
by transmission electron microscopy 
(TEM). 

EXPERIMENTAL 

The silica-supported catalytic material 
(C150-l-01) used in this investigation, sup- 
plied by United Catalysts, Inc., Louisville, 

Kentucky, contains 51.7% Ni, 2.9% C, and 
0.06% S. It has a surface area of 211 mZ/g, a 
pore volume of 0.34 cm3/g, and a density of 
1.05 g/cm”. The catalytic material 
NiO/SiOz was produced by a coprecipita- 
tion process (II). This is one of the four 
catalytic materials reported in a previous 
investigation (2). 

The as-received pellets of catalyst C150- 
l-01 were packed in a wire mesh and re- 
duced at 500°C for 3 hr in flowing hydrogen. 
After reduction, samples were sintered in 
the reduction retort, at temperatures vary- 
ing from 500 to 800°C for times varying 
from 1 to 100 hr in nitrogen and hydrogen 
atmospheres. The samples were then 
cooled to room temperature and passivated 
for 8 hr in a 0.2% Oe-N, mixture. X-Ray 
diffraction samples were prepared by grind- 
ing the pellets and pressing the powder at 7 
MPa pressure to form a disc of 24 mm in 
diameter and about 3 mm thick. No heating 
of the specimens was observed during the 
processing to disc. The nickel(200) diffrac- 
tion profile was recorded for all the condi- 
tions of sintering by step scanning (A28 = 
T130). The instrumental profile was em- 
ployed to Stokes correct the Fourier 
coefficients obtained from the profiles of 
the catalyst specimens. The very low in- 
tensity of NiO(220) profile [less than 5% 
of the Ni(200) profile] indicated only a 
small amount of NiO was not reduced. 
The Ni(200) profiles were analyzed using 
the technique described previously (2) to 
obtain structural information including the 
particle size distribution functions (PSDs). 

The values of the average particle size 
obtained from X-ray diffraction measure- 
ments made on the C 150-l-01 catalyst in the 
“as-received” condition, following reduc- 
tion at 500°C for 3 hr and after sintering at 
various times and temperatures under ni- 
trogen and hydrogen atmospheres are re- 
ported in Tables 1 and 2. The average 
particle sizes of the same catalyst were 
measured by Park (12) using gas chemi- 
sorption techniques. There was excellent 
agreement among the data. 
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TABLE 1 

Particle Sizes of Reduced Nickel Catalyst C150-l-101 during Sintering in Nitrogen Atmosphere 

Run Reduction Sintering D half breadtha 

number C-Q 
Temp. Time Temp. Time Atm. 

(“C) (hr) (“Cl (hr) 

As received 
(NiO) (Ref. 2) 28.8 

Average 
of numbers 17, 
25, 32, 40 500 3 - 

18 500 3 500 r 
- 42.0 
N, 43.4 

19 500 3 500 10 N2 44.0 
35 500 3 500 20 N, 45.5 
20 500 3 500 50 N2 50.0 
24 500 3 600 5 N2 48.0 
26 500 3 600 10 N2 48.8 
27 500 3 608 20 N2 49.0 
21 500 3 600 50 NZ 50.7 
23 500 3 600 100 N2 51.5 
77 500 3 700 5 N, 53.2 
70 500 3 700 10 N, 64.7 
31 500 3 700 20 N2 70.0 
33 500 3 700 50 N2 77.0 
34 500 3 700 100 N2 80.7 
72 500 3 800 1 N* 67.4 
73 500 3 800 5 N* 85.0 
74 500 3 800 10 N* 98.0 
75 500 3 800 20 N2 102.5 
76 500 3 800 50 N2 125.4 

a Effective particle size from half-intensity breadth of profile by Scherrer formula. 
* Effective particle size from the single profile method of peak analysis. 

D one peak* 
(A) 

20.4 

29.5 
30.6 
33.0 
35.3 
38.0 
33.0 
35.6 
37.7 
40.0 
41.2 
38.7 
41.1 
45.7 
48.4 
50.9 
45.6 
60.1 
67.1 
79.1 
96.6 

The particle growth kinetics during sin- 
tering, according to Wynblatt and Gjostein 
(13, M), can be expressed as: 

n log(R/&) = c + log(r) (1) 

where C is a constant, R is the average 
particle radius at time 1, and RO is the initial 
particle radius. Plots of log(R/RJ vs log(t) 
for data obtained by X-ray single profile 
analysis at different temperatures in nitro- 
gen and hydrogen atmospheres are shown 
in Figs. 1 and 2. The slopes of the straight 
lines give the values of n which yield the 
sintering order by the relationship (n + 1). 
As can be seen, sintering at 500 and 600°C 
in nitrogen gave the n value of 12 which 
corresponds to a sintering order value of 
13. This large value of sintering order de- 

creases slightly as the sintering temperature 
increases to 700°C. Sintering at 800°C in 
nitrogen, however, produces a significant 
decrease in the order of sintering to a value 
of 6. A similar change in the order of 
sintering has also been found during sinter- 
ing in hydrogen atmosphere. As the tem- 
perature increases from 700 to 800°C the 
order of sintering decreases from 14 to 4. 
These changes in the sintering order are 
believed to reflect a change in the sintering 
mechanism. 

It should be pointed out here that the 
values of the sintering order obtained at 
temperatures of 700°C and below are 
greater than the maximum value predicted 
by the particle migration model (8, 9). Ac- 
cording to the originally proposed particle 
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TABLE 2 

Particle Sizes of Reduced Nickel Catalyst Cl%l-01 during Sintering in Hydrogen Atmosphere 

RU Reduction Sintering D ball breadha 

number (4 
Temp. Time Temp. Time Atm. 

(“c) (W (“c) (hr) 

41 500 3 500 5 Hz 47.8 
42 500 3 500 10 HZ 48.8 
43 500 3 500 15 Hz 48.8 
44 500 3 500 20 H* 49.0 
45 500 3 500 50 HI 50.0 
47 500 3 600 5 H* 52.7 
48 500 3 600 10 HP 54 
49 500 3 600 15 H* 53.5 
50 500 3 600 20 HI 55 
51 500 3 600 50 J& 56.1 
53 500 3 700 5 HI 61.1 
54 500 3 700 10 -* 63.5 
55 500 3 700 15 HI 70.3 
56 500 3 700 20 HP 71.8 
57 500 3 700 50 HP 73.4 
66 500 3 800 1 HP 93.6 
59 500 3 800 5 H4 129.7 
60 500 3 800 10 HI 141.4 
61 500 3 800 15 H* 178.3 
62 500 3 800 20 H2 193.3 

D Effective particle size from half-intensity breadth of profile by Scherer formula. 
* Effective particle size from the single profile method of peak analysis. 

D one pcahb 
CA) 

33.6 
32.6 
32.0 
34.0 
38.8 
37.8 
39.0 
38.5 
41.6 
44.5 
45 
46.6 
47 
48.8 
52.5 
62.5 
69.0 
73.4 
82.4 
98.0 

0.5 

0.4 

G 
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FIG. 1. Plot of logfR/%) vs log(r) for catalyst Cl50 
l-01 sintered under a nitrogen atmosphere. 

migration model, the value of the sintering 
order falls into the range between 2 and 8 
depending upon the assumed rate determin- 
ing step of the sintering process. However, 
as pointed out by Ruckenstein and Dady- 
burjor (15), sintering order with values 
larger than 8 can still be obtained if a 
diffusion controlled process with the diffu- 
sion coefficient inversely proportional to 
higher powers of the particle radius is as- 
sumed. 

As shown in Table 2, sintering to hydro- 
gen atmosphere results in a decrease in the 
average particle size for times less than 15 
hr. A similar effect is also seen for the case 
of sintering at 600°C in hydrogen. This 
decrease in the average particle size during 
the initial stage of sintering in hydrogen is 
believed to be due to a further reduction. It 
was found on examining the NiO(220) dif- 
fraction profile for the as-reduced sample 



SINTERING OF A SILICA-SUPPORTED NICKEL CATALYST 307 

Sintering Time (hrs.1 

5 IO 1520 50 
I II 1 

0.5 - 

OL I I I I I 
0 0.5 1.0 I.5 2.0 

log(t) 

FIG. 2. Plot of log@/&) vs log(t) for catalyst Cl% 
l-01 sintered under a hydrogen atmosphere. 

that a small amount of NiO remained in its 
unreduced form. In addition, from the 
chemisorption results (12) it was deter- 
mined that reduction at 500°C for 3 hr did 
not reduce the catalyst completely. There- 
fore, during sintering in hydrogen, further 
reduction of the NiO particles which re- 
mained in the as-reduced sample occurs 
and leads to a decrease in the average 
particle size. Furthermore, it was found 
that sintering above 500°C in hydrogen al- 
ways results in a larger value of average 
particle size as compared to the catalyst 
sintered in nitrogen. The effect of the sin- 
tering environment can be explained as due 
to the water which formed during the re- 
duction process in hydrogen and aids in the 
transfer and growth of the metal particles 
(16). It is also believed that the NiO par- 
ticles that would remain when sintering 
under nitrogen have a strong interaction 
with the support material and tend to hin- 
der the particle growth process. 

The PSDs obtained from four separate 
samples reduced at 500°C for 3 hr by hydro- 
gen are shown in Fig. 3a. The very good 
agreement obtained for these four separate 
runs indicates the reproducibility of the 

data. A statistical analysis was performed 
on these four data sets, and the results are 
shown in Fig. 3b. The bars in this figure 
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FIG. 3. (a) Particle size distribution functions from 
four separate samples of catalyst C 150-l-01 reduced at 
5OOT for 3 hr. (b) Results of least square analysis of 
the four PSD data sets shown in (a). Bars indicate plus 
and minus one sigma variation about the average value 
of the PSD functions. 
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FIG. 4. Particle size distribution functions of catalyst C150-l-01 reduced at 500°C for 3 hr and 
sintered at 500°C for various times in nitrogen atmosphere. 

indicate one standard deviation from the an indication of the reproducible nature of 
average values of the four PSD functions. the reduction process and the analysis pro- 
From this figure it is also possible to deter- cedure. However, the experimental varia- 
mine the error in the intercepts of the PSD tions that arise during sintering do not 
function with ?he abscissa. At the small reflect themselves in this data set. 
crystallite size in the distribution the inter- A reduction at 500°C for 3 hr was em- 
cept range is 5 A and at the large crystallite ployed on all samples prior to sintering. 
size the intercept range in 15 A. This gives The PSDs obtained for samples reduced at 

E 
od- CRTALYST ClSO-l-01 

X 
0 n25 RED. 3HRS. 4T 5OOC 

z X 824 RED. 3HRS. RT 5OOC 6 SINT. 5HRS. QT 600CLNl 

Q + n26 RED. 3HRS. 4T 5OOC & SINT. IOHRS. 4T 6OOC1NI 

7: 
A 827 RED. 3HRS. ‘=!T 5OOC b SINT. ZOHRS. 4T 600C IN1 

Cl a21 RED. 3HRS. QT SOOC & SINT. SOHRS. 9T 600C(Nl 

Q a23 REO. 3HRS. 4T 5OOC & SINT. 100HRS. 91 600C [Nl 

L-CRNGSTRClMSl 

FIG. 5. Particle size distribution functions of catalyst C15&l-01 reduced at 500°C for 3 hr and 
sintered at 600°C for various times in nitrogen atmosphere. 
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CRTALYST ClSO-l-01 
0 ~25 RED. 3HRS. 9T SOOC 

X ~77 REO. 3HRS. QT SOOC 6 SINT. SHRS. QT 7OOC(Nl 

+ *70 RED. 3HRS. RT SOOC d SINT. IOHRS. QT 700CLNl 

A ~31 RED. JHRS. RT SOOC d SINT. ZOHRS. 4T 700CLNl 

0 ~33 RED. 3HRS. RT SOOC d SINT. 50HRS. 4T 7OOC(Nl 

Cl ~34 RED. 3HRS. AT 5OOC ?. SINT. 10OHRS. QT 70OC(Nl 

L [RNGSTROMS I 
lb0. 00 2io. 00 

FIG. 6. Particle size distribution functions of catalyst C150-l-01 reduced at 500°C for 3 hr and 
sintered at 700°C for various times in nitrogen atmosphere. 

500°C for 3 hr and sintered at 500,600,700, during the initial stage of sintering at 6OO”C, 
and 800°C for various times in nitrogen or however sintering for longer times does not 
hydrogen atmosphere are shown in Figs. 4- change the PSD appreciably (Figs. 5 and 9). 
11. During sintering at 500°C the time of This is to say that the rate of sintering is 
sintering has little effect on the PSD, only relatively slow after an initial rapid change 
slight changes in the PSDs are detected in in the PSD function. This initial rapid 
both the nitrogen and hydrogen atmo- change in the PSDs is also observed at 700 
spheres (Figs. 4 and 8). The PSD broadens and 800°C sintering in both nitrogen and 

b 
CRTRLYST ClSO-t-01 
0 025 RED. 3HRS. 4T 5OOC 

X a72 RED. 3HRS. 9T 500C d SINT. IHRS. 4T 800C(Nl 

+ a73 RED. 3HRS. 41 500C 8 SINT. SHRS. 9T BOOCLNI 

A a74 RED. 3HRS. 4T 500C & SINT. 10HRS. 4T EOOCLNI 

Cl a75 RED. 3HRS. QT 500f & SINT. LOHRS. 4T 800CtNl 

PI ~76 RED. 3HRS. QT SOOC 8 SINT. 50HRS. 4T 800C(Nl 

L (FINGSTRBMS) 

FIG. 7. Particle size distribution functions of catalyst ClSO-l-01 reduced at 500°C for 3 hr and 
sintered at 800°C for various times in nitrogen atmosphere. 
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FIG. 8. Particle size distribution functions of catalyst Cl%l-01 reduced at 500°C for 3 hr and 
sintered at 500°C for various times in hydrogen atmosphere. 

hydrogen atmospheres (Figs. 6, 7, 10, and samples which have been described in 
11). During sintering at 600°C in nitrogen Figs. 3a and b. 
(Fig. 5) the large particle side of the distri- The general trends of the changes in the 
bution after sintering for 20 hr ends at a PSDs during sintering at temperatures of 
lower value than the PSD after sintering for 700°C and below are: the distributions 
10 hr. This behavior can be explained by broaden and form tails to the larger particle 
considering the possible variations in the size side of the distribution functions. 

CRTRLYST C150-l-01 
0 x40 REO. 3HRS. QT 5OOC 

X ~47 RED. 3HRS. 4T 5OOC d SINT. SHRS. RT 600CtHl 

+ ~413 RED. 3HRS. QT SOOC & SINT. 10HRS. 4T 600CIHl 

A 849 RED. 3HRS. 4T SOOC d SINT. 15HRS. RT 600C [HI 

0 a50 REO. 3HRS. QT SOOC d SINT. 20HRS. RT 600CtHl 

[II a51 REO. 3HRS. RT SOOC d SINT. SOHRS. RT 600CIHl 

L [FlNGSTRBMSl 

FIG. 9. Particle size distribution functions of catalyst C15@1-01 reduced at 500°C for 3 hr and 
sintered at 6OOT for various times in hydrogen atmosphere. 
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CATRLYST CiSO-1-01 
0 ~40 RED. 3HRS. QT SOOC 

X rr53 SEO. 3HRS. QT 500C d SINT. 5HRS. QT 700C(Hl 

+ a54 RED. 3HRS. QT SOOC 8 SINT. 10HRS. QT ‘700C(Hl 

A -55 REO. 3HRS. QT 500C d SINT. 15HRS. QT 700C(HI 

0 a56 RED. 3HRS. QT SOOC 8 SINT. LOHRS. QT 700C(Hl 

ITI a57 RED. 3HRS. QT 500C d SINT. SOHRS. QT 700C(Hl 

L CRNGSTRCIMS I 

FIG. 10. Particle size distribution functions of catalyst C150-l-01 reduced at 500°C for 3 hr and 
sintered at 7OOT for various times in hydrogen atmosphere. 

There are indications that a slight bimodal in some of the materials are distributed with 
character exists in a number of the distribu- a slight bimodal character. It is not possible 
tion functions. In fact one of the PSDs to say if the bimodal functions observed 
shown in Fig. 3a has a slight bimodal char- during sintering developed during sintering 
acter. Realizing that the four results in Fig. or existed in the original sample selected 
3a were obtained from four different sam- for that run. To eliminate this uncertainty in 
ples, it may indicate that the metal particles situ reduction and sintering studies would 

CRTFILYST C150-l-01 
0 a40 RED. 3HRS. QT SOOC 

X 066 RED. 3HRS. QT SOOC 8 SIluT. 1HRS. QT BOOCIHI 

+ a59 RED. 3HRS. QT SOOC d SINT. 5HRS. QT 800CtHI 

A a60 RED. 3HRS. QT 5OOC 6 SINT. 10HRS. QT EOOCIHI 

0 061 RED. 3HRS. QT 500C d SINT. i5HRS. RT 800CtHl 

Cl ~62 RED. 3HRS. QT SOOC 6 SINT. LOHRS. QT EOOC(H1 

L (RNGSTROMS I 

FIG. 11. Particle size distribution functions of catalyst Cl%l-01 reduced at 500°C for 3 hr and 
sintered at 800°C for various times in hydrogen atmosphere. 
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CRTALYST CLSO-l-01 
Q a25 RED. 3HRS. 4T 5OOC 

X ~35 RED. 3HRS. QT 5OOC 6 SINT. LOHRS. 9T 5OOC LNI 

i ~27 RED. 3HRS. AT 5OOC h SINT. LOHRS. 4T 600C[N1 

A a31 RED. 3HRS. QT 5OOC .& S!NT. ZOHRS. 4T 700C [NI 

Cl 075 REO. 3HRS. 4T 5OOC 6 SINT. LOHRS. 9T BOOC(N1 
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FIG. 12. Particle size distribution functions of catalyst Cl%l-01 reduced at 500°C for 3 hr and 
sintered at 500, 600, 700, and 800°C for 20 hr in nitrogen atmosphere. 

have to be performed on the X-ray unit lysts (see Figs. 7 and 11). This effect is 
allowing the same volume of material to be interpreted as indicating that a different 
sampled by the beam in all conditions. mechanism of sintering is in operation at 

Sintering at 800°C under both nitrogen 800°C than at the lower temperatures. It is 
and hydrogen atmospheres produced parti- likely that at 800°C which is a temperature 
cles which are smaller than the smallest greater than one-half of the nickel melting 
particles existing in the as-reduced cata- point that atomic mobility is high and that 

CATRLYST ClSO-l-01 
0 025 RED. 3HRS. QT SOOC 

X a20 RED. 3HRS. QT 5OOC h SINT. SOHRS. 4T 5OOC LNI 

+ a21 RED. 3HRS. 4T 5OOC d SINT. 50HRS. 4T 600CtNl 

A n33 RED. 3HRS. 9T 5OOC d S!NT. SOHRS. 9T 700C(Nl 

B a76 RED. 3HRS. 9T 500C t S!NT. 50HRS. 4T EOOf(N1 

L IRNGSTROMS) 

FIG. 13. Particle size distribution functions of catalyst C15@1-01 reduced at 500°C for 3 hr and 
sintered at 500, 600,700, and 800°C for 50 hr in nitrogen atmosphere. 
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CRTRLYST C150-L-01 
0 ~40 RED. 3HRS. 41’ 5OOC 

X a41 RED. 3HRS. 4T SOOC A SINT. 5HR5. ?T 500C fH1 

+ 847 REO. 3HRS. 4T SOOC h SIFUT. SHRS. ‘?T GOOC (HI 

A n53 RED. 3HRS. 4T 5ilOC h SINT. 5HRS. 9T ‘7OOC [HI 

0 ~59 RFD. 3HRS. 9T SOOC d SINT. SHRS. 9T 800CtHl 
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FIG. 14. Particle size distribution functions of catalyst C 15@1-01 reduced at 500°C for 3 hr and 
sintered at 500,600, 700, and 800°C for 5 hr in hydrogen atmosphere. 

an atomic migration mechanism becomes 
the predominant mechanism for sintering 
process ( 17). 

The isochronal behavior of PSDs during 
sintering of the catalyst C150-l-01 is shown 
in Figs. 12-15. As can be seen, the effects 
of sintering temperature on the PSD are 

CRTALYST CL50 
0 040 RFD. 3HRS. 
X a44 REO. 3YRS. 

C *SO RED. 3HRS. 

A ~56 RED. 3HRS. 

(3 062 RED. 3HRS. 

much larger than the effects of sintering 
time. Increasing the sintering temperature 
always produces an increase in the number 
of particles in the larger size range of the 
distribution, especially at temperatures 
above 600°C. In addition to this, it is found 
that in most of the cases a small shift in the 

l-01 
41 SOOC 

4T SOOC & SIhT. ZOHRS. 4T 500C(Hl 

rtT SOOC Q SINT. 2OHRS. QT FOOC(HI 
4i SOOC d SINT. ZOtiRS. 9T 700CtHl 

4T SOOC ?a SINT. ZOHRS. QT 800C(Hl 
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FIG. 15. Particte size distribution functions of catalyst Cl50-l-01 reduced at 500°C for 3 hr and 
sintered at 500, 600, 700, and 800°C for 20 hr in hydrogen atmosphere. 
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position of the maximum in the PSD to 
larger particle size when the sintering tem- 
perature was increased. This type of sinter- 
ing behavior has also been reported by 
Renouprez et al. (28). 

In order to check independently the va- 
lidity of PSD functions determined by X- 
ray dilfraction method, transmission elec- 
tron microscopy work was done on 
specimens from five selected runs to obtain 
the PSDs by direct observation. TEM spec- 
imens were prepared by suspending the 
catalyst powder in methyl alcohol ultrason- 
ically. A drop of the suspension solution 
was placed on a copper grid which was 
coated with carbon on Formvar and the 
alcohol was allowed to evaporate. After 
drying, the specimens were observed in a 
Hitachi Hull-B electron microscope set up 
for high-resolution observations. For each 
specimen photographs enlarged to greater 
than half a million magnification were pro- 
duced. Tedious and time-consuming mea- 
surements of about 500 particles were made 
on each specimen to determine the PSD. 
Typical photographs of the “as-reduced” 
(reduced at 500°C for 3 hr) specimen and 
also specimens reduced and sintered at 
various conditions are shown in Fig. 16. 

The resulting PSD functions, normalized 
to unit area, determined by TEM are shown 
in Figs. 17-21. Superimposed on the PSDs 
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Cl50-I-01 (Run No.401 

Rehed 3hn ot WC (Hz) 
-O- X-Ray Oiffnxtbn 

- TEM 

Nil Crystallite Size (A) 

FIG. 17. Particle size distribution functions deter- 
mined by TEM and X-ray diffraction for catalyst 
ClS&l-01 in the as-reduced condition. 

40 , , I , , , , , , , , , , , ( , , 

I - CEO-I-01 (Run No.331 I 
lbdwxd 3hrs. at soo’C(H*) 
Sntsed 5Ohrs.d 7OFCLNp) 

II n 
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Nlchel Crystallite Size tk 

FIG. 18. Particle size distribution functions deter- 
mined by TEM and X-ray diffraction for catalyst 
C150-l-01 reduced and sintered at 700°C for 50 hr in 
nitrogen atmosphere. 

determined by TEM are the corresponding 
PSDs determined by the X-ray single 
profile analysis technique. The agreement 
between the results obtained from the two 
techniques is considered to be excellent, 
especially in the cases of the “as-reduced,” 
sintered at 700°C for 50 hr in nitrogen and 
hydrogen atmosphere (Figs. 17-19). The 
agreement is not as good in the case of the 
specimen sintered at 700°C for 100 hr in 
nitrogen (Fig. 20). However, this specimen 
was stored in the atmosphere about 3 
weeks after the X-ray work was completed 
and prior to making the TEM specimens. 
During this period of time a portion of the 
nickel metal possibly reoxidized, increasing 
the apparent sizes of the particles. How- 
ever, if one considers the minute amount of 
the specimens used in the TEM work, the 
agreement observed in this case is still 
good. 

Domain size distribution functions have 
been determined on Cu& using the War- 
ren double-order X-ray technique and TEM 
(19) with similar agreement as obtained 
here. However, these are the initial com- 
parison data to be reported which support 
the X-ray single profile analysis technique 
of determining the PSD functions. In addi- 
tion, although PSDs determined by TEM 
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FIG. 19. Particle size distribution functions deter- 
mined by TEM and X-ray diffraction for catalyst 
Cl%l-01 reduced and sintered at 700°C for 50 hr in 
hydrogen atmosphere. 

have been compared with the small angle 
X-ray results on a platinum catalyst (18), 
this is the first time X-ray line profile anal- 
ysis and TEM determined PSD functions 
have been performed on a supported nickel 
catalyst. 

DISCUSSION 

The results of this investigation make up 
a very complete set of PSD functions which 
describe the sintering behavior of a sup- 

ported nickel catalyst. Because of the com- 
plete nature of the data its most significant 
value should be in providing insights into 
the operating mechanism of sintering. For 
this reason the discussion will be concerned 
with describing various aspects of the oper- 
ative sintering mechanisms. 

A number of characteristics of the sinter- 
ing behavior have been observed here: the 
rapid rate of sintering at short sintering 
times, the development of an approxi- 
mately stable particle size distribution at 
longer sintering times, the changes in the 
sintering order at 8OO”C, and the formation 
of smaller particles occurred only during 
sintering at 800°C. It is necessary to envoke 
two sintering mechanisms to account for all 
of these observations; one mechanism for 
temperatures of 700°C and below and an- 
other mechanism for 800°C. For lower tem- 
peratures, a particle migration model in 
which the maximum size of the migrating 
particles is proportional to the sintering 
temperature (17) is consistent with the 
data. Other observations which support 
this mechanism are the magnitude of the 
sintering order and the development of 
tails in the PSDs to the larger particle 
size side of the distribution. 

During the initial stage of sintering, parti- 

Cl50-I-01 (Run No. 34) 
Reduced 3hrs at 50092 (He) 
Sintered 100hfs.ot MOO(Nd 
-O- X-Roy Diffraction 
J--L TEM 

Nickel Crystallite Size (A) 

FIG. 20. Particle size distribution functions determined by TEM and X-ray diffraction for catalyst 
Cl50-I-01 reduced and sintered at 700°C for 100 hr in nitrogen atmosphere. 
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Cl50- I-01 (Run M.62) 
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FIG. 21. Particle size distributrion functions deter- 
mined by TEM and X-ray diffraction for catalyst 
ClSl-01 reduced and sintered at 800°C for 20 hr in 
hydrogen atmosphere. 

cles smaller than the maximum mobile size 
migrate easily, collide, and coalesce with 
other particles to form larger particles. En- 
ergetically the favored positions for coales- 
cence to occur would be in the concave 
portions of the pore structure (20). Migra- 
tion of particles to concave regions in the 
pore structure has been suggested to be the 
process associated with initial rapid sinter- 
ing rates (20). The migration process con- 
tinues as long as migrating particles are 
available or until the growing particle fills 
the portion of the pore cavity in which it 
resides. At this point in the process the 
growth rate decreases substantially and the 
PSD function stabilizes. It is clear that 
considering sintering from this standpoint 
makes the topography and pore size distri- 
bution of the support primary characteris- 
tics which control the sintering behavior. A 
further indication of the influence of the 
support can be obtained from the sintering 
order data. The large values of the sintering 
order are attributed to a finite rate of coa- 
lescence which could be due to either a lack 
of migrating particles or a retardation of the 
migration process due to strong particle- 
support interaction. 

Two sintering characteristics observed at 
800°C are: the formation of particles 
smaller than those existing in the as-re- 

duced material (see Figs. 7 and 11) and the 
decrease in sintering order (from 13 to 6 in 
N, and from 14 to 4 in HZ) which occurred 
during 800°C sintering (see Figs. 1 and 2). 
The sintering order (4 to 6) could be ac- 
counted for by both the atomic migration 
and particle migration models for sintering. 
However, considering that at 800°C smaller 
particles were observed to form during sin- 
tering, it is likely that the atomic migration 
mechanism is operating. Furthermore, un- 
less one or more model parameters changes 
significantly it would not be possible for the 
particle migration mechanism to account 
for the changes in the sintering order ob- 
served at 800°C. For example, the diffusion 
coefficient or the rate constant of coales- 
cence would have to vary suddenly and 
drastically. Variation such as these are not 
expected. Therefore, the changes in the 
sintering order are interpreted as indicating 
that the sintering mechanism changed from 
particle migration to atomic migration. 

Considering the influence of the support, 
it would be expected that initially particles 
below a fairly large maximum particle size 
migrate, collide, and coalesce and fill pore 
sections very rapidly at 800°C. Once the 
pore sections, in which the coalesced parti- 
cle resides, are filled the particle migration 
mechanism is suppressed. Further sintering 
required the operation of an atomic migra- 
tion mechanism. When this occurs the sin- 
tering order would be expected to change 
and smaller particles would start decreasing 
their sizes. The smaller particles are the 
preferred particles for atoms to detach from 
and migrate to the larger particles existing 
in the pore structure. 

In summary it has been suggested that 
the pore structure has primary control on 
the sintering behavior of a supported metal 
catalyst. At sintering temperatures of 700°C 
and below sintering occurs by a particle 
migration mechanism. When the number of 
migrating particles is exhausted or when 
the pore sections are filled, the rate of 
sintering decreases significantly. At 800°C 
sintering temperature, the pores are filled 
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rapidly by migrating particles amf further 
sintering takes place by an atomic migra- 
tion mechanism. 

CONCLUSION 

(i) The average particle sizes and particle 
size dist~bution functions of a silica-sup- 
ported nickel catalyst during sintering were 
determined by using X-ray diffraction and 
TEM methods. The excellent agreements 
of the PSDs from two methods indicate the 
recently developed single profile analysis 
technique to be reliable. 

(ii) The effects of temperature on the 
sintering of silica-supported nickel catalyst 
are much more pronounced than the effects 
of the sintering time. 

(iii) A stable PSD forms after the initial 
rapid sintering of the supported nickel cata- 
lyst and the PSD shifts to large values as 
the sintering temperature increases. The 
pore structure of the catalyst plays an im- 
portant role in affecting the sintering behav- 
ior of the supported metal catalysts. 

(iv) Sintering at temperatures of 700°C 
and below occurs by a particle mi~at~on 
mechanism. As the temperature increases 
to 8OOC, sintering occurs by an atomic 
migration mechanism. 
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