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A study of the effects of various heat treatments on the state of dispersion of platinum in 
alumina-supported catalysts has shown that during heat treatments in hydrogen and air the 
hydrogen-chemisorption capacity (expressed as the H/Pt ratio) of the catalysts decreases. 
The mechanism by which this occurs, however, is not the same in the t)wo cases. During heat 
treatment in an oxygen-containing atmosphere above 500°C agglomeration of platinum takes 
place. This results in a bimodal size distribution of Pt crystallites: Besides well-dispersed 
platinum (crystallites below 3 nm), a fraction of particles of about IO-15 nm is formed, There 
are practically no particles of intermediate size. A carefully controlled oxidation at low tem- 
perature (below SOO’C) is not capable of redispersing the “big” crystallites. During heat 
treatment in hydrogen hardly any agglomeration of platinum takes place. However, a certain 
amount of platinum becomes “inaccessible” and causes the observed decrease in the H/Pt 
ratio. The actual mechanism by which this occurs still needs further investigation. Oxidation 
at a carefully controlled, low temperature (below about 5OO’C) restores the original contribu- 
tion to the H/Pt value of the platinum fraction which has become “inaccessible” as a result 
of heat treatment in a hydrogen atmosphere. These results suggest that it is generally incorrect 
to derive the average platinum crystallite size solely from Hz-chemisorptjion data: the exis- 
tence of a direct link between “decrease in H/Pt ratio” and “sintering” is often highly de- 
batable. For t,his reason the conclusions of various published studies are suspect. 

INTRODUCTION 

Alumina-supported platinum catalysts 
are frequently used in industrial processes 
involving, for instance, oxidation (I), 
hydrogenation and dehydrogenation, and 
naphtha reforming (2). The performance of 
such catalysts is greatly dependent on the 
degree of exposure of the metal, since it is 
well known that the dispersion of the 
platinum may affect both the activity and 
the selectivity of the catalyst. 

Changes in metal dispersion, deactiva- 
tion, and aging of the catalyst, frequently 
observed after prolonged trcatmrnt at 

high temperatures or use under industrial 
conditions, are often ascribed not only to 

such obvious causes as coke formation, but 

also to loss of available platinum surface 
area, presumably as a result of agglomera- 
tion of platinum crystallites. From the 
various papers published on the subject, 
however, only a qualitative picture can be 
derived. With respect to the sintering of 
platinum, for instance (S-5), no definite 
quantitative conclusions have been drawn 
so far since the many data available are 
often contradict,ory, which, considering the 
relatively large experimental error and the 
statistical nature of some of the analyses, 
is quite understandable. Relating the 
variables which influence the metal dis- 
persion and thus affect the catalytic 
properties is therefore of vital importance 
for gaining an insight into catalysis by 
metals in gcncral. 
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TAl3IAIS 1 

Pt/AlzOa Catalysts Tested in This Study 

Catalyst Emplaced Origin of the Al2O3 Compound used during Remark 
amount of support impregnation 
platinum 

(% by weigh0 
- 

A 0.4 Pseudoboehmitea Pt(NHdr(OHh - 

B 0.8 Pseudoboehmite Pt(NHd~(OHh - 

C 2.0 Pseudoboehmite Pt(NHa)r(OH)r 3 different 
preparat,ions 

D 0.4 UOPb HzPtC16 - 
E 0.8 UOPb HnPtCls - 
F 0.5 Pechiney, type A Pt(NHs)~(OHh - 

G 0.5 Steamed UOPb Pt(NHah(OH)z - 

0 This alumina was prepared as follows: 1764 g of A1(N03)3.9 H?O was dissolved in 18 liters of dist,illed 
water. A concentrated (25yo) NHdOH solution (8 liters) was made up with distilled water to a total volume 
of 20 liters. The two solutions were mixed with vigorous stirring; the final pH of the mixture was 10.5. The 
precipitated alumina hydrogel was filtered off and washed with distilled water until the filtrate was free of 
nitrate ions. The precipitate was dried at 120°C and calcined at 650°C for 3 h. After calcination it was 
broken to 14-35 mesh particles. 

b Universal Oil Products. 

In this context we thought it worth- 
while to study the effects of various heat 
treatments in air and hydrogen on the 
dispersion of platinum in alumina-sup- 
ported catalysts. Since careful character- 
ization of such catalysts is essential to a 
proper understanding of the observed dif- 
ferences of opinion, we examined all 
samples using Hz chemisorption, X-ray 
diffraction, and electron microscopy as 
analytical techniques. Although this in- 
vestigation has a partly exploratory char- 
acter, we hope that its results will help to 
shed some light on the factors that in- 
fluence the behavior of this interesting 
catalyst system. 

EXPERIMENTAL 

(A) Catalysts and catalyst treatments. The 
various Pt/AL03 catalysts tested in this 
study are listed in Table 1. Four different 
alumina supports wcrc used as carrier 
materials. Catalysts A, B, and C were 
deposited on a very pure pseudoboehmite- 
type alumina’ to minimize interference 

1 For method of preparation see Table 1. 

during X-ray diffraction analyses. Catalysts 
D and E were prepared with a commercial 
UOP2 alumina as carrier, and catalyst F 
with a PCchiney type-A alumina as carrier. 
The UOP alumina used for catalyst G was 
freed from chlorine by steaming at 500°C. 

The sewn catalysts were prepared by the 
“dry pore volume” impregnation method 
aft’cr precalcination of the alumina sup- 
ports at 500°C. The freshly precalcined 
materials wre impregnated with the ap- 
propriatc volume of an aqueous solution of 
l’t(NH~)*(OH)2 or H21’tCls, as indicated 
in Table 1. Unless stated otherwise, the 
imprcgnatcd aluminas wre dried for 15 
min at lOO-120°C and subscqucntly cal- 
cincd in a ventilated muffle furnace for 1 h 
at 28O”C, followed by 3 h at 500°C. 

To invcstignte the effects of various heat 
treatments we subjected the alumina-sup- 
ported 1% samples to heat treatments in 
either air or hydrogen (5000 Nl. lite+. h-l) 
in the same apparatus as that used for the 
hydrogen-chemisorption measurements 

(vide infra) . 

* UOP, Universal Oil Products. 



(K) liydroycn-chenlisorplio,l mcasurc- 
ttwtts. The degree of exposure of the 
plnt inum \\ns CL.1 cbrniilichd by hydrtgcan 
chcmixorption (H/l% at,omic ratio). The 
measurements were carried out in a con- 
vcntional static sorption apparatus (6) at 
-7S”C and 0.1 Torr HP (7). These condi- 
tions wcrc chosan to minimize adsorption 
on the support and maximize adsorption 
on the metal. Since under these conditions 
the “net adsorption” on the supported Pt 
has to be found by subtracting the adsorp- 
tion on the nonmetalized support from the 
total adsorption on the catalysts, we have 
taken great care to determine adsorption 
isobars for hydrogen on our aluminas in 
order to obtain reliable correction values. 
To eliminate a possibly low coverage of Pt 
by oxygen, all samples were reduced in 
hydrogen prior to the adsorption proper. 
This reduction was carried out at 400°C 
and atmospheric pressure for 1 h, followed 
by heating under vacuum (lo+ Torr) at. 
400°C for 16 h. 

(C) X-ray &fraction an&& (8). From 
X-ray diffraction photographs of the vari- 
ous R/r-Al203 catalysts we determined 
the average particle size of the Pt crystal- 
lites contributing to the diffraction pattern. 
Apart from this, we also determined the 
amount of Pt which these crystallites 
represented. 

All the catalyst samples were powdered 
and mounted in a rotating specimen holder 
of a diffractometer equipped with a pro- 
portional counter. The slit system was 
slightly modified to ensure a high counting 
rate. With CuKa radiation and a 2-kW 
generator the diffracted intensity was 
recorded as a function of the scanning 
angle (step scanning from 28 = 76” to 
20 = 86” in about 6 h). From the recorded 
intensity curve the intensity of the (311) 
platinum reflection was obtained after 
subtraction of the background caused by 
the r-Al203 carrier. 

The average particle size D of the Pt 
crystallites was calculated from the line- 

width p of the (311) reflection according 
to the equation : 

D = li[X/ (,tl CO8 O)], 

in which 0 is the Bragg angle and X is the 
wavclcngth of the CuKa radiation. Using 
the integral lincwidth (p = peak arcs/ 
peak height), the proportionality constant 
lc was found to bc about 1. The linewidth 
was corrected for contributions originat’ing 
from the experimental set-up. 

To obtain quantitative information 
about the amount of platinum detected, 
we prepared a number of calibration mix- 
tures by very carefully homogenizing 
platinum black powder and the r-Al203 
carrier materials. The platinum content of 
these calibration mixtures ranged from 
0.2s to 1.149;/, by weight. The various 
calibration mixtures were heated in air at 
450°C to obtain (311) Pt linewidths com- 
parable to the values found with the actual 
catalyst samples used in t,his investigation. 
After correction for background caused by 
the r-Al203 carrier the ratios of the ob- 
served Pt intensities agreed very well with 
the ratios of the Pt contents in the cali- 
bration mixtures. Throughout this in- 
vestigation the resulting calibration curve 
was used to determine the amount the 
platinum detected in the actual catalyst 
samples. 

(D) Electron-microscopic analysis (9). 
To determine the particle-size distributions 
of the Pt crystallites in the various catalysts, 
we studied the samples by electron micros- 
copy, using the ultramicrotome as well as 
the carbon replica technique. 

In a number of experiments the speci- 
mens were prepared as follows. Mixtures 
of catalyst powder and methyl methacrylate 
were heated under 5 atm nitrogen at 50- 
60°C for 5 h. The polymerized material 
was subsequently cut on an ultramicrotome 
with a diamond knife into ultrathin sec- 
tions (15-35 nm). To check the thickness 
graduation some samples comprising sec- 
tions as well as latex spheres of known 



FIG. 1. Electron micrograph of R/Ale08 catalyst (C - 1; H/Pt = 0.23). The platinum 

particles are approximately 12.5 nm. 82% of the platinum present is det,ect.ed. 230,000X. 

diameter (100 nm) were shadow casted. 
According to this method the indicated 
section thickness proved to be quite good. 
The major part of the specimens was pre- 
pared by spraying a dilute aqueous sus- 
pension of catalyst powder onto carbon 
supports of about 5-nm thickness. For 
each catalyst sample we investigated lOO- 
200 observations which had fields of the 

size of Fig. 1. From these we selected three 
or four representative photographs for 
further analyses. 

In the samples heat treated in hydrogen 
WC roughly estimated the amount of 
platinum detected by electron microscopy. 
This was done by measuring the amount 
of catalyst and the amount of platinum 
per unit area of the electron microscope 
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Heitt Treatment in Air: Influence of Calcining 
Severity on Dispersion of Alumina-Supported 
Platinuma 

Sample 

First calcinstion (“C) 
(for 1 h) 

Second calcination (“C) 
(for 3 h) 

C-l 

5.50 
(3 h) 

None 

C-2 c-3 

280 280 

500 500 

Sintering conditions 
Atmosphere 
Time (h) 
Temperature (“C) 

X-ray diffraction results 
Fraction of total Pt content 

detected (in large particles) 
Average size of 

detectable particles (nm) 

Electron microscopic results 
Fraction of total Pt content 

detected (in large particles) 
-4versge size of 

detectable particles (urn) 

H2 chemisorption results 
H/Pt overall 

Calculated H/l% values 
(basis X-ray analysis) 
Of large particles 
Of fine particles 

0.82 NON 

12.5 - 

0.70 NOW 

12.5 - 

0.23 0.98 

0.09 - 
0.95 - 

Air 
6 

550 

0.42 

8 

0.20 

12.5 

0.6“ - 

0.07 
1.03 

* Support: pseudoboehmite a!umina, see Table 1. 

images. Using three of four photographs 
per catalyst sample, we visually estimated 
the photographic density per unit area of 
photograph. The average photographic 
density of a number of individual r-Al203 
crystals was taken as a standard. The 
thickness of these crystals was taken equal 
to their lateral dimensions. 

11ESULTS 

(A) Heat Treatments in Air 

Table 2 lists some results obtained on 
three samples, all consisting of 2% by 
weight Pt on alumina (samples C-l to C-3), 
but differing in the way in which they had 
been heated in air, either during or after 
the preparation proper. 

Samples C-l and C-2 show the effect of 
the calcining conditions during the prep- 
aration. The sample calcined at 550°C 
(C-l) had a low H/Pt value (0.23). A 

nrwh bet&or ctnt~alyst, (C-2, II/R = 0.9s) 
was obtained when WC applied a careful, 
staged calcination below 500°C during its 
preparation. This calcination procedure 
proved particularly suitable for the cata- 
lysts prepared with the platinum-ammonia 
complexes. Owing to the rapid oxidation 
of ammonia, strong exothermic effects (10) 
occurred during calcination. The third 
sample, C-3, was obtained by subjecting 
sample C-2 to a post-treatment in air at 
550°C for 6 h. This treatment lowered the 
H/Pt ratio from 0.98 to 0.62. 

In the sample of the highest H/Pt value 
(C-2), no Pt crystallites could be detected 
by either electron microscopy or X-ray 
analysis. The electron micrographs (see, 
e.g., Fig. 1) of the samples calcined at 550°C 
(C-l and C-3) showed platinum particles 
of nearly uniform size (lo-15 nm). About 
the same average particle size was cal- 
culated from the X-ray diffraction data. 
The amounts of platinum found by X-ray 
analysis (expressed as a percentage of the 
total amount of platinum present in the 
catalyst) were 82 and 42 for C-l and C-3, 
respect’ively. The remaining, undetected 
amount of platinum must have consisted 
of platinum particles smaller than 3 nm, 
which is the dctcction limit of the applied 
X-ray analysis technique. 

From the particle size of the coarse 
particles we can calculate an H/I% value 
belonging to this fraction of platinum. For 
this calculation WC used a relationship be- 
twccn average particle size d (in nm) and 
H/Pt, which we derived from the work 
of Spenadcl and Boudart (11) : 

H/Pt = 0.885/d. 

This conversion of chemisorption data to 
metal particle size and vice versa requires 
a number of assumptions as discussed in 
detail by e.g., Spcnadel and Boudart (11) 
and Adler and Keavney (12). Apart from 
the assumption that all particles are pres- 
ent as cubes with one face in contact with 
the support and the remaining five faces 



exposed, the most essential assumpt’ion is 
that each platinum surface atom adsorbs 

HIP1 RATIO DETERMINED 
By HYDROGEN CHEMLSORPTION 

iOF; 

one hydrogen atom. The results published 
by Spenadel and Boudart (II) convincingly 
show that for platinum crystal sizes larger 
than 5 nm but smaller than 100 nm 
hydrogen chemisorption gives values identi- 
cal with those obtained from X-ray line 0.5 - 

broadening. Since in our case the detect,ed 
particles are lo-15 nm, we think it is 

0.4 - 

justified to calculate their contribut,ion to 0.3 - 

the overall H/Pt value. The H/Pt values 
of thr coarse fract#ion thus obtained are 
given in Table 2. From a timple H/Pt, 

zl-,,-~ 
balance the H/Pt value of the nondctcct- 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 

PLATINUM FRACTION DETECTED, a 
able (i.r., <3 nm) part,iclrs can be cal- 
culated. From the results shown in Table FM. 2. Relat,ion between the overall H/Pt# ratio 

2 we conclude that after sintcring in air 
and the extent, of Pt agglomeration for various 

the nondctrctable part of the platinum 
Pt/A1208 samples sintered in air (cr = fraction of 
metal detected as particles of 1.5.0 f  2.5 nm). 

must be still very well dispersed (H/R is 
practically l.O), while the majority of the firmed that in the air-sintered samples of 
detectable part is present as 10 to 15-nm low H/Pt value Pt particles of 10 nm 
particles. To substantiate this conclusion and larger were present. No particles 
we prepared a number of samples by sub- between 1 and 10 nm were observed. The 
jecting catalyst E (0.8% by weight Pt/ average H/Pt value for the detected Pt 
UOP alumina) to different heat treatments was calculated and found to be 0.063. 
in air. The duration of the treatments was The above results show that during heat 
varied from 6 to 70 h and the temperatures treatment in air above 500°C sintering of 
from 500 to 650%. Hydrogen chemisorp- Pt takes place, which results in a bimodal 
tion measurements carried out on this series distribution of crystallite sizes (IS). Be- 
of samples gave H/Pt values between sides well-dispersed Pt, a fraction is prcs- 
approximately 0.9 and 0.2. From X-ray cnt with particles of around 15 nm (w&h 
diffraction measurements we calculated the an H/Pt value of about 0.06). To check 
mean crystallite size as well as the weight whether this modr of sintering can account 
fraction of platinum detected. for the observed H/Pt losses, we have 

In agreement with the results obtained plotted in Fig. 2 the H/Pt values measured 
for the 2% by weight Pt/AlzOs samples by hydrogen chemisorption versus the 
(C-l to C-3), we found that, irrespective weight fraction (a) of the plat,inum de- 
of the H/Pt value of the air-sintered tected by X-ray diffraction. A correlation 
samples E, the mean crystallite size of the was found that can be described by: 
detectable amount of the platinum was 
about the same for all samples, viz., 

H/Pt = O.O& + l.O(l - cu), 

15 f 2.5 nm. The half-width values of the where the H/Pt value of the detectable 
(311) reflections of platinum were found to platinum is taken 0.06, based on the 
be the same for all samples, in spite of analysis described above ; the H/Pt value 
differences in H/Pt value. of the nondetectable platinum is assumed 

Examination of the electron micrographs to be 1.0. 
of some 100 Pt crystallites per sample con- It is worth noting that in the experi- 
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H/P1 ATOMIC RATIO (FRACTION OF METAL ATOMS EXPOSED) 

Pt,%w CATALYST 
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FIG. 3. Decrease of H/IV value during heat treat,ment, in hydrogen. 

m&s reported by Baker et al. (13%) the 
platinum particles once formed remained 
immobile on the surface. This indicates 
that particle growth probably occurs via 
the movement of very small particles 
(<3.0 nm in size). 

(B) Heat Treatments in Hydrogen 

(1) Hydrogen-chemisorption data. Five 
different Pt/A1203 samples (catalysts A-E 
with Pt contents ranging from 0.4 to 2.0% 
by weight) were heated in pure hydrogen 

TABLE 3 

Heat Treatment in Hydrogen : Influence of Tem- 
perature on H/Pt Loss of Alumina-Supported 

Platinum (Catalysts : See Fig. 3) 

Temperature Isothermal Rate constant 

Pa steady-state of H/Pt loss 

H/Pt ratio k (h-1) 

500 0.70 0.045s 
550 0.58 0.103 
600 0.48 0.214 
675 0.30 0.540 

5 Calculated from Arrhenius plot of the rates de- 
termined at 550, 600, and 675°C. 

at temperatures ranging from 500 to 675°C. 
Hydrogen-chemisorption measurements 
were carried out on the fresh and heat- 
treated samples. The H/Pt ratio of the 
fresh samples was found to be practically 
1.0 in all cases. The results presented in 
Fig. 3 show that the decrcase of the H/Pt 
ratio during heat.ing in hydrogen is in- 
dependent of the metal load and origin of 
the alumina. At a given temperature the 
H/Pt ratio of all samples decreases at the 
same rate, reaching a more or less stable 
level within the 100 h of our experiments. 
The approach to this stable level [the 
“isothermal steady-state H/Pt,” H/Pt(i,,, 
(14)] was found to follow first-order 
kinetics quite well and can be described by 
the equation : 

--d(H/Pt)/dt = k( H/Pt(t> - H/‘Ptciss,) 9 

where the symbol t stands for time (h). 
Data on the decline rate constants Ic and 
“isothermal steady-state H/Pt” have been 
collected in Table 3. 

Assuming that the temperature depen- 
dence of the rate constant obeys the 
Arrhenius equation, the activation energy 
for the loss in available surface area of 
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NUMBER OF PARTICLES 

; /,,,,,,, ” ( I:),~ ,,,,” , 

,;;I ,ii,,,I :” 4, ,ll ,,i,,,i,i 4., 

0 1.0 2.0 3.0 4.0 0 1.0 2.0 3.0 4.0 
PARTICLE SIZE, nm 

Fro. 4. Particle-size dist,ributions of Pt/Al&a samples obtained by heat treating catalyst R 
in hydrogen at, different severities. 

supported platinum in hydrogcw is found 
to be 20.9 kcal/g. at Pt, a value very close 
to the 18.4 kcal/g. at Pt rrportcd by 
Khassan et al. (14) for the sintcring of 
platinum black in vacuum. 

(2) X-ray and electron-microscopic results. 
Further studies were carried out on a 
number of samples which had been obtained 
by heating catalyst E in hydrogen at dif- 
ferent temperatures. Heating times were 
such that in all cases the “isothermal 
steady-state H/Pt” had been reached. 
After determining the H/Pt atomic ratio 
by hydrogen chemisorption, these samples 
were investigated by X-ray diffraction and 
electron microscopy. 

In none of the samples was platinum 
dctrctrd by X-ray diffraction. For H/Pt 
values down to about 0.3 this result is not 
surprising, since the size limit of the 
particles that can be detected with X-ray 
diffraction in these samples is about 3 nm. 
This corresponds to a calculated H/Pt 
value of 0.25. However, with the sample 
heated in hydrogen at S5O”C (H/Pt<0.2, 
corresponding theoretically to platinum 
particles >4 nm) the absence of a clear 
X-ray pattern is rather puzzling. With 
this sample only a very small hump at the 
(311) platinum position was observed, too 

small to fit in with tho low H/l% valur. 
Apparently, under the prevailing condi- 
tions no, or hardly any, agglomeration of 
platinum crystallitrs takes place. Addi- 
tional evidence for the latter conclusion 
was obtained from electron-microscopic 
analyses, the results of which arc shown in 
Fig. 4. Although the average size of the 
detectable particles increases slightly with 
decreasing H/Pt ratio, it is obvious that in 
all cases this average particle size is t.oo 
small to explain the measured H/Pt values. 
Moreover, the number of detected platinum 
part,icles was much smaller t,han expected. 
A quantitative determination of the amount 
of platinum detected by electron micros- 
copy rcvcalcd that this amount is only a 
small fraction of t’hc Pt prwcnt’ in the 
samples. 

From the known amounts and the 
particle-size distribution of the detectable 
fraction of platinum we calculated its 
contribution to the overall H/Pt value (see 
Table 4). The remaining, nondet,ectable 
fraction of the platinum should comprise 
particles smaller than about 0.6 nm, the 
detection limit of our electron microscope 
(Siemens Elmiscop 101). Assuming that 
the latter fractions have H/Pt values very 
close to 1.0, we calculated the overall H/Pt 
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TABLI’, 4 

Distribution of Alumina-Supported Platinum (Catalyst, k;) after a Heat, Treatment in Hydrogen 
______ -.~ _____ 

Sample P II 1116 IV 

Overall H/Pt. ratio determined by 

Hz chemisorption 

Fraction of Pt detected by electron 
microscopy, y0 by weight 

Calculated average H/Pt ratio of the 

det,ected particles 

Contribution of the detected Pt part~icles 
to t,he overall H/Pt ratio 

Fraction of Pt present in part,icles <0.6 nm 

required to give t,he overall H/Pt ratio 

0.70 0.58 0.48 0.30 

4.5 9.6 12.2 39.2 

0.94 0.92 0.90 0.75 

0.042 0.088 0.110 0.294 

(particles wit,h H/Pt = LOO), % by weight 65.8 49.2 37.0 0.6 

Fraction of Pt “inaccessible” to Hz 

(Pt with H/Pt = O.OO), % by weight 29.7 41.2 40.8 60.2 

S I, 110 h, 500°C; II, 60 h, 550°C; III, 60 h, 600°C ; IV, 10 h, 675°C. 

b Example of H/Pt balance (sample III) : 0.48 = (12.2/100) X 0.90 + (37.0/100) X 1.00 + (40.8/100) 
x 0.00. 

ratios for the various samples. The cal- 
culated values, which were all between 0.9 
and 1.0, are much higher than the actual 
values measured by hydrogen chemi- 
sorption. 

This striking discrepancy between cal- 
culated and measured H/R values can be 
accounted for only by assuming that the 
platinum fraction not detected by electron 
microscopy contributes only in part to the 
measured overall H/Pt value (see Table 4). 
This means that after heat treatment in 
hydrogen a certain amount of platinum 
is no longer available for hydrogen chemi- 
sorption. This “inaccessible” fraction of the 
platinum is presented in Table 4. 

Upon treatment in hydrogen no signif- 
icant changes could be detected in the 
alumina support, such as a collapse of the 
pore structure, which could result in part 
of the metal being trapped within the sup- 
port. We therefore assume that all of the 
platinum is still physically accessible to 
hydrogen, but part of it has lost its ability 
to chemisorb hydrogen. 

Essential for the results mentioned in 
Table 4 is the fact the adsorption stoichiom- 
etry does not depend on metal particle 

size. For all our calculations we assumed 
that each surface platinum atom chemi- 
sorbs one hydrogen atom. Consequently, 
the data obtained on the amounts of “in- 
accessible” platinum are at least correct on 
a relative basis. 

It will be clear that the estimate of the 
platinum fraction detected by electron 
microscopy has to be regarded as rather 
rough, because for highly dispersed sup- 
ported metal catalysts this technique gives 
qualitative rather than quantitative results. 
If, however, we accept that the quantita- 
tive determination of the amount of 
platinum present in these samples as 
particles of 0.6 to 3.0 nm is accurate within 
a factor of two to three, the amount of 
platinum present as “inaccessible” platinum 
will not change dramatically. 

(C) h’ffect of Air l’reatments on the H/Pt 
Value of Catalysts Severely Pretreated 
in Hydrogen 

To explain why part of the platinum 
can lose its ability to chemisorb hydrogen 
one could conceive that during heat treat- 
ment in hydrogen part of the platinum 
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reacts with the alumina surface of the 
carrier : 

Pt + A1203 + zHz -+ 

Pt.A1203-, + zHz0. (1) 

According to this hypothesis the “inacces- 
sible” amount of platinum is the platinum 
converted into Pt.Al&-,. Owing to the 
interaction with the support it has lost its 
ability to chcmisorb hydrogen. This inter- 
pretation is consistent with the surfucc 
reduction of alumina occurring at high 
temperature as proposed previously (15). 
Since the cncrgetics for surface compounds 
arc unknown and considerably different 
from those for bulk compounds, thcrmo- 
dynamic data cannot bc used in predicting 
the possibility of the proposed reaction. 
We thcreforc looked for other qualitative 
arguments. Since it can be expected that 
the Pt.Al&-, surface compound will bc 
scnsitivc to oxygen : 

Pt .AlzO-z + (1,‘2)~02 -+ 

Pt + A1203, (2) 

we wondered what would happen if a 
hydrogen-pretreated Pt/A1,03 catalyst 
were exposed to an oxidative atmosphere. 
We invest.igated this matter more closely 
using Cl-free samples to rule out a possible 
interaction by halogen (1%). The H/Pt 
values of the freshly calcincd samples and 

TABLE 5 

Increase of the H/Pt Value of Pt/A1203 Catalysts 
Previously Heated in Hydrogen by Repeated Oxida- 
tion-Reduction 

Catalyst H/Pt atomic ratio 

Original After heat After five 
treatment oxidation/ 

in hydrogen reduction 
cycles 

G 0.72 0.47 0.70 
F 0.60 0.43 0.60 
F 0.60 0.24 0.60 

C 1.00 0.64 0.07 
- 

SYMBOL CXTALYGT PAETREATMENT 
HZ, I otLl 

0 -_ G iw%,l2h 
F 

0 F 

THE GAMPLES WERE TFEATEC 
IN ATMOSPHERK: PllR 
FOR 1 h AT THE TEMPERANRES 
INDICATED. 
PRIOR TO WPt MEASUREMENT THE 
SAMPLES WERE REWCEO IN 
hYDROGM FOR 2h AT 4oOT. 

01 

t 

OLV-J 
OXIOATON TEMPERAT”AE,=C 

FIG. 5. Effect) of oxidation treatment on the H/Pt 
value of Pt/AL& samples previously heated in 
hydrogen. 

the H/l? values upon hydrogen prctreat- 
mcnt have been collected in Table 5. 

As can be seen from the results presented 
in Fig. 5 and Table 5 we succeeded in in- 
creasing the H/Pt value of the catalyst 
samples which had been purposely mal- 
treated in a hydrogen atmosphere. 

Figure 5 clearly shows that the results 
arc greatly affected by the temperature 
of the air treatments. With Cl-free UOP 
alumina the best results were obtained 
between 400 and 5OO”C, with PBchincy 
alumina between 4.5~550°C. 

The increase in H/Pt value obtained at 
a given oxidation temperature is inde- 
pendent of the length of the oxidation 
period (which was varied from 15 min to 
6 h) and of the oxygen partial pressure 
(both atmospheric air and oxygen were 
used). However, on repeated oxidation- 
reduction a further increase of the H/Pt 
atomic ratio was observed. We found that 
the H/R value increased with every 
additional air trcatmcnt, although the in- 
crcasc brcamc progressively smaller. Tho 
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FIG. 6. Guinier photographs of Pt/AleOl catalyst (sample E). (A) Heat treatment in air. The 
pattern contains three distinct Pt lines superimposed on the alumina pattern (see Fig. 6B). (B) 
Heat treatment in hydrogen. The pattern consists of alumina lines only. 

best results which we obtained by re- 
peated oxidation/reduction are given in 
Table 5. 

(D) h’fect of the Heating Atmosphere; Com- 
parison of Air and Hydrogen 

When we compare the results presented 
in the two foregoing sections, it is obvious 
that the mechanisms of H/Pt loss by heat 
treatment in air and in hydrogen must be 
completely different, in line with many 
other observations reported in the litera- 
ture [e.g., Refs. (5, 1&20)]. Our results 
demonstrate that calcining in air leads to 
partial (and ultimately complete) trans- 
formation of the well-dispersed Pt into 
large crystallites (10 nm and larger, with 
no crystallites of int!ermediate size), whereas 
crystallite growth does not occur to any 

significant extent in an Hz atmosphere. In 
Hz the loss of H/Pt is mainly caused by 
part of the Pt becoming “inaccessible.” 

A straightforward illustration of the 
different responses of Pt/AlzOs catalysts to 
heat treatments in hydrogen and air is 
given by two X-ray diffraction photo- 
graphs made with a high-temperature 
Guinier camera (Fig. 6). The left photo- 
graph was made while the catalyst sample 
was being heated up in air from about 300 
to 1100°C during 45 h. Up to about 575”C, 
only the diffraction pattern of the A1203 
support is recorded, which is in line with 
the highly dispersed nature of the platinum 
being maintained. At about 575°C Pt 
lines appear (the 111, 200, and 311 lines 
are clearly visible, superimposed on the 
alumina diffraction pattern). This demon- 
strates the sirltcrillg of part of the wcll- 
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dispersed Pt into X-ray detectable crgstal- 
lites. This photograph also shows that the 
intensity of the Pt lines gradually increases, 
whereas the line width stays practically 
constant. This means that after reaching 
a certain size t’he Pt crystallites do not 
grow any further, but gradually incrc>asc 
in number [set also Baker et al. (13b)]. 
The right photograph, taken from catalyst 
sample E heated up in hydrogen, does not 
show any Pt lines at all, even at, tcmpera- 
tures whcrc the r-Al203 is transformed into 
0-A1203. This demonstrates that in an HZ 
atmosphere sintering of Pt dots not, occur 
t’o any significant rxtcnt. 

DISCUSSION 

Our results clearly show that care should 
be taken in predicting the average size of 
the platinum particles from hydrogen- 
chemisorption data alone, even if one 
restricts oneself to samples treated in 
oxygen. By the same token it is not cor- 
rect to predict a H/Pt value from an 
average particle size dctcrmincd by either 
X-ray analysis or calectron microscopy if 
one does not have the additional informa- 
tion about the extent to which the detected 
amount of platinum represents the t.otal 
amount of Pt in the sample. Consequently, 
the H/Pt ratio cannot be used as a yard- 
stick of crystallite size under all circum- 
stances. This should be kept in mind in, for 
example, studies related to the question 
of whether or not there occur Pt-catalyzed 
structure-insensitive reactions, which is 
still an important controversial issue in the 
literature [see e.g. Refs. (21-24)]. 

Various authors [e.g. Refs. (3, 29-31)] 
have fitted their data to a simple power 
caquation of th(l form : 

n-h(w S is th(> m&l surface arca, U. is 
generally reported as an integer, and the 
activation energy is incorporated into the 
constant X:. Ewn if \v(: rwtrict ours(~lvw 
to the results ubtaincd upon sint’cring in 

air, we find that the processes occurring 
are too complicated to justify the applica- 
tion of such a simple power law equation. 
With respect to the sintering mechanism, 
wc fwl that thr rrsults obtained so far are 
insufficichntly conclusive to allow a dis- 
tinction to bc made bct’wwn crystallite 
migration (32) and atomic or molecular 
interparticlc transport (33) as possible 
alternatives describing the reported phc- 
nomcna. Further experiments will be ncces- 
sary to establish which factors lead to loss 
of exposed platinum surface area. 

Previously reported data (25-28) on the 
catalytic activity of Pt/Al,Oa arc con- 
sistent with the concept that part of the 
platinum may lose its ability to chemisorb 
hydrogen through a chemical reaction with 
the support. In these studies Pt/AlzOa 
samples, prepared along the lines which 
we followed to make catalysts E and F, 
were subjected to treatments in hydrogen 
to obtain H/Pt values ranging from 1.0 
down to 0.23. High-temperature treatment 
in hydrogen always causrd the activities 
to decreaw, both for benzene hydrogcna- 
tion (25) and for whcxanr dehydrocycliza- 
tion and isomerization (28). The observed 
activity decrease was found to be pro- 
portional to the reduction in H/Pt ratio. 
These activity data together with our 
observations justify our assumption as 
regards the cxistencc of ‘?naccessible” 
platinum. It will be clear, however, that 
more cxpcriments are needed to explain in 
detail the intriguing phenomena occurring 
in reducing atmospheres. We intend to 
report on such results in a subsequent 

paper (34). 
Various investigators [e.g. Refs. (12, 

35-39)] have reported increases in Pt dis- 
persion during treatments of Pt catalysts 
in oxygen-containing atmospheres, a phc- 
nomcnon which has been attributed t#o 
redispcrsion of the metal. It is interesting 
to note, however, that the ultimate level 
of H/t? to which wc were able to restore 
the H/l% value ncvcr cxcccdcd the H/N 
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level of the fresh sample (i.e., prior to the 
treatment in hydrogen). Part of the plat- 
inum present in our freshly prepared, non- 
optimal samples (H/Pt lower than 1.0) 
had presumably been sintered during 
catalyst preparation into “big” crystallites, 
before we started the pretreatments in 
hydrogen. The fact that we could not raise 
the H/Pt ratio above the original value by 
successive oxidation/reduction treatments 
strongly suggests that the beneficial effect 
of an oxidation treatment is limited to 
recovery of that portion of the platinum 
which had become “inaccessible” during 
maltreatment in hydrogen and that by 
oxidation one does not actually rcdisperse 
sintered platinum. 
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