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A series of supported platinum and palladium catalysts were tested for heptane oxidation at 75 
to 200°C, 20 Torr heptane, 245 Torr oxygen, 795 Torr helium, and conversions below 1%. At these 
low temperatures, carbon fouls the metal surface. The decline in the turnover frequency with time 
is accurately fitted with this function: TOFob s = TOFAexp(-kAt) + TOFbexp(-kBt). The turnover 
frequencies of the A and B sites depend on catalyst structure. At 140°C, the activities of the A sites 
are: 0.02 s-1 for <20 A platinum crystallites, 0.45 s-i for >50 A platinum crystallites, 0.002 s-i  for 
<20 ,& palladium crystallites, and 0.07 s- ~ for >50 A palladium crystallites. The activity of the B 
sites is 10 times higher on platinum compared to palladium, and is 4 times higher on large crystallites 
compared to small ones. The amount of carbon on the catalyst depends on the half power of reaction 
time. These and other results indicate that carbon formed on the metal diffuses slowly to the 
support. The coke formation and the deactivation rate are much lower on <20 A metal crystallites 
compared to >50 A. metal crystallites. On large metal crystallites, the coke formation rate per 
exposed metal atom and the deactivation rate depend on the number of metal particles on the 
support and the support composition. Decreasing the number of particles sixfold increases the 
carbon deposition rate by 2.5 times, and decreases the deactivation rate by 5.3 times. Switching 
from zirconia (40 m2/g) to alumina (83 m2/g) at 5.0 wt% platinum increases the carbon deposition 
rate 5 times, and decreases the deactivation rate 5.5 times. Evidently, the faster the carbon migrates 
from the metal to the support, the slower the carbon fouls the metal surface. © 1991 Academic Press, Inc. 

INTRODUCTION 

Prec ious  me ta l  c a t a l y s t s  a re  used  ex ten -  
s ive ly  to r e d u c e  h y d r o c a r b o n  emi s s ions  
f rom a u t o m o b i l e s  (1, 2) and  indus t r i a l  p ro-  
c e s s e s  (3). S ince  smog  in S o u t h e r n  Cal i for-  
nia  and  in o t h e r  u rban  reg ions  o f  the  Un i t ed  
S ta t e s  is wor sen ing ,  g r ea t e r  d e m a n d s  will  
be p l a c e d  on  the  c a t a l y s t  to  ox id i ze  all the  
h y d r o c a r b o n s .  F o r  e x a m p l e ,  in Cal i forn ia ,  
the  e m i s s i o n  s t a n d a r d  for  r eac t i ve  o rgan ic  
gases  has  been  l o w e r e d  f rom 0.41 to 0.25 
g/mile ,  e f fec t ive  J a n u a r y  1991 (4). In  addi -  
t ion,  new gaso l ine  fo rmu la t i ons  have  been  
i n t r o d u c e d  wh ich  p r o d u c e  less  c a r b o n  mon-  
ox ide  and  n i t rogen  ox ide ,  bu t  the  s ame  o r  
h igher  leve ls  o f  h y d r o c a r b o n s .  H y d r o c a r -  
bon  o x i d a t i o n  o v e r  p r e c i o u s  me ta l s  has  not  
been  s tud ied  nea r ly  as  much  as  c a r b o n  mon-  
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ox ide  o x i d a t i o n  and  n i t rogen  o x i d e  r educ -  
t ion.  C lea r ly ,  t he re  is a need  to  d e v e l o p  a 
f u n d a m e n t a l  u n d e r s t a n d i n g  o f  this  c a t a l y t i c  
r eac t ion .  

Seve ra l  s tud ies  have  b e e n  p u b l i s h e d  on  
the  o x i d a t i o n  o f  m e t h a n e  (5-15), C2-C7 al- 
k a n e s  (10, 15-20), olef ins  (17, 21-30),  and  
a r o m a t i c s  (20, 28) o v e r  p r e c i o u s  me ta l s .  I t  
has  b e e n  found  tha t  m e t h a n e  is the  mos t  
diff icult  h y d r o c a r b o n  to o x i d i z e  (4, 10, 15). 
W e  have  s h o w n  tha t  the  ra te  o f  m e t h a n e  
o x i d a t i o n  d e p e n d s  on c a t a l y s t  c o m p o s i t i o n  
and  s t ruc tu re  (13, 14). P a l l a d i u m  is m o r e  
ac t ive  than  p l a t i num,  and  large  me ta l  c rys -  
ta l l i tes  a re  m o r e  ac t ive  than  smal l  me ta l  
c rys t a l l i t e s .  The  ra te  o f  C2-C  7 a l k a n e  o x i d a -  
t ion a lso  has  been  s h o w n  to d e p e n d  on  ca ta -  
lys t  c o m p o s i t i o n  and  s t ruc tu re  (10, 15, 17, 
19). Pla t i num is m o r e  ac t ive  than  pa l l a d ium,  
and  large  c rys t a l l i t e s  a re  m o r e  ac t i ve  than  
smal l  ones .  H o w e v e r ,  the  m a g n i t u d e  o f  
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these effects is uncertain. In the alkane oxi- 
dation studies which examined the effect of 
particle size, the reaction rates were mea- 
sured at high conversions where heat and 
mass transfer may have influenced the re- 
suits. Also, the deactivation of the catalyst 
during the run was not considered. 

In this work, we have investigated the 
effects of catalyst composition and structure 
on the intrinsic rate of heptane oxidation 
over supported platinum and palladium. 
Seven platinum catalysts and four palladium 
catalysts were prepared with dispersions 
ranging from 3 to 81%. Reaction rates were 
measured as a function of time at low con- 
version under a standard set of conditions. 
After reaction, the catalysts were character- 
ized by in situ gas titration, temperature- 
programmed oxidation, and infrared spec- 
troscopy of adsorbed carbon monoxide. We 
found that the catalyst activity falls rapidly 
with time because carbon fouls the metal 
surface. The effects of metal composition, 
support composition, and metal particle size 
on the rate of heptane oxidation and the rate 
of deactivation are described below. 

E X P E R I M E N T A L  

Materials 

The catalyst supports were Degussa, 
flame-synthesized aluminum oxide " C , "  
and zirconium oxide. The alumina was cal- 
cined in air at 1000°C for 24 h, while the 
zirconia was calcined in air at 600°C for 24 
h. After the treatments, the alumina and zir- 
conia surface areas were 83 and 40 m2/g, 
respectively. Various amounts of platinum 
and palladium were deposited on the sup- 
ports from Pt(NH3)4CI 2, H2PtC16, and 
H2PdCI 4. On sample number 1, the platinum 
was deposited by ion exchange at 25°C. On 
all the other samples, the platinum and palla- 
dium were deposited by incipient wetness 
impregnation. All the samples were dried at 
125°C for 2 h, then calcined in air at tempera- 
tures between 500 and 900°C for 2 h. Follow- 
ing oxidation, the metal loadings were mea- 
sured by inductively coupled plasma 
emission spectroscopy. Table 1 lists the 

T A B L E  1 

P r e p a r a t i o n  of  the  C a t a l y s t s  

Sample Support Metal Calcined Metal Initial 
number salt 2 h loading dispersion 

in air at (%) (%) 
(°c) 

1 ZrO z Pt(NH3)4CI2 500 0.4 81 
2 Z r O  2 Pt(NH3)4CI 2 500 0.3 56 
3 ZrO 2 Pt(NH3)4CI 2 500 5.0 19 
4 AI203 Pt(NH3)4CI 2 500 0,3 58 
5 AI203 H2PtCI 6 600 0.8 13 
6 AIzO 3 H2PtCI 6 700 0,8 6 
7 A1203 H2PtCI 6 600 5.0 10 
8 AI203 H2PdCI 4 700 0.2 81 
9 AI20~ H~PdC14 900 0.2 55 

10 AI203 H2PdCI 4 700 2,3 10 
11 AIzO~ H2PdCI 4 900 2.3 3 

method of preparation, the metal weight 
loading and the initial dispersion of each 
catalyst. 

The gases used for catalyst treatment, re- 
action and chemisorption were Liquid 
Air Corp. helium (99.995%), hydrogen 
(99.995%), and oxygen (99.995%) and 
Matheson research purity carbon monoxide 
(99.99%). The heptane, OmniSolv from EM 
Science, was 99.9% pure and contained less 
than 0.25 ppb sulfur. The gases were purified 
further by passing them through 13X molec- 
ular sieve traps held at -78°C. The hydro- 
gen and helium were also passed through 
Alltech oxygen adsorbent. 

Methods" 

The initial metal dispersion of each sam- 
ple was determined by hydrogen and carbon 
monoxide adsorption (31). From l to 3 g 
of sample was placed in a glass tube and 
attached to the adsorption apparatus. Then 
the sample was reduced in hydrogen at 
300°C for 1 h, evacuated to 1 x 10  - 6  Torr 
(1 Torr = 133 N/m 2) at 300°C for 0.5 h, and 
cooled in vacuum to 25°C. The catalyst was 
dosed periodically with gas and the amount 
adsorbed recorded as a function of pressure. 
The gas uptake was determined by extrapo- 
lating the linear portion of the isotherm at 
saturation coverage back to zero pressure. 
The dispersions of the platinum catalysts 
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were determined by hydrogen titration of 
preadsorbed oxygen, assuming 1.5 H 2 ad- 
sorbed per PtOs (32). The dispersions of the 
palladium catalysts were determined by car- 
bon monoxide adsorption, assuming 1.0 CO 
adsorbed per Pds (33). 

The rate of heptane oxidation was deter- 
mined in a fixed-bed microreactor. Between 
0.1 and 0.7 g of catalyst pellets (32-60 mesh) 
were loaded into a 4-mm-i.d. glass tube. A 
thermocouple was mounted just upstream 
of the bed, and the tube was placed in a 
furnace. The reaction products were ana- 
lyzed by on-line gas chromatography, using 
an HP 5890A gas chromatograph equipped 
with HaySep Q and 13X molecular sieve 
columns and a thermal conductivity detec- 
tor. Carbon dioxide was the only product 
observed. Throughout the experiments, the 
carbon dioxide concentration ranged be- 
tween 600 and 25 ppm. The lowest concen- 
trations of carbon dioxide and carbon mon- 
oxide detectable were 10 ppm. 

The procedure for evaluating the catalysts 
was as follows. The sample was heated in 
50 cm3/min oxygen at 1 l°C/min to 500°C, 
oxidized at 500°C for 20 min, cooled to 
300°C, purged in 50 cm3/min helium for 10 
min, and reduced in 50 cm3/min hydrogen at 
300°C for 20 min. This cycle of oxidation 
and reduction was repeated twice more to 
remove as much carbon as possible from 
the catalyst surface. Further cycles did not 
change the baseline quantity of carbon on 
the catalyst. The sample was next cooled 
in helium to 25°C, reheated in 22 cm3/min 
oxygen and 120 cm3/min helium at 1 l°C/min 
to 500°C, oxidized at 500°C for 20 min, 
cooled to 300°C, purged in 50 cm3/min he- 
lium for 10 min, reduced in 50 cm3/min hy- 
drogen at 300°C for 20 min, and cooled in 50 
cm3/min helium to 60°C. During tempera- 
ture-programmed heating in oxygen, the 
amount of carbon converted to carbon diox- 
ide was monitored with the gas chromato- 
graph. The baseline quantity of carbon was 
calculated by integrating under the curve of 
the rate of CO2 production versus time. 
Once the sample had cooled to 60°C, the 

helium flow was reduced to 20 cm3/min and 
the valving to the gas chromatograph was 
switched to the pulse adsorption mode. The 
catalyst was consecutively dosed with oxy- 
gen, hydrogen, carbon monoxide, and oxy- 
gen. From the number of hydrogen, carbon 
monoxide, and oxygen pulses adsorbed, the 
dispersion was calculated, assuming 3/2 H2, 
1 CO, and 1 02 adsorbed per exposed metal 
atom. Next, the sampled was reduced in 50 
cm3/min hydrogen at 300°C for 20 min and 
cooled in helium to the reaction tempera- 
ture. Heptane oxidation was begun by intro- 
ducing 20 Torr heptane, 245 Torr oxygen, 
and 795 Torr helium at 235 cm3/min. This 
mixture contained an 11% stoichiometric 
excess of oxygen. The reaction was allowed 
to proceed for 2 to 16 h. The amount of 
catalyst and the reaction temperature were 
chosen to keep the heptane conversion be- 
low 1%, thereby ensuring no effect of heat 
or mass transfer on the rate. 

Periodically throughout a run the reaction 
was stopped by switching to 30 cm3/min he- 
lium, and either the dispersion measured by 
pulse adsorption, or the surface carbon ana- 
lyzed by temperature-programmed oxida- 
tion. The metal dispersion was normally 
measured by consecutively titrating the cat- 
alyst with hydrogen, oxygen, hydrogen, car- 
bon monoxide, and oxygen at 60°C. In some 
instances, an alternative sequence was used 
consisting of carbon monoxide, oxygen, hy- 
drogen, carbon monoxide, and oxygen at 
60°C. The temperature-programmed oxida- 
tion was carried out by heating the sample in 
22 cm3/min oxygen and 120 cm3/min helium 
from 50 to 500°C at either 5 or I l°C/min. A 
heating rate of 5°C/min was used for all the 
temperature-programmed oxidation spectra 
shown later in this report. The amount of 
surface carbon oxidized was calculated as 
described in the previous paragraph. After 
pulsing, the reaction was started without 
further treatment of the catalyst. However, 
after oxidation, the catalyst was reduced at 
300°C for I0 min before starting the reaction 
again. 

Infrared spectra of adsorbed carbon mon- 
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oxide were recorded before and after reac- 
tion. A 0.1-g sample was pressed into a 13- 
ram-diameter wafer and placed in a glass 
cell. Fresh samples were reduced in 200 cm3/ 
min hydrogen at 300°C for ! h, evacuated to 
1 x 10-6Torr, and cooled to 25°C. Samples 
that had been exposed to heptane oxidation 
were immediately transferred to the infrared 
cell, evacuated to 1 x 10 -6  Torr at 60°C for 
14 h, reduced in 200 cm3/min hydrogen at 
60°C for 10 min, cooled to 25°C, and evacu- 
ated to l x 10 -6  Torr over 30 min. Small 
aliquots of carbon monoxide, from 0.5 to 
2.5 × 10 -7 tool, were dosed into the cham- 
ber at 25°C, while recording the infrared 
spectrum of the sample. The intensity of the 
infrared bands for adsorbed carbon monox- 
ide on the noble metal increased with dosing 
until the saturation point was reached (33). 
The infrared spectra shown below are for 
saturation only. The infrared spectra were 
recorded on a Digilab FTS-40 spectrometer 
with an MCT detector at 8 cm-I resolution 
and coadding from 256 to I024 scans. 

RESULTS 

Rates o f  Reaction and Deactivation 
over Platinum 

In Fig. I, the specific rate of heptane oxi- 
dation over each platinum catalyst is plotted 
against reaction time. The turnover frequen- 
cies decrease exponentially with time. Over 
samples 2, 4, and 5, the slope of the line of 
log (turnover frequency) versus time re- 
mains constant over the whole run. How- 
ever, over samples 1, 3, 6, and 7, the slope 
of the line drops after a certain period of 
time. The decay of the rate with time can be 
attributed to poisoning of the active sites. 
These sites are lost at a rate proportional to 
the number present, i.e., first-order deacti- 
vation (34) 

dO 
- k O ,  (1) 

dt 

where 0 is the fraction of active sites not 
poisoned, t is time (s), and k is the apparent 
rate constant for deactivation (s-l). The 
change in the slope of the line of log (turn- 
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FIG. I. The effect of time on the turnover frequencies 
for heptane oxidation on the platinum catalysts. 

over frequency) versus time, observed for 
some samples, suggests that there are two 
sites of high and low intrinsic activity 

T O F o b  s = TOFAO a + TOFBO B, (2) 

where TOF is the turnover frequency (s-~), 
and the subscripts Obs, A and B refer to 
observed, A site and B site, respectively. 
Substitution of the integral of Eq. (1) into 
Eq. (2) yields 

TOFob ~ = TOFaexp(-  kat ) 

+ TOFBexp(-kBt). (3) 

The curves drawn through the data points 
in Fig. 1 are the best fit of Eq. (3) to the 
results. The values of the turnover frequen- 
cies and rate constants for deactivation of 
the A and B sites obtained from the fit are 
listed in Table 2. 

The results presented in Fig. I and Table 
2 reveal that the rates of heptane oxidation 
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TABLE 2 

Rates of Heptane Oxidation and Deactivation 
over the Platinum Catalysts 

Sample Composition Initial Turnover  Deactivation 
number dispersion frequency rate constant 

(%) ( x l 0 - 2 s  - I )  ( x l 0  4 s  1) 

at 90°C at 90°C 

T O F  a TOFB k A k B 

1 0.4% Pt/ZrO 2 81 0.07 a 0.05 a 0.41 b - 0 . 0 2  b 
2 0.3% PUZrO 2 56 0.14 0.07 
3 5.0% Pt/ZrO 2 19 1.10 0.14 l l . 0 0  1.10 
4 0.3% Pt/AlzO 3 58 0.06 0.53 
5 0.8% Pt/A1203 13 3.20 0.38 
6 0.8% Pt/A1203 6 0.90 a 0.19 a 0.22 ~ 0.03 b 
7 5.0% Pt/A1203 10 2.00 0.24 2.00 0A6 

Extrapolated from 140 to 90°C using an activation energy of 19 kcal/ 
mole. 

b Extrapolated from 140 to 90°C using an activation energy of 11 kcal/ 
mole. 

IO I t  ' ' 5 0 %  PI/AI203 ' ' 

1630~20 
Time (rain) 

FIG. 2. The effect of time and temperature on the 
turnover frequency for heptane oxidation on 5.0% 
Pt/A1203, sample 7. 

vary over a wide range. The turnover fre- 
quencies for heptane oxidation at 90°C on 
the A sites increase by a factor of 53 from 
the least active to the most active catalyst. 
The activity of the A sites correlates with 
the platinum dispersion. Samples 1, 2, and 
4, with dispersions between 56 and 81%, 
exhibit turnover frequencies between 0.06 
and 0.14 x 10 -2 s -1. Whereas samples 3, 5, 
6, and 7, with dispersions between 6 and 
19%, exhibit turnover frequencies between 
0.9 and 3.2 × l0 -2 s -j. The turnover fre- 
quencies of the B sites fall within a narrow 
range, from 0.05 to 0.24 × 10 -2 s -1.  The 
activity of these sites is similar to the activ- 
ity of the A sites on the highly dispersed 
platinum. 

As shown in the table, a large variation in 
the rate constants for deactivation of the 
A and B sites is also observed. The rate 
constants for deactivation of the A sites cor- 
relate with the metal loading. Samples 3 and 
7, containing 5.0% platinum, exhibit rate 
constants between 2.0 and 11.0 × 10 -4 S- 1 
By contrast, samples 1, 2, 4, 5, and 6, con- 
taining between 0.3 and 0.8% platinum, ex- 
hibit rate constants between 0.07 and 
0.53 x 10 -4 s -1. 

The effect of temperature on the rates of 
reaction and deactivation of 5.0% Pt/A1203, 

sample 7, and 0.3% Pt/ZrO2, sample 2, is 
shown in Figs. 2 and 3, respectively. The y- 
intercepts are the turnover frequencies of 
the A sites at each temperature. An Arrhen- 
ius plot of the turnover frequencies against 
temperature is presented in Fig. 4. The ap- 
parent activation energies for heptane oxi- 
dation are 20 + 4 kcal/mole for 5.0% Pt/ 
A1203 and 19 -+ 2.5 kcal/mole for 0.3% Pt/ 
ZrO2 (1 kcal = 4.186 kJ). These activation 
energies are the same within experimental 
error. This suggests that the kinetics and 
mechanism of heptane oxidation may be the 

i0 -I , 

0 .3% Pt /Z rO 2 

~16 z 

,¢ ,., ~ IO0*C 
<> Q 

[] 
90"C t"l n 

, ~ 
I~3< ~ 45 so do ,oo ,20 

Time (min) 

FIG. 3. The effect of time and temperature on the 
turnover frequency for heptane oxidation on 0.3% 
Pt/ZrO 2, sample 2. 
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FIG. 4. The effect of temperature on the turnover 
frequencies of the A sites on 5.0% Pt/AI203, sample 7, 
and 0.3% Pt/ZrO 2, sample 2. 

same on these two samples. The difference 
in turnover frequencies may be due to a 
difference in the density of active sites. 

The slopes of the lines in Figs. 2 and 3 
yield the rate constants for deactivation of 
the A sites of 5.0% Pt/AI203 and 0.3% Pt/ 
ZrO2. At the same temperature, the former 
catalyst exhibits a rate of deactivation much 
higher than that of the latter catalyst. In fact 
at 90 and 100°C, 0.3% Pt/ZrO2 shows no 
appreciable loss of activity with time. An 
Arrhenius plot of the deactivation rate con- 
stants for 5.0% Pt/AI203 yields an activation 
energy of 11 _+ 4 kcal/mole. 

The effect of the partial pressures of hep- 
tane and oxygen on the rates of reaction and 
deactivation of 5.0% Pt/AI203 are summa- 
rized in Table 3. The oxygen pressure was 
varied while maintaining a stoichiometric 
excess of oxygen. However, the heptane 
pressure was varied widely from lean to rich 
conditions. Within the uncertainty of the 
limited measurements made, the rates of ox- 
idation and deactivation are zero order in 

TABLE 3 

Partial Pressure Dependence of the Rates of Heptane 
Oxidation and Deactivation over 5.0% Pt/AI203 at 90°C 

Partial pressures Deactivation 
(Torr) rate constant 

(×  10 -4 s- l)  

Heptane Oxygen 

Turnover 
frequency 
of A sites 
x 10 -2 s 1) 

5 80 1.7 1.0 
5 245 2.0 1.6 
5 440 0.9 0.8 

20 245 2.0 2.0 
65 245 2.4 1.8 

Order in oxygen - 0 . 3  -+ 0.4 -0 .1  _+ 0.4 
Order in heptane + 0.1 _+ 0.1 + 0.1 _+ 0.1 

heptane pressure and zero order in oxygen 
pressure. 

Rates o f  Reaction and Deactivation 
over Palladium 

The specific rate of heptane oxidation 
over each palladium catalyst is plotted 
against reaction time in Fig. 5. The palla- 
dium catalysts show the same exponential 
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FIG. 5. The effect of time on the turnover frequencies 
for heptane oxidation on the palladium catalysts. 
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TABLE 4 

Rates of Heptane Oxidation and Deactivation over the Palladium Catalysts 

Sample Composition 
number 

Initial Reaction Turnover Deactivation 
dispersion temperature frequency rate constant 

(%) (°C) (× 10 -2 S -1) (× 10 -4 S-l) 

at Trx n at Trxn 

TOF A TOF s k A ks 

8 0.2% Pd/A1203 
9 0.2% Pd/AI203 

10 2.3% Pd/A1203 
11 2.3% Pd/A1203 

81 180 0.5 0.8 
55 180 2.4 0.62 2.9 0.46 
10 140 9.4 0.36 17.5 0.37 
3 140 4.3 1.8 

decay of the rate as observed for the plati- 
num catalysts. The curves drawn in the fig- 
ure are the best fit of Eq. (3) to the data 
points. The turnover frequencies and deacti- 
vation rate constants of the A and B sites are 
presented in Table 4. These results indicate 
that the rate of heptane oxidation depends 
on the palladium dispersion. The 0.2% Pd/ 
A1203 samples, with dispersions of 55 and 
81%, exhibit turnover frequencies of the A 
sites between 0.5 and 2.4 x 10 -2 S - 1  at 
180°C. By contrast, the 2.3% Pd/A1203 sam- 
ples, with dispersions of 3 and 10%, exhibit 
turnover frequencies of the A sites between 
4.3 and 9.4 x 10 -2 s -1 at 140°C. If these 
latter samples were tested at 180°C, the turn- 
over frequencies would be much higher. The 
rate constants for deactivation of the A sites 
follow a trend parallel to that of the turnover 
frequencies. The rate constants for deacti- 
vation of the 0.2% Pd/A1203 samples at 
180°C are on average lower than those of the 
2.3% Pd/AI203 samples at 140°C. 

The activities of all the catalysts can be 
compared by extrapolating the rate mea- 
surements to the same temperature using an 
apparent activation energy of 19 kcal/mole. 
This calculation yields the following average 
turnover frequencies of the A sites at 140°C: 
0.02 s ~ for platinum particles with disper- 
sions about 50% (samples 1, 2, and 4), 0.45 
s-l for platinum particles with dispersions 
below 20% (samples 3, 5, 6, and 7), 0.002 
s-~ for palladium particles with dispersions 

above 50% (samples 8 and 9), and 0.07 s- 1 
for palladium particles with dispersion be- 
low 10% (samples 10 and 11). The rate of 
heptane oxidation is about 8 times higher on 
platinum compared to palladium, and about 
29 times higher on poorly dispersed particles 
compared to highly dispersed ones. 

Change in Metal Sites during Reaction 

The number of accessible metal sites on 
the catalysts after exposure to reaction con- 
ditions was determined by adsorption of hy- 
drogen, oxygen, and carbon monoxide. Pe- 
riodically throughout a run, the feed was 
switched from the reaction mixture to he- 
lium and the reactor cooled to 60°C. After a 
1-h purge in helium, the sample was exposed 
to repeated pulses of the different gases, and 
the amount adsorbed recorded with the gas 
chromatograph. Unfortunately, the heptane 
concentration decreased slowly after 
switching to the helium. The heptane in the 
purge gas may have titrated away any ad- 
sorbed oxygen, then decomposed on the ex- 
posed metal to adsorbed carbon. 

After exposure to heptane oxidation (and 
the helium purge), the catalysts adsorb car- 
bon monoxide and hydrogen, but not oxy- 
gen. During carbon monoxide pulsing, less 
than 10% of the gas adsorbed is liberated 
as carbon dioxide. Conversely, when the 
adsorbed carbon monoxide is titrated with 
oxygen, nearly quantitative conversion to 
carbon dioxide is observed. These results 
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TABLE 5 

Changes in the Metal Dispersions of the Catalysts 
with Exposure to Heptane Oxidation 

Sample Composition Dispersion (%) 
number 

Before After After 
reaction reaction regeneration a 

H2-O2 CO 

2 0.3% Pt/ZrOe 56 50 56 56 
3 5.0% Pt/ZrO 2 19 4 11 14 
4 0.3% Pt/AI203 58 23 51 60 
5 0.8% Pt/AI203 13 6 10 12 
7 5.0% Pt/AI203 l0 6 8 10 

11 2.3% Pd/A1203 3 3 3 3 

a The samples were regenerated after reaction by oxidation at 500°C 
for 20 rain and reduction at 300°C for 20 rain. 

indicate that only a small portion of the 
metal surface is initially covered with oxy- 
gen. Most of the metal surface is initially 
covered with carbon. Part of this carbon 
can be displaced by carbon monoxide and 
hydrogen, whereas none of it is displaced 
by oxygen. Results very similar to these are 
obtained if a fresh catalyst is exposed to 20 
Torr of heptane at 90°C for 2 h, and then 
titrated with the different gases. 

Shown in Table 5 is the change in metal 
dispersions of the catalysts with exposure 
to reaction conditions. The dispersions were 
determined by hydrogen and oxygen titra- 
tion and by carbon monoxide displacement 
of adsorbed hydrogen: 

a H  *O *H. 2 ~ + ~ H 2 0  + (4) 

ao 2 + *H ~ ½H20 + *O. (5) 

CO + *H ~ ½H 2 + *CO. (6) 

The * means a metal site. Before reaction 
and after regeneration, the dispersions cal- 
culated from Eqs. (4)-(6) are the same 
within experimental error, so only one entry 
is provided in the table. However, after re- 
action, significantly different values are cal- 
culated from Eqs. (4) and (5) compared to 
Eq. (6). Dispersions measured by hydrogen 
and oxygen titration can be more than 50% 
below those measured by carbon monoxide 

adsorption. These results indicate that the 
carbon monoxide displaces a greater frac- 
tion of the adsorbed carbon than does the 
hydrogen and oxygen. 

Comparison of the dispersion measured 
after reaction by carbon monoxide adsorp- 
tion to the dispersion measured after regen- 
eration reveals that most of the carbon de- 
posited during heptane oxidation can be 
displaced from the metal surface. The per- 
centage of the metal sites accessible to car- 
bon monoxide varies from 80 to 100%. The 
dispersions presented in Table 5 are the av- 
erage of several measurements taken 
throughout the run. Catalysts were titrated 
at different times ranging from 5 rain to 8 h 
after the start of the reaction. In all cases, 
no change in the gas uptakes is observed 
with reaction time. 

Oxygen titration of the catalysts after re- 
action is sensitive to the previous exposure 
to hydrogen. The oxygen uptake is much 
greater if hydrogen is flowed continuously 

I I I I 
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FIG. 6. Infrared spectra of adsorbed carbon monox- 
ide on the platinum catalysts before heptane oxidation. 
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TABLE 6 

Characteristics of the Infrared Spectra of Adsorbed Carbon Monoxide on the Platinum Catalysts 

Sample Composition Initial Frequency of infrared band Full-width at 
number dispersion (cm -l) half-maximum (cm -t) 

(%) 
Before After Before After 

reaction reaction reaction reaction 

2 0.3% Pt/ZrO 2 56 2076 2076 40 40 
3 5.0% Pt/ZrO 2 19 2075 2079 40 40 
4 0.3% Pt/A1203 58 2 0 6 0  2052,2074sh 55 68 
5 0.8% Pt/A1203 13 2066,2091 2066 44 50 
7 5.0% Pt/A1203 10 2069,2091sh 2065 44 50 

over the sample instead of pulsed over the 
sample. For example, the uptake of oxygen 
on 5.0% Pt/AlzO3, sample 7, is 8 times 
greater after flowing hydrogen for 10 min 
at 60°C compared to pulsing hydrogen to 
saturation. Oxygen pulsing after a hydrogen 
flow produces a large quantity of carbon 
dioxide. Most of the increased oxygen up- 
take can be accounted for in the carbon di- 
oxide. A plausible explanation for these re- 
sults is as follows: When hydrogen is flowed 
over the catalyst, surface carbon is hydroge- 
nated by hydrogen spillover from the metal 
particles. This hydrogenated carbon is more 
reactive and is titrated away by oxygen at 
60°C. 

Infrared spectra of adsorbed carbon mon- 
oxide were recorded before and after reac- 
tion to see if more could be learned about 
the carbon covering the metal surface. The 
spectra obtained before reaction for samples 
2, 3, 4, 5, and 7 are shown in Fig. 6. The 
frequencies and full-width at half-maxima 
(FWHM) are listed in Table 6. The 0.3% Pt/ 
ZrOz and 5.0% Pt/ZrO2 catalysts, samples 2 
and 3, exhibit identical infrared spectra for 
adsorbed carbon monoxide. One symmetric 
peak is observed at 2076 cm -t with an 
FWHM of 40 cm -~. The infrared peak is the 
same for the two samples in spite of a large 
difference in platinum dispersion. The 0.3% 
Pt/AIzO 3 catalyst, sample 4, exhibits a single 
symmetric peak at 2060 cm 1 with an 
FWHM of 55 cm -n. This spectrum may be 

contrasted with those of 0.8% Pt/Al203 and 
5.0% Pt]A1203, samples 5 and 7. The spectra 
of these last two catalysts contain two peaks 
at 2067 and 2091 cm -t. The FWHM of the 
combined peak is 44 cm-~, indicating that 
the individual peaks in these spectra are nar- 
rower than the single peak observed in the 
other spectra. Sample 4 differs from samples 
5 and 7 in two ways: it has a much higher 
dispersion, and it was prepared using 
Pt(NH3)4C12 instead of HzPtCI 6. Excepting 
the difference in band position, the infrared 
spectrum of sample 4 is very similar to the 
infrared spectra of samples 2 and 3. These 
samples have different dispersions, but all 
were prepared from the platinum amine 
complex. The infrared peaks observed, at 
2065, 2075, and 2091 cm- ~, are indicative of 
different sites for carbon monoxide adsorp- 
tion on the platinum. These data indicate 
that the relative concentrations of these 
sites depends on the metal salt used and the 
support composition. 

The infrared spectra of adsorbed carbon 
monoxide recorded after reaction are shown 
in Fig. 7. The band frequencies and widths 
are listed in Table 6. No changes in the infra- 
red spectra are observed following exposure 
of samples 2 and 3 to reaction conditions. 
However, samples 4, 5, and 7 show pro- 
nounced changes in the distribution of bands 
after reaction. A shoulder at 2073 cm ~ has 
appeared in the infrared spectrum of sample 
4. In the infrared spectra of samples 5 and 
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Fro. 7. Infrared spectra of adsorbed carbon monox- 
ide on the platinum catalysts after beptane oxidation. 

6, the peak at 2091 cm -~ has disappeared, 
whereas the peak at 2065 cm-1 has become 
larger and broader. Apparently, the sites 
giving rise to the 2091 cm ~ peak are sensi- 
tive to the presence of carbon on the sur- 
face, whereas the peaks at 2076 and 2060 
cm-1 are not. 

and is 45 times greater than the moles of 
platinum exposed. The amount of carbon 
deposited during heptane oxidation exceeds 
that deposited when the catalyst is exposed 
to heptane alone. After 240 min in 20 Torr 
of heptane at 90oC, 2.7 x 10 -4 mole/g of 
carbon are removed by oxidation. Carbon 
also deposits directly on the alumina sup- 
port, but at a much slower rate. After 120 
min of reaction at 90°C, the quantities of 
carbon oxidized off AI203 and 5.0% Pt/AI203 
are 0.7 and 7.0 x 10 -4 mole/g, respectively. 

Shown in Fig. 9 are temperature-pro- 
grammed oxidation spectra for about half 
the catalysts and both supports. Table 7 lists 
the temperatures of maximum oxidation 
rate. The spectra for the platinum on zirco- 
nia catalysts, samples 2 and 3, and the zirco- 
nia support are similar. A single symmetric 
peak is observed between 300 and 400°C. 
This peak shifts down from 370 to 320 to 
295°C as the metal loading increases from 0 
to 0.3 to 5.0%. These spectra are in strong 
contrast to those obtained for the platinum 
on alumina catalysts, samples 4, 5, and 7, 
and the alumina support. At metal loadings 
between 0 and 0.8% on alumina, the TPO 
spectrum consists of a broadband extending 
from 100 to 500°C. The peak maximum shifts 
down from 450 to 400 to 345°C as the weight 
of platinum increases from 0 to 0.3 to 0.8%. 
For 5.0% Pt/A1203, a sharp peak at 200°C 

Accumulation of  Carbon during Reaction e4 

Temperature-programmed oxidation spec- 
Z O  

tra were obtained after exposing the cata- 
J= 

lysts to heptane oxidation for different peri- ~ ~6 
ads of time. These experiments reveal that 
a large quantity of carbon deposits on the ~ ~2 
catalysts during heptane oxidation. The "~ 
spectra recorded of 5.0% Pt/A1203 are ~oa 
shown in Fig. 8. The area under the curve o~ 
times the heating rate equals the total 
amount of carbon oxidized off the sample, oo o 
The carbon removed after 240 min of reac- 
tion at 90°C is 1.2 × 10 3 mole/g. This is 10 
times greater than the carbon removed from 
the freshly oxidized and reduced sample, 

Reaction time 
min) 

I00 200 300  400  500 
Temperature (C) 

FIG. 8. Temperature-programmed oxidation of 5.0% 
Pt/AI203, sample 7, following different times of expo- 
sure to heptane oxidation. 
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F I G .  9. T e m p e r a t u r e - p r o g r a m m e d  o x i d a t i o n  o f  t h e  

p l a t i n u m  a n d  p a l l a d i u m  c a t a l y s t s  a n d  t h e  s u p p o r t s .  T h e  
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b e l o w  t h e  s a m p l e  n u m b e r .  

maxima are observed at 250 and 335°C. In 
summary, the rate of oxidation of the sur- 
face carbon strongly depends on the compo- 
sition of the support, the composition of the 
metal and the amount of metal deposited. 

Shown in Table 7 is the amount of ad- 
sorbed carbon converted to carbon dioxide 
by temperature-programmed oxidation. The 
quantity of carbon deposited during heptane 
oxidation correlates with the metal disper- 
sion. After reaction, only a small amount of 
carbon is removed from the catalysts with 
dispersions greater than 50%, samples 2 and 
4. The amount of carbon oxidized off these 
samples is not much different than the 
amount oxidized off the supports. By con- 
trast, a much larger amount of carbon is 
removed from the catalysts with dispersions 
below 20%, samples 3, 5, 7, and 11. The 
catalysts which are active for coke forma- 
tion are also active for heptane oxidation. 
As shown in Tables 2 and 4, the turnover 
frequencies of samples 2 and 4 at 90°C are 
near 0.001 s -~, whereas the turnover fre- 
quencies of samples 3, 5, and 7 at 90°C and 
11 at 120°C are near 0.02 s -~. 

On samples 2, 7, and 11, a series of tem- 
perature-programmed oxidation spectra 
were collected after different periods of hep- 
tane oxidation. The amount of carbon oxi- 

T A B L E  7 

T e m p e r a t u r e - P r o g r a m m e d  O x i d a t i o n  o f  t h e  P l a t i n u m  

a n d  P a l l a d i u m  C a t a l y s t s  a 

Sample Composition Initial Temperature Carbon oxidized 
number dispersion (°C) of (× 10 4 mole/g) 

(%) maximum 

rate Before After 
reaction reaction 

has grown in on top of the broadband. The 
difference between the spectra of 0.8% and 
5.0% Pt/A1203 must be due to the metal load- 
ing, since these catalysts were prepared the 
same way and have similar dispersions. The 
2.3% Pd/AI203 catalyst, sample 1 I, exhibits 
a broadband like the Pt/A1203 catalysts. 
However, in this case, two temperature 

2 0.3% Pt/ZrO 2 56 320 0.3 2.4 
3 5.0% Pt/ZrO 2 19 295 1.1 6.4 
4 0.3% Pt/AI203 58 400 0.2 1.0 
5 0.8% Pt/AI20 ~ 13 345 0.0 8.9 
7 5.0% Pt/AI203 10 200,300sh 1.1 11.6 

11 2.3% Pd/AI203 3 250,335 0.1 9.1 
AI203 450 0.3 0.7 
ZrO 2 370 0.3 0.8 

a The spectra were obtained after exposure to heptane oxidation at the 
following conditions: 4 h at 90°C for the Pt samples; 4 h at 120°C for the 
Pd samples; and 2 h at 90°C for the supports. 
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FIG. 10. The dependence of the amount of carbon 
deposited on the square root of reaction time for sam- 
ples 2, 7, and 11. The reaction temperature is given 
below the sample number. 

dized is plotted against the square root of 
reaction time in Fig. 10. Most of the data fall 
along a straight line. For sample 2, the rate 
of carbon accumulation falls below the half- 
order dependence starting at 120 min of re- 
action. This may be related to a change in 
the catalyst activity, since the rate constant 
for deactivation dropped at the same time. 
The square-root dependence of the quantity 
of adsorbed carbon on reaction time sug- 
gests that its rate of accumulation is con- 
trolled by surface diffusion. A likely sce- 
nario is that heptane decomposes to 
adsorbed carbon and hydrogen on the metal 
crystallites. Some of the adsorbed carbon is 
oxidized to carbon dioxide, while the re- 
mainder migrates to the support. The major- 
ity of the carbon removed by temperature- 
programmed oxidation comes from the 
support. 

DISCUSSION 

Composition and Structure of the 
Metal Particles 

The large variation in turnover frequen- 
cies indicates that the rate of heptane oxida- 
tion depends on the composition and struc- 
ture of the metal particles. These properties 
of the catalysts are considered next. 

During hydrocarbon oxidation, it is possi- 

ble for the platinum and palladium particles 
to be oxidized to P t O  2 and PdO (10, 13, 14, 
19). This can affect the catalytic activity. In 
the present study, the reaction temperatures 
are too low to oxidize either metal. The high- 
est reaction temperatures used are 140°C 
for platinum and 180°C for palladium. Small 
platinum and palladium crystallites begin 
oxidizing in air at 300 and 200°C, respec- 
tively (13, 14, 35, 36). Also, the uptakes 
of hydrogen, oxygen, and carbon monoxide 
after reaction are almost the same as those 
on the freshly reduced samples. If the metal 
were oxidized, much larger uptakes of hy- 
drogen and carbon monoxide would be ob- 
served with significant production of carbon 
dioxide in the latter case. 

Three different surface structures are evi- 
dent on the reduced platinum particles. 
These structures give rise to three bands at 
2065, 2075, and 2091 cm -I in the infrared 
spectrum of adsorbed carbon monoxide. 
These bands have been observed before on 
supported platinum catalysts (13, 37-39). 
They also have been observed on stepped 
Pt( l l l )  single crystals (40). The 2065 cm -1 
peak is detected at the lowest coverage of 
carbon monoxide on the single crystal. As 
the coverage increases, the step sites fill up 
and the peak shifts to 2075 cm-1. With fur- 
ther increases in coverage, the terrace sites 
fill, and the 2075 cm -1 peak disappears, 
while a second peak appears at 2085 cm 1. 
The 2085 cm i peak shifts to 2095 cm-I 
upon increasing the coverage to one mono- 
layer. The band assignments for the single 
crystal surface may be summarized as fol- 
lows: 2065 cm -1, isolated carbon monoxide 
molecule on the surface; 2075 cm 1, high 
coverage of carbon monoxide on low coor- 
dination sites; and 2095 cm l, high coverage 
of carbon monoxide on surfaces containing 
Pt(111) terraces. On supported platinum cat- 
alysts, the three peaks are attributable to 
different crystallite structures, since all 
three are observed at saturation coverage of 
carbon monoxide. The proposed band as- 
signments for the supported platinum cata- 
lysts are: 2065 cm i carbon monoxide on 
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isolated metal atoms or on very small metal 
particles; 2075 cm -~, carbon monoxide on 
small metal particles, or on large metal parti- 
cles exposing mainly low coordination sites; 
and 2991 cm-~, carbon monoxide on large 
particles with (111) facets. 

Comparison of Table 1 with Table 6 re- 
veals that the infrared spectra correlate with 
the support composition and method of cat- 
alyst preparation. The platinum on zirconia 
catalysts, samples 2 and 3, are prepared by 
impregnation with the amine salt, oxidation 
at 500°C, and reduction at 300°C. These cat- 
alysts exhibit an infrared band at 2075 cm- 
consistent with either small particles or 
large particles with rough surfaces. High- 
resolution electron micrographs are being 
obtained of the large particles to try and 
confirm this morphology. The highly dis- 
persed platinum on alumina, sample 4, is 
prepared by impregnation with the amine 
salt, oxidation at 500°C, and reduction at 
300°C. This catalyst exhibits an infrared 
peak at 2060 cm-~ indicative of very small 
metal particles. The platinum on alumina 
catalysts of low dispersion, samples 5 and 
7, are prepared by impregnation with the 
chloride salt, oxidation at 600°C, and reduc- 
tion at 300°C. These catalysts exhibit peaks 
at 2065 and 2091 cm -~ characteristic of a 
bimodal distribution of small metal particles 
and large metal particles with (111) facets. 
This distribution of sizes is confirmed by 
electron microscopy. An electron micro- 
graph of 5.0% Pt/AI203, sample 7, is shown 
in Fig. 11. Clearly evident are two sizes of 
platinum crystallites above 50 ,~ and below 
20 ,~ in diameter. 

The two sizes of platinum particles on 
alumina have been observed previously (13, 
39, 41). In these studies, the small and large 
crystallites have been referred to as the dis- 
persed and crystallite phases of platinum, 
respectively. The dispersed phase is formed 
by the adsorption of PtCI6 z onto alumina, 
followed by low-temperature oxidation and 
reduction. When the samples are oxidized at 
temperatures above 500°C, large crystallites 
are formed from the small ones. This pro- 

duces the bimodal distribution of particle 
sizes, which in turn give rise to the low and 
high frequency bands in the infrared spec- 
trum of adsorbed carbon monoxide (39). 

After exposure to heptane oxidation, the 
Pt/AlzO3 catalysts of low dispersion no 
longer exhibit the infrared band at 2091 
cm -~, whereas the infrared band at 2065 
cm- ~ has grown in intensity. This cannot be 
due to the break up of large particles into 
small ones, because the gas uptakes indicate 
the particles are still of low dispersion. A 
more likely explanation is that the adsorbed 
carbon breaks up the ordering of the ad- 
sorbed carbon monoxide molecules on the 
(111) facets, so that their vibrational fre- 
quency shifts down from 2091 to 2065 cm- ~. 

To summarize, a wide range of crystallite 
sizes and structures are exhibited by the 
platinum catalysts. Samples 1, 2, and 4 con- 
tain highly dispersed, small metal particles, 
d < 20 A. Sample 3 contains large metal 
particles, d > 50 A, which may have rough 
surfaces. Samples 5, 6, and 7 contain both 
small metal particles, d < 20 A, and large 
metal particles, d > 50 A, with (111) facets. 
Most of the surface platinum in these latter 
three catalysts is associated with the large 
particles. 

The structures of the palladium catalysts 
have not been characterized as carefully. 
Nevertheless, the palladium dispersions 
suggest that samples 8 and 9 contain small 
metal particles, d < 20 A, while samples 10 
and 11 contain large metal particles, d > 50 
,~. Electron micrographs have been taken 
of sample 10 and they indicate that the palla- 
dium crystallite sizes vary from 50 to 135 A 
in diameter. 

Structure Sensitivity of 
Heptane Oxidation 

The turnover frequency for heptane oxi- 
dation on the A sites depends on the compo- 
sition of the metal and on the metal particle 
size. At 140°C, platinum crystallites are 8 
times more active than palladium crystalli- 
tes in the same size range. Platinum crys- 
tallites larger than 50 ,~ in diameter are 20 
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FIG. 11. A transmission electron micrograph of 5.0% Pt/AI203, sample 7, at 500,000 magnification. 
The arrows point to small and large platinum particles. 

times more active than platinum crystallites 
smaller than 20 A in diameter. A similar 
effect of  particle size is observed for palla- 
dium. The change in the turnover  f requency 
of the A sites with particle size appears to 
be due to a change in the density of active 
sites, and not the mechanism or energetics 
of  the reaction. This idea is consistent with 
measuring the same apparent activation en- 
ergy for heptane oxidation on catalysts of  
low and high metal dispersion (see Fig. 4). 

The turnover  f requency for heptane oxi- 
dation on the B sites depends on the compo- 
sition of  the metal and somewhat on the 
metal particle size. At 140°C, platinum crys- 

tallites are about 10 times more active than 
palladium crystallites of similar size. On 
platinum, the large particles are only 4 times 
more active than small ones. The B sites are 
the sites on the large particles which remain 
after deactivation. As can be seen in Table 
2, the B sites on the large particles oxidize 
heptane at about the same rate as the A sites 
on the small particles. It is possible that both 
of  these sites are associated with the same 
surface structures, such as facet edges and 
corners and defects. 

The results obtained here can be com- 
pared to other  studies of  hydrocarbon oxida- 
tion over  reduced metal catalysts. Similar 
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rate differences between platinum and palla- 
dium have been reported by others. Yu Yao 
(I0) found that at 140°C in excess oxygen, 
platinum wire oxidized butane 6 times faster 
than palladium wire. Drozdov et al. (15) 
found that at 345°C in excess oxygen, plati- 
num black oxidized butane 8 times faster 
than palladium black. The effect of particle 
size was examined in both of these studies. 
However, it is unclear whether the sup- 
ported metal particles are oxidized or re- 
duced under their reaction conditions. Car- 
ballo and Wolf (27) examined the effect of 
crystallite size on propylene oxidation over 
reduced Pt/A1203 catalysts. At 130°C in ex- 
cess oxygen, 144 ,~ particles are 6 times 
more active than 11 ,~ particles. This varia- 
tion is in the same direction, but smaller 
than that observed for heptane oxidation. 

Carbon Fouling of the Metal Particles 

The deactivation of the catalysts is due to 
carbon fouling of the metal particles. The 
deactivation rate is first order in active sites 
(Eq. (1)). These kinetics are consistent with 
the sites becoming covered by coke from 
the oxidative dehydrogenation of heptane. 
After reaction, temperature-programmed 
oxidation confirms that carbon builds up on 
the catalysts throughout the run. Oxidizing 
off the carbon restores the catalysts to their 
initial activity. 

The kinetics of coke formation differ from 
the kinetics of deactivation. As shown in 
Fig. 10, the carbon buildup follows a half- 
order dependence on time. By contrast, the 
active sites foul at an exponential rate. A 
half-order dependence on time is often ob- 
served for coke formation during catalytic 
reactions (42). Voorhies (43) first reported 
this relationship for coking during catalytic 
cracking. In the present case at least, the 
half-order dependence on time is due to a 
diffusion-controlled process. Carbon 
formed on the metal particles migrates 
slowly to the support. 

The carbon that migrates to the support 
is obviously not the carbon that fouls the 
metal particles. This is why the kinetics of 

coke formation and deactivation are differ- 
ent. The carbon which fouls the metal parti- 
cles seems to be only a single adsorbed 
layer. Otherwise it would not be possible 
to displace this carbon from the surface by 
adsorption of hydrogen and carbon monox- 
ide at 60°C. The number of active sites on 
the metal surface may critically depend on 
the relative concentrations of adsorbed car- 
bon and oxygen. Deactivation may occur by 
carbon slowly displacing oxygen from the 
surface during reaction. Unfortunately, in- 
herent limitations in the pulse-adsorption 
technique prevented us from measuring the 
distribution of carbon and oxygen on the 
metal surfaces following reaction. 

During temperature-programmed oxida- 
tion, carbon migrates from the support back 
to the metal particles, where it is converted 
to carbon dioxide. This is evidenced by the 
strong dependence of the oxidation rate on 
metal loading and support composition. As 
shown in Table 7, the temperature of maxi- 
mum oxidation rate on Pt/ZrO 2 shifts from 
370 to 320 to 295°C upon increasing the plati- 
num loading from 0 to 0.3 to 5.0%. An analo- 
gous downward shift in temperature occurs 
with increasing metal loading on Pt/AI203. 
The oxidation rate accelerates as the density 
of metal crystallites on the support rises, 
because the distance the carbon atoms dif- 
fuse before reacting shrinks. Comparison of 
5% Pt/A1203 with 5% Pt/ZrO2 reveals that 
the former catalyst exhibits a much lower 
temperature of maximum oxidation rate. 
The platinum on zirconia has a higher den- 
sity of metal crystallites due to the higher 
metal dispersion and lower support surface 
area. Evidently, the carbon migration rate 
across the alumina is much faster than that 
across the zirconia, or the carbon on the 
alumina occupies sites closer to the plati- 
num particles. 

The amounts of coke laid down during 
reaction and the rates of deactivation of the 
catalysts show a similar dependence on 
metal particle size. The highly dispersed 
metal catalysts exhibit lower amounts of 
carbon deposited (Table 7) and lower deacti- 
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T A B L E 8  

C o m p a r i s o n  o f  t h e  C a r b o n  A c c u m u l a t i o n  R a t e  w i t h  

t h e  D e a c t i v a t i o n  R a t e  o v e r  t h e  P l a t i n u m  C a t a l y s t s  o f  

L o w  D i s p e r s i o n  

Sample Composition Initial Net C/Pts b Deactivation 
number dispersion carbon a rate 

(%) ( × 10 -4 constant, k A 
mole/g) (× 10 -~ s -1) 

3 5.0% Pt/ZrO 2 19 4.8 10 11.CO 
5 0.8% Pt/AI203 13 8.5 130 0.38 
7 5.0% Pt/A1203 10 10.1 51 2.00 

Net carbon, net moles carbon deposited on catalyst minus net moles 
carbon deposited on support. 

b C/Pts, net moles carbon deposited divided by moles surf'ace platinum. 

vation rate constants of the A sites (Table 2) 
than the poorly dispersed metal catalysts. 
These results indicate that small metal parti- 
cles are relatively inactive for coke forma- 
tion, and as a result, deactivate slowly if at 
all. A similar effect of particle size on the 
coke deposition rate is observed for hydro- 
carbon reforming over platinum (44). How- 
ever, in this case, significant amounts of car- 
bon accumulate on catalysts containing both 
large and small metal particles, and both 
large and small metal particles deactivate by 
carbon fouling. 

On the catalysts containing large metal 
particles, the rates of coke formation and 
deactivation depend on the amount of metal 
on the support and the support composition. 
In Table 8, the moles of carbon deposited 
per mole of platinum exposed, C/Pt s, and 
the deactivation rate constant of the A sites, 
k A, are shown for the three platinum cata- 
lysts with dispersions below 20%. The 0.8 
and 5.0% Pt/AI203 catalysts exhibit nearly 
the same dispersion, so that the latter sam- 
ple contains about 6 times more metal crys- 
tallites per unit area of support. The catalyst 
with the lower density of metal crystallites 
accumulates 2.5 times more carbon per sur- 
face platinum atom, and it deactivates at a 
5.3 times slower rate. Thus, the rate of car- 
bon accumulation normalized to the metal 
surface area correlates inversely with the 
rate of deactivation. A similar trend is ob- 
served when the effect of the support is con- 

sidered. The 5.0% Pt/AI203 accumulates 5 
times more carbon per surface platinum 
atom and deactivates at a 5.5 times slower 
rate than the 5.0% Pt/ZrO2. These trends 
can be explained as follows. Carbon pro- 
duced on the metal particles either oxidizes 
to carbon dioxide, migrates to the support, 
or fouls an active site. The faster the carbon 
diffuses from the metal to the support, the 
slower the catalyst deactivates. Decreasing 
the density of metal crystallites increases 
the diffusion rate and decreases the deacti- 
vation rate. Switching from zirconia with 40 
m2/g surface area to alumina with 83 m~/g 
surface area increases the diffusion rate and 
decreases the deactivation rate. 

The rates of heptane oxidation and deacti- 
vation follow zero-order dependencies on 
the heptane and the oxygen partial pres- 
sures. The amount of carbon accumulated 
on the catalyst is also insensitive to the pres- 
sure of heptane and oxygen. These kinetics 
are consistent with fast adsorption of hep- 
tane and oxygen followed by slow surface 
reaction. The coke formed upon heptane ad- 
sorption chooses between three parallel 
slow paths: oxidation to carbon dioxide, mi- 
gration to the support, or fouling of an active 
site. A logical choice for the active sites is 
the interface between adsorbed carbon and 
oxygen on the metal surface. At the inter- 
face, carbon and oxygen are converted to 
carbon dioxide, thereby creating vacant 
sites for adsorption of another heptane mol- 
ecule. The adsorption energies of heptane 
and oxygen may be more closely matched 
on large particles compared to small ones, 
so that the large particles contain many 
more sites where carbon and oxygen are 
adjacent. Since carbon oxidation, migra- 
tion, and fouling are parallel slow paths, 
large particles exhibit higher turnover fre- 
quencies for heptane oxidation, higher rates 
of carbon accumulation, and if carbon mi- 
gration to the support is slow, higher rates 
of deactivation. 

This study has revealed an important role 
for the support in low-temperature hydro- 
carbon oxidation over precious metals. The 
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support provides a place for coke to accu- 
mulate without interfering with the oxida- 
tion sites on the metal. If the support surface 
area increases relative to the metal surface 
area, the performance of the catalyst is 
vastly improved. This is easily seen by com- 
paring the turnover frequency versus time 
curves for 0.8% Pt/AI203, sample 5, and 
5.0% Pt/AI203, sample 7, in Fig. 2. Sample 
5 with the lower density of platinum crys- 
tallites maintains high activity over a period 
of time much longer than that of sample 7. 

CONCLUSIONS 

The platinum and palladium catalysts are 
fouled by carbon during heptane oxidation 
at low temperature. The deactivation rate is 
first-order in active sites. On some catalysts, 
two sites are present, A and B sites, with 
correspondingly high and low rate constants 
for deactivation. On 5.0% Pt/AI203, the rate 
constant for deactivation of the A sites ex- 
hibits an 11 kcal/mole activation energy, and 
does not depend on the heptane or oxygen 
partial pressures. 

The rate of carbon accumulation on the 
catalysts follows a half-order dependence 
on time, indicative of a diffusion-controlled 
process. Most of the carbon generated on 
the metal migrates to the support and does 
not foul the metal surface. The coke forma- 
tion rate and the deactivation rate depend 
on the catalyst composition and structure. 
Small platinum crystallites, d < 20 A, de- 
posit much less carbon and deactivate much 
more slowly than large platinum crystallites, 
d > 50 .~. On large platinum crystalites, 
coking and deactivation are sensitive to the 
number of metal particles on the support 
and the support composition. Increasing the 
number of metal particles on the alumina 6 
times, increases the coke formation rate per 
surface metal atom 2.5 times, and decreases 
the deactivation rate 5 times. Switching 
from zirconia (40 mZ/g) to alumina (83 mZ/g) 
at 5.0% metal loading, increases the coke 
formation rate per surface metal atom 5 
times, and decreases the deactivation rate 
5.5 times. Evidently, the faster carbon dif- 

fuses from the metal to the support, the 
slower carbon fouls the metal surface. 

The turnover frequencies for heptane oxi- 
dation on the A and B sites are moderately 
affected by the nature of the metal and the 
metal particle size. For the A sites, platinum 
is 8 times more active than palladium, and 
large platinum crystallites are 20 times more 
active than small ones. For the B sites, plati- 
num is 10 times more active than palladium, 
and large platinum crystallites are 4 times 
more active than small ones. A similar affect 
of particle size is observed for palladium. On 
5.0% Pt/AI203, the heptane oxidation rate on 
the A sites exhibits an activation energy of 
19 kcal/mole, and does not depend on the 
heptane or oxygen partial pressures. The 
same activation energy is exhibited by 0.3% 
Pt/ZrO2 which contains much smaller metal 
particles. This suggests that the change in 
turnover frequency with particle size is due 
to a change in the fraction of metal sites 
which are active for heptane oxidation'. 
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