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The reactions of n-butane and neopentane have been studied over titania-supported iridium 
catalysts of varying dispersions (0.1 5 D 5 1.0). The catalysts were characterized by electron 
microscopy and adsorption and temperature-programmed desorption of hydrogen. After low tem- 
perature reduction (473 K) hydrogenolysis of n-butane occurred in the &-unit mode and hydrogen- 
olysis of neopentane in the iso-unit mode. Both reaction types are dependent on a,,, and highly 
active sites, especially for the reaction in the iso-unit mode, are present in catalysts with &, 2 3.5 
nm. Treatment in hydrogen above 600 K caused partial reduction of titania and Ti3+ centers so 
produced interact strongly with the iridium particles (strong metal-support interaction, SMSI). 
Catalysts in the SMSI state are unable to adsorb hydrogen and for hydrocarbon reactions their 
catalytic activities fall by factors of 102 to 104. The selectivity changes which are observed may be 
attributed to morphological differences between SMSI and non-SMSI catalysts. Treatment in 1% 
oxygen in helium at 473 K followed by reduction in hydrogen at 473 K successfully destroyed the 
SMSI state in the case of highly dispersed Ir/Ti02 catalysts (& 5 1 .O nm), but higher oxidation 
temperatures (673 K) are necessary to break the strong metal-support interaction in the case of less 
highly dispersed iridium catalysts. IrOl crystals are formed in oxygen at temperatures above 573 K 
and the catalysts undergo irreversible structural changes. 

INTRODUCTION 

Metals supported on refractory oxides 
are used as catalysts for a wide range of 
reactions. High surface area supports (in 
excess of 200 m*/g) stabilize high metal dis- 
persions and thus promote the most effi- 
cient use of the catalytic functions of the 
metal. The choice of the support material 
depends on the particular catalyst applica- 
tion and parameters such as porosity, sur- 
face area, and thermal stability must be 
considered. Generally supports can be clas- 
sified as follows: (i) inert supports with no 
significant influence on adsorption or reac- 
tion properties of the metal; (ii) catalyti- 
cally active supports taking part directly in 
the reactions (bifunctional systems); and 
(iii) supports which interact with the metal 
clusters and thus affect the adsorption, and 
reaction behavior of the catalysts indi- 
rectly. Such metal-support interactions ei- 
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ther determine the structure of the metal 
clusters (“chemoepitaxial effect”) as has 
been reported by Dalmai-Imelik et ~1. (I) 

for nickel catalysts, or, if electron transfer 
between the metal clusters and the sub- 
strate occurs, result in changed electronic 
properties of the metal particles. 

Electron-deficient platinum clusters are 
claimed to form inside zeolite cages (24) 
by interaction with zeolite electron-accep- 
tor sites. A strong dependence of reaction 
rate data on the electronic nature of the 
supports has been reported by Schwab (5) 
for the dehydrogenation of formic acid on 
nickel evaporated onto p- or n-type semi- 
conductors. 

A new type of metal support interaction 
was demonstrated by Tauster et al. (6, 7) 
for metals supported on transition metal ox- 
ides such as Ti02, V205, Nb20s, and Ta205 
and treated in hydrogen at temperatures in 
excess of 700 K. The effect was named 
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SMSI (strong metal-support interaction) 
and was attributed to an electron transfer 
from the partially reduced oxide surface to 
the metal clusters and the formation of 
“electron-rich” metal. Catalysts in the 
SMSI state were unable to adsorb hydrogen 
and carbon monoxide. In a molecular or- 
bital study of platinum on titania, Horsley 
(8) proposed a model for the SMSI state, 
which is supported by binding energy shifts 
towards negative metal oxidation states ob- 
served by ESCA for platinurn/titania (9, 10) 
and rhodium/titania (10) catalysts after 
high-temperature hydrogen treatment. Fur- 
thermore, Baker et al. (II) studied evapo- 
rated platinum particles on titania and silica 
by electron microscopy and observed after 
reduction in hydrogen at 800 K the forma- 
tion of flat “pillboxes” of platinum on tita- 
nia instead of the hemispherical particles 
obtained under those conditions on silica. 
This implies that catalysts in the SMSI state 
differ structurally and electronically from 
non-SMSI catalysts. 

In an extensive study of silica and alu- 
mina-supported iridium (12), we have al- 
ready established a very distinct reaction 
pattern for hydrocarbon conversions on 
iridium and proposed two types of reaction 
mechanisms (see Ref. 13). Changes in the 
morphology and the electronic properties 
of the iridium particles are expected to in- 
fluence the reaction behavior of those parti- 
cles, and we therefore decided to extend 
these studies to the conversions of two 
characteristic hydrocarbon molecules, n- 
butane and neopentane, over titania-sup- 
ported iridium catalysts reduced in hy- 
drogen at 473 and 773 K. In addition, 
adsorption and temperature-programmed 
desorption of hydrogen was measured to 
assess the influence of various thermal 
treatments in hydrogen and oxygen on the 
adsorption behavior of the catalysts. 

EXPERIMENTAL 

Catalysts. The support materials used in 
this work were an 80% anatase-20% t-utile 
mixture (Degussa P25) with a surface area 

of 50 m2 g-l, pure anatase (Tioxide) with a 
surface area of 120 m2 g-l, and pure rutile 
(Tioxide) with a surface area of 24 m2 g-l. 
The catalysts were prepared by impregnat- 
ing those supports with chloriridic acid us- 
ing the method of incipient wetness. After 
drying in air at 380 K the catalysts were 
reduced in a stream of hydrogen at 473 K 
for 15 hr. The metal content of the catalysts 
was analyzed by atomic absorption spec- 
troscopy. The chlorine content of the cata- 
lysts was estimated from XPS data, which 
showed a lo-fold reduced chlorine peak af- 
ter treatment with hydrogen at 473 K com- 
pared to the freshly impregnated catalyst. 
Thus the maximum chloride ion concentra- 
tion has to be less than 0.5% even for cata- 
lysts containing 5% metal. Further charac- 
terization was carried out using trans- 
mission electron microscopy (TEM) and 
adsorption and temperature-programmed 
desorption (TPD) of hydrogen. The meth- 
ods and their evaluation have been reported 
earlier (12, 13). 

The catalysts were subjected to various 
selected treatments. High-temperature re- 
duction was carried out in a stream of hy- 
drogen at 773 K for 15 hr. The standard 
reactivation procedure after high-tempera- 
ture reduction consisted of treatment in a 
stream of oxygen or 1% oxygen in helium 
(flowrate 20 cm3 min-‘) at 473 or 673 K for 2 
hr followed by reduction in flowing hydro- 
gen at 473 K for further 2 hr. 

Reaction studies. The reactions of n-bu- 
tane and neopentane were carried out in a 
fixed bed reactor operating in a differential 
mode at low conversions. After pretreat- 
ment under selected conditions the cata- 
lysts were brought to the reaction tempera- 
ture in the range 450 to 520 K in a stream of 
hydrogen and the reaction mixture (nor- 
mally a hydrogen/hydrocarbon mixture in a 
molar ratio of 20 to 1) was passed through 
the reactor at a total pressure of 101 kPa. In 
this temperature range both reactions occur 
exclusively on the metal surface and are not 
influenced by support acidity and chloride 
ion impurities (12). The products were ana- 
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lyzed by gas chromatography using a 2-m 
packed column (dimethylsulfolane on fire 
brick) and an FID detector. 

Product distributions are given in mole a g 
percentage of the reactant converted, and 
the reaction rates are given as turnover fre- 

f 

quencies, Nr, evaluated according to the 
g 

formula 
g 

i!i 

N 
T 

= 2.51 x 10’7 x P x f x XHC 

WC x n(s)Ir 

is the molar fraction of hydrocarbon in feed 
(0.05), P is the percentage conversion, W, 
is the weight of catalyst (g), and ~~~~~~ is irid- 
ium surface atoms per gram of catalyst 
(from HZ adsorption or TEM). 

wherefis the flow rate at 293 K (cm3 s-l), x ; $ 
5 

RESULTS 

Catalysts 

The catalysts used in this work are listed 
in Table 1, which also contains data on 
mean particle sizes and numbers of surface 
iridium atoms, calculated from hydrogen 
adsorption. 

Hydrogen Adsorption Data 

Table 2 summarizes hydrogen adsorption 
values and dispersions (D = n~s~Ir/n~t,ta~~Ir) 
for the catalysts reduced at 473 K, after 
treatment in hydrogen at 773 K for 15 hr, 
and after subsequent oxidation treatment at 
673 K for 2 hr followed by reduction in hy- 
drogen at 473 K for 2 hr. For comparison, 
dispersions values obtained from TEM 
images are also included. 

400 500 600 700 

T (K) 

FIG. 1. TPD profiles of hydrogen from catalyst A, 
pretreated at indicated conditions. 

Temperature-Programmed Desorption 
(TPD) of Hydrogen 

The desorption profiles after adsorption 
of hydrogen at 298 K are shown in Figs. 1 
and 2 for catalysts A, and AZ. After reduc- 
tion at 773 K the amounts of desorbing hy- 
drogen were below the detection limits of 
the apparatus in the case of both catalysts. 

Reaction Data 

The reaction behavior of the fresh cata- 
lysts-after reduction at T < 520 K-is 
summarized in Table 3, which lists initial 
product distributions, activation energies, 

TABLE 1 

Catalysts after Reduction at 473 K 

Catalyst support Metal content 
m 

Mean particle 
size (nm) 
by TEM 

w& cat)-’ 
(X 10’9) 

Al P25 (Degussa) 1.0 s1.0 3.2 
Al P25 (Degussa) 5.0 3.5 4.8 
BI Anatase (Tioxide) 1.1 51.0 3.4 
G Rutile (Tioxide) 0.2 51.0 0.6 
c2 Rutile (Tioxide) 5.0 -10.0 1.4 
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TABLE 2 

Hydrogen Adsorption Data 

Catalyst Treatment Hz adsorption 
(molecules H* (g cat)-‘) 

A, H* 473 K 1.6 x lOI 1.0 1.00 
H* 773 K Very small (< 10”) - 1.00” 
H* 773 K, O* 673 K, H* 473 K 0.6 x lOI 0.38 0.35 

A2 H* 473 K 2.4 x lOI 0.31 0.30 
H* 773 K <IO” - 0.30” 
H* 773 K, O* 673 K, H* 473 K 2.9 x lOI 0.38 0.35 

Bl H* 473 K 1.7 x 10’9 1.00 1.00 
H* 773 K <lo” - 1.00” 
H* 773 K, O* 673 K, H* 473 K 0.6s x lOi 0.38 0.35 

Cl H* 473 K 0.3 x 10’9 0.96 1.00 
H* 773 K <lO” - 1.000 

C* H* 473 K 0.7 x 10’9 0.09 0.1 
Hz 773 K < 10” - - 
H* 773 K, O* 673 K, H* 473 K I.1 x 10’9 0.14 0.15 

DTEM 

0 No noticeable sintering was observed after reduction at 773 K. 

and turnover frequencies at 473 K for the Influence of Catalyst Pretreatment on the 
reactions of n-butane and neopentane ob- Reactions of n-Butane and Neopentane 
tained in the temperature range 450-520 K. 
For comparison the table also contains data Table 4 lists activation energies, turnover 
obtained on a silica-supported catalyst frequencies at 473 K, and selectivities for 
(taken from Ref. 12). the reactions of n-butane and neopentane 

TABLE 3 

Reaction Data after Reduction at <520 K 

Hydrocarbon Catalyst Product distribution” EC+ N473 
(kJ mol-I) (molecules s-l Ir,,,-I) 

Me Et Pr iso-B iso-P 

n-Butane ‘4, 
B1 
Cl 
A* 
C* 

1.5% Ir/SiOzb 

Neopentane Al 
Bl 
C, 
A2 

CZ 

1.5% Ir/SiO*b 

9.2 72.3 18.5 - - 169 
6.9 79.6 13.6 - - 166 
7.0 79.6 13.4 - - 169 

15.2 53.1 31.5 - - 140 
19.5 43.5 37.0 - - 137 
13.4 61.0 25.6 - - 170 

22.5 15.7 7.5 54.3 - 220 
16.2 22.5 7.1 54.2 - 215 
16.3 22.8 6.7 54.2 - 220 
26.7 4.5 4.4 62.1 2.3 191 
27.8 1.6 3.0 64.2 3.4 190 
30.1 8.5 3.6 57.8 - 239 

1.4 x 10-z 
2.2 x 10-Z 
2.0 x 10-2 
6.4 x IO-* 

16.8 x 10-2 
2.6 x lo-* 

1 x 10-4 
0.68 x IO-4 
0.85 x 10m4 

35 x 10-d 
95 x 10-4 
0.35 x 10-d 

n Product distributions are expressed in percentage of parent converted to indicated product. 
b Data taken from Ref. (12). 
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FIG. 2. TPD profiles of hydrogen from catalyst Az 
pretreated at indicated conditions. 

as a function of catalyst pretreatment. The 
selectivities S2 and St are defined, respec- 
tively, as the ethane fraction among the 
products for the reaction of n-butane and 
the methane/ethane ratio for the reaction of 
neopentane . 

After high-temperature reduction (773 K) 
all catalysts except CZ recover activity with 
increasing time on stream (Fig. 3) and the 
calculation of activation energies is virtu- 
ally impossible for both reactions. After 
about 30 hr on stream a lo- to lOO-fold 
higher activity was measured compared to 
the value obtained immediately after high- 
temperature reduction. The slow decrease 
in activity with increasing time on stream 
observed on catalyst CZ can probably be at- 
tributed to poisoning by coke deposition. 
Regeneration treatment at 473 K caused a 
complete restoration of activities and selec- 
tivities for the catalysts At, Bt, Ct. How- 
ever, only partial reactivation is obtained 
on catalysts A2 and C2. Treatment in oxy- 
gen at 673 K results in a change of the reac- 
tion pattern (selectivities, activation ener- 
gies, and activities) for all catalysts. 
Figures 4 and 5 demonstrate the influence 
of catalyst pretreatment on the reaction se- 
lectivity : central bond fission of n-butane (n- 
B), methane/ethane ratios from neopentane 
(neo-P) conversion, and the ratios n&z-B)/ 
N&neo-P). 

-2 

MOP: A A, 

q A, 

0 B, 

n-B: A A, 

. 0, 

10 15 20 25 30 

TIME ON STREAM h) 

FIG. 3. Changes in activity with time on stream for n-butane (full symbols) and neopentane (open 
symbols) conversions on catalysts A,, A*, and B, in the SMSI state. 
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TABLE 4 

Reaction Data: Influence of Catalyst Treatment 

Catalysts Pretreatment n-Butane Neopentane 

Lb N4d Sld Eab N473( 

Al 

B, 

Cl 

A2 

c2 

H2 473 K 
H2 773 K-initial 
HI 773 K-30 hr on stream 
Hz 773 K, 02 473 K, Hz 473 K 
H2 773 K, 02 673 K, Hz 473 K 

Hz 473 K 
H2 773 K-initial 
Hz 773 K-30 hr on stream 
H2 773 K, 02 473 K, Hz 473 K 
H2 773 K, 02 673 K, Hz 473 K 

HI 473 K 
H2 773 K-30 hr on stream 
H2 773 K, O2 473 K, H2 473 K 

H2 473 K 
H2 773 K-initial 
H2 773 K-30 hr on stream 
H2 773 K, 02 473 K, Hz 473 K 
H2 773 K, 02 673 K, H2 473 K 

H2 473 K 
H2 773 K-initial 
H2 773 K-30 hr on stream 
H2 773 K, 02 473 K, H2 473 K 
H2 773 K, 02 673 K, H2 473 K 

0.72 

0.56 
0.76 
0.65 

169 
NM’ 
NM 
170 
160 

0.80 

0.50 
0.80 
0.60 

167 
NM 
NM 
170 
155 

0.78 169 
0.50 NM 
0.79 175 

0.53 140 
0.50 NM 
0.49 NM 
0.69 160 
0.58 153 

0.44 137 
0.50 NM 
0.50 NM 
0.56 1.50 
0.55 151 

1.4 x IO-2 
<10-c 

1.2 x 10-4 
1.2 x 10-z 
3.5 x 10-2 

2.2 x 10-Z 
<10-b 

2.0 x 10-a 
2.1 x 10-2 
4.5 x IO-2 

2.0 x IO-2 
1.0 x 10-h 
2.0 x IO-2 

6.4 x 1O-2 
4.0 x 10-d 
4.5 x 10-d 
1.1 x 10-Z 
3.6 x 10m2 

1.7 x 10-r 
4.0 x IO-3 
3.2 x lO-3 
1.6 x 10m2 
3.8 x lo-* 

1.5 

4.2 
1.6 
3.5 

0.8 

5.6 
0.8 
5.0 

0.7 
5.5 
1.0 

5.9 
5.0 
4.0 
1.2 
5.0 

20.0 
21.0 
20.0 
12.0 
14.0 

220 
NM 
NM 
215 
195 

215 
NM 
NM 
225 
195 

220 
NM 
215 

190 
NM 
NM 
230 
195 

191 
NM 
NM 
193 
191 

1.0 x IO-4 
<IO-’ 

1.3 x IO-6 
4.8 x 10ms 
6.0 x 1O-4 

6.8 x IO-5 
<IO-’ 

1.0 x IO-6 
3.7 x 10-S 
9.0 x 10-d 

4.2 x 1O-5 
7.5 x 10-7 
2.4 x 10-j 

3.1 x IO-3 
3.7 x IO-5 
4.2 x IOms 
7.6 x 10-j 
9.0 x IO-4 

9.5 x 10-r 
2.2 x IO-4 
1.6 x 10m4 
6.5 x 1O-4 
8.6 x 10-d 

D S2 ratio (ethanekotal products). 
b Activation energy in kJ mol-r. 
c N4r3 molecules s-r Ir -‘-calculated assuming constant iridium metal surface for treatments 1 to 4. 
d Sr ratro (methaneiethke). 
e Activation energies could not be measured (NM) because of unstable activities. 

DISCUSSION 

Adsorption and Temperature- 
Programmed-Desorption (TPD) of 
Hydrogen 

For the fresh catalysts reduced at TR YS 
520 K dispersion values (D = IqsjIrCtotat)) 
calculated from monolayer hydrogen up- 
take (estimated by back-extrapolation to 
zero pressure from the linear part of the 
adsorption isotherm) agree closely with 
those estimated from particle size distribu- 
tions obtained by TEM. This observation is 
common for iridium irrespective of the sup- 
port material. However, if the catalysts are 

reduced at higher temperatures, signifi- 
cantly lower hydrogen uptakes are mea- 
sured and, although sintering of the parti- 
cles could not be substantiated by TEM, 
the catalysts were unable to adsorb hydro- 
gen after reduction at TR = 773 K. These 
results are in agreement with the earlier 
findings by Tauster and Fung (7) that 
metals supported on Ti02, Nb203, Ta205, 
and VZOS lose their ability to adsorb hydro- 
gen or carbon monoxide after high-temper- 
ature reduction. The phenomenon has been 
explained in terms of a strong metal-sup- 
port interaction (SMSI) caused by the re- 
duction of Ti4+ to Ti3+ and electron transfer 
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02 473 K, Ii, 473 K 
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CATALYSTPRETREATMENT 

FIG. 4. Selectivities S, and Sz as function of catalyst 
pretreatment: Si (neopentane hydrogenolysis) = ratio: 
methane/ethane; Sz (n-butane hydrogenolysis) = frac- 
tion: ethanekotal products. Reaction conditions: Ta = 
473 K, Xac = 0.05. Shaded areas define selectivities for 
IrlSi02 (Ref. 12). 

from Ti3+ to the metal resulting in “elec- 
tron-rich” metal clusters. If we adopt the 
concept of donor and acceptor reactions 
proposed by Schwab (5) and classify the 
adsorption of HZ and CO as donor interac- 
tions (electron donation from adsorbing 
molecule to the metal cluster) it seems plau- 
sible that such interactions would be sup- 
pressed on electron-rich metal particles. 

Temperature-programmed reduction pro- 
files of our titania-supported noble metals 
exhibited two distinct reduction regions, 
one at <500 K which was attributed to the 
reduction of the impregnated metal com- 
pound and a second one starting at 550 K 
and reaching a maximum at 700 K which 
has been shown to originate from the reduc- 
tion of Ti4+ to Ti3+ by spillover hydrogen 
atoms from the metal (10). ESCA experi- 
ments on such catalysts (10) proved the ex- 
istence of “electron-rich” metal clusters af- 

ter treatment in hydrogen at 800 K, and we 
are confident that the inability of our irid- 
ium/titania catalyst to adsorb hydrogen af- 
ter high-temperature reduction has to 
be attributed to strong metal-support 
interactions of the type proposed by Taus- 
ter et al. (6). Oxygen treatment at 673 K 
was claimed to restore the intrinsic adsorp- 
tion characteristic of iridium (6). If we 
treated our SMSI catalysts in 1% oxygen in 
helium at 673 K for 2 hr sintering was ob- 
served with highly dispersed catalysts and 
hydrogen uptake values were down by fac- 
tors of two to three; with the catalysts AI 
and C2 (particle size 3.5 nm and larger), 
however, some degree of redispersion is 
observed. 

Temperature-programmed desorption 
(TPD) of hydrogen measured on catalyst Al 
(representing a highly dispersed catalyst) 
and AZ (catalyst of lower dispersion) is ex- 
pected to yield more detailed information 
about the changes in the nature of the cata- 
lysts. A single TPD profile with a maximum 

s” 
I . 

B . . -.. 
.n 

. . 
. . . . .m;/:‘. V A, 

-*-. I -A 0 6, 
0 c2 

I.” r A A, 

I 
0 I I I I 

Ii, 473 K H, 773 K H, 773 K. 0,073K. 

0,473K. H2473K 

H,473K 

CATALYSTPREATREATMENT 

FIG. 5’. Variation of ratio: C2-unit hydrogenolysis to 
iso-unit hydrogenolysis as a function of catalyst pre- 
treatment. Reaction conditions: Ta = 473 K, xHC = 
0.05. Shaded areas define behavior of Ir/SiOz (Ref. 12). 



REACTIONS OF n-BUTANE AND NEOPENTANE 413 

at 500 K was obtained from the highly dis- 
persed catalyst after reduction at 473 K and 
adsorption of hydrogen at 289 K. Very sim- 
ilar profiles have already been reported for 
highly dispersed iridium on silica and alu- 
mina (12). 

For catalyst A2 with a mean particle size 
of 3.5 nm the main desorption maximum 
appeared at 390 K. The shoulder at 500 K is 
most likely caused by the presence in the 
catalyst of a significant proportion of very 
small iridium particles as seen on electron 
micrographs. A particle size dependence of 
the hydrogen desorption profile was ob- 
served previously with silica-supported 
iridium (22), but the profiles generally ex- 
tended to fairly high temperatures. The nar- 
rower profile observed with A2 seems to in- 
dicate the presence of more uniform 
adsorption sites on the surface of larger 
metal particles supported on titania. 

An increase in reduction temperature 
(TR) of catalyst Ai caused the TPD profile 
to shrink in a uniform manner (Fig. 1); at TR 
= 573 K the area under the desorption peak 
had fallen by 20%, at TR = 673 K by 90%, 
and at TR = 773 K no appreciable amounts 
of hydrogen were desorbed from the cata- 
lysts. Subsequent exposure to a stream of 
1% oxygen in helium at a temperature as 
low as 473 K was able to restore completely 
the TPD profile obtained prior to high-tem- 
perature hydrogen treatment of the cata- 
lyst. 

Negligible amounts of hydrogen were de- 
sorbed from catalyst AZ (& = 3.5 nm) after 
high-temperature reduction ( TR = 773 K), 
but in contrast with the behavior of Ai after 
subsequent oxidation at 473 K only about 
20% of the initial TPD profile is restored. 
Furthermore, the profile maximum had 
shifted to 500 K. The results suggest that 
the SMSI state has been largely destroyed 
for the very small iridium particles, but not 
for the larger ones. Treatment in 1% oxy- 
gen in helium at 673 K followed by reduc- 
tion at 473 K restored the ability of A2 to 
adsorb hydrogen, but the TPD profile which 
differs from the initial profile (after reduc- 

tion at 520 K) by showing a main desorption 
maximum at 500 K suggests a change in 
particle morphology. Already in a recent 
study on the oxidation behavior of silica- 
supported iridium catalysts at elevated tem- 
peratures (14) we reported changes of the 
catalyst structure by treatment in oxygen at 
temperatures above 573 K which were 
caused by the formation, evaporation, and 
redeposition of volatile IrO;!. Bearing in 
mind those results, it is not unexpected that 
similar changes are obtained on titania-sup- 
ported catalysts. We are, at present, carry- 
ing out a more detailed study of the influ- 
ence of the method of preparation and 
subsequent pretreatment on the structure 
of titania-supported noble metal catalysts. 

Reactions of n-Butane and Neopentane 

Catalysts reduced at T < 520 K. Two 
distinct reaction mechanisms for hydrocar- 
bon conversions already have been eluci- 
dated for iridium supported on silica or 
alumina (22, 13): a reaction via the C2-unit 
mode characterized by an activation energy 
of about 170 kJ mol-l and a turnover fre- 
quency at 473 K in the range l-2.5 x 10e2 
molecules s-l Ii-,:‘, and a reaction via the 
iso-unit mode with an activation energy in 
excess of 220 kJ mol-l and turnover-fre- 
quencies at 473 K below 10d4 molecules s-l 
Ir,-‘. The first of these mechanisms is 
responsible for the fission of primary- 
primary, primary-secondary, and secon- 
dary-secondary carbon bonds, whereas fis- 
sion of bonds involving tertiary or quater- 
nary carbon atoms can only proceed via the 
iso-unit route. C2-unit hydrogenolysis is in- 
trinsically the more facile reaction and pro- 
ceeds exclusively even if the structure of 
the reacting molecule would allow both re- 
action types to occur, e.g., neopentane and 
methane are the sole products from the hy- 
drogenolysis of neohexane. 

Comparing the results obtained on highly 
dispersed iridium on titania with the earlier 
established reaction behavior on silica-sup- 
ported iridium, a remarkable agreement is 
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noticeable. Activation energies and turn- 
over frequencies measured on the catalysts 
Ai, Bi, and Ci are very similar to reaction 
data reported for Ir/SiOZ (12), and it is rea- 
sonable to assume that the hydrocarbon re- 
actions proceed via the same mechanism 
for iridium on either support. On the other 
hand, a significant difference does exist if 
the behavior of less highly dispersed irid- 
ium on titania and silica is compared. On 
silica-supported catalysts both reactions 
are independent of particle size whereas for 
Ir/TiO:! a strong particle size dependence is 
observed. On the catalysts AZ (ai, = 3.5 nm) 
and C2 (dt, = 10.0 nm) markedly lower acti- 
vation energies (around 140 and 190 kJ 
mol-l for the reactions of n-butane and 
neopentane, respectively) are observed. 
Turnover frequencies of 6.4 x 10m2 mole- 
cules s-i Ir,-’ (threefold increase compared 
to A,) and 17.0 x 10m2 molecules s-l Ir,-’ 
(eightfold increase compared to Ci) are ob- 
tained for the conversion of n-butane at 473 
K. For the neopentane reaction an even 
more pronounced increase in activity is ob- 
served with turnover frequencies 30 to 100 
times larger than obtained on the highly dis- 
persed catalysts. Reactions via the iso-unit 
mode seem to be more affected by struc- 
tural changes of the catalysts than reactions 

via the &-unit mode, and the strong prefer- 
ence for &-unit hydrogenolysis, observed 
with silica-supported iridium catalysts irre- 
spective of particle size, diminishes on Ir/ 
TiOz catalysts with decreasing dispersions. 
The ratio N473(n-B)lN473(neo-P) proves to 
be a useful measure for changes in catalyst 
structure (Fig. 5). The particle size effects 
are demonstrated in Fig. 6, which for com- 
parison includes data obtained on silica- 
supported catalysts. 

The product distributions obtained in the 
conversion of n-butane and neopentane on 
titania-supported iridium are similar to the 
ones observed on silica- and alumina-sup- 
ported iridium catalysts. The typical reac- 
tion pattern of highly dispersed iridium 
(preferential central bond splitting of n-bu- 
tane, high ethane content of neopentane hy- 
drogenolysis products, and negligible isom- 
erization) was obtained irrespective of 
support, and silica- as well as titania-sup- 
ported iridium catalysts of lower disper- 
sions exhibited more nonselective bond 
splitting of n-butane and some isomeriza- 
tion of neopentane. 

The results imply that, although it was 
not apparent from reaction data on silica- or 
alumina-supported iridium, hydrogenolysis 
via the “&-unit” mode and the “iso-unit” 
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FIG. 6,Variation of activation energies and the ratio C+nit hydrogenolysis to iso-unit hydrogenoly- 
sis with dir on catalysts reduced at 473 K. Neopentane: A, IrfTi02; 0, Ir/SiOz (12); n-butane: A, Ir/ 
TiOz; 0, Ir/SiOz (22); 0, Ir/TiO*. 
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mode can be structure sensitive. Therefore 
the highly reactive sites present on iridium 
particles supported on titania have to be of 
a type not commonly obtained on the sur- 
face of iridium clusters supported on silica. 
The reported results do not allow a definite 
assessment of the nature of those reaction 
sites, and to our knowledge hydrocarbon 
reactions on oriented films have not been 
studied. Considering the nature of both 
supports, it seems reasonable to propose 
the following explanations for the differ- 
ences in the behavior of the catalytic sys- 
tems Ir/Si02 and Ir/TiOZ. 

On silica, which represents an amor- 
phous support with very weak metal-sup- 
port interaction, spherical or hemispherical 
iridium particles are expected to form pre- 
dominantly, exposing mainly close packed 
surfaces over a wide range of particle sizes. 
In contrast, titania is a crystalline support 
and consists of distinctly shaped crystals 
exposing definite crystallographic planes. 
Such planes may force iridium particles of 
sizes 3.0 nm and larger to adopt a morphol- 
ogy quite different from that assumed by 
iridium particles supported on silica. Fur- 
ther light on this hypothesis should be pro- 
vided by the results of a detailed study of 
the structure of iridium clusters on titania 
currently in progress in this laboratory. A 
“chemoepitaxial” effect has been reported 
earlier by Dalmai-Imelik er al. (I) for the 
system nickel antigorite, where depending 
on the reduction conditions the nickel 
platelets produced, exposed mainly (111) or 
(110) surfaces. 

Catalysts reduced at 773 K. High-tem- 
perature reduction induced the SMSI state 
in titania-supported iridium catalysts. The 
interaction is characterized by electron 
transfer from the reduced support surface 
to the metal, thus giving rise to “electron- 
rich” metal particles and a strong suppres- 
sion of donor interactions of adsorbants or 
reactants with the metal surface. It has 
been shown that catalysts in the SMSI state 
are unable to adsorb hydrogen, and since 
hydrocarbon reactions can also be classi- 

fied as donor interactions, significant losses 
in activity should occur. 

Indeed, the initial activities on highly dis- 
persed iridium on titania catalysts de- 
creased by factors of lo3 to IO4 after cata- 
lyst pretreatment in hydrogen at 773 K for 
15 hr. However, the catalysts slowly re- 
gained activity with increasing time on 
stream (Fig. 3) which made it impossible to 
measure kinetic reaction data. Such behav- 
ior has not been reported before. However, 
Tauster and Fung (7) have shown that wa- 
ter and/or oxygen are able to destroy the 
SMSI state. But a careful examination of 
the feed by mass spectroscopy did not sub- 
stantiate the presence of either of these 
substances, and we are forced to the con- 
clusion that the reaction itself is able to 
break the metal-support interaction. Since 
it is very unlikely that saturated hydrocar- 
bons in the feed would be able to interact 
strongly with Ti3+ centers, we suggest that 
the active species are unsaturated frag- 
ments spilled over to the support from the 
metal particles. To test this hypothesis we 
induced the SMSI state in catalyst A,, re- 
acted n-butane at 520 K, measured the ac- 
tivity, interrupted the reaction, injected a 
pulse of butene, and started the reaction 
again (Fig. 7). Indeed, a significantly higher 
activity is measured after each pulse. 

Over a period of 30 hr on stream a 20- to 
lOO-fold activity gain is obtained. The 
“equilibrium activity” is, however, still 
lower than that measured on the catalysts 
prior to high-temperature reduction by a 
factor of 102. On AZ and CZ (catalysts of 
lower dispersions) high-temperature hydro- 
gen treatment results in a IOO-fold decrease 
in activity, but in contrast to the highly dis- 
persed iridium-titania catalysts they do not 
regain activity with increasing time on 
stream. 

Changed product distributions are ob- 
tained for both reactions on catalysts in the 
SMSI state. This is especially apparent 
with highly dispersed iridium, which seems 
to have lost the preference for central bond 
splitting in n-butane and the ethane fraction 
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FIG. 7. Activity variation for n-butane hydrogenoly- 
sis on catalyst A, in the SMSI state: influence of bu- 
tene pulses. Reaction conditions: TR = 523 K, xHC = 
0.05. 

of the neopentane products is markedly 
lower (Fig. 4). Whether these selectivity 
changes are solely or partly caused by a 
change in metal particle morphology due to 
high-temperature reduction treatment, e.g., 
formation of “pillbox” structures as re- 
ported by Baker et al. (II) is difficult to 
assess. Such changes in our system could 
only be established with certainty by in situ 
electron microscopy. 

The small increase in the proportion of 
isomerization products from the reaction of 
neopentane may be attributed to the reduc- 
tion in the availability of adsorbed hydro- 
gen, as already suggested for reactions over 
iridium-gold catalysts (13). 

Effect of oxidation on the SMSZ state. 
Oxidation at 473 K followed by reduction 
at the same temperature destroys the SMSI 
state in the case of the highly dispersed irid- 
ium catalysts, A,, Bi, Ci, as evidenced by 
the adsorption properties (Fig. 1) and reac- 
tion data (activities and selectivities) which 
are practically identical to the data mea- 
sured on the catalysts in the non-SMSI 
state. The same treatment, however, did 
not appear to be very effective in breaking 
the metalYsupport interaction of the larger 
particles (dI, > 3.5 nm) which predominate 
in catalysts A2 and Cz. The greater activity 
gain shown by A2 (compared to CZ) must 

reflect the contribution of the significant 
proportion of very small iridium particles 
observed to be present in the catalyst. 
These particles are preferentially activated 
and as a consequence the observed reaction 
behavior is characterized by central bond 
splitting in n-butane hydrogenolysis, higher 
activation energies for the reactions of n- 
butane as well as neopentane, and high se- 
lectivity toward &-unit hydrogenolysis, 
which is the typical reaction pattern ob- 
tained on highly dispersed iridium (Fig. 4). 
Furthermore, oxidation at 473 K was able 
to restore only 5 to 10% of the initial cata- 
lyst activity in the case of catalyst C2 where 
very small particles are largely absent. 

It is by no means obvious why treatment 
in oxygen at 473 K should be sufficient to 
destroy the SMSI state in highly dispersed 
iridium catalysts (dir < 2.0 nm) but not in 
catalysts of lower dispersions (&, > 3.5 
nm). However, further studies on the struc- 
tural changes which titania-supported metal 
catalysts of various dispersions undergo as 
a function of catalyst pretreatment should 
lead to a better understanding of this phe- 
nomenon. 

According to Tauster et al. (6) oxidation 
treatment at 673 K, followed by low-tem- 
perature reduction (473 K) restores the ad- 
sorption capacity and reactivity of titania- 
supported catalysts, and indeed the 
hydrogen uptake on catalysts AZ and C2 is 
even slightly higher than that measured on 
the catalysts before high-temperature hy- 
drogen treatment. In contrast, highly dis- 
persed catalysts seem to lose some metal 
surface area. A comparison of the reaction 
pattern (Table 4) obtained on all catalysts 
before inducing the SMSI state and after 
oxidation of SMSI catalysts at 673 K 
clearly reveals considerable differences, 
and suggests that all catalysts have under- 
gone significant structural changes. This is 
not surprising as we have already demon- 
strated that under these oxidation condi- 
tions iridium supported on silica or alumina 
transforms into IrOz (14). 

Nevertheless, there exists a distinct dif- 
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ference between silica- and titania-sup- 
ported catalysts in terms of the structure 
and size of iridium particles produced by 
reduction of the oxidized catalysts. IrOz 
was shown to form large lath or boomer- 
ang-shaped crystals on silica or alumina 
(14), whereas on titania a thin film of IrOz 
seems to cover the rutile or anatase crys- 
tals. On reduction the IrO;! on silica trans- 
forms into large agglomerates of crystallites 
with a much reduced surface-to-volume ra- 
tio. On the other hand, the IrOz “film” on 
titania is converted on reduction to nests of 
unattached small iridium particles (see Fig. 
8). 

CONCLUSIONS 

(1) The reaction data measured for n-bu- 
tane (representative of a molecule reacting 
via &-unit hydrogenolysis) and neopentane 
(reacting via iso-unit hydrogenolysis) on 
highly dispersed iridium/titania catalysts re- 
duced at TR < 520 K are in good agreement 
with the reaction pattern reported for 
highly dispersed silica-supported iridium 
catalysts. 

(2) Whereas on Ir/Si02 or Ir/A120J both 
reactions seem to be independent of metal 
particle size, a strong particle size depen- 

dence was observed with the Ir/Ti02 sys- 
tem. Larger iridium particles supported on 
titania seem to expose highly reactive sites 
for hydrogenolysis of n-butane and neopen- 
tane. 

(3) High-temperature (773 K) reduction 
in hydrogen resulted in a strong metal-sup- 
port interaction (SMSI) of the type pro- 
posed by Tauster et al. (6) and Horsley (8). 
Hydrogen adsorption and hydrocarbon re- 
actions are strongly suppressed on such 
catalysts. Changes in the selectivity of 
SMSI catalysts may be attributed to addi- 
tional structural changes of the metal parti- 
cles due to the strong interaction with the 
support, e.g., formation of “pillbox” struc- 
tures as reported for Pt/TiO, (II), but fur- 
ther work has to be carried out to elucidate 
evidence for such structures. 

(4) The SMSI state can be destroyed by 
oxidation and subsequent reduction at 473 
K in the case of highly dispersed catalysts 
and the consequent reaction pattern is the 
same as that observed on the catalysts prior 
to the high-temperature hydrogen treat- 
ment. For iridium-titania catalysts of lower 
dispersions, higher oxidation temperatures 
(673 K) are necessary to break SMSI. How- 
ever, bulk Ir02 forms at oxidation tempera- 

40 nm 

FIG. 8. Electron micrographs of iridium on silica (a) and iridium on titania (b) after oxidation in 1% 
oxygen in helium at 820 K followed by reduction at 570 K. 
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tures above 573 K causing irreversible 3. Foger, K., and Anderson, J. R., J. Catal. 54, 318 
structural changes in all catalysts. (1978). 

4. Gallezot, P., Alarcon-Diaz, A., Dalmon, J. A., 
Renouprez, A. J., and Imelik, B., J. Catal. 39,334 
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