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The objective of this study is to investigate the structure and activity of composite oxide
(A1LO;-TiO, and TiO,-Al,O;)-supported Pt and Ir catalysts. Two characterization techniques,
temperature-programmed reduction/temperature-programmed desorption (TPRd/TPD) and ethane
hydrogenolysis were used. TPRd/TPD provided information on the structure of the catalyst whereas
ethane hydrogenolysis provided information on the structure and activity. The TPRd, TPD, and
ethane hydrogenolysis results suggest that two processes, AI** dissolution in acidic impregnation
solutions and TiO, overlayer formation occurring in reducing environments affect the structure and
activity of these catalysts. Specifically, the TPRd results indicate that the readsorbed AP+ species
inhibits the amount of chloride liberated during calcination; this results in an increase in the amount
of hydrogen consumed during reduction. The TPD results suggest that TiO, overlayer formation
occurs in the case of composite oxides. The readsorbed AP+ increases the hydrogenolysis activity
of these catalysts. The intimate association of the noble metal and AI’* suggests that alloys of the
form Pt;Al and IrAl may exist on the surface of the Pt and Ir catalysts. These factors have been

considered and models for the structures of these catalysts have been proposed.

Press, Inc.

INTRODUCTION

In order to achieve greater understanding
about how good supported metal catalysts
can be prepared, more information on the
structure and structure-activity relation-
ships of catalysts is needed. It is difficult
to optimize the performance of a catalyst
without any information on its structure.
Oxides commonly used to prepare sup-
ported metal catalysts may be classified into
two categories: simple oxides and compos-
ite oxides. Composite oxides provide a way
of dispersing an intrinsically low surface
area carrier on a high surface area support.
The number, strength, and type of acid sites
can be controlled by varying their composi-
tion (/-5), and the catalytic properties of
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supported metals can be influenced by the
presence of the binary oxide.

The structure, activity, and the struc-
ture—activity relationship of alumina/titania
composite oxide-supported Pt and Ir cata-
lysts are the focus of this study. Simple ox-
ide-supported catalysts have also been stud-
ied under identical conditions to provide a
basis for comparing the behavior of the com-
posite oxide-supported catalysts, The sec-
ondary phase (minor component of the com-
posite oxide) weight loading in the
composites oxides used was relatively low,
ie., 087% ALO;-TiO, and 11.4%
TiO,~AlLO;. The metal weight loading for
the precursors was 3%. Under these condi-
tions, based on adsorption equilibrium con-
siderations, the maximum amount of metal
that can be dispersed on the secondary
phase is extremely small compared to the
amount of metal that can be dispersed on
the primary phase (major component of the
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composite oxide on a weight basis). There-
fore, the metal is essentially distributed on
the primary phase and the secondary phase
acts as a perturbation in the system.

The alumina/titania system possesses
some properties of interest, alumina dissolu-
tion (6-9) and TiO, overlayer formation
(10-13). These two processes occur at dif-
ferent stages of catalyst preparation. While
AP* dissolution and readsorption occurs
during impregnation, TiO, overlayer forma-
tion occurs in a reducing environment. The
effect of these processes on the structure
and activity of these catalysts has been
studied using two procedures: temperature-
programmed  reduction/temperature-pro-
grammed desorption (TPRd/TPD) and
ethane hydrogenolysis. In a typical catalyst
preparation sequence, reduction is the last
step that leads to the formation of the fin-
ished catalyst. In order to follow the
changes occurring in these systems during
reduction, temperature-programmed reduc-
tion, a dynamic characterization technique,
was used. Since investigation of the struc-
ture, activity, and the structure-activity re-
lationship is of importance here, ethane hy-
drogenolysis, a structure-sensitive reaction,
was chosen as a test reaction. (The rate de-
pends on the dispersion of the catalyst when
the reaction under consideration is structure
sensitive). While TPRd/TPD provides infor-
mation on the structure of the precursor/
catalyst, the ethane hydrogenolysis test re-
action provides information on both the
structure and the activity of the catalyst.
Suppressed hydrogenolysis activity appears
to be a general feature of strong metal-sup-
port interactions (SMSI) catalysts, where
TiO, overlayer formation can occur (/4, 15).
The hydrogenolysis activities of Pt and Ir on
TiO, are approximately an order of magni-
tude lower than those of Pt and Ir supported
on Al,O;.

The TPRd results indicate that read-
sorbed AI** inhibits the amount of chloride
(resulting from the use of chloroplatinic and
chloroiridic acids to prepare the precursors)

SUBRAMANIAN AND SCHWARZ

liberated during calcination. The TPD re-
sults suggest that TiO, overlayer formation
occurs in the case of composite oxides. Re-
adsorbed APP" increases the activity of Pt
and Ir catalysts in the hydrogenolysis reac-
tion; the effects are more pronounced in the
case of Ir. The ethane hydrogenolysis and
TPRd results suggest that alloys of the form
Pt;Al or IrAl may exist on the surface of Pt
and Ir catalysts. These observations have
been collectively used to propose models
for the structure of the calcined precursors
and finished catalysts.

EXPERIMENTAL
Preparation of Precursors

Alumina (American Cyanamid, BET area
195 m?*/g, pore volume 0.5 cm?®/g), titania
(Degussa Corp., BET area 50 m%/g, nonpo-
rous), 11.4% TiO,~ALO;, and 0.87%
Al O;-TiO, were used as supports. The pro-
cedure for preparing the composite oxides
was identical to that used by Subramanian
et al. (16). The thermal treatment and the
particle size of all the oxides used were
maintained uniform: 823 K calcination and
a 40- to 80-mesh (0.225 mm) particle size.

The reagents, chloroplatinic acid and
chloroiridic acid, were obtained from John-
son Matthey. Required amounts of these
solids were dissolved in air-saturated double
distilled water (pH = 5.6). One gram of ox-
ide was contacted with 0.5 cm? of these im-
pregnation solutions to attain a 3% metal
weight loading. The precursors were dried
overnight at room temperature under dark-
ness. The precursors were further dried in
air at 423 K for a period of 1 h. The precur-
sors were calcined in air at 673 K for 4 h.
These are called *‘Set I’ precursors.

Another class of Ir/TiO, precursors was
prepared in which AP™ ions were intro-
duced into the metal system in the form of
aluminum nitrate, AI(NO;); - 9H,0 (J. T.
Baker and Co., Analytical Grade Reagent).
Here, the desired quantity of aluminum ni-
trate was dissolved in the Ir impregnation
solution, and the resulting solution was used
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to impregnate TiO,. The resulting entities
were dried and calcined. These are referred
to as “‘Set II"” precursors.

Temperature-Programmed Reduction and
Temperature-Programmed Desorption

The TPRJ/TPD apparatus consists of
three sections: (i) The gas delivery and puri-
fication system, (ii) reactor assembly, and
(iii) a thermal conductivity detector (TCD)
to measure the difference in the concentra-
tion of the gas entering and leaving the reac-
tor. Further details can be found elsewhere
7).

The procedures, some of which have been
described before (/7), consist of

(1) Dehydration.

(2) Room temperature reduction.

(3) First temperature-programmed re-
duction.

(4) First temperature-programmed de-
sorption.

(5) Second TPRd.

This step was necessary in order to per-
form the second TPD step. Steps 5 and 6
are especially useful in the case of TiO,-
supported precursors. Progressive intro-
duction of SMSI behavior (suppressed H,
chemisorption) can be verified using steps 5
and 6.

(6) Second TPD: Step 4 was repeated.

Ethane Hydrogenolysis

The reaction unit is schematically repre-
sented in Fig. 1. The setup consists of three
sections: (i) gas delivery system with facili-
ties for mixing gases, (ii) reactor assembly,
and (iii) gas chromatograph (GC) to assess
the concentrations of the reactants and
products.

(1) Gas delivery system. Ultra high purity
(UHP) grade Ar, He, and 8.5% H,/Ar, CP
Grade C,H, and Research Grade CH, were
obtained from the Linde Division of Union
Carbide Corporation. The gases were
passed through Drierite to remove traces of
water vapor that may be present. The
H,/Ar mixture was purified further by pass-
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ing it through an oxy-sorb deoxidizer. The
gases were mixed by passing them through
cylindrical vessels (1-in O.D and 3-in
height). These vessels were provided with
three perforated plates in order to generate
turbulence. The inlet nozzles were also de-
signed to provide a swirling motion. The
gas flow rates were controlled with Tylan
controllers (Model FC-260), and were used
to control the partial pressure of the react-
ants at desired levels.

(2) Reactor assembly. A differential reac-
tor was used in this study. The reactor as-
sembly and heating arrangements used for
the reaction unit were identical to those used
for TPRA/TPD experiments (/7).

(3) Gas chromatograph. An Antek 3000
gas chromatograph was used in conjunction
with a Carbosieve 1l (Supelco Inc.) packed
column to determine the concentrations of
the products and reactants. The tempera-
ture of the column and detector filaments
were controlled at 488 and 323 K, respec-
tively. A 200-mA bridge current was used.
The products and reactants were periodi-
cally sampled using an on-line sampling loop
(2 cm?) in conjunction with a six-way valve.
The voltage signal from the GC was moni-
tored on an Esterline Angus (Model SS-
260F) chart recorder.

The reaction conditions and procedures
used are outlined below:

(1) Dehydration. A sample of 100 mg was
flushed with Ar at a flow rate of 100 cm?/
min. The temperature of the sample was
raised to 773 K at 5 K/min. The sample was
held at 773 K for a4 period of 1 h and then
cooled to room temperature in flowing Ar.

(2) Reduction. The Ar flow was cut off
and He was allowed to flow at 300 cm®/min.
The hydrogen flow rate was adjusted to 80
c¢m?/min. Since the thermal conductivity of
Ar is similar to that of ethane and methane,
Ar cannot be used as a carrier gas. The flow
rates used during reduction were similar to
those used while conducting the reaction.
The temperature of the reactor was raised
to 773 K at a heating rate of 20 K/min. At
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F1G. 1. Schematic diagram of the ethane hydrogenolysis unit.

the end of the reduction process, hydrogen
was cut off and the sample was cooled in He
to 523 K.

(3) Reaction conditions. The following
gas flow rates were used to conduct the reac-
tion: 300 cm*/min of He, 80 cm*/min of H,,
and 20 cm*/min of C,H,. The total flow rate
was maintained constant at 400 cm?/min
throughout the study. Thus, the partial pres-
sures of the reactants were kept constant.
Since the observed reaction rates could be
distorted because of carbon deposition, it is
desirable to use as high a Pygogen/Prthane
ratio as possible. The partial pressures used
in this study are similar to those used by
Sinfelt (26). Since the activity of each of the
catalysts studied was vastly different, the
reaction temperature required to maintain
differential conditions was found by trial
and error. This was achieved by systemati-
cally raising the temperature of the reactor
from 523 K in steps of 10 K; the reaction

was carried out at conversion levels less
than 5%. The standard deviation in the acti-
vation energies measured was (.74 kcal/
mole.

(4) Sampling. In a typical experiment, the
reactant gases were passed over the catalyst
for 3 min prior to sampling. The ethane flow
was then cut out and hydrogen and helium
flow continued for 15 min prior to another
reaction period. This procedure was used to
avoid complications due to changing cata-
lyst activity, and it was repeated at each
temperature until steady state was
achieved. The temperature was varied in a
cyclical manner to test for hysteresis ef-
fects. Finally, the gas mixture containing
ethane, hydrogen, and helium was diverted
to bypass the reactor to determine the com-
position of the feed mixture.

(5) Calibration. The only product ob-
tained in this reaction is methane. Known
amounts of methane and ethane were in-
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jected with a gas-tight syringe (Alltech, 25A-
RN-GSG Syringe). A linear relationship was
observed at low concentration levels. The
calibration was periodically verified and was
found to be reproducible within 3.5%. Since
the thermal conductivity of He and H, are
similar, the sensitivity of the detector to-
ward H, is low. Hence, the GC was not
calibrated with respect to hydrogen. The
mass balance closure was verified by moni-
toring the ethane and methane concentra-
tions. Engstrom ez al. (I18) have reported
the presence of a carbonaceous residue on
single-crystal Ir surfaces after ethane hydro-
genolysis. In order to test this possibility a
catalyst sample that had been subjected to
the test reaction was slowly heated (at 3 K/
min) in a mixture of helium and hydrogen.
The exit gas was periodically sampled and
analyzed for methane. No methane was de-
tected. These results suggest that if any car-
bonaceous residue exists it cannot be re-
moved by heating the used catalyst in
hydrogen. Adsorbed carbon, however, may
be removed by oxygen (/9).

RESULTS
Temperature-Programmed Reduction

The TRPd results for the monometal cal-
cined precursors are presented in Table 1.
It is seen that the hydrogen consumption
observed in the case of Pt precursors is gen-
erally lower than those observed in the case
of Ir precursors. Quantitative interpretation
of hydrogen consumption values are compli-
cated by two factors:

(i) The hydrogen consumption resulting
from support reduction is not known (/2,
20).

(ii) The precise stoichiometry of the pre-
cursor after calcination is not known. A
study (20) on the Pt/Al, O, system indicates
the existence of chloride containing surface
species of the form [Pt(OH),Cl,] and
[PtO,CL,]. Studies conducted on the Ir/
Al O, system (21, 22) indicate that the peak
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in the TPRd spectrum at =488 K results
from the reduction of crystalline IrQ,. Ac-
cordingly the H/M value for the reduction
process should be 4.0. The observed H/M
ratio is about 2.0. This indicates that only
a fraction of the metal complex has been
converted to IrO,; the other fraction has
been converted to a lower oxidation state.
Previously investigators have employed
other experimental techniques to confirm
this fact. Xue (22) has speculated that the
metal species (after calcination) exists in the
form of an irreducible core surrounded by
IrO,. Yao et al. (23) have proposed a similar
hypothesis for the Pt/Al,O, system. Hence,
the hydrogen consumption cannot be
readily related to the oxidation state of the
precursor.

The TPRd spectrum for the Ir/ Al O, pre-
cursor (Fig. 2) shows the reduction rate
maximum at 474 K. This is in agreement
with the observations reported by Huang et
al. (21) and Xue (22). The observed hydro-
gen consumption may be related to an *‘ef-
fective’” oxidation state according to the fol-
lowing stoichiometry:

M** + H,—> M + (x/2)2H" 2)

where M is either Pt or Ir, and x is an ““effec-
tive”’ or ‘‘average’’ oxidation state which
is also the H/M ratio. These quantities are
reported in Table 1.

The hydrogen consumption observed for
the Al,Os;-supported precursors are consis-
tently higher than those observed for the
TiO,-supported precursors. Auxiliary X-ray
fluorescence experiments showed that the
amount of chloride retained by TiO,-sup-
ported precursors after calcination is lower
than that retained by the Al,O;-supported
precursors. This suggests that the amount
of hydrogen consumed during reduction
may be related to the amount of chlorine
present in the precursor after calcination.
It is interesting to note that the hydrogen
consumption observed for the composite
oxide-supported precursors are similar to
that observed for the Al,O;-supported pre-
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TABLE 1
Temperature-Programmed Reduction Results for Pt and Ir Precursors
Quantity Support
Pt precursors Ir precursors
AlOs TiO, 0.87% Al,O3-TiO» 11% TiO--ALO;  AlLO; TiO,  0.87% ALO;-TiO, 11%
TiO,-Al,O5

Peak T(K) 380,436 353,373 342,379 393.460 474 460 440.477 483
Total Hz 132.5 49.3 103.1 110.8 224.6 39.3 206.6 209.4

consumed

{pmole/g. prec.)
TPRd Hz 126.4 41.8 99.8 83.8 221.7 36.0 203.8 204.8

consumption

{pumole/g. prec.)
Room temp. Hz 6.1 7.50 33 27.0 29 33 2.8 4.6

consumption

(umole/g. prec.)
H/M 1.72 0.64 1.34 1.44 2.89 0.51 2.66 2.70

cursors. This observation suggests that the
dissolution and readsorption of AP origi-
nating from AL O, present in the composite
oxide plays a role in altering the reducibility
of the precursors. This phenomenon has
been explored and the results are presented
later.

Temperature-Programmed Desorption

The TPD results, which include the hy-
drogen emission values and peak tempera-
tures, are presented in Table 2. The first and
second TPD spectra for Al,O;-supported
precursors are identical. The TPD results
for the TiO,-supported precursors indicate
that hydrogen chemisorption does not occur
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F1G. 2. Temperature-programmed reduction profile
for the Ir/ALO; precursor.

when the reduced precursor is cooled in hy-
drogen presumably because of SMSI (10,
11). Likewise, complete suppression in hy-
drogen chemisorption is also observed in the
case of the 11.4% TiO,~AlL,O;- and 0.87%
Al,O;-Ti0O,-supported Pt and Ir precursors.
Since no hydrogen is chemisorbed during
the cooling process, no hydrogen is de-
sorbed during the TPD experiment. The
TPD results observed in the present study
are in agreement with static chemisorption
results reported by McVicker and Ziemiak
(1). These investigators have shown that the
extent of suppression in hydrogen uptake
depends upon the relative Group VIII-metal
and TiO, concentrations on the Al,O; car-
rier; the higher the TiO,/Group VIII-metal
ratio, the greater the chemisorption sup-
pression.

Ethane Hydrogenolysis

Arrhenius plots for the catalysts are
shown in Figs. 3 and 4. The activation en-
ergy and the preexponential factors were
calculated from the slope and intercept of
the least-squares fit. The temperature re-
quired for achieving a reaction rate of 0.1 g
mol of C,H, consumed/(h - g of total metal)
has been evaluated. These values are pre-
sented in Table 3. Considering the wide vari-
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TABLE 2

Temperature-Programmed Desorption Results for Pt and Ir Precursors

Quantity Support
Pt Precursors Pt Precursors
ALO;  TiO,  0.87% ALO;-TiO,  11% TiO,~AlLO; AlLO; TiO>  0.87% ALO;-TiOy  11% TiO»~AlLO,

1 TPD 40.3 0 0 o 834 4] 0 [

H., evolved

{umole/g. prec)
20 TPD 40.3 0 ] 0 83.4 0 ¢ 0

H, Evolved

(umole/g. prec)
Peak T(K)" 340 — — — 363.473 — — —

¢ For both first and second TPDs.

ations in materials and preparation variables
such as type of procedure, impregnation
volume, and activation conditions, the reac-
tion rates reported in the present study are
in qualitative agreement with those reported
in the literature (/, 24-26).

The effect of variation in dispersion on
the ethane hydrogenolysis activity of Rh/
TiO, catalysts has been studied by Resasco
and Haller (27). These investigators have
shown that the activation energy is almost
independent of dispersion; the preexponen-
tial, and thus the rate, varies with disper-
sion. Barbier and Marecot (28) have system-
atically studied the variation in ethane
hydrogenolysis activity with the dispersion
of Al,Os-supported Pt and Ir catalysts. The
activity of these catalysts decreases with

T
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FiG. 3. Arrhenius plots for Pt catalysts. The solid
line represents the least-squares fit.

an increase in dispersion. The study was
conducted under isothermal conditions
(448 K) and no information on the variation
of the activation energy of these catalysts
is available. Since Rh belongs to the same
family of noble metals, the kinetic behavior
of Pt and Ir are assumed to be similar. There-
fore, if the apparent activation energy is in-
dependent of dispersion, it may be regarded
as a function of the metal/support combina-
tion. Conversely, if the activation energy is
known, this test reaction can be used to
distinguish between different metal/support
combinations.

The activation energies and preexponen-
tial factors for the composite oxide-sup-
ported catalysts are different from those re-
ported for the pure oxide-supported
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TABLE 3

Activation Energy and Preexponential Factors for I and Il Type Catalysts

Catalyst Type E (kcal/mol) In A Temp.“ (K)
Pt/ALO, I 63.8 49.7 613.4
Pt/TiO, 1 32.7 19.9 736.4
Pt/11% TiO,~AlLOs I 74.0 55.2 643.5
Pt/0.87% Al,0;-TiO, I 27.1 16.6 715.4
Ir/ AL, O, I 56.3 50.4 534.1
Ir/TiO, 1 90.7 76.7 574.0
Ir/11% TiO,~Al, 04 1 38.2 31.8 560.1
Ir/0.87% ALO;-TiO, I 93.8 84.7 539.1
Catalyst A 11 58.9 55.3 511.4
Catalyst B 1I 62.8 58.0 520.7
Catalyst C 11 89.5 81.7 532.6

“ Temperature required for rate = 0.1 g mol of ethane consumed/hr/g of metal.

catalysts, The activity of the 0.87%
AL O;-TiO,-supported Ir catalyst is consid-
erably greater than that of the Ir/TiO, cata-
lyst. The activity of the 0.87% ALO;-TiO,-
supported Pt catalyst is also greater than
that of the Pt/TiO, catalyst. The secondary
phase in the composite oxide acts as a per-
turbation and alters the kinetics. It follows
from our earlier discussion that the presence
of AlL,O, leads to readsorption of AP* during
impregnation and the presence of TiO, can
lead to TiO, overlayer formation during re-
duction. Since the potential effects of read-
sorbed AI** species (increased hydrogen
consumption during TPRd and increased
hydrogenolysis activity) are more apparent
in the Ir system, these catalysts were chosen
for further study.

DISCUSSION

The TPRd and hydrogenolysis results
suggest that dissolved/readsorbed AI** spe-
cies alter the structure and performance of
composite oxide-supported catalysts. Re-
lated studies have shown that Ti®* ions are
not released into solution because of the
strong covalent nature of the Ti-O bond (36,
37). In order to investigate the effect of A’ *
species, a series of TiO,-supported Ir pre-
cursors and catalysts were prepared in
which AI** in the form of aluminium nitrate

was introduced into the chloroiridic acid im-
pregnation solution (Set 1I). This approach
was used to simulate the presence of AP+
species in a system devoid of ALO;. Alu-
minium nitrate, at the concentration levels
used, is completely soluble in the impregna-
tion solution, and it dissociates to AI** and
NO7. All the added AP* is present in the
precursor because it was prepared by dry
impregnation. In the case of the 0.87%
AlLO;-TiO,-supported Ir precursor, we pro-
pose AL O, dissolves in the acidic impregna-
tion solution, and a fraction of the A>* ions
released into the solution phase is read-
sorbed. To test this hypothesis, we prepared
samples (Set I and Set II types of precur-
sors), where the only difference is in the
source of the AI** ions.

The Al weight loading in the 0.87%
AL O;-TiO,-supported Ir precursor is
0.46%. This corresponds to the maximum
amount of aluminum that can be dissolved
in the composite oxide system. In reality,
the amount of readsorbed aluminum will be
less than the total amount of aluminum pres-
ent as AlLO; in the composite oxide. The
amount of AP* readsorbed is not known
precisely. Three types of Set 1l precursors
were prepared. The amount of aluminum
nitrate added to the impregnating solution
was varied to achieve Al loadings of 0.46%,
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FIG. 5. Temperature-programmed reduction profile
for the I and 1l type precursors.

0.23%, and 0.11%. The precursors were cal-
cined according to the standard procedure.
These are referred to as precursors A, B,
and C, respectively. Precursor A represents
the limiting case corresponding to total dis-
solution of available Al in the composite
oxide (0.87% Al,0,-TiO,) system.

The TPRd profiles for precursors A and
C are shown along with those obtained for
Ti0, and 0.87% Al,0,-TiO,-calcined Ir pre-
cursors in Fig. 5. The TPRd results are pre-
sented in Table 4. It is seen that precursors
A and C show a substantial increase in the
hydrogen consumption over that observed
for the TiO,-supported precursor. (The
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TPRd results for precursor B are similar to
those obtained for precursors A and C.) The
hydrogen consumption observed for precur-
sors A and C are similar to those observed
for the 0.87% AlL,O5-TiO,-supported precur-
sor; the reduction profiles (peak tempera-
ture) are also qualitatively similar. These
experiments support the hypothesis that the
readsorbed AI’* alters the decomposition
of the precursor during calcination and this
results in a species that shows a higher hy-
drogen consumption value.

The hydrogenolysis activity of catalysts
A, B, and C was measured. The Arrhenius
plots for these data sets as well as Ir sup-
ported on AlLO,;, TiO,, and 0.87%
Al,0,-TiO, are shown in Fig. 6. The activa-
tion energy and the preexponential factor
are presented in Table 3. The activity of
catalysts A, B, and C is higher than the
activity of the Ir/TiO, catalyst. The read-
sorbed APt acts like a promoter and in-
creases the activity significantly. Compar-
ing the Pt/TiO, and Pt/0.87% Al,0,~TiO,
catalysts, the increase in hydrogen con-
sumption during TPRd as shown in Table 1
and the increase in hydrogenolysis activity
as shown in Table 3 indicate that similar
trends are observed for Pt catalysts as well.

Figure 7 shows the variation in apparent

TABLE 4

Temperature-Programmed Reduction Results for Type II Precursors

Precursor: Prec. A
Type: 1

Prec. C

Ir/TiO, 1r/0.87% Al,O5-TiO,
I 1

Peak T(K)

Total H,
consumed
(umole/g.
prec.)

TPRd H,
consumption
(umole/g.
prec.)

Room temp. H, 0.0
consumption
(nmole/g.
prec.)

435,493
222.9

2229

344,440,485
211.0

211.0

460
393

440,477
206.6

36.0

203.8

0.0 33 2.8
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Fi1G. 6. Arrhenius plots for type 11 catalysts. The solid line represents the least-squares fit.

activation energy for catalysts A, B, and C.
It is interesting to note that there is a direct
relationship between the catalytic activity
and the amount of A’* added, and the activ-
ity of catalyst C is similar to that of the Ir/
0.87% TiO,-AlLO, catalyst. The activation
energy increases with a decrease in the
amount of added aluminum. The variation in
activation energy could conceivably result
from the formation of an Ir-Al entity. The
systematic variation in the activities of cata-
lysts A, B, and C suggests that adsorbed
AP* is intimately associated with the noble
metal.

Formation of intermetallic compounds or
alloys between Al and noble metals like Pt
and Ir has been reported in the literature
(29, 30). Den Otter and Dautzenberg (29)
have reported the formation of Pt;Al type of
alloys in Pt/Al, O, catalysts when the latter
are reduced at around 873 K. Thermody-
namic calculations, using bulk properties,
indicate Pt—Al alloys to be stable in air at
room temperature (32). Bronger and Klemm
(33) have reported that alloys of the form
Pt,Al,, can be prepared by the reduction of

a physical mixture of Pt and AlL,O, in a
stream of ultra-dry H,. De Bruin et al. (34)
have studied the surface reaction between a
Pt film and Al,O; under vacuum at about
1273 K. Sprys and Mencik (35) have ob-
served a similar reaction in an electron mi-
croscope. Platinum deposited on a thin
AlLO; film was seen to consume Al,O; when
the Pt film was heated by an intense electron
beam. Electron diffraction was used to iden-
tify the reaction product as Pt;Al.

A recent study conducted by Axler and
Roof (30) indicates that an alloy of the form
IrAl can be prepared. These investigators
prepared IrAl crystals by pressing metallic
Ir into a pellet along with ALO;, Th, Cu,
and P. The peliet was allowed to equilibrate
at 1423 K for 24 h and then cooled to 933 K
at 1 K/h. The IrAl crystals are cubic in na-
ture, and these investigators have shown
that IrSi alloys can also be formed. Alloy
formation between Al and Ru (ALRu) has
also been reported (31); these investigators
have shown that vapor-deposited Al pene-
trates the Ru (0001) surface to form the inter-
metallic compound at 1170 K. Alloys of the
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form PtTi, and Ir,Ti, are unlikely to be
formed because Ti2* ions unlike A" jons
do not dissolve and readsorb on the surface
of the catalyst.

These studies on alloy formation were all
conducted on bulk systems and a high tem-
perature was required for alloy formation.
The temperature required for alloy forma-
tion may be considerably lower in highly
dispersed catalysts (29). We suggest that
IrAl and Pt,Al type of alloys may exist on
the surface when the precursor is reduced
to form the working catalyst. The TPRd and
ethane hydrogenolysis results reported in
this study support the hypothesis that alumi-
num metal becomes incorporated into the
metal matrix and alters the catalytic ac-
tivity.

The TPRd, TPD, and ethane hydrogen-
olysis results were used to model the struc-
ture of the precursors after calcination and
reduction. Ethane hydrogenolysis, a struc-
ture-sensitive reaction, provided informa-
tion on the activity and structure of the cata-
lysts. The TPRd and TPD results were used
to assess the reducibility and morphology of
the catalysts before and after reduction. The
two processes of interest are AI** dissolu-

tion and readsorption and TiO, overlayer
growth. The Al,O, present in the oxide sup-
port dissolves in the acidic impregnation so-
lution, and a fraction of dissolved APT is
readsorbed by the precursor. The AP* dis-
solution/readsorption process occurs in
ALO;, 11.4% TiO,—AlLO; and 0.87%
Al,0,-TiO,-supported precursors. The ex-
tent of decomposition suffered by the pre-
cursor during calcination is altered because
of the presence of readsorbed AlI*". When
the calcined precursors are reduced, three
processes occur. The metal present in the
higher oxidation state after calcination is re-
duced to the zero-valent state. Aluminum
metal probably gets incorporated into the
metal matrix leading to a noble metal-alumi-
num type of alloy. The incorporation of the
readsorbed A" increases the activity of
these catalysts. The partially reduced TiO,
species, which originates from the TiO,
present in the support, is mobile in a reduc-
ing environment, and the TiO, species en-
capsulates the metal. The TiO, overlayer
formation occurs in the TiO,, 11.4%
TiO,~ALO; and 0.87% AlLO;-TiO,-sup-
ported precursors. The amount of hydrogen
chemisorbed on the catalyst is suppressed
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by the physical blockage of the metal
surface.
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