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In view of the limited insight into the factors which play a part in the improving action of 
iridium in reforming with platinum-iridium-on-~-alumina as a catalyst, a study is made of the 
texture and composition of a number of catalysts with varying Ir /Pt  ratios. Using Auger 
electron spectroscopy an analysis is made of the surface composition of a number of platinum- 
iridium alloy powders, before and after contact with propane, n-Heptane and n-hexane reform- 
ing is studied as a model reaction, and the influence of the Ir /Pt  ratio on the isomerization, 
cyclization, and aromatization selectivities is determined. In the alloy powders a strong plati- 
num surface enrichment is found, in accordance with the platinum-like behavior of the cata- 
lysts. The main function of iridium appears to be the suppression of surface carbiding. 

INTRODUCTION 

Among the numerous bi- and multi-  
metallic reforming catalysts,  applied or 
proposed since the discovery of the P t /  

Re-on-7 -a lumina  ca ta lys t  (I),  P t / I r -on -~ -  
a lumina (2-6)  seems to occupy a special 
place. Jus t  as with the P t / R e  and P t / G e  
systems, addit ion of the second component  
(Ir) leads to an improvement  of the octane 
number  (more branched alkanes, cyclo- 
alkanes, and  aromatics)  and  a lowering of 
the ra te  of coke deposition, resulting in 
an increased stabili ty.  As compared with 
the metals  in the P t / R e  and P t / G e  sys- 
tem, p la t inum and iridium show a greater  
physical and chemical similarity. There-  
fore, an  explanation of the beneficial action 
of ir idium in te rms of a ligand or an 

1 Present address : Procter and Gamble European 
Technical Centre, Strombeek near Brussels, Belgium. 

2 To whom all correspondence should be directed. 

ensemble effect (7) seems, a t  first sight 
a t  least, quite difficult. 

Some physical-chemical  da ta  of p la t inum 
and iridium, neighbors in group V I I I  of 
the periodic table, are summarized in 
Table  1. A striking difference exists be- 
tween the melting points, the heats  of 
evaporat ion,  and the surface tensions, 
pointing to the me ta l -me ta l  bond in 
ir idium being much stronger than  in 
plat inum. 

A limited mutua l  solubility of the metals 
is reported (8), and we m a y  ask ourselves 
if in the bimetallic catalysts  alloy particles 
are formed. The  phase d iagram shows a 
broad miscibility gap with a critical point 
a t  1284 K at  the 50/50 composition. At 
970 K the ir idium-poor phase contains 
about  7 a t o m %  It ,  and the I t -r ich phase 
about  1 a t o m %  Pt.  However,  the two 
phases crystallize out extremely slowly (8), 
and the alloys initially solidify without  
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TABLE 1 

Physical-Chemical Properties of 
Platinum and Iridium 

Platinum Iridium Refer- 
e n e e  

Type of lattice f.e.c, f.c.c. (8) 
Lattice constant 0.3916 nm 0.3831 nm (8) 
Electron work 

function 5.27 eV 5.40 eV (9) 
Melting point 2042 K 2716 K (10) 
Heat of 

evaporation 565.3 665.3 i10) 
k J/mole k J/mole 

Surface tension ~ 1865 J/m s 2250 J/m s (11) 

For polycrystalline material near the melting 
point. 

phase separation, as follows from crys- 
tallographic observation (8). Furthermore, 
highly dispersed alloys on carriers have 
thermodynamic properties deviating from 
nondispersed systems, and various methods 
of chemical alloy formation in catalyst 
preparation may lead to perfect solid solu- 
tions (see the Experimental section). 

Catalytic Behavior of Platinum-Iridium 
Alloys 

To promote intimate mixing and cluster 
formation, the catalysts are mostly pre- 
pared by simultaneous impregnation of 
~,- or n-alumina with aqueous solutions of 
chloroplatinic and chloroiridic acid, and, 
after drying, calcining in air at 533 to 
643 K (2-6). As the reforming catalysts 
are dual-functional (12, 13), addition of 
chlorine is essential to make the surface 
of the support acidic. 

Very little is published about the fun- 
damentals of the reforming behavior. In 
the patents (2-6) a wide composition range 

i s  claimed, with a certain preference for 
the fifty-fifty composition. Whereas the 
pure platinum catalysts are outstanding 
for the selective conversion of naphthenes 
to aromatics, but limited in their ability 
to convert paraffinic components in the 

feed, the P t / I r  catalysts have a high 
isomerization and dehydrocyclization ac- 
tivity for paraffins, besides a higher yield 
stability. However, according to Anderson 
and Avery (9), pure iridium has no isom- 
erization activity and is more active for 
hydrocracking. 

Ramaswamy et al. (14) report an ira- 
proved yield of isomerization products on 
adding sulfur. The sintering resistance of 
their catalyst, 10 Ir/90 Pt-on-~-alumina, 
was not superior to that of the mono- 
metallic one. The superior performance of 
the catalyst is ascribed to the dilution of 
Pt by Ir, which should have a lower con- 
centration of coke precursors on its surface. 

In the conversion of heptane over 
a-alumina-supported P t / I r  catalysts, Tour- 
nayan et al. (15) report a platinum-like 
behavior for I r /P t  ratios up to 2.3. 

A number of authors have claimed a 
relationship between catalytic activity and 
the d-band structure of platinum-iridium 
catalysts. Gray et al. (16), studying the 
conversion of pentane to isopentane, ar- 
rived at an increased rate at the com- 
position 25 Ir/75 Pt, only 1.15 times 
higher than found for pure platinum. 
Bond and Webster (17, 18) studied the 
reduction of nitrobenzene dissolved in 
methanol over P t / I r  at 303 K, and re- 
ported an activity maximum around 15 
to 20 atom% Ir. There was, however, 
great uncertainty about the actual state 
of the catalysts in their work (alloys or 
mixed oxides), and no firm conclusion was 
possible. Kroptova and co-workers (19) 
studied the electrocatalytic reduction of 
acetone in 1 N sulfuric acid over P t / I r  
Raney catalysts (solid solutions at all 
compositions). The apparent activation 
energy was found to be a factor 4 to 5 
lower just at the composition 25 atom% 
Ir/75 atom% Pt. In this work, sulfuric 
acid may have strongly influenced the 
surface composition of the alloy. 

We conclude that there is no clear 
evidence from the literature for the exist- 
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ence of a special ligand effect (or, in terms 
of the band model, an influence of the 
electronic structure) at a certain preferred 
P t / I r  ratio. 

Thermodynamics of the Platinum-Iridium 
System 

Ramakrishnan and Chandrasekharaiah 
(RC) (20) calculated the free enthalpy of 
mixing for different alloy compositions 
from measurements of the thermodynamic 
activity of Ir in P t / I r  alloys, using the 
volatility of Ir03 at 1468 and 1518 K as 
a measure of the activity of Ir. In the 
composition range Pt3Ir the integral molar 
free energy of mixing shows a maximum 
of 6.19 k J/mole. 

We make the following critical remarks: 

RC's results are inconsistent with those 
of Raub and Plate (8), where no maximum 
in the composition range Pt3Ir is found. 

Enrichment of the alloy surfaces with 
platinum, and iridium surface depletion 
by oxygen, may have strongly disturbed 
RC's measurements. 

Due to the large difference in the tem- 
perature of alloy preparation and the 
temperature at which the IrO~ volatility 
was measured (AT was about 1000 K), 
there was no equilibrium between the 
surface and bulk composition. Nevertheless, 
in RC's work the Ir activity was related 
to the surface composition. 

But even if we accept RC's results, we 
should be aware that the maximum found 
by them in the platinum-iridium inter- 
action energy at the composition Pt3Ir 
(of 6.19 k J/mole) is only of the order of 
a weak physical interaction, and a factor 
of about 10 ~ smaller than the P t -P t  and 
Ir-Ir  binding strength. 

We conclude that there is no clear 
evidence from the thermodynamics of the 
system for the existence of an ordered 
Pt3Ir phase. 

Scope of the Present Work 

In view of the limited insight into the 
factors which play a part in the improve- 
ment of reforming by adding iridium to 
Pt-on-~,-alumina catalysts, we decided to 
make a closer study of this bimetallic 
system. An Auger electron spectroscopy 
(AES) study of the surface composition 
of alloy powders was undertaken in a wide 
composition range. Furthermore, the selec- 
tivity in hydroreforming, with hexane and 
heptane as model compounds, was 
investigated. 

EXPERIMENTAL 

Alloy powders. Pt, Ir, and P t / I r  alloy 
powders were prepared by reduction of 
aqueous solutions of H2PtC16, H2IrC16, or 
mixtures thereof, reagent grade, by adding 
these solutions to a boiling solution of 
hydrazine, according to the method of 
Kulifay (21). 

From X-ray diffraction it appeared that  
all the powders were monophasic solid 
solutions, their lattice constants correspond- 
ing to the geometric mean value, calculated 
from the composition and from the lattice 
constants of Ir and Pt, as given by Raub 
and Plate (8). 

From X-ray line broadening the weight- 
mean diameter dw was found. The surface 
area S(c~,) was calculated from dw, with 
S(d,) = 6Vide. This equation is valid 
for nearly spherical particles. V is the 
specific volume of the metal. BET surface 
areas, calculated from the physical ad- 
sorption isotherms of methane at 77 K, 
are presented in Table 2. 

AES spectra were recorded with an 
Auger electron spectrometer from Physical 
Electronics Inc2 Before measuring the 
spectra, thin pressed pellets of the powders 
were reduced overnight in a flow of ultra 

a These measurements were carried out in co- 
operation with Dr. F. J. Kuijers, Department of 
Heterogeneous Catalysis, Gorlaeus Laboratory, 
University of Leiden. 



214 RASSER, BEINDORFF, AND SCHOLTEN 

TABLE 2 

Weight Mean Diameters and Surface Areas of 
Kulifay Metal Powders 

d~ S(d~) S(BET) 
(mn) (mS/g) (m2/g) 

Pt 26 10.7 11.1 
Ir 30 8.8 9.8 

50% Pt/50% lr 29 9.3 9.6 

pure hydrogen at 673 K. Next they were 
brought into the Auger vacuum chamber, 
which was evacuated down to a pressure 
of 10 -s Torr in a few hours. Evacuation 
was followed by cleaning by means of an 
argon ion bombardment (energy 2.5 keY), 
at 10 -~ Torr (1 Torr = 133.3 N m-~). 
Before measuring the spectra the pellets 
were sintered overnight at 673 K. 

Supported catalysts. In most experiments 
~,-alumina (from Akzo, Amsterdam, type 
003P, S(BET) = 248 m2/g) was used as 
a support. For some experiments a-alu- 
mina, from Rh6ne Progil, France, type 
SCS9, S ( B E T ) =  24 m2/g, was chosen. 
About 5 g of the support was stirred into 
30 ml of water, and 4 ml of concentrated 
HC1 (37 wt% HC1 in water) was added, 
in order to increase the surface acidity 
of the support. Next, a solution containing 
the required amounts of H2PtCIG and/or 
H~IrC1G was added dropwise. 

After 1 hr of stirring the thick paste 
was dried in a porcelain crucible at 360 K 
for 16 hr, followed by calcining in air at 
820 to 870 K for 16 to 20 hr, and reduction 
in hydrogen at 650 K for 8 hr. 

A number of samples on -~-alumina were 
investigated by X-ray diffraction; in all 
eases monophasic alloy particles were 
found. Line broadening revealed that the 
mean particle size was relatively high as 
compared to what is normally found in 
reforming catalysts (Table 3). For instance, 
Ramaswamy et al. (14) report a mean 
diameter of only 1.7 nm for their Pt/Ir-on- 
~,-alumina sample. The higher values found 

in this work are due to the relatively high 
temperature of calcination. 

The iridium and platinum contents of 
the catalysts were calculated from the 
amounts weighed in, and controlled by 
means of activation analysis (22). 

Other chemicals. Hydrogen was purified 
by diffusion through a Pd thimble. Helium 
was led over a copper-on-alumina catalyst 
(type R3-11, from BASF, Germany), and 
dried over molecular sieves type 3A, from 
Linde, U.S.A. Hexane and heptane 
were from Merck, Germany, "fiir die 
Spektroskopie." 

Apparatus and procedure. Hydrocarbon 
conversion reactions were carried out in 
an apparatus shown schematically in Fig. 1. 
A constant flow of H2, purified as indicated 
above, and metered by means of a Porter 
precision flow controller, type VCD-1000, 
was passed through an evaporator, where 
it was saturated with the hydrocarbon 
vapor to be converted. In the condenser 
the gas mixture was cooled to a preehosen 
temperature so as to achieve a hydrogen- 
hydrocarbon ratio of about 17. The re- 
actor consisted of a U-shaped stainless- 
steel tube, 4 mm in diameter, in which 
the position of the catalyst was fixed by 
means of quartz wool. A uniform reactor 
temperature was obtained by making use 
of a fluid bed oven, filled with fine silica 
particles. The temperature remained con- 
stant within 1 K, and the uniformity of 
the temperature over the length of the bed 
was better than 0.1 K. 

At regular time intervals the product 
stream was analyzed by" means of gas/ 
liquid chromatography. The column was 
a 3 m silanized stainless-steel tube of 3-mm 
internal diameter, filled with 25% squalane 
on Chromosorb WAW (100-120 mesh). 
The column was thermostated at 325 

0.5 K. The flow of the carrier gas (He) 
was maintained at 0.76 ml (NTP)/sec. 
Toluene had the longest retention time 
(4700 see), so that total analysis took 
about 1.5 hr. By way of example, in the 
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hydroreforming of heptane over a Pt / I r -  
on-v-alumina catalysts at 650 K, the foI- 
lowing products were analyzed: 

Hydrogenolysis products: methane, eth- 
ane, propane, butane, methylbutane, pen- 
tane, 2-methylpentane, 3-methylpentane, 
hexane. 

Skeletal isomerization products: 2,2-di- 
methylpentane, 2,4-dimethylpentane, 2,3- 
dimethylpentane, 3-methylhexane, 3-ethyl- 
pentane, 2-methylhexane. 

Cyclization products: methylcyclohex- 
ane, ethylcyclopentane. 

Aromatization product: toluene. 

The following reaction conditions were 
maintained: temperature in the reactor, 
650 ± 1 K; pressure, 10 a N m-2; H: /  
hexane or H2/heptane ratio, 18; flow, 
100 mm 3 sec -1. Amount of catalyst: 2 g in 
the hexane experiments, and 0.5 g in the 
heptane experiments. 

Instead of reporting all conversion prod- 
ucts detected, we present the following 
selectivities (for the case of heptane 
conversion): 

Sh = the hydrogenolysis or hydrocracking selectivity 

total of hydrocarbons with less than 7 C-atoms 

total of converted heptane 

total of branched alkanes with 7 C-atoms 
Si = skeletal isomerization activity = 

total of converted heptane 

all cyclic hydrocarbons, aromatics excluded 
Sc = cyclization selectivity = X 100 

total of converted heptane 

total of aromatics 
S~ = aromatization selectivity = X 100 

total of converted heptane 

number of moles converted 
The conversion is given by : X 100. 

number of moles in the feed 

X 100 

X 100 

In the above definitions, "7 C-atoms" "heptane" by "hexane," when hcxane con- 
should be replaced by "6-atoms," and version is discussed. 

cooling out 

G.L.C. 

I!ysis 

condense out 

FIG. 1. Apparatus for hydrocarbon conversion. (a) reactor; (b) fluid bed oven; (c) heptane or 
hexane evaporator. 
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TABLE 3 

Mean Particle Size of Alloy Particles in Pt/Ir- 
on-v-Alumina Catalysts, from X-Ray Line 
Broadening 

Sample Metal Atomic dw 
number load ratio (nm) 

(wt%) Ir/Pt 

W 13 1.70 0 86 
W 12 1.68 0.003 35 
W 14 1.67 0.006 52 
W 30 1.42 0.015 64 
W 22 1.18 0.036 49 
W 29 0.41 0.34 a 
W 26 0.28 0.67 a 

Due to the low metal content the mean particle 
size could not be detected. 

RESULTS 

Auger Spectra of Platinum-Iridium 
Powders 

The AES peaks of platinum and iridium 
in the 50 to 60 eV range correspond with 
an escape depth of about 0.5 nm (about 
two atomic layers), and hence their in- 
tensities are suited for measurement of the 

TABLE 4 

Bulk and Surface Composition of 
Pt/Ir Kulifay Powders 

Sample 
number 

Bulk Bulk Surface 
composition composition composition 

(as (from (from 
weighed Auger Auger 

in) analysis a) analysis b) 
atom% Pt atom% Pt atom% Pt 

1 12 11 5 ~ 

2 16 15-19 6-9 ~ 
3 50 54 66 
4 50 50-51 70 
5 50 63-64 90-93 

a Based on the intensity of the Pt peak at 2044 
eV, and of the Ir peak at 1908 eV. Escape depth 
about 10 atomic surface layers. 

b Based on the intensity of the Pt peak at 64 eV 
and of the Ir peak at 54 eV. Escape depth about two 
atomic surface layers. 

c Repeated hydrogen treatment did not influence 
these results. 

surface composition. Peaks in the 2000 eV 
range can be used in determining the bulk 
composition, the escape depth being here 
about  20 nm, which corresponds to about  
10 monolayers (23). Results for Kulifay 
powders are given in Table 4 and plotted 
in Fig. 2. Since plat inum and iridium are 
neighbors in the periodic table, we assume 
the back scattering factors to be the same 
for both metals. Corrections are made for 
the difference in Auger electron yield. 

Notwithstanding the high puri ty of the 
starting materials used in the preparation 
of the alloy powders, Auger peaks of 
carbon, sulfur, and oxygen, corresponding 
with surface concentrations more than 5% 
of full coverage were detected, and this 
hampered the precision of the determina- 
tion of the P t / I r  surface ratio. 

Figure 2 shows that  a platinum surface 
enrichment is found for most samples, in 
accordance with the rule (7) that  the 
component with the lowest surface tension 
should accumulate at  the surface (compare 

%Zr in surface 

t lOO . i i I ,1 - 

80-  

oo. / / /  
. 

20. / .- 

0 20 40 60 80 100 

---,---~'oZr in bulk 

FIG. 2. Surface composition versus bulk com- 
position of Kulifay powders, as determined by AES. 
Solid line: surface composition equal to bulk com- 
position. Crosses: experimental points for Kulifay 
powders. Molar ratios of intensities, corrected for 
different elemental sensitivity, for surface- and 
bulk-sensitive peaks. Dashed line: experimental 
curve for equilibrated platinum-iridium alloy films. 
The same magnitudes are plotted here as with the 
crosses. Dotted line: calculated composition of the 
outermost layer of the alloy films. 
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surface tensions in Table 1). The surfaces 
of the two samples richest in iridium (see 
Fig. 2) were slightly surface-enriched in Ir; 
we think this is an artefact caused by the 
method of preparation. 

Kuijers (23), in an Auger study of 
equilibrated platinum-iridium alloy films, 
found a somewhat stronger surface plati- 
num enrichment for all P t / I r  ratios (dashed 
line in Fig. 2). Applying Gallon's model 
for the Auger intensities (24), Kuijers also 
calculated the composition of the outer- 
most layer (dotted line in Fig. 2). 

With the 50 atom% Ir-eontaining sam- 
ple 4 (Table 4), the rate of carbon deposi- 
tion was studied by admitting propane at 
300 K to the AES vacuum chamber, 
which was still connected with the vae-ion 
pumps, so that a steady-state partial pres- 
sure of 6 X 10 -s Torr was built up. The 
280 eV carbon peak showed a considerable 
growth with timel indicating that some 
kind of carbon-containing deposit is formed 
on the surface. Simultaneously the inten- 
sities of the low-energy iridium and plati- 
num peaks dropped markedly, but the 
rate of this process was higher for the 
relative platinum signal than for the rela- 
tive iridium signal (Fig. 3). 

The decrease of the relative intensities 
proceeded to values of 0.63 (Ir) and 0.40 
(Pt). Obviously a monolayer of a carbon- 
containing compound is formed gradually, 
which masks the Auger signals of surface 
platinum and iridium atoms to about half 
their original values. The slower and less 
extensive coverage of iridium as compared 
with platinum must be due to the higher 
activity of the iridium for the hydro- 
genolysis of propane to methane. 

Pure iridium powder and the alloy 
powders No. 1 and 2 (Table 4) all carbided 
up to a coverage of at least one monolayer 
of carbon (as appeared from the total 
disappearance of the platinum and iridium 
Auger signals in the 50-60 eV range), were 
heated overnight in 10 -6 Torr hydrogen 
at 673 K. This resulted in a weakening 

relative intensity 
1.0 1 1 1 1 

0.8- ~~X~ x 
0.6- ~ ~  Ir 

O. 4- - ~ P t  

2~ O.oj,,,, 
0 10 2o 3o 40 50 

• - - - - - -  t (rain) 

FIG. 3. Decline of the relative iridium and plati- 
num Auger peak intensities as a function of time, 
upon exposure to propane at 300 K. Kulifay Pt / Ir  
with 50 atom% Ir in the bulk. 

of the carbon Auger signal intensities to 
less than 5% of their original values. With 
platinum powder and with samples No. 3, 
4, and 5, all relatively rich in platinum, 
the remaining signals were appreciably 
higher after the same treatment. Hence, 
once a carbonaceous deposit is formed, 
iridium and iridium-rich surfaces are much 
more easily freed from carbon by hy- 
drogen. It follows from the foregoing that 
Brunelle, Montarnal, and Sugier's con- 
clusion (25) that iridium has a higher 
hydrogenolytie activity than platinum, 
may be extended to iridium-rich platinum 
alloys. 

That iridium shows a weaker tendency 
than platinum to form carbonaceous 
graphite-like deposits on its surface, and 
is more easily deearbided by hydrogen, 
might be related to the fact that the 
individual carbon atoms are more strongly 
bound to the iridium surface. The better 
located and more tightly bound carbon 
atoms are less suited for the formation 
of carbon-carbon bonds between ehemi- 
sorbed carbon atoms, and the absence of 
these bonds would make these atoms more 
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Conversion (%) 
per unit weight 

Ir ]Pt 
W 12 0.003 

40. W 13 0.000 
W30 0.015 

30. 

20. 

10 

~ t i m e  (hrs.) 

160 26o 360 460 

FIG. 4. Heptane conversion per unit metal weight, 
as a function of time. Iridium-poor catalysts. 

active for hydrogenation to methane. The 
following facts support this view: 

The heat of dissociation of gaseous IrC 
is slightly higher than of gaseous PtC, 
viz. 621 against 608 kJ/mole for PtC 
(26, 27). 

The bonding between iridium atoms is 
stronger than between platinum atoms 
(see the heats of evaporation, Table 1). 
Hence we might expect the chemisorption 
bond between carbon atoms and the iridium 
surface to be stronger than the correspond- 
ing bond between carbon atoms and the 
platinum surface. 

Conversion of Hexane and Heptane over 
Alumina-Supported Plattnum-Iridium 
Catalysts 

In order to arrive at a better under- 
standing of the promoting action of iridium, 
reforming of n-hexane and of n-heptane 
was studied as a model reaction. I t  has to 
be emphasized that our experiments were 
performed at a much lower pressure 
(105 N m -2) and temperature (650 K) 
than is usual in industrial practice. Fur- 
thermore, the mean diameters of the metal 
crystallites were about 50 times as high 
as in industrial catalysts (Table 3). This 
has the advantage that the surface com- 
position of these crystallites may be com- 
pared with that of the Kulifay powders 

discussed in the foregoing section. [-Notice 
that the surface enrichment rules may 
change for very small crystallites (7)]. 

a. Running in the catalysts. In Figs. 4 
and 5, the change of heptane conversion 
as a function of the running-in time is 
presented for seven samples with increasing 
iridium-platinum ratio. 

First the samples were subjected to in 
situ reduction in a hydrogen flow of 
100 mm 3 (NTP)/sec, at 650 K for 16 hr. 
Subsequently, the hydrogen-heptane mix- 
ture was fed to the reactor, which was 
at 650 K. 

With six catalysts, all with an I r /P t  
ratio below 0.02, a slow but prolonged 
deactivation as a function of time was 
observed. By way of example, this general 
behavior is shown in Fig. 4 for catalysts 
W 12, W 13, and W 30. 

During deactivation the material bal- 
ance over the reactor showed a hydro- 
carbon deficit, indicating that some kind 
of carbonaceous deposit is formed on the 
catalyst surface. Indeed, after use, these 
iridium-poor catalysts had a dark-grey 
color, and after heating in air for 1 hr at 
770 K, the weight loss was about 5%. 
The pure platinum catalyst W 13 showed 
a loss on ignition of even 10%. 

Catalysts with I r /P t  ratios > 0.02 had 
somewhat lower initial conversions (Fig. 5). 
For unknown reasons these conversions 

Conversion (%) 
per unit weight Ir/Pt 

W 22 0.036 
W 23 0.19 

40 W 29 0.34 
W 26 0.67 

~ W26 

/ K \ \  F 

10 2 

~ t l m e  (hrs.) 

100 200 300 400 

FIo. 5. Heptane conversion per unit metal weight, 
as a function of time. Iridium-rich catalysts. 
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first pass through a maximum and then 
decrease again, after which constant steady- 
state conversions are reached. The higher 
the I r /P t  ratio, the lower the maximum 
and the shorter the time to reach the 
steady state. The final steady-state con- 
versions increase with increasing I r /P t  
ratio, and surpass the steady-state activi- 
ties of platinum and iridium-poor platinum 
catalysts. 

It  is important to note that all catalysts 
with an I r /P t  ratio above 0.02 showed 
little carbon deposition; their loss on igni- 
tion was less than 1 wt%, and used cata- 
lysts were only slightly darker in color 
than the fresh ones. 

Selectivity changes during the running-in 
period were also detected. The behavior 
of catalyst W 22 (Fig. 6) is typical for 
iridium-poor catalysts, platinum included. 
Sa and Sc increase at the cost of Si, and 
the selectivities reach constant steady- 
state values after about 140 hr. 

Catalysts with high I r /P t  ratios attained 
their steady-state selectivity values already 
after 10 hr (see Fig. 7; catalyst W 29 with 
I r /P t  = 0.34). The final steady-state se- 
lectivities S i ,  Sc ,  and Sa were about equal 
to those found for platinum and the 
iridium-poor platinum catalysts (compare 
Figs. 6 and 7). 

b. Conversion and selectivity in the steady 
state. The steady-state heptane conversions 
per unit metal weight (reached after a 

IO0~sj~ lect iv i ty  

7 S i  

0 40 80 120 160 200 
t ime  (hrs.) 

FIG. 6. Heptane reforming during the running-in 
period. The change of cyclization (S~), isomeriza- 
tion (Si), and aromatization (S~) selectivities, as 
a function of time. Iridium-poor catalyst W 22 
( I r /P t  = 0.036). 
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FIG. 7. Heptane reforming during the running-in 
period. The change of cyclization (S~), isomeriza- 
tion (S~), and aromatization (S~) selectivities, as 
a function of time. Iridium-rich catalyst W 29 
( I r /Pt  = 0.34). 

running-in period of 200 hr) are plotted 
in Fig. 8 as a function of the I r /P t  ratio. 

For 10 catalysts with I r /P t  ratios below 
0.02, the steady-state conversions flue- 
tuated between 6 and 10%, but for cata- 
lysts with I r /P t  > 0.02, constant and 
reproducible conversions were arrived at. 
These conversions were a factor of about 
two higher than found for the iridium-poor 
catalysts, in accordance with their lower 
degree of carbon deposition (see Fig. 8). 

Some very important observations are 
plotted in Fig. 9. For all catalysts with 
I r /P t  ratios between 0.06 and 1.35, the 

30- 

°/°Total conversion 
per unit metal w~ight 

o 

Ir/Pt ratfo 

c;.~ i.o 

FIG. 8. Heptane conversion per unit metal 
weight, as a function of the I r / P t  ratio, in the 
steady state. X, mean value for ten catalysts with 
I r / P t  ratios below 0.02. The observed minimum 
and maximum conversions are indicated; @, O, 
iridiumrrich catalysts; @, with a new batch this 
result reproduced within 2%. 
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FIG. 9. Selectivities in the steady state as a func- 
tion of the I r /Pt  ratio. X, mean value for 10 cata- 
lysts with I r /Pt  ratios below 0.02. The observed 
minimum and maximum selectivities are indicated. 

steady-state selectivities Sh, S~, So, and Si 
are independent of the I r /P t  ratio, and 
their values do not differ very much from 
the values found for platinum and iridium- 
poor platinum (the crosses in Fig. 9). 

c. The bifunctional character of the process. 
An acidified v-alumina catalyst (prepared 
in the same way as all the other catalysts, 
but without adding platinum and iridium) 
showed, under the conditions mentioned 
in the Experimental section, no hexane or 
heptane cracking or reforming activity. 
We also performed a number of experi- 
ments with iridium-platinum on a-alumina 
as a support. This type of alumina is inert 
and nonacidic, and hence the results 

(Table 5) arc representative for the be- 
havior of unsupported catalysts. Only 
hydrogenolysis (methane formation) was 
observed. The conditions were nondiffer- 
ential, but Tournayan et al. (15), mea- 
suring heptane conversion over a-alumina- 
supported iridium under differential 
conditions, report similar results, their 
hydrogenolysis activity being about 90%. 

As distinct from the behavior of non- 
supported iridium (14-16) and of iridium 
on a-alumina, where only hydrogenolysis 
is observed, heptane conversion over 0.24% 
Ir-on-acidified-v-alumina gave skeletal isom- 
erization (selectivity 70%) and hydrogen- 
olysis (selectivity 30%). 

The above results demonstrate that 
neither the acidic sites nor the metal sites 
alone govern the reforming behavior of 
our catalysts. Hence, just as was demon- 
strated by Weisz (28) in his classical study 
of reforming with platinum on acidic sup- 
ports, we are dealing here with bifunc- 
tional catalysis, in which an alkane is first 
dehydrogenated on a metal site, next 
isomerized on an acidic site, and finally 
hydrogenated on the metallic part of the 
surface. 

DISCUSSION 

In bimetallic reforming catalysts, such 
as Pt/Sn, Pt/A1, and P t /Ge  on v-alumina, 
platinum is diluted with an inert second 
metal. The function of this second metal 
is mainly to isolate the surface platinum 
atoms rather than to change the activity 
per atom. This dilution results on the 

TABLE 5 

HexaneConversionovera-Alumina-SupportedPlatinum-Iridium Catalys~ 

Catalyst Metal I r /P t  Con- Si S¢ S~ Smeth~ne 
load ratio version (%) (%) (%) (%) 

(wt%) (%) 

W6 5.6 32/68 100 0 0 0 100 
W5 12.8 70/30 100 0 0 0 100 
W10 5.8 100/0 100 0 0 0 100 
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average in smaller platinum ensembles at 
the surface, leading to the suppression of 
reactions requiring more than one plati- 
num atom relative to reactions taking 
place on single atoms (7, 29). 

These smaller ensembles enhance the 
selectivity for nondestructive reactions. 
A good example of this effect may be 
found in the study by den Otter and 
Dautzenberg (30) on hexane reforming at 
one atmosphere, over platinum and plati- 
num-aluminum on an acidified v-alumina 
support. By alloying with aluminum the 
hydrogenolysis selectivity decreases by a 
factor of three, whereas the isomerization 
selectivity increases by a factor of six and 
the aromatization selectivity by a factor 
of 1.5. 

Our results clearly show that the plati- 
num-iridium reforming catalysts do not 
belong to the type described above, and 
for the beneficial action of iridium in 
platinum another explanation has to be 
sought. Our AES results show that even 
at high bulk iridium concentrations the 
iridium surface concentration is very low. 
Hence it is to be expected that the be- 
havior of an iridium-platinum reforming 
catalyst is platinum-like. This is exactly 
what is found in our heptane reforming 
experiments (see Fig. 9). It  also follows 
from these experiments that already at a 
very low iridium atom concentration in 
the platinum surface the formation of 
carbonaceous deposits is suppressed, by 
which the conversion and catalyst, stability 
increases (see Fig. 8). This again is in 
accordance with our AES results, where 
it is shown that carbon-covered platinum 
surfaces are more easily freed from carbon 
in the presence of iridium. 

The mechanism by which the platinum 
surface is kept clean, as a result of a rela- 
tively low surface concentration of iridium 
sites, is not fully clear. I t  is likely that 
carbon atoms, deposited on the platinum, 
can migrate over a number of platinum 

sites to the iridium centers in the surface, 
where they are hydrogenated to methane. 

In our experiments an improvement of 
the selectivity by the presence of iridium, 
in the direction of more isomerization and 
aromatization, was not observed (Fig. 9). 
However, it is to be expected that in 
industrial reforming, which proceeds at 
much higher pressures, the suppression of 
carbon deposition is much more severe 
than in our one atmosphere experiments. 
Then the selectivities shift in the direction 
of more skeletal isomerization and less 
aromatization and cyclization (see the 
selectivities found at the start of the 
running-in period of iridium-poor platinum 
in Fig. 6, where still little carbon deposi- 
tion has taken place). 

Neither from our experiments nor from 
the literature is any evidence found for 
the existence of ordered P t / I r  phases in 
small alloy particles or in the catalysts; 
only monophasic solid solutions are ob- 
served. Furthermore, the constancy of the 
selectivities as a function of the I r /P t  
ratio points to the absence of special 
ligand effects. 

Our experiments are performed at a 
much lower pressure (105 N m-5 and 
temperature (650 K) than is usual in 
industrial practice, and the mean diame- 
ters of the metal crystallites were about 
50 times as high as in the industrial 
catalysts. Therefore, direct extrapolation 
of the results to industrial conditions, with 
respect to conversion and selectivity, is 
difficult, the more so as in the industrial 
ease promoters are added. In the patents 
(2-6) it is stated that under industrial 
conditions a high octane C5 + reformate is 
formed for protracted on-stream periods 
without significant yield losses during the 
course of the reforming operation. This is 
in good accordance with the general outcome 
of our work; without any exception the 
patents claim an improvement of the 
activity, of the selectivity toward isom- 
erization, and of the stability against coke 
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format ion ,  shown b y  p la t inum cata lys ts  
on in t roduc t ion  of iridium. 

I t  is interest ing to note  t h a t  Cal lender  
and  co-workers  (31)  have  shown tha t ,  
wi th  respect  to cyclizat ion,  the  reforming 
process is no t  to ta l ly  b i func t iona l ;  cycliza- 
t ion  can also proceed on the  p l a t inum and  
acid sites as such. I n  our  experiments,  
however ,  the  acidic sites were found  to be 
inact ive  for cyclization,  and  s t rong evi- 
dence is found  t h a t  skeletal i somerizat ion 
over  i r idum-on-~-a lumina  (acidified) is 
pure ly  bifunct ional .  
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