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The reactions of ethane, n-butane, isobutane, neopentane, nechexane, 2,3-dimethylbutane,
and methylcyclopentane have been studied over a range of dispersed iridium catalysts in
which the iridium was supported on y-alumina or Aerosil silica, and dy, lay in the range <1 to
20 nm. The catalysts were characterized by electron microscopy, hydrogen adsorption, and
temperature-programmed desorption of hydrogen. Hydrocarbon hydrogenolysis was the sole re-
action pathway, except in the reaction of neopentane over catalysts with di; of 7 and 20 nm,
where some isomerization to isopentane was observed, and in the case of isobutane, where
there was some inferential evidence for isomerization to n-butane prior to hydrogenolysis.
The hydrocarbons fell into one of two classes depending upon the activation energy and the
type of hydrogenolysis reaction occurring. Reaction in a Cy-unit mode (ethane the archetypal
hydrocarbon) occurred with an activation energy in the region of 175 kJ mol™, and was the
reaction mode for Cr—Ci, C1—Ci1, and Cii—Ci1 bond types. Reaction in an iso-unit mode (neo-
pentane the archetypal hydrocarbon) occurred with an activation energy in the region of
235 kJ mol™, and was the reaction mode for Ci—Crv, Cr—Cu, and Ci—Crir bond types. (Cr
indicates a primary carbon, etc.) The activation energy and the frequency factor (expressed
as rate per surface iridium atom) for reaction in the Cy-unit or the iso-unit mode was inde-
pendent of d,. Provided the hydrogen pressure was kept sufficiently high, all reaction rates
were proportional to P'rc P~%g,. The reaction mechanism is discussed and is compared with
the behavior of the corresponding reactions over platinum catalysts.

The need for efficient reforming catalysts
to improve the octane number in gasoline
has initiated research into various new
catalyst systems, especially since in many
countries restrictions have been imposed
on lead additives. Instead of platinum
alone, alloys of platinum with other transi-
tion metals have been investigated as
reforming catalysts, and one of the most
promising of these seems to be the plati-
num-iridium system (7). Catalysts based
on this system have been claimed to show
improved activity and selectivity for the
formation of desired products, and to
have high resistance to coke formation.

So far, little has been published in the

open scientific literature concerning the
chemistry of catalytic reforming over
platinum—iridium catalysts: One of the
few publications is from Rasser (2).

We take the view that the catalytic
chemistry of platinum-iridium is unlikely
to be properly understood unless we under-
stand the corresponding catalytic chem-
istry of platinum and of iridium indi-
vidually. Whereas the behavior of platinum
as a catalyst for the skeletal reactions of
hydrocarbons has been studied in some
detail (e.g., (3)), there is relatively little
known about hydroearbon reactions on
iridium.

Clarke and co-workers (4, §) have ex-
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amined the reaction of butanes on evapo-
rated iridium films. Using supported iridium
catalysts, Sinfelt (6) studied the hydro-
genolysis of ethane in comparison with
other group VIII transition metals, and
Boudart (7) the reaction of neopentane.
All groups agree on the high activity of
iridium for hydrogenolysis reactions, but
whether iridium is able to isomerize
molecules like neopentane or isobutane is
still an open question. Although Boudart
(7) reported to have found isomerization
of neopentane on iridium supported on
silica, Anderson and Avery (8) and Clarke
et al. (4, 5) working with iridium films
could not detect any activity for this
process.

In the present work we have investi-
gated the reactions of simple hydro-
carbons (ethane, n-butane, isobutane, neo-
pentane, and neohexane) on iridium cata-
Iysts of various dispersions, supported on
silica or y-alumina, characterized by elec-
tron microscopy, hydrogen adsorption,
and temperature-programmed desorption
(TPD) of hydrogen.

EXPERIMENTAL

The reactions were carried out in a
single-pass fixed bed reactor operating in
a differential mode at low conversions
(<10%,). The ratio reactor diameter/
catalyst particle diameter was >100. The
weight of the catalyst used was between
0.2 and 0.5 g. Flow rates of the gas mix-
tures could be adjusted between 0.2 and
2 em?® s, with space velocities in the range
1 to 20 s~ Prior to reaction, the catalyst
was reduced in a stream of hydrogen over-
night at 620 K; subsequently the catalyst
was cooled in a stream of hydrogen to
reaction temperature (in the region 410~
550 K), and the reactant mixture (normally
hydrogen/hydrocarbon, molar ratio, 20/1)
was passed over the catalyst at a total
pressure of 101 kPa.

Reaction orders in hydrogen and hydro-
carbon were obtained by changing the
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hydrocarbon-to-hydrogen ratio while keep-
ing the total pressure constant, or by
diluting the hydrogen stream with inert
gas at constant hydrocarbon pressure. The
products were analyzed by gas chroma-
tography using a 65-m stainless-steel
capillary column coated with HHK
(Perkin—Elmer), or a packed column (di-
methylsulfolane on firebrick), and a flame
ionization detector. The metal content of
the catalysts was determined by XRF by
comparison with appropriate standards.
Further characterization by electron micros-
copy, hydrogen adsorption, and tempera-
ture-programmed desorption used methods
previously described (10, 11).

No catalyst deactivation or aging effects
were observed provided the reaction system
was rigorously protected from traces of
adventitious oxygen or water impurity.

Catalysts

Catalysts A. This group of supported
iridium catalysts was prepared by im-
pregnation of the support material (Aerosil,
Degussa 200; y-alumina, Harshaw 1401P;
both 200 m? g~!) with Ir,s(CO)y, from a
cyclohexane solution. Subsequently the
carbonyl was decomposed by heating in
vacuo or in a flow of nitrogen at 620 to
670 K, and then reduced in hydrogen at
those temperatures for at least 15 hr.
Details of the preparation have been re-
ported previously (9). In addition, a
catalyst of large iridium particle size was
prepared from a standard catalyst (0.90
wt9% Ir/SiO,) by sintering in hydrogen at
970 K for 3 hr.

Catalysts. B. These catalysts were pre-
pared by impregnation of the support with
aqueous chloriridic acid using the method
of incipient wetness; the solvent was re-
moved by slow evaporation under vigorous
stirring, and the residue was dried at
380 K for several hours and subsequently
reduced in a stream of hydrogen at 620 K
overnight. In addition, a catalyst of large
iridium particle size was prepared by
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328 FOGER AND ANDERSON

calcining a 0.98-wt%, Ir/SiO, catalyst in
air at 720 K for 2 hr: this was done after
impregnation but before hydrogen reduc-
tion. After calcination, the sample was
hydrogen reduced according to the standard
method.

Table 1 summarizes all the catalysts
used, including data for characterization
by hydrogen adsorption and electron mi-
croseopy. Monolayer hydrogen coverage
was obtained from the linear portion of
the room temperature isotherm, and specific
metal surface areas and particle sizes were
calculated assuming a stoichiometry of one
adsorbed hydrogen atom per surface iridium

Evaluation

Product distributions are recorded in
mole percentages of total products. To
avoid, as far as possible, contributions from
secondary reaction products, distributions
were measured at low conversions (<109),
and initial distributions were obtained by
extrapolation to infinite space velocity
from a plot of product composition versus
reciprocal of space velocity.

Reaction rates were evaluated as turn-
over numbers (V), molecules per second
per surface iridium atom,

2.51 X 10" X P X f X Xgnc

@

atom, and assuming spherical particles. We X nn
TABLE 2
Reaction Rate Datac
Hydrocarbon Catalyst Reaction Activation log (frequency
temperature energy factor)
range (kJ mol™) [frequency
X) factor/

molecules

s Ir ]
Ethane B, 503-578 174 14.3
B. 503-541 168 13.8
B; 522-548 175 15.0
n-Butane A 443-485 173 17.6
B, 443-485 174 174
B. 433-493 170 17.2
B; 452-495 172 17.6
Neohexane A, 443-485 175 17.2
B - 450495 180 17.9
B, 443-485 174 171
B; 452-495 168 16.0
Isobutane Ay 493-526 240 21.9
B: 498-533 243 22.1
B. 493-523 230 21.1
B 509-535 225 20.4
Neopentane Ay 493-523 246 22.5
B, 503-533 251 22.7
B, 493-573 239 21.9
B; 507-593 230 20.9

« Probable errors: activation energy, 5 kJ mol™; log (frequency factor), ==1.
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where
f reactant flow rate (em® s!) at
293 K,
xuc mole fraetion of hydrocarbon in
feed (usually 0.05),
P percentage conversion,
W. weight of catalyst (g),
N1 number of surface iridium atoms

per gram of catalyst (from hydro-
gen adsorption measurements).

RESULTS
Activation Energies and Frequency Factors

Table 2 lists reaction conditions, activa-
tion energies, and frequency factors for the
reactions of ethane, n-butane, neohexane,
isobutane, and neopentane on a series of
supported iridium ecatalysts of different
dispersions. Arrhenius plots for these re-
actions are shown in Figs. 1 and 2.

In addition to these data, the reaction of
methyleyclopentane was studied over cata-
lyst B, (di:=1.5 nm) in the temperature
range 419 to 453 K. Although studied in less

log,, {rate} (molec s'Irg')
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detail than the other hydrocarbons, it
was nevertheless established that this

reaction had an activation energy of about
170 kJ mol—1.

Reaction Orders

Partial pressures of hydrogen and hy-
drocarbon were changed to measure the
orders of the reaction (n, m) with respect
to both reactants, according to

rate « PrgcP ™y,

@)

The results are summarized in Table 3.
For ethane, isobutane, and neopentane,
the results of first order with respect to
bydrocarbon, and —2.9 to — 3.0 order with
respect to hydrogen were obtained over
the entire measured pressure range (101-

.20 kPa), irrespective of the catalyst. In

the case of n-butane the situation was
different. As shown in Fig. 3 there were
two regions of pressure dependence, one
characterized by orders of n = 1.0,
m —3.0 and one by orders of n = 0.63,
m = —1.6. These values were identical on

21 ]
1000/ T (K)

Fig. 1. Arrhenius plots for reactions on supported iridium catalysts. Hydrogen/hydrocarbon
molar ratio, 20/1. Hydrocarbon and catalyst type: n-butane: 4+, A;; A, B:; @, B:; B, Bs. neo-
hexane: X, Ai; A, Bi; O, Bs; O, Bs. ethane: @, B1; ©, Bs; ®, Ba.
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Fia. 2. Arrhenius plots for reactions on supported iridium catalysts. Hydrogen/hydrocarbon
molar ratio, 20/1. Hydrocarbon and catalyst type: (a) isobutane: X, A:; A, B1; @, B:; @, Bs.
(b) neopentane: X, A;; A, B:; @, B:; B, Bs.

all catalysts, but the hydrogen pressure reaction orders changed at about 40 to
where the changeover occurred was a 45 kPa on highly dispersed iridium and at
function of the catalyst dispersion. The about 70 kPa on iridium of low dispersion.

~+

T~

o)

-r,

log,, {rate) {(molec s

log,p,,(kPa)

Fie. 3. Variation of reaction rate of n-butane with hydrogen pressure over supported iridinm
catalyst. Reaction temperature 453 K: n-butane pressure, 1.3-1.6 kPa. Catalyst: +, As; A, Bi;
L J y Bz; ., Bs. .



HYDROCARBON REACTIONS ON IRIDIUM CATALYSTS 331
TABLE 3
Kinetic Pressure Dependence Exponents
Hydrocarbon Catalyst Pressure range Exponents in
(kPa) rate « Prge Pmy,

Ethane B, By, B; Pg,, 20-101 B ~

Pro, 1.2-10 n=10 m=—29
Isobutane A4, By, By, B; Py, 20-101 _ _

Pug, 1.3-12 n=10 m= -28
Neopentane Ay, By, By, B; ﬁzz 210;(1); n=10, m = —29
n-Butane Ay, By Pg,, 30-101 _ _

Prg, 1.3-12 n =10 m=—-3.0

P 18-

P?C’ 1_3_20 n=086,m=—15

B, Pg,, 35-101 B B

Pat 18-12 n=10 m=—29

P 18-35

Pf:c’ Lo6 n =064, m = —15

B, Py, 50-101 _ B

P, 1.3-12 n=1.0, m= —29

P

P?c’ 11_3:20 n =065, m = —1.5

The distribution of initial reaction products
was the same in the two pressure depend-
ence exponent regimes.

Product Distributions

The initial produet distributions ob-
tained from n-butane, isobutane, neopen-
tane, and nechexane on various iridium
catalysts are listed in Table 4. Ethane,
which yielded only methane, is not in-
cluded in Table 4. The initial product dis-
tributions were, to better than 29, varia-
tion, independent of temperature over the
reaction-temperature range.

The product distributions at finite con-
versions of course differ somewhat from
the initial distributions. The extent of this
difference depends on the reaction condi-
tions and on the reaetivity of the primary
reaction produets compared with the reac-

tant itself. Thus, since neopentane is con-
siderably less reactive than neohexane,
secondary reaction of the neopentane pro-
duct from the primary reaction of nechexane
is negligible over the entire range 443 to
495 K. With the other reactant hydro-
carbons, secondary reactions occurred to
some extent, although as the data in
Table 5 make clear by comparison with
Table 4, the difference is not large and
correction can be easily made with good
accuracy, particularly since the low reac-
tivity of ethane compared with the butanes
(cf. relevant frequency factors in Table 2)
makes secondary reaction of ethane of
negligible importance.

The distribution of products obtained
from methyleyclopentane is summarized in
Table 6.

The reaction of 2,3-dimethylbutane was
also studied at the single temperature of
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TABLE 4
Distributions of Initial Products

Hydrocarbon Catalyst Initial product distribution (mol%;)*
M E P i-B i-P neo-P
n-Butane A, 13.0 74.0 13.0 — — —
A, 7.3 85.4 7.3 — — —
B 15.3 79.4 15.3 — — —
B; 20.0 60.0 20.0 — — —
B; 31.8 36.4 31.8 — — —
A, 30.4 39.2 30.4 — — -
Isobutane A, 55.2 23.8 21.0 — — —
B 52.4 23.1 24.5 — — —
B, 54.5 23.3 22.2 — — —
B; 53.7 18.3 26.4 — — —
Neopentane A 60.1 9.5 2.7 27.9 —
B 58.4 8.4 2.2 31.0 —
B. 58.1 8.7 2.5 30.7 —
B; 56.7 6.6 3.2 24,1 9.4
A, 55.3 5.9 2.5 26.2 10.1
Neohexane Ay, Ay, Ay . . .
B, B, Ba} 50.0 — 50.0

s M, Methane; E, ethane; P, propane; i-B, isobutane

; i-P, isopentane ; neo-P, neopentane. Initial product

distributions refer to the reaction temperature range: they are independent of temperature over this range

with a variation of not more than about 29%,.

495 K, and the product distribution data
are summarized in Table 7.

Temperature-Programmed Desorption of
Hydrogen

TPD profiles (300-800 K) obtained from
hydrogen adsorption at 295 K on iridium
catalysts with varying dispersions are
shown in Fig. 5. A comparison of curves 1,
2, and 3 indicates a strong particle size
dependence of the nature of the TPD pro-
files. The main desorption peak shifted
from 418 to 511 K when the particle size
decreased from 7.0 to <1.5 nm. This shift
was accompanied by profile broadening
toward the high temperature profile tail.
The amounts of hydrogen desorbed after
equilibration at 295 K corresponded to
about 90 to 959, ot the uptake measured
volumetrically.

DISCUSSION
Hydrogenolysis

From the kinetic parameters in Table 2,
we are able to distinguish two types of
hydrogenolysis reactions on iridium cata-
lysts, involving: (i) bond rupture of the
type CI—CI, CI—CH, CIr—Cn, with an
activation energy in the region of 175 kJ
mol~, and (ii) bond rupture of the type
C1—-Crr, Ci—Crv, CirCry, Cir—Cin, with
an activation energy in the region of
235 kJ mol™1.1

Bearing in mind the probable error in
the activation energy values, it is clear
that the activation energy is essentially
constant and independent of catalyst type
(independent of dr.) within each of the

1Cy ..., Civ are defined as primary, ..., quater-
nary carbon atoms, respectively.
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TABLE 5
Distriburions of Products at Finite Conversions
Hydrocarbon  Catalyst and Product distribution (mol%)s Space  Conversion
reaction velocity  Percentage
temperature M E P i-B i-P (s
(K)
n-Butane A, 453 13.6 76.5 9.9 — — 4 7.0
B; 453 33.6 37.9 28.7 — — 4 3.8
Isobutane A, 523 57.3 25.6 17.1 — — 6.5 8.5
B; 523 54.2 19.1 26.7 — — 6.5 10.0
Neopentane A, 523 61.4 11.3 2.5 24.8 — 6.5 7.2
B; 523 56.8 8.3 4.7 23.2 7.0 6.5 9.1

¢ M, Methane; E, ethane; P, propane; i-P, isopentane.

above groups. We conclude that within
each group the hydrogenolysis mechanism
is basically the same, but there is a differ-
ence in mechanism between the two groups.

A similar pattern is found from the fre-
quency factor (Table 2). Except for
ethane which is exceptional and which will
be discussed later, the frequency factor
for the hydrogenolysis reaction is constant
within each group—about 10" molecules
st Ir's for group (i) and about 10%
molecules s~! Ir—'(,, for group (ii). These
kinetic parameters also summarize the
relative reactivities of the various bond
types, and again setting ethane to one
side as an exception, it is clear that hydro-

TABLE 6
Distribution of Products from Methyleyclopentane

T (K) C, products  2-MP/3-MP=
withn < 5
(%)
419 0 2.10
433 0 2.03
453 4.5 2.10
22-MP, 2-Methylpentane; 3-MP, 3-methyl-

pentane, Catalyst: B, {di- = 1.5 nm). Conversion:
1-5 mol%,. Space velocity: 13 s7L

b Composition (mol%;): CH,, 35.0; C.H, 18.7;
Cng, 93; i-C4H10, 168, ’n—CgHm, 33; i-Csﬂu,
16.8, 7L-C5H12, 0.

genolysis of group (i) bonds occurs much
more readily than of group (ii) bonds.

The data show that with isobutane,
n-butane, and neohexane, only hydro-
genolysis products were observed. With
isobutane and neohexane, the mode of
reaction (initial product distribution) was
independent of catalyst type (independent
of di;) and of temperature. On the other
hand, with n-butane the initial product
distribution was significantly dependent on
dir. With n-butane reaction may oceur by
rupture of a C;—Cy; (terminal) bond to
give methane and propane, or by rupture
of the Ci—Cir (central) bond to give
ethane. Over catalysts with di; < 1 to
1.5 nm the reaction was strongly selective
toward Ci—Cir (central) bond rupture, by

TABLE 7
Distribution of Products from 2,3-Dimethylbutanes

Product Mole percent
Methane 55.1
Ethane 1.7
Propane 3.7
Isobutane 4.6
Isopentane 34.8

¢ Reaction temperature: 495 K. Catalyst: B; (di,
= 1.5 nm). Conversion : 9.8 mol%,. H,/hydrocarbon
ratio, 26/1.
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Fic. 4. Variation of ratio: rate of central bond
rupture/rate of terminal bond rupture, (), in
n-butane as a function of average iridium particle
size (di;). Reaction temperature, 473 K. Space
velocity, 13.4 s™!. Hydrogen/hydrocarbon ratio,
20/1. Points A, and B, are for Ir/v-Al,O5; Ay, B,,
B; are for Ir/SiO..

comparison with which reaction over cata-
lysts with dy. of 7 and 20 nm gave more
nearly nonselective bond rupture. Figure 4

concentration of desorbed hydrogen

FOGER AND ANDERSON

shows the dependence of the ratio of
central bond rupture to terminal bond
rupture on dr.. This preference for central
bond rupture at very low wvalues of
di, is somewhat more pronounced with
Ir/y-ALQs than with Ir/SiO,.

Since these product distributions were
temperature invariant one must conclude
that central bond rupture and terminal
bond rupture oceur with equal activation
energies, and the changing selectivity with
di: occurs solely by a difference in the fre-
quency factor for the two processes.

Extensive central bond rupture in n-bu-
tane hydrogenolysis has been reported by
Plunkett and Clarke (4) for iridium—gold
film catalysts of relatively high gold con-
tent (286 mol9, Au). In this respect,
these alloy catalysts of very large metallic
particle size resemble pure iridium cata-
lysts of very small metallic particle size.

Tsomerization

In our results, significant isomerization
product was observed from the reaction of

| ; T~

I
300 400 500

600 700 800

temperature/K

F1g. 5. Temperature desorption profiles for hydrogen from reduced supported iridium catalysts.
Hydrogen adsorption at 293 K and samples then equilibrated in sweep gas at 293 K. Heating rate,
25 K min™, Starting temperature, 300 K. Catalysts: ——, B,; — ~—, By; —-—-—- , Bs.
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neopentane over catalysts with dr. of 7
and 20 nm, but none with catalyst having

di: €1 and 1.5 nm. In comparison with.

this, Boudart (7) reported that an iridium/
silica catalyst with di. of 1.5 nm showed
isomerization activity for neopentane. Since
the reaction conditions used by Boudart
were fairly similar to those used in the
present work, we consider this difference
with the present results to be real, and we
suggest it may have been due to the pres-
ence in Boudart’s catalyst of a proportion
of relatively large iridium particles which
were active for isomerization. This sugges-
tion is made probable by noting that
Boudart’s catalyst had the relatively high
metal loading of 10 wt%,, and the value of
di: had been estimated from adsorption
data which are dominated by the small
particle end of the size distribution range.
Furthermore, an electron microscopic study
of our well-dispersed iridium catalysts
(di: €1 and 1.5 nm) showed a relatively
narrow size distribution range, with the
total absence of large particles, and an
upper limit to the particle size distribution
of about 2 nm.

The product distributions from iso-
butane also suggest that a portion of this
reaction may have occurred via isomeriza-
tion to n-butane followed by hydrogenolysis.
This conclusion is inevitable if it is assumed
that only one carbon—carbon bond is
ruptured in the initial reaction of any
hydrocarbon ‘and this assumption cer-
tainly is substantiated by the behavior of
n-butane. In the case of isobutane, the
generation of substantial and comparable
amounts of ethane and propane can then be
dccounted for if part of the isobutane has
undergone preliminary isomerization to
n-butane. Although this is an inferential
conciusion, it is supported by the observa-
tion of Karpinski and Clarke (5) that some
n-butane was formed from isobutane
over iridium film - catalysts at 529 to
614 K (hydrogen/hydrocarbon reactant
ratio, 10/1).

335

Temperature-Programmed Desorption of
Hydrogen

The change in the shape of the TPD
profiles with varying di. (cf. Fig. 5) means
that at small values of dr. there is an in-
creased proportion of higher energy binding
states for hydrogen. This trend is similar
to that already reported with platinum
(11), but it is more pronounced with
iridium.

This implies that the concentration of
hydrogen chemisorbed on the iridium sur-
face at reaction temperature will be a
function of dy,. This is shown in Fig. 6,
where we have plotted, as a function of
temperature (T) for various di., values
for the ratio nr/ns where » is the quantity
of hydrogen desorbed in the TPD profile
at temperatures above the specified tem-
perature (TK or 295 K). The data in
Fig. 6 cannot be used to make quantitative
comparisons of hydrogen coverages under
actual reaction conditions because the gas-
phase hydrogen pressures are considerably
different in a reaction mixture and under
TPD conditions; furthermore, under reac-
tion conditions there will be competition
for adsorption sites by other reactant
molecules.

Nevertheless, the data summarized in
Fig. 6 clearly demonstrate a trend of
higher hydrogen concentration at lower dy..

Kinetic Pressure Dependence

Literature data for kinetic pressure de-
pendence exponents on iridium for the
molecules examined in the present study
are not available except for ethane ; Sinfelt
(6) reported exponents of n = 0.7 and
m = —1.5 (for ethane and hydrogen, re-
spectively). These values are considerably
different from those found in the present
work (n = 1.0and m = —2.9; ¢f. Table 3).
However, Sinfelt’s data were obtained at
pressures below the lower pressure limits
used in our study, and it is possible that,
as the pressures are reduced, the reaction
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300 400

T/K

Fia. 6. Dependence of nt/ns; on temperature T (K). nr, quantity of hydrogen desorbed in TPD
profile at temperatures above T (K) ; nzg5, quantity of hydrogen desorbed in TPD profile at tempera-

tures above 295 K. Primary data from Fig. 5. Curve

, dir = 7.0 nm (catalyst Bs); curve

——— - , dir = 1.5 nm (catalyst B,); curve — — —, di, = 1.5 nm (catalyst B,).

orders for ethane change in a manner
similar to that observed with n-butane
(cf. Table 3).

Provided the hydrogen pressure is high
enough, it is evident from Table 3 that
the kinetic orders in hydrocarbon and
hydrogen are virtually invariant, irre-
spective of hydrocarbon type or of di.;
ie, n = 1.0, m = —3. This suggests that,
if adsorption to form the reaction inter-
mediate is written as

Ca:HZz+2(g) = [C3H2z+2—y](s)+yH(S); (3)

with
He = $Hz ), “4)

the extent of dehydrogenation to form
[C.H;z42-4]) is about the same for all
hydrocarbons.

Assuming that carbon~carbon bond rup-
ture in [C,H;.r2—y sy is rate controlling,
it is possible to construct a scheme which
allows the value of y in [C.H.i2—y]e) tO
be expressed in terms of the pressure de-

pendence exponents n and m, in the
manner first outlined by Cimino et al. (14).
However, this approach cannot do more
than give a very rough indication of the
extent of dehydrogenation of the adsorbed
reaction intermediate because the treat-
ment contains some parameters which are
unlikely to be known a priori—for in-
stance, the nature of the hydrogen ad-
sorption isotherm under reaction condi-
tions (high or low hydrogen coverage)
and whether in the rate-controlling step
the adsorbed hydrocarbon residue is at-
tacked by H,,y or Hg). In the present
case, this treatment indicates that the
adsorbed reaction intermediate is exten-
sively dehydrogenated, with a value of y
in [C,Hs,12-4](s) in the range 3 to 6 de-
pending on the assumptions used in the
model. v
Despite this uncertainty this general
method of approach does allow the ab-
normally low frequency factor for the
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ethane reaction (cf. Table 2) to be rational-
ized relative to the frequency factors for
n-butane and neohexane which, together
with ethane, all have about the same
activation energy.

Consider the reaction

C.Hozp20e) = [CoHozroy Joy
+ y/2Hy  (5)

It is probable that, in forming the adsorbed
reaction intermediate, we must have y > 2.
This is suggested by the values of y indi-
cated above and is supported both by
previous estimates (6), and by arguments
based upon the ease or rupture of various
types of carbon—carbon bonds (vide infra).
We shall thus compare equilibrium con-
stants for reaction (5) at 500 K (Ks0) for
the case y = 4, and the alternative values
z =2 (ethane to ethyne) and z =4
(n-butane to but-2-yne).

T =2

} K500 = 7.6 X 10~2 atm?.
y=4
z =4

] Koo = 9.3 X 10717 atm?.
y=4

From this it follows that if the free
energy of adsorption is about the same for
C:H:(g) and C,Hg,, the concentration of
adsorbed intermediate from ethane would
be considerably less than from =n-butane,
as required to account for the difference in
frequency factors.

The reaction of n-butane shows two
regions with difféerent pressure dependence
exponents, depending on the hydrogen
pressure. This is the same sort of behavior
as has been previously reported for the
reaction of neopentane over platinum
(10, 13), and we attribute it to an in-
creased relative coverage by adsorbed
hydrocarbon, and a corresponding de-
creased hydrogen coverage at lower hydro-
gen pressures. The change in the transition
hydrogen pressure with di. is consistent
with the increased hydrogen coverage at
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smaller dy. indicated by the TPD results.
Since the product distributions are the
same in the two pressure dependence ex-
ponents regimes, we conclude that the
nature of the adsorbed hydrocarbon reac-
tion intermediate is the same in both cases.

Reaction Modes

It is convenient first to discuss the com-
parative behavior ot the various hydro-
carbons over iridium catalysts in terms of
two archetypal reactions. Ethane is the
archetype for hydrogenolysis with a rela-
tively low activation energy in the region
of 175 kJ mol~. Since this involves carbon—
carbon bond rupture in a skeletal unit
consisting of only a pair of adjacent
carbon atoms, we shall refer to it as hy-
drogenolysis in a Cp-unit mode.

Bearing in mind the kinetic similarity
of neopentane and isobutane for hydro-
genolysis over iridium, we shall refer to
the archetype which is characterized by
the relatively high activation energy in
the region of 235 kJ mol™!, as hydrogeno-
lysis in an iso-unit mode.

Previous work has also reported that
the activation energy for the reaction of
ethane over dispersed iridium is some 40 to
50 kJ mol—! lower than that for neopentane,
although the absolute magnitudes are some-
what lower than those found in the present
work. Thus, Sinfelt (6) has reported an
activation energy of 152 kJ mol-! for
ethane, while Boudart (?7) cites a value of
195 kJ mol~ for neopentane. Nevertheless,
the mid-temperature range turnover num-
bers are in fairly good agreement: at 523 K
Sinfelt (6) gives a turnover number for
ethane of 3.3 X 10~2 molecules s~! Irtg,
compared with our wvalue of around
10 X 1072 molecules s™! Ir—!,, while for
neopentane at 523 K Boudart (?) gives
a turnover number of 2.6 X 10~2 molecules
s Ir'y compared with our value of
around 2 X 1072 molecules s! Ir1,.
(These comparisons have been made after
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extrapolating our data to the pressure
conditions used by the other workers).

On this basis then, n-butane reacts via
the Cs;-unit mode. Neohexane, which is of
a structure such that hydrogenolysis could,
in principle, occur by Ci,-unit or iso-unit
mode, in fact reacts exclusively via a
C;-unit mode with carbon—carbon bond
rupture oceurring only in the ethyl group.
This is exactly consistent with the expecta-
tion that the lower activation energy
pathway will be selected if a choice is
available.

In this respect, the behavior of iridium
is in marked contrast to that of platinum.
On platinum, reaction via the C,-unit mode
is relatively difficult and reaction by the
iso-unit mode is relatively facile: neo-
hexane for instance, reacts mainly to give
ethane and isobutane, while the activation
energy for the reaction of ethane is much
greater than that for neopentane (3).

As noted above on iridium the activation
energy for the reaction of isobutane is
similar to that of neopentane, even though
in terms of the skeletal structure of iso-
butane, one might have expected the more
facile C,-unit reaction mode to have been
available: chemisorption at the tertiary
carbon atom of isobutane is possible,
but the corresponding process cannot
occur at the quaternary carbon atom in
neopentane.

We are thus forced to the conclusion that
reaction via the Cq-unit mode cannot occur
if one of the constituent carbon atoms is
tertiary. This is exactly confirmed by the
reaction pattern of methylcylcopentane
(Table 6) for which hydrogenolysis occurs
in a manner that totally excludes the
tertiary earbon atom. Carbon—earbon bond
rupture is entirely confined to the ring
bonds 2-3 and 3—4, where the carbon atoms
are all secondary, and here the reactions
occur with equal statistical probability,
since the product ratio 2-methylpentane/
3-methylpentane is very close to 2.

This behavior of iridium with methyl-
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cyclopentane is markedly different from
that of platinum (3). Over highly dis-
persed platinum, methyleyclopentane un-
dergoes nonselective ring opening; that is,
n-hexane, 2-methylpentane, and 3-methyl-
pentane are produced in the ratios 2:2:1.
On platinum, ring opening of the type
found over highly dispersed iridium is
only found at very low dispersions.

The behavior of 2,3-dimethylbutane con-
firms the coneclusion that Cs;-mode hydro-
genolysis is very difficult if one of the
carbon atoms is tertiary. In this molecule,
the central bond lies between two tertiary
carbon atoms, and the data in Table 7
show that essentially no rupture of this
bond oceurs.

We may thus summarize the sitnation
as follows. Provided the bond in question
is of the type CI—CI, CI—CH, CII—CH, reac-
tion oceurs via a Cgunit mode with a
lower activation energy in the region of
175 kJ mol~.. Bonds of the type Ci—Crv,
Ci—Ci, Ci—Crir reaet via an iso-unit mode
with a higher activation energy in the
region of 235 kJ mol .

The failure of bonds which contain a
tertiary carbon atom to react via a Cy-unit
mode implies that, for this mode to oper-
ate, each of the constituent carbon atoms
must be able to lose at least two hydrogen
atoms in the chemisorption process.

In the reactions on iridium with the
various hydrocarbons which proceed in
the Cy-unit or the iso-unit modes (Table 2),
the activation energy is effectively constant
over a wide range of di, from <1 to
20 nm. We thus conclude that for each of
these reaction modes, the basic reaction
mechanism does not change as di. changes,
and we therefore infer that for each of
these reaction modes the nature of the
reaction site does not change as di, changes.

It follows therefore that for neither of
these modes can the reaction site be of a
type such that the site density depends
on dr.. The simplest assumption is to
assume that all surface iridium atoms are
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equally effective, irrespective of surface
geometry. This need not necessarily imply
that a reactive site is to be identified with
a single iridium atom, merely that if a
reactive site consists of a group of surface
iridium atoms, then the group is of a
structure such that its change of occurrence
is independent of dr..

The present results do not allow a more
definite assessment of the nature of the
reactive sites. Further insight may be
possible via a surface ensemble approach
using group VIII/group IB alloy cata-
lysts, and experiments of this sort are
currently under way in this laboratory.

The insensitivity of the neopentane
reaction (iso-unit mode) to di, is in marked
contrast to the behavior of this hydro-
carbon over platinum catalysts, where the
reaction is strongly dependent on dp: (10).
These data have led to the conclusion that
there are two alternative pathways which
are differentiated by the number of surface
platinum atoms involved in the reaction
sites. Iridium behaves quite differently in
that there is no evidence for more than a
single process.

The activation energy for the reaction
of ethane (C,-unit mode) is independent
of dp. (8, 12, 13) and, although the fre-
quency factor for this reaction shows a
small variation with dp, one may conclude
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that with ethane (unlike neopentane) the
reaction behaves rather similarly toward
metallic particle size with both iridium
and platinum, and there is no evidence for
more than a single process over either metal.
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