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Abstract

The kinetics of 2,2,3,3-tetramethylbutane (TeMB) hydrogenolysis has been investigated over alumina-supported mono- and
bimetallic ruthenium catalysts. The bimetallic catalysts were prepared from the monometallic ones by controlled surface
modification with Sn, Pb and Ge organometallics. As reported earlier, large Ru particles (>3 nm) favour the cleavage between
the two quaternary carbon atoms leading to isobutane (a8 process); moreover, deep hydrogenolysis of the adsorbed alkyi
fragments occurs before desorption. At the opposite, on small Ru particles ( =~ 1 nm) demethylation to 2,2,3-trimethylbutane is
the main reaction { @y process) and deep hydrogenolysis is suppressed. The addition of Sn or Pb onto small Ru particles has
only a small effect on the reaction rate but shifts the selectivity pattern towards that of large Ru particles, while the selectivity
remains unchanged upon Ge addition. The addition of either Sn or Ge to large Ru particles decreases the rate by two orders of
magnitude. With respect to the rate, hydrogen has a stronger inhibiting effect on the sample of lower dispersion. Both rates for
ay and ab processes go through a maximum as a function of hydrogen pressure, the maximun for the a8 process being shifted
to higher H, pressures. Assuming (i) Langmuir adsorption isotherms, (ii) multisite competitive adsorption between hydrogen
and TeMB, (iii) hydrogenation of the dehydrogenated adsorbed alkane (most abundant surface intermediate, MASI) by a
surface hydrogen atom as the rate determining step, a rate law was proposed for both ay and a8 processes. The kinetic analysis
suggests that highly dehydrogenated intermediates (a8 process, -5SH) are formed on large Ru particles. These species need a
large ensemble of Ru atoms to be formed. At variance, on small Ru particles hydrogenolysis could proceed through less
dehydrogenated adsorbed species: metallacyciobutane for the ay process (-2H) and metallacyclopentane for the a8 process (-
3H), the formation of the latter being inhibited at high H, pressure. These metallacycles can be formed on small ensembles of
Ru atoms. The addition of Sn or Ge to small Ru particles does not change very much the positions of the rate maxima for ay
and aé processes, or the hydrogen dependence of the rate. It emerges that the main effect of Sn and Ge addition is to decrease
the number of sites active for ay and ad processes respectively, the former being the sites of low coordination, the latter the
sites of high coordination.
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1. Introduction atoms for Rh [1], Pt [2] and Ru [3] catalysts.
On high coordination number atoms, dense planes

The hydrogenolysis of 2,2,3,3-tetramethybu- and large particles, the preferred reaction is C-C
tane (TeMB) over supported metals is extremely splitting between the two quaternary carbon atoms
sensitive to the coordination of surface metal (Cq) leading to isobutane as the primary product

_ (ad process). On low coordination number
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atoms, corners and edges of small particles, the
demethylation of TeMB to 2,2,3-trimethylbutane
(TriMB) and CH, (a7 process) becomes impor-
tant, or even selective as in the case of Rh/Al,0,
[1]. The a'yand aé processes could occur through
metallacyclobutane and metallacyclopentane
respectively, bonded to one or more metal atoms.
The occurrence of these two kinds of surface com-
plexes has been confirmed by TeMB/D, exchange
on 'Rh and Ru [4,5]. Moreover, TeMB/D,
exchange showed that small Rh particles exhibit
a greater ability to form a-y complexes than larger
ones [6]. It turns out that selectivity in TeMB
hydrogenolysis varies most for metal particles
smaller than 2 nm. At 101 kPa H, pressure, and
whatever the metal, particles larger than 2 nm give
iC, selectively (>90%) as the primary product,
whereas metal particles smaller than 1 nm yield
only 50% iC, for Pt at 553 K [2], 45% for Ru at
473 K [3], and less than 5% for Rhat 493 K [1].
Thereby, this reaction constitutes a powerful
molecular probe for identifying subtle changes in
the surface topology of small metal particles. For
instance, it has allowed us to determine the surface
site distribution of the two elements in RuM [7],
PtM [2] and RhM [ 1] bimetallic catalysts (where
M=S8n, Pb, Ge). It was shown that a small addi-
tions of Sn or Pb favour the a8 process, whereas
Ge had an opposite effect. Quantum chemical cal-
culations [1] supported the view that Sn and Pb
segregate to low coordination sites, while Ge does
not have such a definite preference. This concept
of surface site segregation was first introduced by
the pioneering work of Burton et al. {8]. Catalytic
reactions, usually alkane hydrogenolysis, to probe
the surface site distribution were also used for
RhCu/SiO, [9] and RuCu/SiO, [10] catalysts.
However, activity and selectivity in alkane hydro-
genolysis is highly dependent on the H, pressure
as shown, for instance, for n-butane hydrogenol-
ysis on Ru/AlL0; [11]. Thus, particle size or
bimetallic effects might be obscured or exagger-
ated depending upon the reaction conditions used;
erroneous conclusions might then be derived from
such behaviours. It was therefore the aim of this
work to validate the use of TeMB hydrogenolysis

as a probe for Ru surfaces, by studying the kinetics
of the reaction on a series of mono- and bimetallic
RuM/ALO; catalysts (M =Sn, Pb, Ge). Special
attention will be paid to the mechanism of the
reaction, the nature of the surface complexes and
of the active centres.

2. Experimental

2.1. Preparation and characterisation of the
catalysts

Full details concerning the preparation and the
characterisation of the catalysts were given in a
previous study [ 12]. We shall recall here the most
salient points of the preparation and the main char-
acteristics of the samples. The monometallic par-
ent catalysts (RuEC1 and RuEC3) were prepared
by contacting ruthenium acetylacetonate
(Ru(acac);, Heraeus) in toluene solution with y-
Al,O, (Rhéne Poulenc, Sgpr=220 m? g''). The
solution was either filtered (RuEC1), or the sol-
vent was evaporated (RuEC3). After drying
under vacuum at 333 K the resulting solids were
first dried under N, at 473 K, then reduced under
different conditions. The monometallics RuEC1
and RuEC3 were used as the bases for the bime-
tallic formulations. The second metal was intro-
duced as tetra-n-butyl tin (Merck, purity >98%),
tetra-ethyl lead (Alfa Products) or tetra-n-butyl
germanium (Alfa Products). The bimetallic
RuM/ Al,0; samples were prepared by contacting
in situ a prereduced Ru/ Al,O; parent catalyst with
the desired amount of tetra-alkyl-M in n-heptane
solution. The controlled surface reaction
[7,13,14] was carried out under an H, atmosphere
at 353 K. The solid was dried at 333 K under N,
and then reduced under H, at 623 K to obtain true
bimetallic particles.

Basic characteristics of these catalysts were
obtained from TPR and TPO experiments, H, and
CO chemisorption, TEM examination, XPS and
EXAFS studies [12]. Here will only be presented
the values for H, chemisorption carried out at 373
K in a static volumetric apparatus with the single
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Table 1
Main characteristics of the alumina supported Ru catalysts

Catalyst  Rucontent 2nd metal content (M = Ge, H/Ru
(wt%) Sn, Pb)
(wt%) M/Ru M/Ru,
(at/at) (at/at) ?
RuECI 0.97 - 0.88
RuEC3 4.0 - 025
RuEC1Gel 0.97 0.15 023 0.39 0.59
RuEC1Ge3 0.97 070  1.06 2.6 041
RuEC1Sn1 0.97 026 024 0.47 051
RuEC1Sn2 0.97 054 050 1.56 0.32
RuECIPb1 0.97 051 026 0.40 0.66
RuEC3Gel 4.0 041 0.15 1.25 0.12
RuEC3Sn1 4.0 051 012 0.63 0.19

2 Ru, surface Ru atoms.

isotherm method (Table 1). The agreement for
the Ru particle sizes, in monometallic samples,
determined from H, chemisorption and electron
microscopy, was good.

2.2. Catalytic experiments

The reaction of 2,2,3,3-tetramethylbutane
(TeMB, Aldrich >99%) with hydrogen (high
purity grade >99.99%) was studied by perform-
ing kinetic measurements at different hydrogen
pressures in a stainless steel reactor operated at
low conversion (typically less than 5%) in order
to minimize readsorption of the products and to
avoid heat and mass transfer limitations. The
TeMB partial pressure was maintained constant at
1.3 kPa. The effluents were analysed by sampling
on-line to a gas chromatograph equipped with aJ
and W capillary column (30m X 0.5mmi.d., DB1
apolar bonded phase).

An aliquot of the catalyst, typically 50 or 100
mg, was pretreated in situ by reduction in flowing
hydrogen (20 cm® min') up to 623 K (heating
rate 1 K min™"), remaining at this temperature for
3.5 h before cooling down to the initial reaction
temperature (413 K). The typical range of reac-
tion temperatures studied was 413-493 K, depend-
ing on the activity of the sample. For the initial
screening experiments, the heating rate was con-
trolled at 0.5 K min™" over this range, until the top

temperature was reached, remaining isothermal at
this temperature for 60 min before starting the
downward ramp. The hydrogen flow was reduced
to 10 cm® min™! for the reaction. As some decay
of activity was observed in the initial screening
(typically 30-50%), the following protocol for the
catalytic test was adopted in order to stabilise the
catalysts. TeMB hydrogenolysis was first carried
out over the range 433-493 K at atmospheric pres-
sure (flow 20 cm? min™', heating ramp 0.5 K min®
1) and the reaction held at 493 K for 4 h before
cooling to 433 K at 0.5 K min™'. The catalysts
were then left overnight at this temperature in a
stream of hydrogen (20 cm® min™'). The catalyst
was then tested at atmospheric pressure for the
hydrogenolysis of TeMB over the same tempera-
ture range but without the isothermal portion at
493 K. This procedure was repeated at 202, 353
and 504 kPa total pressure, again at 101 kPa, to
ensure that there was no great modification in the
catalyst properties and then at 49.8, 24.9 and 12.5
kPa hydrogen partial pressure ( 101 kPa total pres-
sure, with He as the diluent). The catalyst was
heated at 433 K in a stream of hydrogen (20 cm®
min™') overnight between each test.

An additional experiment was carried out to
monitor the hydrogenolysis of TeMB over the first
30 min of the reaction course. A 100 mg sample
of catalyst was reduced in hydrogen (10 cm® min’
') at 623 K, then cooled to the reaction tempera-
ture of 445 K. After that, the TeMB was switched
on. A 16-port sampling valve, with sample loops
of 0.8 cm? was used to store in sequence the
reaction products. Samples were taken every 15 s
initially, with intervals increasing over time. The
stored samples were then analyzed at a later time
by flushing each loop with N, to the sampling
valve (20 ul loop) of the GC apparatus.

The following parameters were evaluated:

conversion (mol%)

8 8
= (T (i/8)C)/(Cy+ ¥ (i/8)C;) X 100
1 1

selectivity S; to compound i:
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8
S; (mol%) = C;/ (Y"C;) X 100
1

where C; is the mole percent in the feed of product
with i carbon atoms and Cgis the mole percent in
the feed of TeMB.

The turnover frequency (TOF) is defined as the
number of molecules of reactant transformed per
unit time and per surface Ru atom.

The depth of hydrogenolysis, or number of
fragments produced from one molecule of reactant
before desorption, was characterised by the frag-
mentation factor defined, following Paal and
Tetenyi [15], as:

8 7
1 1
3. Results

First we will recall some important features of
the Ru catalysts reported elsewhere [12,16]. The
Ru particles in the RuEC1 sample are extremely
small as shown by H, and CO chemisorption (H/
Ru=0.88, CO/Ru=1.31), TEM examination
(particle sizes in the range 0.8-1.5 nm) and
EXAFS studies. From these experiments it was
shown that the average coordination number of
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Ru is of 4.35 (Ru®-Ru® + Ru®-Ru®*) and the Ru-
Ru distances shorter (2.60 A) than the bulk one
(2.67 A).Furthermore, this sample contains some
partially oxidised Ru atoms (10-15%), even after
reduction at 623 K in flowing hydrogen. On the
other hand, the large Ru particles of the RuEC3
sample exhibit coordination numbers and Ru-Ru
distances the same as the bulk values (CN=12,
Ru-Ru=2.67 A). In the bimetallic samples, pre-
pared according to the controlled surface reaction
technique, the size of the metallic particles was
not modified by adding Ge, Sn or Pb, and the
intimate contact between Ru and Ge was con-
firmed by EXAFS [16].

The transient kinetics was studied during the
first seconds of TeMB conversion over the H-
precovered Ru surface of RuEC1 sample. Fig. 1
shows the reaction rate and selectivities versus
reaction time for the first 15 min of reaction at 445
K. The delay time between switching on TeMB
and the first detection of the hydrocarbon in the
effluent corresponds to 180 s. The total peak area
reached its maximum value after about 300 s. It
can be seen that the selectivity to CH,, which is
initially the dominant product, decreases with
time until it reaches a steady value at about 45%
after 240 s. The selectivity to iC, increases, going
through a slight maximum of 28% at 190-210 s,
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Fig. 1. Transient period of TeMB hydrogenolysis on RUEC! catalyst at 445 K: (a) alkane concentration (GC peak area) in the feed (O), and
reaction rate (®); (b) selectivity for CH, (0), iC, (H), TriMB (H). Py=99.7 kPa, flow rate=0.17 ml s~ ".
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Fig. 2. Arrhenius plots for TeMB hydrogenolysis on RuEC]1 catalyst;
open symbols: increasing ramp; full symbols: decreasing ramp;
(O,W) ay process, (O,@) ad process. Py =99.7 kPa.

before decreasing to a constant value of approxi-
mately 20%, after about 420 s. The selectivity to
2,2,3-trimethylbutane (TriMB) is initially very
low, at just 9%, increasing steadily with time until
it reaches a value of about 29% after 900 s. Due
to the parallel enhancement of the selectivity for
iC, and TriMB during the first 100 s, it is clear
that multiple fission to methane starts from iC,
and TriMB " adsorbed fragments. It would appear
that the main changes of selectivity occur during
the transient period where the TeMB concentra-
tion increases in the feed. As soon as it reaches its
maximum value (at=300 s) the selectivity
changes are smaller. After 900 s, a total of 0.2 mol
of TeMB per mole of surface ruthenium atom has

Table 2

been converted, and the catalytic properties
remain stable. It is very likely that carbon depo-
sition decreases the multiple fragmentation of
adsorbed TeMB, and favours the ay process in
comparison with the a8 one.

Fig. 2 shows typical Arrhenius plots obtained
for the RuEC1 sample, after the passivation period
and according to the protocol described in the
experimental section. Since a slight deactivation
always occurs between the increasing and the
decreasing ramp, the latter was used to derive the
kinetic results. All the samples were tested follow-
ing the same procedure.

Table 1 reports the main catalytic properties for
TeMB conversion over RuM/Al,O; and the par-
ent monometallic catalysts for the initial screening
experiments. The results are in full agreement with
those previously reported on the effects of Ru
particle size [3] and of ‘alloying’ ruthenium {7]
on TeMB hydrogenolysis over similar catalysts.
On pure Ru/AlLO; catalysts (RuEC1 and
RuEC3) a strong effect of particle size is
observed, both on TOF and on selectivities. When
the Ru dispersion is increased, the TOF and deep
hydrogenolysis decrease, and the fragmentation
factor & becomes close to a value of 2 on the
RuEC1 sample; the selectivity for TeMB hydro-
genolysis is shifted from splitting of the central
bond (=2 iC,) to demethylation
(—CH,+TriMB). The addition of a small
amount of Sn or Pb to the well dispersed RuEC1

Main catalytic properties of Ru catalysts for the hydrogenolysis of TeMB. Py= 99.7 kPa; TeMB partial pressure = 1.3 kPa

Catalyst Temp. (K) Conv. (mol%) TOF (s~ ")x10* Selectivity (mol%) £
C, C,-C, iC, CsCy TriMB

RuEC1 459 0.95 22 38.7 - 29.6 12 305 2,12
RuEC18al 465 0.60 2.0 294 - 485 - 220 2.12
RuEC1Sn2 473 0.10 0.75 423 - 20.0 - 377 2.07
RuEC1Gel 463 1.0 35 404 0.8 28.5 4.5 25.2 2.15
RuEC1Ge3 460 0.75 0.75 436 - 16.0 - 404 2.06
RuEC1Pbl 464 1.50 44 316 1.7 40.5 38 224 2.11
RuEC3 436 8.3 16.7 327 11.1 50.9 5.3 22 2.70
" 468 56 104 85.6 19.1 9.2 24 0.2 454
RuEC3Gel 438 1.70 0.6 124 24 804 - 49 2.14
RuEC3S8nl 433 0.30 0.7 30.0 7.8 59.2 - 3.0 261




40 B. Cogq et al. / Journal of Molecular Catalysis A: Chemical 96 (1995) 3548

Table 3

Main catalytic properties for the hydrogenolysis of TeMB at 463 K
and different hydrogen partial pressures on RuECI catalyst. TeMB
partial pressure = 1.3 kPa. Rows are presented following the
sequence of experiments

Pressure (kPa) TOF Selectivity (mol%) &
(s7hH
x10*
Total Py C, CC; iC, CCs TriMB
101 99.7 29 38909 30316 284 212

202 2007 20 432038
353 3517 115 43506
504 5037 058 423 -

22509 326 213
190 1.8 351 212
174 0.8 395 203

101 9.7 24 378 0.7 309 1.9 287 213
101 498 22 369 1.5 41524 177 231
101 249 26 32734 46.5 4.0 134 233
101 125 19 37352 40.9 3.7 129 247

Table 4

Kinetic results for the hydrogenolysis of TeMB at different hydrogen
partial pressures over RuEC]1 catalyst. TeMB partial pressure=1.3
kPa

Py (kPa) Route ad Route ay

Rate® E,(k] 1nA® Rate® E, (k] 1A®
mol ™) mol™ 1)

12.5 8.88 123 228 753 124 23.0
249 12.1 162 332 953 137 26.6
49.8 9.12 156 315 917 152 303
99.7 612 163 328 143 139 275
99.7 820 155 31.1 16.8 128 24.9
200.7 403 161 318 125 132 25.6
3517 203 155 29.6 7.83 141 274
503.7 085 160 30.2 4.17 144 27.6

2 Reaction temperature: 463 K; rate in (mol s™' g=!) X 10°.
®Ains™!.

sample shifts the selectivity pattern towards that
of large Ru particles with an increase in iC,, while
the selectivity remains approximately the same for
a similar addition of Ge. These effects were attrib-
uted to the preferential occupancy of defect sites,
edges and corners, by Sn or Pb in bimetallic par-
ticles [7], as predicted by the theory of site seg-
regation [8]. Ge does not have such a definite
preference and could be more randomly distrib-
uted. At higher Sn or Ge content, the properties of
RuEC1 for TeMB hydrogenolysis are shifted
towards those of smaller particles, in both cases;

the classical phenomenon of the surface dilution
is then observed. Otherwise, it appears that the
effect of the second element is much more detri-
mental on the specific activity (TOF) when added
to the large particles of RuEC3 in comparison with
small particles of RUEC1. It turns out that the four
catalysts, RuECI, RuEC3, RuECI1Snl and
RuEC1Ge3, are archetypical of the different
behaviours observed in TeMB hydrogenolysis:
effects of the size of the Ru particles (RuEC1 and
RuEC3), of site segregation (RuEC1Sn1) and of
the dilution of Ru surface (RuEC1Ge3). There-
fore, the kinetics of TeMB hydrogenolysis was
studied in more detail with these catalysts.
Tables 3 and 4 present the results obtained for
the RuEC1 sample. It can be seen that as the hydro-
gen partial pressure is increased, deep hydrogen-
olysis decreases, reflected by the decrease of the
fragmentation factor, the selectivity to TriMB
increases, while the selectivity to iC, decreases.
The change in the product selectivities shows that
the central cleavage is becoming less important
and the demethylation more so with increasing
hydrogen pressure. This is also reflected in the
relative rates between the ay and the ad processes
(Table 4). Fig. 3 shows that, under the experi-
mental conditions investigated, the temperature

-7 T

A\

log rate (mol s-1 g-1)

-10 -
1 2 3

log hydrogen pressure (kPa)

Fig. 3. Hydrogen pressure dependence for the rate of ay (open
symbols) and a8 (full symbols) processes in TeMB hydrogenolysis
at different temperatures on RuEC1 catatysts; (CJ,l) Tp=476 K,
(O,0) TRx=463 K, (A,A) Tr=450K.
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Fig. 4. Compensation effect between E, and InA for cy (open sym-
bols) and aé (full symbols) processes in TeMB hydrogenolysis at
different hydrogen partial pressures over: (O,®) RuECI, (A,A)
RuEC1Snl, (C],M) RuEC1Ge3, (ld) RuEC3.

does not have a great effect on the position of the
rate maxima for a'y and a6 processes with respect
to hydrogen pressure.

The values for the apparent activation energy
E, and the pre-exponential factor A for the ay and
ad processes were determined by using the sim-
plest expression for the rate law:

rate=Ae~ B/RT (1)

-10

-11

log rate (mol s-1 g- 1)
. ©

(& ]

log hydrogen pressure (kPa)

Fig. 5. Hydrogen pressure dependence for the rate of ay (open
symbols) and a8 (full symbols) processes in TeMB hydrogenolysis
at463 K. (O,@) RuECI, (A,A) RuEC1Sn], (O,M) RuUEC1Ge3.

log rate (mol s-1 g- 1)
™

-10 L
1 2 3
log hydrogen pressure (kPa)

Fig. 6. Hydrogen pressure dependence for the rate of a8 process in
TeMB hydrogenolysis at 463 K over RuEC3.

These values are reported in Table 4 for RuEC1,
A being expressed as TOF in s™'. Both terms, A
and E, increase with hydrogen pressure; this
observation conforms with the finding of Bond
[17] for the hydrogenolysis of propane over a
0.3%Pt/ Al,0; catalyst at different reactant pres-
sures.

This behaviour shown by RuEC1 is typical and
is observed for all the different catalysts studied.
Fig. 4 shows a graph of InA as a function of E, for
a7y and a8 processes on all the catalysts. It seems
that a compensation effect, as described by Bond
[17], applies for both the RuEC] series of cata-
lysts and for RuEC3 respectively. Bond proposed
that changing the temperature alters the shape of
the kinetic curves by acting on the equilibrium
constants for reactant chemisorption and dehydro-
genation, i.e. we are measuring apparent activa-
tion energies with concentrations of the adsorbed
intermediates which change in different ranges as
the reactant concentration is changed. There is
thus an infinity of values of apparent activation
energy that can be measured, depending on the
reactant concentration used. One may extend this
argument to the case of a series of catalysts, for
instance the RUEC1 and RuEC3 series.

The dependence of reaction rate on hydrogen
pressure for the RuUEC1 series of catalysts and the
RuEC3 catalyst is reported in Figs. 5 and 6 respec-
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tively. We can see that the ratio between the values
of rate maxima for the a’yand a8 processes moves
in opposite directions when adding Sn or Ge to
the RuEC1 sample.

4. Discussion

The kinetics of TeMB hydrogenolysis in the
steady state will be discussed first, with a view to
defining better the active sites and the surface
complexes involved. For the hydrogenolysis of
ethane over a Ru/ Al,O; catalyst, Shang and Ken-
ney [18] have proposed several different kinetic
models. Bond and Slaa [ 11] reported recently that
the model Shang and Kenney called ESS5B, best
fits the results for butane hydrogenolysis over the
same series of alumina-supported Ru catalysts
studied in the present work. This model assumes
(i) multisite competitive adsorption between
hydrogen and TeMB, (ii) hydrogenation of the
dehydrogenated adsorbed alkane (most abundant
surface intermediate, MASI) by a surface hydro-
gen atom as the rate determining step. Using this
model, the following reaction steps were assumed
for TeMB hydrogenolysis:

Ku

Hy(g) +2" =2H" (2)

Kacay

Cngs(g) + (x+ 1) e CSHFIS—x) +xH*

(3)
kay
CSHEIS—X) +H* —)C7H; +CH:, (4)
for the ay process; and
Ka(ad)
CsHis(g) + (y+1)" = CgH{s_y) +yH”
(5)
kad
CsH{15—y) 2 2CH(13-y+ 1) /2 (6)

for the ad process. Where the parameters are
defined as follows:

kay(k,s) =rate constant for ary(ad) process
K}, = adsorption constant of hydrogen

K4 (ay) (Ks(as) = adsorption constant

of TeMB via ay(a8) complex

x(y) =the number of hydrogen atoms abstracted
from TeMB before bond-breaking for ay(ad)
process occurs.

Further steps, such as desorption or multiple C-
C bond rupture of alkyl fragments, are not rate
determining (at low conversion).

Thus, the rates for both the ay and a8 processes
are given by (see Appendix):

Tay

kaKoPo(KiPy) 7 D12
(KAPAL(KaPo) ™ + (KPrg) O™ | + (KPag) *+ 7+ (KiPrg) "+ D)2

(7

kasKaPa (KisPy) 7+ 5+ 072
(KuPAL(KuP) ™ + (KaPy) O] + (KPr) 72+ (KgPy) ™+ V7Y

(8)

Thereafter, an interesting expression for the
selectivity can be given:

Tay_
Yas

kgi(APA(KHPH)(X-FZyH)/z_k_“Z(K P )(.V—x)/2
kasKaPa(KyPr) O Y *D kg 0

(9)

Fig. 7 shows the variation of log(7,,/7,s) as a
function of logPy for the RuEC1 catalyst. The
linear dependence between these two terms is not
excellent but from the value of the slope ( =0.5),
it seems that one more H atom is abstracted from
the aé surface complex than from the ay complex
before bond-breaking occurs. Moreover, taking
into account the hydrogen dependence of the rates
in the high pressure region on the RuEC1 based
catalysts (Fig. 5), it appears that two or three H
atoms at least were removed from TeMB before
bond-breaking, but 5 on RuEC3 (Fig. 6). The
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higher dehydrogenation degree of the @8 complex
on large Ru particles is reflected by the strong
inhibiting effect of hydrogen pressure on the reac-
os | §0 tion rate. On the basis of logical mechanisms and
our previous studies on alkane hydrogenolysis on
Ru catalysts [3], the following surface complex
for TeMB hydrogenolysis can be postulated:
Scheme 1 for small Ru particles (RuEC1 cata-
oo r T lysts), and Scheme 2 for large Ru particles
° (RuEC3 catalysts).
P The occurrence of both metallacyclobutane and
metallacyclopentane during TeMB hydrogenoly-
0.8 . sis was proved in the case of Rh/AlL,O; by deu-
! 2 : terium exchange experiments [4]. Moreover, a
multisite TeMB adsorption for the @é complex
(dicarbene or dicarbyne species) on large Ru par-
ticles (Eq. 12, Scheme 2) agrees with the differ-
ence in sensitivity of r,s to hydrogen pressure, or

10G Toy Tab

log hydrogen pressure (kPa)

Fig. 7. Hydrogen pressure dependence for the relative rate between
ayand ad processes in TeMB hydrogenolysis at 483 K over RuEC1.
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Ge addition, on RuEC3 and on the RuEC1 series
of catalysts. On small Ru particles, Ge (or Sn)
addition has a very small influence on TOF (Table
1), whereas Ge or Sn addition on RuECS3 strongly
decreases the activity per Ru site. It is very likely
that the a6 complex needs an ‘ensemble’ of Ru
atoms larger on RuEC3 in comparison with
RuEC]1 catalysts.

Another important feature with Ru is the occur-
rence of several consecutive C-C bond ruptures of
alkyl fragments before desorption. The extent of
which decreases with the metallic dispersion [3].
This behaviour is characterized by the fragmen-
tation factor ¢ Gault [19] suggested that deep
fragmentation is favoured on metals showing a
capacity to form multiply-bonded species (metal-
locarbene or metallocarbyne). The TeMB/D,
exchange results demonstrate that Ru has a strong
tendency at higher temperature to form carbene-
like intermediates with multiple bonding of a C
atom to the surface [5]. These results agree with
suggestions that metals with a high activity for
hydrogenolysis tend to form metal-carbon muiti-
ple bonds [20,21]. The primary fragments, iso-
butyl or trimethybutyl, formed by a single C-C
bond breaking, can suffer either desorption or sec-
ondary fragmentation to adsorbed propyl or dime-

(a)

05 | au

log rggsorption’ feracking

-0.5

1 2 3

log hydrogen pressure (kPa)

thylbutyl fragments, for instance. In the
framework of the ‘rake scheme’ proposed by
Kempling and Anderson [22], Bond and Slaa
[23] proposed that the ratio between desorption
and further cracking of fragments is given by:

desorption of isobutyl fragment:

ra=k'bic,Ph (13)
cracking of the isobutyl fragment:
rc=k*0iC4PbH (14)

(a-b) =difference in number of H, molecules
needed for desorption and further cracking respec-
tively.

The value of (a—»b) is given by the slope of
the graph of 10g(Sics/ (Sas—Sica)) plotted as a
function of logPy; S5 and Sic4 being the selectiv-
ities for the overall aé process (iC,+C;+C,;)
and for isobutane respectively. The same
approach can be applied to the trimethybutyl frag-
ment. Fig. 8 shows such a plots for RuEC1 and
RuEC3 catalysts. The desorption of isobutyl frag-
ments from large Ru particles needs one more H,
molecule than desorption from small Ru particles.
This point emphasizes the much higher dehydro-
genation degree of that fragment on RuEC3 (Eq.
12, Scheme 2). However, from Fig. 8a it is note-

1 —

109 fgesorption Teracking
o

.1L L
1 2 3

log hydrogen pressure (kPa)

Fig. 8. Hydrogen pressure dependence for the relative rate between desorption and cracking of the adsorbed alky! fragments: (1) isobutyl, ([J)

trimethylbutyl. (a) RuEC1 at 483 K, (b) RuEC3 at 433 K.
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Scheme 3.

worthy that trimethybutyl and isobutyl fragments
need the same difference in the number of H atoms
to be desorbed or cracked in the adsorbed state on
the RuEC1 sample. A possible sequence of further
cracking of isobutyl and trimethybutyl fragments
on both small (Egs. 15, 16) and large (Eq. 17)
Ru particles is shown in Scheme 3.

It emerges from this study that the mechanism
of TeMB hydrogenolysis shows differences

depending on the size of Ru particles. On small
aggregates, both ay and aé routes proceed
through metallacycles bonded onto a small ensem-
ble of Ru atoms (one Ru atom?). The two surface
entities, metallacyclobutane (avy) and metalla-
cyclopentane (ad), are little dehydrogenated,
only 2 or 3 H atoms are abstracted. The rate deter-
mining step is C-C bond-breaking in the metalla-
cycle by attack with an H atom. In both cases, a
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carbene/7-alkene adsorbed species is formed.
The alkene species can rearrange to form a metal-
locarbene through a-B hydrogen shift [19]. The
similarity between both mechanisms for the ay
and ad routes would be further supported by the
compensation effect between E, and InA observed
for ay and a8 reaction rates at different H, pres-
sures on RuEC1, RuEC1Snl and RuEC1Ge3
(Fig. 4).

On large aggregates, the a8 route is the pre-
vailing process ( >90%) occurring through 1-4
multibonded species on a large ensemble of Ru
atoms. This surface species is highly dehydroge-
nated with the abstraction of 5 H atoms at least.
After bond-breaking between the two C,, atoms
has occurred, adsorbed carbyne species remain at
the surface. A compensation effect also exists
between E, and InA for the reaction rate at differ-
ent H, pressures (Fig. 4). The fact that this com-
pensation effect does not coincide with that
derived on the RuEC]1 series of catalysts could be
an argument emphasizing the difference of mech-
anism and/or reactive sites for TeMB hydrogen-
olysis on large and small Ru particles.

From these sudies, it seems that on large Ru
particles the prevailing reaction is the @ process
occuring on an ensemble site containing several
Ru atoms. This specificity makes the reaction rate
sensitive to dilution of the Ru surface into smaller
ensembles when adding Sn or Ge. Indeed, the TOF
is divided by 20 in that case.

As mentioned briefly above, on small Ru aggre-
gates the reactive sites for both a7y and a8 routes
are formed by small ensembles of few Ru atoms.
Therefore, the specific reaction rate is less sensi-
tive to the bimetallic effect. Indeed, at the maxi-
mum of the rate as a function of H, pressure, the
TOF,s remains unchanged after Sn addition
(RuEC1Sn1), and decreased by 5 upon Ge addi-
tion (RuEC1Ge3). On the other hand, the TOF,,,
is divided by 1.7 upon Sn addition and by 2.3 upon
Ge addition. Since the mechanisms for both the
ayand ad routes were basically not changed upon
addition of a second element to RuECI, the dif-
ference in the values of the maxima in the rate
dependence of the catalyst reflects changes in the

rate constant k., and k,; which can be expressed
as:

k. = 0 -z =10 £
ay=koye RFand k,s=k;e " =F (18)

where E,(E',) is the true activation energy, and
k?,y(kga) the pre-exponential factor which con-
tains the entropy term and the number of active
sites. There is no change in the number of active
sites for the ad process upon Sn addition. It was
concluded for Pt [2],Rh [ 1] and Ru [3] catalysts
that the a4 process occurs on the sites of highest
coordination of a given particle. Thereafter, the
preferential location of Sn at defect sites, corners
and edges, in RuSn aggregates is confirmed in a
situation not obscured by kinetic artefacts due to
differences in H, pressure dependence of a-y and
ad routes. The same approach, developed for
RuGe aggregates, shows that Ge does not have
such a definite site preference. This behaviour
seems to be confirmed by EXAFS experiments
[16] and quantum chemical calculations on bime-
tallic model clusters [24,25]. EXAFS of RuEC]1,
RuEC1Sn1 and RuEC1Ge3 shows that Ge is more
diluted in the Ru matrix than Sn [ 16]. From quan-
tum chemical calculations on Ruy, RugGe and
RugSn clusters by means of the functional density
method, we concluded that Sn, and Ge to a much
smaller extent, prefer to be localized at the sites
of lower coordination [24]. Similar calculations
on Ru,3, Ru;,Ge; and Ru,,Sn; clusters with per-
fect cubooctahedral shape emphasized that Ge-Ge
bonds are less favoured than Sn-Sn bonds at the
surface of these aggregates, all surface atoms hav-
ing the same coordination number of 5 [25].

All the kinetic experiments were carried out at
the steady state on a carbon pre-covered Ru sur-
face. Hence, it is tempting to speculate on how
this ‘carbon deposit’ is distributed over the sur-
face. By comparing the effects on the selectivity
of the deposited carbon (Fig. 1b) and Sn and Ge
addition (Table 2 and Fig. 4), more similarities
appear between the effects of Ge and carbon than
with Sn. We can then postulate that the carbon
deposit is laid down on the Ru surface in a rather
random fashion.
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5. Conclusions

Our previous works based on the comparison
of selectivities in the C-C cleavage in model
alkanes, on Ru catalysts of widely varying disper-
sions and on Ru ‘alloys’, supported the conclusion
of a preferential location of Sn and Pb at sites of
low coordination, corner and edge sites, and a
location of Ge in a more random fashion. The
present study of the kinetics of TeMB hydrogen-
olysis on model mono- and bimetallic Ru catalysts
confirms this hypothesis, in a wide range of H,
pressure.

TeMB hydrogenolysis occurs through two
main routes, central cleavage between the two
quaternary carbon atoms leading to isobutane (ad
process ), demethylation to 2,2,3-trimethylbutane
(ay process). The kinetic results can be ration-
alized assuming that different kinds of surface
intermediates are involved in this reaction, the
nature of which is depending on both the size of
Ru particles and the process considered. Large Ru
particles favour the formation of highly dehydro-
genated species, metallocarbenes and metallocar-
bynes, bonded to several Ru atoms (‘large
ensembles’ ). On small Ru particles, less dehydro-
genated metallacycles bonded to a small number
of Ru atoms (‘small ensemble’) are prevailing.
The a7y process is going through metallacyclo-
butane and the a8 process through metallacyclo-
pentane, the former being less dehydrogenated
than the latter.
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Appendix 1

The application of the Langmuir equation for the
adsorption of H, and TeMB gives:

KHPH03= 0%1, and 6,= 6,/ (KyPy) 12 (19)
KA(ay)PAexv+1 = 9;{0:17 (20)
KA(aa)PAGz+1= 01105 (21)

O, 8. 45 and 6, are the surface coverages of H,
CgH 5.5y, CsH(1s.y) and vacant sites respectively.
For competitive adsorption between H, and
TeMB,

Oyt 0,,+ 6,5+ 60,=1 (22)

Incorporating Eq. 19, the expressions for 6, and
0,5 reduce to

9017: HUI(A(cz'y)I)A/(I<H})I-I)X/2 (23)
Oos= 0,Ka(asyPs/ (KuPr)*"? (24)

Assuming that Ky 4y = Ka(as) = Ka, and solving
Eqgs. 22 to 24, give the expressions for 8y, 6, and
0,5 as

O0y=

(KHPH)(x+y+ /2
KaPAL(KnPa) ™' + (KuP) ™ 1+ (KuPy) **772+ (RyPrr) ¥ 02

(25)

8.,,=

(KoPa) (KPa)"
KaPal(KnPr) 2 + (KuPr) 001+ (KP) O+ (KgPy) 77 D72

(26)
0as=
(KaPa) (KuPy) "
KAPALKP) ™ + (KuP) O] + (KuPy) ** 7+ (KPy) <707
(27)

The rate determining steps for ay and aé proc-
esses are described by Eqs. 4 and 6, respectively.
Thus, the rate equation for the ay process is given
by

Ty =kayBa, 0=

kaKuPa(KiPr) 5+ 27+ D12

{KAPA[ (KHP”)(XIZ) + (KHPH)(_V/Z)] +(KHP”)(x+y)/2+ (K”PH) (x+v+ 1)/1}2
(28)

Similarly for the &6 process
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. =t .8 8
Tas™ KasUayUy =

kasKaPa(KuPyy) "2+ 072
{KAPA[(KHPH)“/Z) +(KuPr) 2] + (KePy) =77+ (KyPy)=tr+ 132

(29)
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