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Abstract 

Very highly dispersed 1% Ru/A1203 prepared from Ru( acac),, after high-temperature reduction, catalyses the hydrogenolysis 
of n-butane with a high and almost temperature-independent selectivity to ethane. Catalysts having higher Ru contents (2.5 and 
4%) are less well dispersed, but show higher turnover frequencies for this reaction, and selectivities which change with 
temperature, with methane the major product throughout. Oxidation and low-temperature reduction of these catalysts causes loss 
of metal area, and much enhanced turnover frequencies: product selectivity behaviour is then in each case that characteristic of 
large metal particles. A final high-temperature reduction leads to lower turnover frequencies, with little change in product 
selectivity. Results are also reported for catalysts prepared from RuCl, and from Ru( NO) (NO,),, and for Ru powder: propane 
hydrogenolysis has also been examined as an adjunct to this study. 

1. Introduction 

The reactions of H2 with alkanes, viz. hydro- 
genolysis, skeletal isomerization, cyclization etc., 
are members of a class of metal-catalysed reac- 
tions that appear to be structure-sensitive, i.e. to 
respond to variations in particle size and surface 
morphology in respect of both rates (or turnover 
frequencies) and product selectivities [ 1,2]. 
There is continuing interest in establishing the 
factors that determine the catalytic behaviour of 
small metal particles, and in the ways by which 
their essential character may be changed in a con- 
trolled fashion by the addition of a catalytically- 
inert element or compound [3,4]. By choosing 
ruthenium as the catalytic metal we are able to 
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focus on alternative pathways available for hydro- 
genolysis, since this metal has little activity for 
other processes under normal conditions. The rel- 
ative rates of these alternatives, usually expressed 
as product selectivities, show dramatic differences 
when an alkane such as 2,2’,3,3’-tetramethylbu- 
tane is used [ 51, but corresponding effects are also 
observed with linear alkanes such as propane, n- 
butane and n-hexane [ 5,6]. Interpretation of prod- 
uct selectivity changes in terms of the Kempling- 
Anderson formalism [7] allows deeper insight 
into the connections between catalytic behaviour 
and catalyst structure [6]. For example, with a 
series of Ru/Al*O, catalyst prepared from 
Ru ( acac ) 3, the more highly-dispersed members 
showed lower turnover frequencies, and with n- 
butane a greater tendency to central C-C bond 
fission and to desorption of the intermediate prod- 
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uct propane: temperature coefficients of the selec- 
tivity parameters were also much smaller on 
highly-dispersed particles [ 61. 

In an earlier publication [ 81, the preparation 
and important physical characteristics of a number 
of Ru/A1203 catalysts have been described; this 
work formed the basis of a Stimulation Action 
Programme ( SC 1 * -CT9 l-068 1) funded by the 
European Union, and these catalysts were the 
basic materials to which it was proposed to add 
elements of Group 14 (Ge, Sn, Pb) to modify their 
surface characteristics. The variables included 
ruthenium concentration and precursor com- 
pound. However, before starting to study the 
effects of modifiers, it was necessary to establish 
how the variables of the preparation method 
affected catalytic performance in the case of the 
pure ruthenium catalysts, and it is the results of 
this study that are now reported. The alkanes used 
were ethane, propane, n-and isobutane, the 
greatest amount of work being done with n- 
butane. We have used a thermal cycling technique, 
by which after reduction the temperature of the 
catalyst is raised in steps of about 10 K over a 
range of at least 100 K, and then lowered in the 
same fashion, with samples being taken for anal- 
ysis from the product stream at each point. This is 
an economical way of establishing (i) how tem- 
perature affects the reaction parameters, (ii) 
whether, under the condition used, deactivation is 
occurring, and (iii) if so, how it affects product 
selectivities. Analogous results for catalysts mod- 
ified by addition of Group 14 elements will be 
presented for publication in due course. 

Extensive studies of the Ru/TiO,? system [9- 
111 had shown the overriding importance to the 
results obtained with alkane hydrogenolysis of the 
type of pretreatment afforded to the catalyst, espe- 
cially when RuCl, was used as precursor. Specif- 
ically the presence or absence of a calcination step, 
and the reduction temperature used, were the 
prime factors, the latter determining whether a 
‘strong metal-support interaction’ (SMSI) would 
take place or not. Now A1203 is not expected to 
show this interaction, and it was therefore surpris- 
ing to find that Ru/A1,03 catalysts showed similar 

behaviour [ 121, although the effects of the differ- 
ent pretreatments were somewhat less marked. 
Chloride ion is of course strongly held by A1,03, 
as it is by TiOz, but that the results were not wholly 
due to chloride ion was shown by using 
Ru( NO) (NO,), as precursor, when similar 
effects obtained. In the present work we have con- 
tinued to apply in sequence to the precursors as 
received a high-temperature reduction ( HTRl ) , a 
low-temperature reduction (O/LTR) and a sec- 
ond high-temperature reduction (HTR2), with a 
cycle of catalytic measurements after each treat- 
ment, as described in detail below. 

2. Experimental 

The preparation and physical characterization 
of the catalysts prepared specifically for this pro- 
gramme have already been described [ 81, but for 
ease of reference their principal features are repro- 
duced in Table 1; all were prepared from the same 
batch of Rh6ne Poulenc y-A1203, surface area 220 
m* g-l. This table also contains information on 
the additional catalysts SF2 and RuAB37: 
Degussa Aluminium Oxid C was used in the prep- 
aration of the former and Woelhm y-A1203 (200 
m* g- ‘) for the latter [5]. Ruthenium powder 
was used as a physical mixture (10% Ru, 90% 
Rh8ne Poulenc y-A1203). 

Catalyst precursors (ca. 200 mg) were pre- 
treated at atmospheric pressure in a 
continuous-flow apparatus under microprocessor 
control. High-temperature reduction HTRl and 
HTR2 were performed by heating the sample in 

Table 1 
Preparation, composition and dispersion of Ru/Alz09 catalysts’ [ 81 

Code 

RuEC 1 
RuEC2 
RuEC3 
RuNIl 
RuCl 
SF2 
RuAB37 

Precursor wt.% Ru WRuh,, 

Ru(acac), 0.97 0.88 
Ru(acac), 2.5 0.44 
Ru(acac), 4.0 0.25 

Ru(NO)(NQh 0.92 0.23 
RuC13 0.78 0.22 
RuCl, 1.0 
Ru(acac), 0.93 0.91 
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flowingH,(40cm3min-‘)atlOKmin-‘to753 
K, where it remained for 13 h, before being cooled 
to reaction temperature. For the intervening O/ 
LTR treatment it was heated in air (623 K, 1 h), 
and the resulting oxide was then reduced in H2 
(433 K, 1 h). Reactions were performed with a 
standard gas composition: alkane, 0.07 1 atm; HZ, 
0.714 atm; NZ, 0.215 atm, with total flow-rates of 
140 cm3 min- ’ for n-butane, and 56 cm3 min- ’ 
for propane. For the thermal cycles the reactor 
temperature was raised automatically by steps of 
about 10 K every 20 min, and a sample extracted 
for analysis 19 min. later (stage 1) : the tempera- 
ture range usually exceeded 100 K, and from the 
maximum it was returned stepwise to the starting 
value (stage 2). 

Interpretation of the observed product selectiv- 
ities Sj, defined in terms of the number of moles 
of each product formed per mole of reactant con- 
verted, by means of the Kempling-Anderson for- 
malism [ 71 has also been described before [ lo]. 
Hydrogenolysis of n-butane can be treated as the 
successive reaction of adsorbed intermediates Cj’ 
containing j carbon atoms 0’ = l-4)) together with 
a short-circuit from C,* to C; to allow for initial 
fission of the central C-C bond. The splitting fac- 
tor F defines the fraction of n-butane reacting in 
this way. The fraction of any product having j 
carbon atoms 0’ > 1) that desorbs rather than 
undergoing further reaction is given by 

T,=kj’I(kj’+kjr) 

where kJ and kj” are respectively the rate constants 
for desorption and cracking. Steady-state analysis 
of the reaction network provides equations with 
at low conversion take the form 

(S,/T,) +s,= 1 +F 

T3=S3/( 1 -F) 

These cannot be solved for F and T3 without 
assuming a value for T2, which we take to be the 
same as that of S2 in the reaction of propane under 
the same conditions: if this is not available, T2 is 
taken to be unity, and the values of F and T3 are 
then distinguished by primes or by being printed 

in italics in Table 2. Analogous schemes and def- 
initions apply to the reactions of propane and of 
isobutane [ lo], save that there being only one 
type of bond in these molecules, there is no split- 
ting factor to consider. 

Results are presented in tables which give rates 
and selectivity terms at a standard temperature 
(usually 433 K) , and Arrhenius parameters meas- 
ured over a defined temperature range, in which 
conversions are large enough to ensure accurate 
product analysis but not too large for the ‘low 
conversion’ assumption to hold (i.e. ca. lo-* to 
10%): this range may be less than that actually 
used. In addition, the dependence of reaction par- 
ameters on temperature and on metal dispersion 
will be illustrated. 

Single H2 chemisorption isotherms were meas- 
ured at 373 K on samples of EC1 and EC3 after 
each of the pretreatments described above: out- 
gassing was performed at 623 K, and the H/R,,, 
ratios obtained by extrapolating linear portions of 
the isotherms to zero pressure. Electron micro- 
graphs of selected samples on holey carbon grids 
were obtained using a JEOL 2000 EX instrument. 

3. Results and discussion 

3. I. Estimations of ruthenium dispersion and 
particle size 

Performing the O/LTR treatment on EC1 
caused (H/Ru),, to decrease from 0.88 [ 81 to 
0.19, while the HTR2 treatment led to little further 
change ( ( H/Ru)~,,~ = 0.18). In the case of EC3 
the corresponding change was from 0.23 [ 81 to 
0.08, with HTR2 making no further difference. 
Electron microscopy of EC1 after O/LTR 
revealed large aggregates of metal that appeared 
to comprise particles of 5-10 nm in size; their 
appearance was essentially unchanged by HTR2. 
In the case of EC3, which after initial reduction 
was stated [8] to show a wide size distribution 
[ l-10 nm] with agglomerates, TEM after O/LTR 
failed to reveal any significant change. 
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One of the objectives of this work was to con- 
firm and extend our understanding of the origin of 
particle size effects in hydrocarbon transforma- 
tions on metal catalysts, but with the present sys- 
tem of catalysts there is considerable difficulty in 
deciding what parameter to use as an indicator of 
size. In previous publications [ 6,121 we have used 
the ratio of chemisorbed H atoms to total Ru 
atoms, the H atoms being either those irreversibly 
adsorbed [ 61, as measured by the isotherm dif- 
ference method [ 81, or the total amount as deter- 
mined from a single isotherm [ 121. In this work 
we propose to use the latter quantity, as it is avail- 
able for a larger number of catalysts, but it does 
not actually matter greatly which is used, as there 
is a good proportionality between the two [ 81: 
this is confirmed by additional information sup- 
plied by Dr. B. Coq [ 131 concerning values of 
(H/Ru),, for the first series used [ 5,6]. For the 
samples encoded 19B, 38,45, AB37 and 8, values 
are respectively 0.07, 0.44, 0.75, 0.91 and 1.42. 
With these values and those given before [ 581, 
(H/Ru)i,is78+5%of(H/Ru),,,underthecon- 
ditions of measurement employed. 

A further complication in using H2 chemisorp- 
tion with Ru catalysts is the commonly-experi- 
enced slow rate of uptake, particularly with small 
particles, even with preparations and pretreat- 
ments which should lead to uncontaminated sur- 
faces: that is why in this work we have performed 
chemisorption at 373 K. Even so, some trouble 
was experienced in obtaining consistent results 
with EC 1 after the HTR 1 pretreatment. The obser- 
vation [ 131 that (H/Ru),,, can exceed unity is 
not surprising in view of literature reports [ 141, 
but the conclusion has to be that Hz chemisorption 
does not, in the present state of the art, give quan- 
titatively reliable estimates of dispersion or par- 
ticle size for sizes less than about 2 nm, i.e. 
dispersions greater than about 50%. 

Quite evidently the measured values of (H/Ru) 
of either sort can at best only provide an estimate 
of auerage dispersion or size, so that if the particle 
size distribution is broad, and particularly if it is 
bimodal, as seems to be the case with catalysts 
having higher Ru loadings [ 81 or which have been 

treated to increase the particle size (e.g. catalyst 
19B [ 5,131) , it becomes quite meaningless to try 
to derive even an average particle size from H2 
chemisorption measurements. Fortunately the 
very highly dispersed samples show a single nar- 
row size distribution [ 8,131 from which a reason- 
ably accurate mean size can be obtained. Some 
further discussion of these problems will be given 
below, when interpretation of the parameters of 
catalytic behaviour are considered. 

3.2. Comparisons of rates and turnover 
frequencies 

Table 2 gives a summary of the results 
obtained in the hydrogenolysis of n-butane with a 
number of the Ru/A1203 catalysts used in this 
programme, following the standard pretreatments 
described above. Values for rates and selectivity 
parameters are those shown at 433 K; rates are 
expressed per g Ru using the analysed Ru contents 
where available, and turnover frequencies (TOF) 
are derived from the value of (H/Ru),,,. New 
results for the catalyst SF2 [ 151 are included as 
an indication of the reproducibility attainable over 
a period of time, with different apparatus and oper- 
ators. Small amounts of isobutane were detected 
in some analyses, but they hardly ever exceeded 
4% of the products and were often zero: these 
levels are not considered significant, and isomer- 
ization selectivities are therefore not quoted. Cor- 
responding results for propane are shown in 
Table 3. 

We consider first the rates and TOF values, and 
the following conclusions emerge. 
( 1) After HTRl, rates for n-butane at 433 K were 

usually smaller in stage 2 than in stage 1, 
sometimes, as with RuC 1, dramatically so, 
but with SF2 and Ru powder the difference 
was minimal. 

(2) Extents of deactivation in the n-butane reac- 
tion were generally less following pretreat- 
ments O/LTR and HTR2 than after HTRl . 

(3) Deactivation in the reaction of propane was 
minimal with each pretreatment. 
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Kinetic and selectivity parameters for n-butane hydrogenolysis cwer various Ru/Al,O, catalyst 

Catalyst Temp. range E(kJmol-I) InA rh TOFXlO’(s-‘) s2 S, F TX 

After HTR 1 
RuECl 

RuEC? 

RuEC3 

RuNl I 

RuN12 

RuCl 

Ru powder 

SF2 

SF2 [ 151 
RuAB37 
After O/LTR 
RuECl 

RuEC2 

RuEC3 

RuNI 1 

RuNI 

RuCl 

Ru powder 

SF2 

SF2 [ 151 
RuAB37 
After HTR2 
RuEC I 

RuECt 

RuEC3 

RuNIl 

RuNI 

RuCl 

Ru powder 

SF2 

SF2 I151 
RuAB37 

358-458 132 42.38 307 

457-313 144 45.47 241 

386-441 120 39.48 420 

419-365 149 47.71 474 

364-420 134 44.01 895 
419-364 139 45.30 788 

388-430 135 43.37 356 

428-386 144 45.64 300 
377-422 I18 39. I8 628 
429-374 135 46.52 784 
387-409 116 40.14 500 
439-386 132 42.10 29.5 
419-458 113 31.34 0.95 
447-417 10.5 29.05 0.98 
374-460 131 41.00 100 
46&374 125 39.33 101 
407-468 133 40.8 43 
393-454 150 47.9 460 

374-438 122 40.96 1216 
426-373 120 40.61 1350 
354-409 126 43.03 2932 
408-354 127 43.27 2600 
35-41 I 132 44.61 2405 
410-358 134 44.92 2285 
378-431 118 40.54 2065 
428-375 116 39.48 1522 
380-11 I 125 43.02 4426 
408-375 122 41.98 3291 
38-60 I50 45.83 64.1 
409-377 I37 43.13 160 
420-14 I 87 27.04 17.6 
438-418 96 28.94 8.6 
3731148 132 41.97 200 
448-373 129 41.31 239 
395-453 132 41.3 91 
383433 110 38.3 2200 

374-426 
436394 
375-419 
418-363 
264-419 
429-353 
399430 
428-386 
373433 
421-378 
375473 
439-386 
42-69 
458-418 
373436 
436373 
395-453 
383-432 

130 41.88 
141 45.05 
140 44.83 
142 45.23 
138 44.45 
141 45.13 
141 44.73 
147 46.55 
127 41.68 
140 45.27 

130 36.84 
95 26.09 
93 25.30 

158 49.58 
156 49.39 
123 38.5 
125 40.4 

313 
313 
352 
328 
470 
402 
286 
274 
596 
614 
359 
167 

0.75 
0.59 

296 
416 

89 
318 

9.8 
7.9 

26.8 
30.2 

100 
88.5 
43.4 
36.6 
76.6 
95.7 

251 
1.5 

14.2 

180 
199 
823 
730 
844 
802 

418 

48.8 
48.8 
98.8 
92.1 

165 
I41 

1.387 0.278 0.724 1.008 
1.356 0.288 0.695 0.943 
I.035 0.332 0.495 0.657 
0.996 0.344 0.454 0.630 
0.869 0.354 0.364 0.557 
0.852 0.361 0.346 0.552 
0.883 0.410 0.293 0.581 
0.865 0.389 0.254 0.523 
0.826 0.38 I 0.208 0.484 
0.825 0.371 0.196 0.465 
0.992 0.395 0.527 0.835 
1.075 0.320 0.514 0.658 
0.781 0.416 0.238 0.546 
0.823 0.384 0.218 0.464 
1.103 0.287 0.390 0.470 
1.098 0.277 0.375 0.443 
1.03 0.29 0.32 0.43 
1.010 0.430 0.440 0.768 

0.714 0.427 
0.707 0.430 
0.812 0.364 
0.795 0.380 
0.846 0.314 
0.833 0.330 
0.775 0.436 
0.746 0.443 
0.875 0.316 
0.835 0.329 
0.695 0.180 
0.746 0.220 
0.825 0.467 
0.807 0.441 
0.770 0.241 
0.789 0.239 
0.76 0.25 
0.720 0.440 

0.812 
0.813 

0.803 
0.830 
0.835 
0.764 
0.780 
0.770 
0.777 
0.780 
0.870 

1.000 
0.982 
0.982 
0.98 
0.770 

0.206 0.538 
0.202 0.539 
0.296 0.517 
0.292 0.536 
0.297 0.446 
0.295 0.468 
0.212 0.555 
0.188 0.546 
0.189 0.391 
0.164 0.395 

0.341 0.709 
0.300 0.630 
0.011 0.271 
0.028 0.245 
0.01 0.25 
0.160 0.524 

0.391 0.285 0.547 
0.380 0.262 0.515 
0.400 0.310 0.580 
0.403 0.297 0.573 
0.358 0.295 0.505 
0.346 0.278 0.479 
0.449 0.212 0.572 
0.418 0.199 0.524 
0.427 0.197 0.532 
0.409 0.185 0.504 
0.455 0.235 0.595 
0.340 0.210 0.430 
0.435 0.284 0.607 
0.407 0.320 0.598 
0.268 0.268 0.366 
0.28 I 0.263 0.381 
0.21 0.19 0.26 
0.390 0.160 0.464 

For footnotes, see below Table 3 
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Table 3 
Kinetic parameters and ethane selectivity for propane hydrogenolysis on various Ru/A1203 catalysts 

Catalyst Pretreatment Temp. range (K) E (k.l mol-‘) 1tlA ra TOFX 10’ (s-l) s2 a 

RuEC 1 HTRl 

RuEC2 HTRl 

RuEC3 HTRl 

RuCl HTRl 

Ru powder HTRl 

RuECl 

RuEC2 

O/LTR 

OILTR 

RuEC3 O/LTR 

Ru powder OILTR 

RuEC 1 HTR2 

RuEC2 HTR2 

RuEC3 HTR2 

Ru power HTR2 

395467 166 49.14 19.6 0.62 
467-385 166 48.97 22.7 0.72 

375-429 156 47.92 102 6.5 
428-365 155 47.72 96 6.1 

365-429 
429-365 

420-47 1 
460-407 

149 
155 

163 
139 

130 
128 

134 

46.61 171 19.2 
48.21 179 20.1 

46.47 3.3 
40.65 7.7 

470-511 
511459 

31.71 
31.38 

0.959 
0.964 

0.890 
0.897 

0.860 
0.865 

0.876 
0.900 

0.95 

374-435 43.35 0.916 

3.531109 139 46.00 
407-353 141 46.63 

0.012 
0.015 

401 

1584 
1572 

59.3 

445 
441 

0.871 
0.872 

354-409 135 44.53 1205 423 0.861 
408-354 138 45.30 1162 408 0.863 

458-513 137 39.37 3.7 
478-425 131 37.49 3.0 

0.944 
0.940 

384-436 159 47.61 33 5.1 0.908 
446-384 145 43.95 35 5.5 0.922 

398-439 144 44.16 64 18.0 0.889 
439-375 147 45.03 68 19.1 0.898 

364-439 147 44.90 64 22.5 0.886 
428-364 154 47.26 87 30.0 0.896 

451-511 106 25.95 0.030 
511469 109 26.81 0.031 

0.95 
0.92 

Footnotes to Tables 2 and 3: Rate of reactant removal r,, and selectivity parameters at 433 K. A and r, in mmol g;:. Duplicate entries where 
given are for stages 1 and 2, respectively. Valid rates may be calculated from E and 1nA only in the temperature range cited. 
Footnotes specijic to Table 2: Italicised values of F and T3 signify F’ and T,‘. TOF for RuCl (HTRl) based on an assumed (H/Ru),,, of 0.56 
(see text). ForSF2lit.. see [15]. 
Foohwtes specijc to Table 3: TOF’s for RuEC2 and AB37 (O/LTR) estimated using values of (H/Ru),, of respectively 0.1 and 0.15. 
a Italicised values obtained by graphical extrapolation. 

(4) Rates were generally greater after O/LTR 
than after HTRl, the more so with propane 
than with n-butane; large enhancement fac- 
tors ( - 50 X ) were also observed with eth- 
ane and isobutane, using RuECl . Rates were 
always much less after HTR2. 

It is now necessary to enquire to what extent 
the differences in rate shown by catalysts having 
different Ru contents, or made by different routes, 
or pretreated differently, are explicable in terms 
of changes in active area. Following the earlier 

discussion, we take (H/Ru),, as the best available 
indicator of dispersion: Fig. 1 and Fig. 2 show 
how TOF varies with dispersion for the reactions 
of n-butane and of propane respectively. It is at 
once evident that, in confirmation of previous 
findings (which are included in these figures), 
rates are not proportional to active areas, and that 
TOF increases (more steeply than was originally 
seen [ 61) as dispersion decreases. It is also clear 
that the results for both the HTRl and the O/LTR 
pretreatments, although not overlapping, appear 
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Fig. 1. Variation of TOF for n-butane hydrogenolysis with (H/Ru),, 
at 433 K. Circles, RuEC series; triangles, RuNI series; inverted tri- 
angles, from [6]. Open points, HTRl; hatched, O/LTR; half-filled, 
HTRZ. Where pairs of linked points are shown, they are the values 
of stages 1 and 2. 

-4 - 

-5 I 1 
0 0.5 1.0 1.5 

( H IRu Itot 

Fig. 2. Variation of TOF for propane hydorgenolysis with (H/Ru),,, 
at 433 K. Symbols as in Fig. 1. 

I 

0 I I 4 I 

a 01 0.2 0% 05 075 1 1.25 15 

Fig. 3. Dependence of the Kempling-Anderson parameters F and T3 
for n-butane hydrogenolysis in (H/Ru),. Symbols as in Fig. 1. 
Results for Ru powder are plotted at zero dispersion. 

to lie on the same curves, while TOF’s obtained 
after HTR2 are less than those given following the 
other pretreatments. 

It is important to mention those few materials 
which do not conform, or cannot be shown to 

conform, to the general trends in Figs. 1 and 2. 
RuCl shows a moderate activity for n-butane 
hydrogenolysis in stage 1, but in stage 2 its activity 
is only about 10% of its stage 1 value (Table 2). 
After another HTR, a thermal cycle was carried 
out with propane + H2 (Table 3)) and very low 
rates were found. Unusually, the rate is not 
increased by the O/LTR treatment, although it is 
raised by HTR2. We attribute this behaviour to 
the Cl- present in this sample [ 81; the acidic 
character thus imparted encourages carbon depo- 
sition, which is not entirely removed by the inter- 
vening HTR, and perhaps not entirely by O/LTR. 
Catalyst Nil shows somewhat lower TOF’s for n- 
butane hydrogenolysis than expected on the basis 
of its dispersion (Fig. 1)) and so a fortiori does 
Ru 19B [ 61: there are no obvious explanations for 
these discrepancies. Catalyst RuNI shows excep- 
tional activity after O/LTR, and although its TOF 
cannot be estimated it is likely to be greater than 
that of either RuEC2 or 3. Although the Ru powder 
has been examined by SEM, the range of particle 
sizes is too large to allow an accurate guess as to 
its surface area. However it does not seem that, on 
any reasonable estimate of dispersion, its TOF 
values would harmonise with the trends shown in 
Figs. 1 and 2. Rates for both reactions on Ru pow- 
der are however much enhanced by the O/LTR 
treatment. Rates and TOF values shown by cata- 
lyst RuAB37 after each pretreatment are inter- 
mediate between those of RuEC 1 and RuEC2, but 
in accordance with its initial high dispersion 
(Table 1) they approximate more closely to the 
former. 

3.3. Comparison of selectivity parameters under 
standard conditions 

Our previous work [ 61 had shown systematic 
increases in the parameters F and T3 with increas- 
ing dispersion as measured by (H/Ru)i,. Similar, 
but not identical, trends are shown in the present 
work (Fig. 3). Those catalysts showing (H/ 
Ru), values of less than 0.2, excluding the Ru 
powder, give very consistent values of F 
(0.25 kO.05) and of T3 (0.50&0.05), irrespec- 
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tive of the type of pretreatment to which they have 
been subjected (Fig. 3). Values of Ru powder 
obtained after O/LTR and HTR2 are somewhat 
higher. 

In the higher dispersion range, values of these 
parameters now found agree only qualititatively 
with these reported earlier [6], and which are 
incorporated in Fig. 3. We believe that the dis- 
crepancies are associated at least in part with the 
problem of measuring H/Ru ratios at high disper- 
sion, and of using the results in a quantitative 
manner. What is quite clear is that RuECl and 
Ru8 (from the first series) both show behaviour 
consonant with very high dispersion (F- 0.6-0.7, 
T3 = 0.9-1.0)) and that of the two the former 
would seem to have the smaller particle size, 
although this is not what the (H/Ru),,, values 
indicate. According to the TEM evidence, RuEC 1 
has a size range of 0.8-1.5 nm [ 81, and Ru8 has 
particles mainly between 0.5 and 1 .O nm, with few 
greater than 2.5 nm [ 131. RuAB37, which 
belongs to the first series [ 51 but was not studied 
by us at the time [ 63, is described [ 131 as having 
almost all particles in the range l+_ 0.25 nm. Nev- 
ertheless after HTRl its .product selectivities 
resemble those of the less well dispersed RuEC2, 
although after the subsequent treatments they are 
closely similar to those shown by RuEC 1. 

The difficulty of precisely correlating catalytic 
behaviour with particle size is compounded not 
only by the bimodal character of some of the size 
distributions, but also by the probable intrinsic 
variation of activity (i.e. TOF) with size (Figs. 1 
and 2). Thus in a mononodal distribution the ‘tail’ 
of larger particles will make a disproportionately 
large contribution to the observed activity, an 
effect which will be magnified with a bimodal 
distribution, where the particles of smaller size, 
although providing the greater part of the surface 
area, will scarcely supply a significant amount of 
reaction. It is therefore possible in principle to 
account for the form of the results in Fig. 3 by 
postulating just two types of behaviour, viz. one 
associated with sites of high activity in large par- 
ticles and another with sites of low activity in very 
small particles, the results of the intermediate 

group being given by the product of number of 
sites in each group times their activity, integrated 
over all particles. 

It also has to be remembered that the pretreat- 
ments applied before H2 chemisorption or TEM 
are not always identical to those preceding cata- 
lytic tests. While it would be highly desirable to 
measure an H, isotherm on each sample before 
performing catalysis, this remains a counsel of 
perfection, and the conjunction of information 
obtained on different samples, as done here, and 
as commonly done, has to be accepted. 

It is interesting to note that, after HTRl, RuCl 
shows values of F and T3 corresponding to an (H/ 
Ru),, ratio of about 0.6 rather than the measured 
value of 0.22 (Fig. 3). We note that the reported 
(CO/Ru) was 0.83 [ 81, and therefore from the 
correlation of this ratio with (H/Ru),, for other 
catalysts a value of the latter ratio of about 0.56 
would have been expected. The most likely expla- 
nation is that the low H2 chemisorption is caused 
by Cl on the Ru particles, but that this is pushed 
off by the more strongly adsorbing CO, and that 
it is also removed to the support by the occurrence 
of the reaction. Although values of F and T3 are 
not reported for RuNIl and RuNI (Table 2)) the 
selectivity values are in line with expectation for 
particles of 23% dispersion. 

In the absence of results for the propane reaction 
on catalysts RuNIl and 2, it is only possible to 
report values of F’ and T3’ in Table 2: the values 
found after HTRl, and the selectivities from 
which they are derived, are in line with expecta- 
tion for particles of somewhat low dispersion 
(both 23% by Hz chemisorption [ 81) , although it 
seems from the results that RuNIl may be the 
more highly dispersed of the two. The rates of 
both increase after O/LTR, the conversion at 433 
K in the case of RuNI then being over 30%. 
Changes in selectivities following O/LTR and 
HTR2 suggest some growth in particle size with 
RuNIl only after O/LTR. 

Table 2 also contains results obtained with cat- 
alyst SF2 following HTRl; they are in satisfactory 
agreement with those reported earlier [ 151, also 
shown in the table. This catalyst was unusual in 
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showing very little deactivation between stages 1 bonds [ 161. An alternative interpretation might 
and 2. Rates are however considerably lower than be sought in electronic effects upon atoms in the 
for other catalysts of the level of dispersion sug- active centre produced by C=M bonds at neigh- 
gested by the product selectivities ( < 0.3). bouring atoms. 

Although the principal trends in the values of F 
and T3 are qualitatively interpreted in terms of a 
particle size effect, close inspection of Table 2 
suggests that other forces are at work as well. The 
second HTR produces only negligible changes in 
dispersion in the case of RuEC 1 and 3, and RuEC2 
would probably behave in the same way; the very 
large losses in activity, and decreases in TOF (Fig. 
1) are accompanied by small but significant 
changes in product selectivities and in the Kem- 
pling-Anderson parameters (Table 2) ; they are 
more sensitively revealed by the former. The sur- 
face condition formed by the HTR2 treatment is 
reversible: in a long series of experiments with 
RuEC 1, it was demonstrated that the more active 
state could be restored by a further O/LTR fol- 
lowing HTR2, and that it could be destroyed and 
recreated several times. Conversions at 433 K 
after O/LTR are however often too high ( > 10%) 
to make values of F and T3 wholly reliable. Similar 
differences in product distributions after O/LTR 
and HTR2 treatments are seen with Ru powder, 
where again no alteration in particle size is 
expected. Notwithstanding the very considerable 
differences in behaviour exhibited by the various 
catalysts after HTRl, and to a lesser extent after 
O/LTR, the product selectivities show a pleasing 
uniformity after HTR2 (Table 2, ‘After O/LTR’ 
and ‘After HTR2’). 

3.4. Efsects of temperature on rates and product 
selectivities 

As previously demonstrated with catalysts 
closely related to the RuEC series [6], rates of 
reactant removal obey the Arrhenius law in both 
the heating and cooling stages. Some curvature in 
the Arrhenius plots is commonly detected at high 
temperatures, and in most cases this is due to the 
onset of deactivation by carbon deposition. In the 
reaction of n-butane + H2 over RuEC 1 following 
HTRl, the effect starts in Stage 1 at about 465 K; 
the magnitude of the effect increases with the 
number of carbon atoms in the reactant alkane. 
Tables 2 and 3 give the values of the Arrhenius 
parameters in the linear regions; only with the n- 
butane + H2 reaction over the Ru powder were any 
of the Arrhenius plots unsatisfactory. 

We should also note that deactivation between 
stages 1 and 2, where it occurs, is generally accom- 
panied by small decreases in both F and T,, that 
is to say, following Fig. 2, changes that correspond 
to a decrease in dispersion. These effects are larg- 
est with catalysts having particles in the small-to- 
medium size range, but are also visible with Ru 
powder. They may be caused by the blocking of 
a small fraction of low coordination number atoms 
such as predominate in very small particles, 
although the conventional wisdom is that these 
atoms resist inactivation because of their high 
activity for hydrogenolysis of C-M or GM 

More interest and importance attaches to the 
temperature variation of product selectivities and 
the Kempling-Anderson parameters. Fig. 4 illus- 
trates how for the n-butane+H, reaction these 
vary with temperature for the series RuEC 1,2 and 
3 following HTRl ; this reveals the effect of dis- 
persion. Fig. 4 also shows the results for RuECl 
following each of the three pretreatments; the 
effects here are due to a combination of dispersion 
and surface modification. The behaviour of 
RuECl after HTRl is quite different from that 
shown by the other catalyst, or by the other pre- 
treatments of RuEC 1: product selectivities 
scarcely change with temperature, and in partic- 
ular the methane selectivity S1 fails to increase 
with temperature as it does in the other cases. In 
consequence the parameters F and T3 remain quite 
constant. In the other cases S, rises steeply, S, 
passes through a maximum and S3 decreases con 
tinuously, this behaviour corresponding to a value 
of F that is more or less constant in the region of 
low conversion, and to a value of T3 that decreases. 
Some of the variation in F may be due to the 
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Fig. 4. Temperature-dependence of product selectivities and Kempling-Anderson parameters for n-butane hydrogenolysis: Stage 1 results. A, 
RuEC3 (HTRl); B, RuEC2 (Hurl); C, RuECl (HTRl); D, RuECl (O/LTR); E, RuECl (HTR2). Circles, S,; triangles, S,; squares, S,. 
Arrows indicate temperatures at which conversion reaches 10%. 

difficulty of accurately interpolating values of 8, 
from the propane reaction for the more active cat- 
alysts. In the earlier paper [ 61 we treated values 
of T3 to provide an activation energy difference 
between the processes of reactive desorption of 
C; and its further bond-breaking, but it now seems 
that this is merely an empirical device to describe 
the results, and that the derived numbers lack 
quantitative significance. What is however clearly 
evident is that the effect of temperature on the n- 
butane reaction can be described, in the region 
where consecutive reactions are unimportant, by 
a splitting factor F which is almost temperature- 
independent, and a parameter T3 which in most 
cases decreases sharply as the temperature is 
raised. These observations thus give confidence in 
the validity of the Kempling-Anderson rake for- 
malism as a means accounting for the results. 

We have also followed the variation of product 
selectives with temperature using RuNIl and 2 
pretreated in each way, the results being of the 
form expected for moderately poorly dispersed 
materials: similar behaviour was shown by the Ru 
powder. RuCl acts somewhat differently in that 
after HTRl a high value of S, is maintained 
throughout the temperature range covered, so that 
(especially in stage 2, where further deactivation 
has occurred) the F and T3 parameters are not 

markedly temperature-dependent. These obser- 
vations reinforce the view that RuCl is substan- 
tially poisoned by Cl- after HTRl. 

The effects described above are reflected in the 
different ways in which S2 in the propane+H* 
reaction changes with temperature, following the 
standard pretreatments: with RuEC 1 after HTRl, 
its temperature coefficient is markedly less than 
in the other cases. 

4. Concluding remarks 

The principal questions with which we are 
faced in interpreting our findings are as follows. 
( 1) Why do the very highly dispersed Ru/A1203 
catalysts (i.e. RuECl after HTRl ) show product 
distributions that change so little with tempera- 
ture, even although rates show normal Arrhenius 
behaviour? (2) Why do all less well dispersed 
catalysts show distribution that change quickly 
with temperature, in the accustomed sense of 
obtaining deeper hydrogenolysis as the tempera- 
ture is raised? (3) Why do values of TOF fall so 
much when the highly active state formed by the 
O/LTR treatment is subjected to HTR2, with only 
small changes to product selectivities? (4) What 
accounts for the apparent variation of TOF with 



G.C. Bond, J.C. Slaa / Journal of Molecular Catalysis A: Chemical lOl(1995) 243-253 253 

dispersion (Figs. 1 and 2), and why does it seem 
as if the results obtained after HTRl and O/LTR 
treatments form a single set, while those that fol- 
low HTR2 belong to a different set? We note how- 
ever (Figs. 1 and 2) that a particle-size 
dependence is still observed after HTR2. 

In previous publications [ 6,15,17] we have 
remarked on the correlation between F and T3 (or 
F’ and T3’), and have noted that high values of 
both parameters are associated with Ru surfaces 
that are probably contaminated, e.g. with Cl-, or 
TiO, or other toxins. This behaviour is observed 
with a catalyst RuCl after HTRl in the present 
work. It is likely that these species, if randomly 
dispersed over the surface of the Ru particles will 
eliminate larger active centres, leaving only small 
isolated groups of atoms, the behaviour of which 
simulates that of very small particles. It is also 
possible that the toxins may prefer to occupy com- 
fortable sites on areas of flat surface, so removing 
sites characteristic of large particles, and leaving 
only the edge and corner atoms free. Recalling 
that the small particles originally present in 
RuEC 1 may well be electron-deficient [ 81, inter- 
pretations based on electronic effects cannot be 
entirely ruled out. 

As to the four questions listed above, satisfac- 
tory answers require provision of another dimen- 
sion of information. This is obtained by examining 
the effect of altering reactant pressures, especially 
that of HZ, on rates ,and particularly on product 
selectivities. Some preliminary account of this 
work has already been given [ 18-201, but it is 
preferable to await a full presentation of the exten- 
sive results of this kinetic study before attempting 
to synthesise a reaction model to account for the 
effects of both temperature and H2 pressure. This 
we hope to do in a forthcoming paper. 
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