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Several ruthenium A, X, Y, L, and mordenite zeolites have been prepared and characterized. 
The ruthenium zeolites have been studied by thermogravimetry and adsorption techniques and 
their catalytic activity for the hydrogenation of benzene in the range 353433 K has been 
investigated. All the zeolites retain their crystalline structure after several outgassings at 
623 K and sorption of COz; they are also stable to reduction at 723 K in flowing hydrogen. 
Turnover numbers for benzene hydrogenation increase smoot.hly with increasing metal surface 
area in all the zeolites. 

INTRODUCTION 

Over the past decade there has been a 
very lively growth of interest in homoionic 
and hctcroionic zeolite catalysts ; zeolitic 
frameworks have been shown to be active 
and thermally stable matrices for carrying 
transition metal species whose catalytic 
activity has hitherto been Audied in alloys 
or on supports and carriers such as silica, 
alumina, silica-alumina and silica-mag- 
nesia. Zeolites, because of their bifunctional 
catalytic behavior and higher activity and 
better tolerance to sulfur and nitrogen 
poisoning than the conventional amorphous 
supports, are widely used in various 
petroleum reforming proccsscs and a num- 
ber of comprehensive reviews (1-6) dc- 
scribing zeolite-based catalysis have been 
published. 

In the present paper WC report the 
preparation of several ruthenium loaded 
zcolitc catalysts with widely diffcrcnt 
cation densities, cation-binding cncrgics, 
port structures and molecular sieve propt’r- 

,tics and WC discuss their activity for the 
reduction of benzene ; WC also report 011 

their thermal stability and on their sorption 
properties towards carbon dioxide. The 
carbon dioxide molecule has already been 
shown (7-11) to bc a useful probe for 
dctcrmining the specificity of sorption and 
acctrssibility of cations in zeolitcs. Virtually 
nothing has been published 011 the catalytic 
activity of zcolitic ruthenium although 
ruthenium carried on ot’hcr supports is 
known to catalyze a varioty of rcact’ions: 
e.g., metallic ruthenium possesses high and 
stable activity for steam reformation of 
mcthanc (12) ; phosphine complexes of 
ruthenium bonded to a silica surface 
catalyze tho hydrogenation of olcfins and 
dioncs (13) and ruthonium supported on 
A1203 catalyzes the methanation of CO 
(14). Sinfclt and Yates (15) and Lam and 
Sinfclt (16) have reported hydrogcnolysis 
of cthanc and dchydrogcnation of cyclo- 
hcxane or1 Ru-SiOz and dchydrogcnation 
and hydrogcnolysis of r/-p(lntanc owr 
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Ru-Al203 has also been reported. Amano 
and Parravano (18) have studied the 
kinetics of hydrogenation of benzene on 
ruthenium, rhodium, palladium and plati- 
num catalysts supported on alumina and 
observed the activity sequence: Rh > Ru 
> Pt > Pd; Kubicka (19) has reported 
the sequences Ru > Pt > Tc = Pd > Rc 
and Ru > Tc > Re, respectively, for the 
hydrogenation and hydrogenolysis of ben- 
zene when the metals were supported on 
silica and y-alumina. Klimisch and Taylor 
(20) in a series of papers have reported on 
the activity of Ru supported on alumina in 
the reduction of nitric oxide to nitrogen 
in feed streams resembling automotive 
exhaust : the Ru catalysts were very 
select,ive and the formation of ammonia, a 
major fault of other catalysts, was mini- 
mized. As outlined in these representative 
reactions the well-established catalytic 
activity of Ru on the one hand and the 
versatility and thermal stability of certain 
zeolite frameworks as catalyst supports, 
on the other, make this investigation of the 
properties of zeolite ruthenium catalysts 
t,imely. The act,ivity of other metals also 
in benzene reduction are referred to below. 

EXPERIMENTAL METHODS 

Catalyst Preparation 

The catalysts, a summary of the prepara- 
tive conditions and their compositions are 
listed in Table 1. The composition of the 
parent zeolitcs was 

X : Nass(A10Jss(Si0&6 264 Hz0 ; 

Y: Nah6(A10J66(Si02)136 250 H,O; 

A: Nalz(A10z)12(SiOz)12 27 HzO; 

L: KsNa(A10J9(SiOz)27 21 HzO; 

mordenite = M: Nas(A10&(SiOz)4027 HzO. 

The preparation of samples A-l, A-2, 
X-l, X-2, Y-l, Y-2, L-l, and L-2, by 
ion exchange from aqueous solutions of 
Ru(H~O)~+~ and their chemical analysis has 
been described previously (21). Samples 

L-4, Y-4 and M-4 were prepared by stirring 
the parent zeolites at room temperature in 
0.05 mol dm-3 aqueous ruthenium tri- 
chloride solutions for 10 min followed by 
filtration and thorough washing with hot 
deionized water. The samples were then 
dried at 383 K and pelletized without 
binder using a pressure of about 4000 kg 
cm-2. The pellets were crushed and sieved 
and only particles of 1200-1600 pm were 
used for catalysis experiments. 

Adsorption Studies 

Sorption of carbon dioxide on samples 
X-l, Y-l, A-l, and L-l was studied in the 
temperature range 273-473 K using the 
volumetric method as described previously 
(7). Prior to sorption experiments the 
samples were outgassed under vacuum at 
633 K for a period of 12 hr. X-Ray diffrac- 
tion patterns taken both before and after 
several outgassings and sorption of carbon 
dioxide showed no detectable loss of 
crystallinity. Calorimetric studies (22) of 
the immersion of outgassed samples in 
liquid water also gave heats of reasonable 
magnitude which would not be the case if 
there had been any appreciable crystal 
collapse. The water content of each sample 
(Table 1) was determined from the mass 
loss at 873 K using a Perkin-Elmer TGS 1 
thermobalance; DTG curves for each 
sample were obtained using the same instru- 
ment ; a heating rate of 20 K min-l was 
employed in all the thermogravimetric 
work and a nitrogen flow of 25 cm3 min-’ 
was maintained over the samples. The 
ruthenium metal surface area of each 
sample was measured by hydrogen adsorp- 
tion after the catalysis experiment. Before 
the hydrogen adsorption measurements the 
catalysts were reduced in flowing hydrogen 
for 2 hr at 723 K, evacuated at 633 K for 
1 hr and then cooled t,o 293 K, at which 
temperature the isotherms were measured ; 
the uptake at 20 Torr was taken as a 
monolayer of hydrogen. The metal surface 
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TABLE 1 

Analysis and Preparative Condit.ions of Ruthenium Zeolites 

Zeolite Exchange PII Na’ ions/ liut,henium Av charge/ wt% 
sample time/min unit, cell iws/unit ruthenium rut.henium 

exchanged cell ion 

A-l 18 6.3 5.19 1 .;,o 3.5 9.04 17.3 
A-2 7,; 6.5 5.49 1 .fO s .3 9.10 16.0 
X-l 1080 6.3 43.21 38.30 1.2 24.20 24.1 
x-2 43 6.3 48.13 10.70 2.4 13.90 23.2 
Y-l 1080 6.3 lqj.O1 7.30 2.1 5.40 22.2 
Y-4 10 4.1 I 1.30 :?..i4 2.1 4.37 24.8 
L-l 18 fi.T, 2.90” 0.96 XI 4.31 9.8 
L-2 45 6.5 3.04< l.UG 2.9 4.30 0.9 
L-4 10 2.s 0.45’ 0.13 3.2 0.85 12.4 
&l-l 1200 1.0 3.37 1.12 3.0 3.68 14.9 
M-4 10 2.6 1.26 0.71 1.8 2.36 12.7 

a Na+ + K+ ions exchanged 

area (A) was calculated using 9.03 X 1O-20 
m2 as the area of a Ru at.om and by assum- 
ing that one hydrogen atom is adsorbed 
by each ruthenium metal atom. 

The monolayer uptake per gram of 
catalyst, the dispersion of ruthenium and 
the crystallite sizes L arc listed in Table 3. 
Thn crystallite sizes were calculat,cd assum- 
ing the metal particles to bo cubes of side L 
snd with all faces acccssiblc to hydrogen; 
the area (A) per gram of exposed metal is 
given by 6L2n, where n is the number of 
crystallitcs per gram. If p(=12.2 X lo6 kg 
m-3) is the density of metallic ruthenium 
then n = l/pL3 and 

L (in m) = 6/pil = (4.91s X 10-7)/1l. 

Catalysis Studies 

The hydrogenation of brnzcne was 
carried out in the vapor phase at various 
temperatures in the range 353-433 K in 
flowing hydrogen (120 cm3 min-I). The 
catalyst particles were packed in an all 
glass vertical flow type rcsctor. The km- 
peraturc of the catalyst brd was monitored 
using an iron-~orlst,ant,arl t,licwnocouplc in 
conjunc:ti:,n with a digit,al vo1tmctc.r. The 
prctrcatmc‘nt of all t,hc catalystas \vas the 
same: t,he fresh catalyst particlrs n-crc 

rcduwd in flowing hydrogen (120 cm3 
min-‘) for G hr at 723 K; at the beginning 
of each cxpcrimcnt the catalyst was again 
activated in hydrogen with the same flow 
conditions, for 1 hr at 673 K. Liquid 
benzene was introduced at the top of the 
reactor using a calibrated motorized syringe 
and the product was collected in a trap 
immersed in ice. At the beginning of each 
run 10 min wcrc allowed to elapse before 
any product was collected and then 
collection was continued for 1 hr. Catalytic 
activity did not change over this period; 
in the case of samples L-4 and M-4 activity 
was monitored over a period of 180 min 
by collecting product#s every 30 min ; 
activity was found to bt steady up to 150 
mjn after which it began to dccrcase slowly 
to 9:Jy0 conversion jn the cast of L-4 and 
to 90% for M-4 after 180 min. For all 
cxpcrimcnts the liquid product which con- 
taincd only cyclohcxane and any unreactcd 
bcnzcnc was analyzed by glc. Turnover 
numbers (N), dcfincd as t.hc number of 
bwlzcnc: molecules convcrtcd to cycloh(bxane 
pr’r atom of oxposcd ruthrnium mclt,al per 
~~wnd, \vcrc calculntc~d for cwh c,xpwi- 
IllPIlt. All snmplcs \vcre found by X-ray 
diffraction to have rctsincd their crystal- 
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FIG. 1. DTG curves for ruthenium zeolites. 

linity throughout the catalysis experiments 
and all the catalysis data were reproducible. 

RESULTS AND DISCUSSION 

Thermogravimetric Data 

The compositions of t.he several ruthe- 
nium zeolites are given in Table 1. Ruthe- 
nium chemistry is complex and not nearly 
as well understood as that of most other 
transition metals and this introduces diffi- 
culties in the characterization of ruthenium 
zeolites. However of immediate interest are 
variations in the unit cell water contents, 
the average charge carried by the ru- 
thenium ions (estimated from columns 4 
and 5 of Table 1) and any inherent depend- 
ence of the properties of the resultant 
zeolite catalysts on the method of prepara- 
tion. The percentage mass losses of the 
ruthenium zeolites, column 8, Table 1 are 
all less than those corresponding to the 
dehydration of the parent aeolites (parent 
A = 22.4%, X = 26.50/& Y = 26.5%, L 
= 13.4oJ,, M = 13.7%) and in samples 
X-l, X-2, Y-l, Y-2, and M-4 the ruthenium 
ions have an average charge considerably 
less than 3. Absorption spectra of buffered 
exchanging Ru(H~O)~+~ solutions showed 

a gradual decrease with time in the band 
at 225 nm with a corresponding increase 
in that at 260 nm ; thus a change in the 
ligand field is reducing the energy of the 
t52, +- r transition and from the spectro- 
chemical series this is consistent with a 
ligand change from Hz0 to OH-. Bearing 
in mind also that aqueous solutions of 
“ruthenium trichloride” contain Ru3+ and 
Ru4+ species (ZS) all the above evidence 
is in agreement with ion exchange of 
hydrolyzed ruthenium into the zeolites, the 
hydrolysis being extensive in the case of 
samples X-l, X-2, Y-l, Y-4, and M-4; the 
extent of hydrolysis in the A and L zeolite 
samples and in sample M-l which was 
prepared at low pH is comparatively small. 
Samples L-4, Y-4, and M-4 were prepared 
from aqueous solutions of ruthenium tri- 
chloride which are known to be prone to 
hydrolysis (24) but it is not clear why the 
hydrolysis is greater in the case of the latter 
zeolite. 

Minachev et al. (25) have shown that 
reduction of transition metal cations in 
zeolites is accompanied by migration of the 
metal to the external surface of the crystals 
and that the reduction depends on factors 
such as the chemical nature of the cation, 
the degree of ion exchange, cation location 
and the thermal stability of structural 
hydroxyls ; therefore, it is to be expected 
that the dispersion of the reduced ru- 
thenium in our zeolites would relate to the 
structure of the host lattice and the thermal 
stability of hydrolysis products. Represcn- 
tative DTG curves scanned in the tcmpera- 
ture range 293-1273 K are shown for 
several ruthenium zeolites in Fig. 1 and 
the temperatures of the main peaks are 
listed in Table 2. In the analysis of the 
thermogravimetric data it should be borne 
in mind that the evidence outlined above 
supports the ideas that hydrolysis in the 
A, L, and M-4 samples is relatively small, 
that in the case of the X and Y samples 
hydroxyl groups are introduced by ion 
exchange of Ru(OH) (3-*)+Z species and 
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TABLE 2 

1)TG Pedures 

Sample T (K) ; peak : y. Mass loss 

I II III I II III Total 

A-2 400 
X-l 429 
x-2 413 
Y-l 405 
Y-4 405 
L-2 397 
L-4 397 
M-l 401(493) 
M-4 381(500) 

573-77s - 14.5 2.4 - 16.9 
653-773 853-933 22.3 1.0 0.8 24.1 
653-773 - 22.2 0.9 - 23.1 
613 21.06 1.1 - 22.16 

- - 24.8 - - 24.8 
613wj93 - 8.88 1.0 - 9.88 

- - 12.4 - - 12.4 
593 1013-l 133 12.9 1.0 1.0 14.9 

- 12.7 - - 12.7 

that in the cast of M-l, because of the low 
pH cmploycd in preparation, some frame- 
work hydrolysis is likely (26). The DTG 
curve for sample A-l (and A-2 which was 
similar) may be conveniently analyzed in 
the light of the work of Dyer and Wilson 
(27) who studied Na-A by TG, TMA, and 
DTA and that of Vucelic et al. (228) who 
studied Na-A by DSC. The main DTG 
peak centered at 400 K is a combination 
of two close peaks and may be attributed 
to the loss of structural water from the 
polylaycr solvating the cations and to the 
loss of water bound by hydrogen bonds to 
the framework oxygens in the a! cages; 
peak II represents the loss of more tightly 
bound water from the @ cages over a long 
tcmpcraturc interval and there is no further 
mass loss above 773 K. Sample M-l has a 
dehydrogenation peak in the range 1013- 
1133 K and agrees well with that found at 
1023 K by Weeks et al. (29) in their study 
of H-M; also characteristic (22, 2.9) of 
mordenite samples in which framework 
hydrolysis has occurred, sample M-l is 
more difficult to dehydrate compared with 
M-4 as is evident from the shift,ing of 
peaks I and II to higher temperatures. It is 
quite striking that sample M-4, in which 
the average charge per ruthenium ion is 
much less than 3, shows no rvidcnce of 
dchydroxylation; t,hercfort:, it is to be 

expected that the hydrolysis products would 
have some bearing on the reduction of the 
ruthenium and the catalytic properties of 
this zeolite. Zeolitcs L-4 and Y-4 behave 
in a similar manner having peaks centered 
at 397 and 405 K, rcspcctively, due to loss 
of molecular water and again do not suffer 
dchydroxylation at higher temperatures; 
the DTG curves for the parent L and Y 
zcolites also consist of a single peak at 
these temperatures (10, SO). The remaining 
samples X-l, X-2, Y-l, and L-2 havo in 
addition to peak I, which represent.s loosely 
held water, additional smaller peaks at 
higher temperatures; these peaks must 
rcprescnt the elimination of wry t,ight,ly 
held water or dehydroxylation. The com- 
plexity of the dehydration process is shown 
by the fact that peak II corresponds to the 
elimination of approximately 12 Hz0 mole- 
cules from X-l and 9 Hz0 from X-2 per 
unit ccl1 even though the ruthenium in t,hc 
former sample is considerably more hydro- 
lyzed ; sample X-l also lows an additional 9 
hydroxyl water molecules in the region 
853-933 K (peak III) and this is borne 
out by the CO2 sorption work below. The 
reason for the two sharp minima at 559 
and 553 K in the curves for X-l and X-2, 
respectively, is not clear; these were re- 
producible and may be due to the formation 
of an unstable Rwnitrogcn species. 
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FIQ. 2. Families of CO2 isotherms for ruthenium zeolites X-l (a) ; Y-l (b) ; A-l (c) ; ad L- 1 (4; 

333K 

- 303K 

P/kNm-* 

(A) isotherm for parent zeolite at 303 K. 

CO2 Adsorption Data 

Families of CO2 isotherms measured in 
the temperature range 273-423 K for 
samples X-l, Y-l, A-l, and L-l are shown 
in Fig. 2; isotherms at 303 K for Na-X (?), 
Na-Y (IO), Na-A (9), and Kg-L (31) are 
also included for comparison. All the 
zeolitcs sorb COZ copiously and the fact 
that the isotherms were reproducible is 
further evidence t.hat ruthenium zeolites 
are stable to outgassing. Figure 3 is a 
comparison of sorption affinities, AP at 
303.15 K defined by the relationship, 

AIJ = RT In P/PO, 

where p is the equilibrium pressure and po 
is taken as 1 atm. At the lower coverages 
the affinity sequence is A-l > X-l > Y-l 
= L-l but at the higher coverages X-l is 
the best sorbent for Cot. The affinity 
sequence at the lower coverages is the same 
order as the A1203:SiOz ratio or cation 
density and is also the same as that ob- 
served previously for other trivalent forms 

of these zeolites (8). COZ is a quadrupolar 
molecule and its sorption characteristics 
will reflect to a large extent the degree of 
interact,ion of its quadrupole with local 
electric field gradients generated by exposed 
cations. In Fig. 4 the COZ uptakes in 
samples X-l and Y-l at 303 K and 30 cm 
Hg arc compared with those for the parent 
and variously exchanged Cr3+, Y3+, and 
Co3+ samples ; the amounts sorbed are seen 
to decrease smoothly wit.h increasing per- 
centage of M3+ exchange in a manner which 
seems to be independent of the nature of 
the M3+ cation for both host lattices. The 
percentage exchange is defined here as the 
percentage of Na+ ions in the parent 
zeolite replaced by the exchanging cation 
and according to this definition samples 
X-l and Y-l are 52.6 and 26.8% exchanged, 
respectively. The uptake on sample Y-l 
under these conditions, 48 CO2 molecules/ 
unit cell, is seen to agree well with the 
curve for zeolite Y but that for sample 
X-l, 77 molecules/unit cell, falls well off 
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the corresponding curve for zwlite X. In 
fact the amount, sorbed by sanlplc X-l is 
identical to that for Na-X and suggests 
strongly that the sorbate mokculcs in X-l 
expericncc an cnvironmcnt more typical 
of t.hat produced by monovalent cations 
than by multivalent ruthenium cations ; 
such an cffcct would bc in kocping with 
Table 1 where, due to hydrolysis, the 
avcragc chargo per ruthenium cation is 
estimated to be only slightly grcatcr t,han 
unity. In a derivation of cat,ion distribu- 
tions for outgassed X and Y zcolites (8), 
decreasing CO2 sorption with increasing 
exchange by trivalent cations has been 
attributed to migration of these cations to 
sites which are inacccssiblc to CO2 (sites I, 
I’, and II’) with a consequent depopulation 
of accessible supercagc sites. In the COZ- 
Na-Y system the sorbatc was considered to 
interact with 30 Ka+ ions distributed in 
supercage sites. The COZ molecule is too 
large to pass through the six-membered 
rings and gain entry to tho sodalite cages; 
the rcduccd uptake in sample Y-l compared 
with Ka-Y may be attributed t,o a reduced 

0' ' I I 
I 

0 L a 12 
Molecules per cavity 

FIG. 3. Comparison of sorption affinitsies towards 
CO2 in ruthenium zeolit)es X-l (a) ; Y-l (0) ; 
A-l (n);andL-I (0). 

Y I 

FIG. 4. Comparison of COZ uptakes in ruthenium 
X and Y zeolites at 303.13 K and 30 cm Hg (40 kN 
m-“) with uptakes in the parent and trivalent 
exchanged zeolit,es. 

number of cations interacting with t’he 
sorbatc duo to either a migration of ruthc- 
nium cations to inaccessible sites or to the 
prcscnce of hydroxylatcd rut,hcnium in the 
supcrcagcs. 

Catalysis Data 

Table 3 summarizes the physical charac- 
teristics of the catalysts obt#aincd from 
hydrogen chemisorptjon studies; examina- 
tion of the table rcvcals that with the 
exception of the L-2 and A-2 samples the 
cryst,allitc size increases and the surface 
area dacrcascs smoothly wit,h increasing 
ruthenium content. Crystal growt,h seems 
to occur much more readily in L-2 and A-2 
than in the other sampks; e.g., thcrc is a 
very large differcncc in m&l dispersion 
bctwecn samples L-2 and Y-4 which contain 
similar amounts of ruthenium. It is intcwst- 
ing to note that samples Y-l and Y-4, which 
were prepared by different methods and 
which contain hydrolyzed ruthenium have 
similar metal crystallite sizes and also 
similar catalytic activity. As mentioned 
above the rclduction of transition mt%al 
cations is lilwly to bc accompanied by 
migration of the metal t,o the cxtcrior of 
tho zcolitc crystals (95). Given migration, 
crystallitc size or reduction cannot bo a 
factor solely of the metal contc~nt. It is 
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TABLE 3 

Hydrogen Adsorption Data 

Catalyst % by 
wt Ru 

Ht adsorption 
&moles g-l 
of catalyst) 

A 
(m2 g-l of Ru) 

Dispersion 

(H/M) 

Crystallite 
size L (nm) 

A-2 9.10 25 30 0.055 16.3 
X-l 24.2 280 126 0.234 3.8 
x-2 13.9 170 133 0.247 3.6 
Y-l 5.4 139 280 0.520 1.7 
Y-4 4.4 119 295 0.550 1.6 
L-2 4.3 35 88 0.165 5.5 
L-4 0.85 43 537 1.00 0.9 
M-4 2.36 68 313 0.584 1.5 

likely to depend on factors such as the 
chemical nature of the cations, the Si/Al 
ratio or framework charge, the possibility 
of migration of the cations to hidden sites 
such as the hexagonal prisms in zeolites X 
and Y-a process which would be in 
competition with the reduction process, the 
location of cations in the lattice prior to 
reduction which would in turn depend on 
the level of exchange, the cation binding 
energy and cation-framework coordination, 
the degree of hydrolysis and the openness 
of the zeo1it.e pore structure. The effect of 
the latter factor may be gauged from Table 
4 ; in the less open A, M and L zeolites 
the chances of agglomeration of the metal 
atoms are considerably increased due to the 
greater relative proximity of the atoms. 
Minachev et al. (25) have reported the 

TABLE 4 

Effect of Zeolite Structure on 
Metal Crystallite Size 

Sample L(% J-W 

A-2 1.79 
X-l 0.16 
x-2 0.26 
Y-l 0.31 
Y-4 0.36 
L-2 1.28 
L-4 1.06 
M-4 0.64 

ability of reduced metals to migrate to the 
exterior surface of exchanged faujasites to 
decrease in the series: Ag > Zn > Pd > Cu 
> Ni > Pt 3 Co ; the number of silver 
atoms (the most mobile element) migrating 
to the external surface corresponded to 
25-5OQj, of the total number of Ag atoms 
in the zeolite. From this these authors 
suggested that in the case of other zeolite 
forms, metals are mostly captured in the 
zeolite cavities. The values of L in Table 3 
are greater than the free diameter of the 
zeolite cavities but it must be remembered 
that the values are averages and therefore 
do not preclude the existence of much 
smaller metallic clusters or crystallites in 
the zeolite cages. No lines due to Ru metal 
were observed in an X-ray diffraction 
pattern from sample A-2, probably due to a 
combination of the factors that the d 
spacings of the metal and the zeolite are 
very similar and that there is an insuffi- 
ciency of well-formed crystals of adequate 
size present. 

The turnover numbers for hydrogenation 
of benzene at 353 K are listed in Table 5 
and from Fig. 5 it is seen that with the 
exception of samples A-2 and L-2 the 
activity decreases regularly with increasing 
ruthenium content ; a plot of the percentage 
of ruthenium as a function of the metal 
area A would again, with the exception of 
samples A-2 and L-2, show a similar smooth 
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dependence. Even though the activity of 
the catalysts can be rationalized by t,heir 
crystallite sizes and dispersion fact,ors it, is 
inkresting to note that samples A-2 and 
L-2 containing 9.1 and 4.3y0 ruthenium, 
rrsprctively, arc less active than samples 
X-l and X-2 containing 24.2 and 13.9% 
ruthenium, respectively ; if one expcctcd an 
increase of dispersion with dccrcasc of 
metal content in ruthenium zcolitcs then 
one would reasonably expect this order of 
catalyt,ic activity to bc reversed. In the 
case of A-2 if the hydrogenation were a 
diffusion process then zero activity would 
be expwted since the A zcolitc does not 
adsorb benzcnc; however, the fact that 
some activity is obscrvcd confirms that at 
lcast some of the ruthenium migrates t,o the 
clxterior zcolitic surface on reduction. 
I’cnchcv el al. (32) have reported dchydro- 
gcnation of cyclohexanc on Ni, Na-A again 
showing the presence of metal aggrcgatcs 
on the external surface of this zeolitr. 
Sample L-2 contains virtually the same 
amount of ruthenium by weight as samplo 
Y-4 (the amounts are 4.3 and 4.4%, 
respectively) and conscqucnt.ly might bc 
expected to show similar catalytic activity; 
also benzene and cyclohexanc can diffuse 

TABLE 5 

Hydrogenation of Benzene at 353 Ka 

Catalyst N(IO-2 s-1) 

LHSV : 1 1 2 
H/HC: 4.9 2.4 2.4 

A-2 0.20 (0.13 x 10-y - - 
X-l 1.01 (0.67 X 1O-3) 0.68 0.98 
x-2 1.68 (1.11 x 10-3) 1.17 2.03 
Y-l 2.34 (1.5.5 X 10-a) - 2.77 
Y-4 2.49 (1.65 X 10--3) 1.87 3.43 
L-2 0.95 (0.63 X 1O-3) 0.94 0.84 
L-4 6.60 (4.37 X 1O-3) 3.26 5.66 
M-4 3.53 (2.34 X 1O-3) 1.94 4.06 

a Values in parentheses refer to turnover numbers 
defined as moles of benzene convert,ed per hour per 
square meter of exposed ruthenium. 

0 
t z 

% Ru 

FIG. 5. Hydrogenation of benzene at 353 K; 
LHSV = I ; H/HC = 4.9. 

t,hrough both the L and Y zeolites. At this 
point it should bc remembered that the 
ruthenium in samples L-2 and A-2 was not 
as ext,cnsivcly hydrolyzed as in the other 
zeolitcs and the possibility arises that 
hydrolysis could play a role in the reduction 
and migration process; if this is the case 
then it would be more advantageous to 
prcparc rut)hcnium zeolite reduct,ion cata- 
lysts by using aqueous ruthenium tri- 
chloride solutions and thus ensuring hy- 
drolysis than from solutions containing 
the hexa-aquo Ru(II1) complex at low pH. 

The fact that sample L-4 containing the 
lcast amount, of ruthenium but also having 

6 I 
‘i, 
b L- 

‘1 

2- 

t / 
OP I I 

200 600 
A/ rn2G’ 

FIG. 6. Dependence of the catalytic activity of 
ruthenium A, X, Y, L and mordenit,e zeolit.es in the 
hydrogenation of benzene at 353 K on the surface 
area of the zeolitic ruthenium. (0) L-4; (0) M-4; 
(U) Y-4; (~3) Y-l; (A) X-2; (A) X-l; (0) L-2; 
(0) A-2; LIISV = 1; II/IIC = 4.9. 



106 COUGHLAN ET AL. 

1 
t -.----* I 

6 

t \....\\ I 

01 373 393 
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FIG. 7. Effect of temperature on hydrogenation 
of benzene; H/HC = 4.9. (0) L-4; (A) M-4; 
(e) Y-4; (X) x-2; (A) L-2. 

the small& crys,allite size is the most 
active of all the ruthenium zcolitcs studied 
emphasizes the dependence of the hydro- 
genation activity on metal dispersion. 
Figure 6 shows a clear correlation between 
the turnover number and the metal surface 
area for all the catalysts; this correlation 
assumes that the Ru metal accessible to 
hydrogen is also accessible to benzene and 
since a smooth curve is obtained for the 
several zeolites with widely differing pore 
structures and cation locations the assump- 
tion would seem to be justified ; on the 
other hand an overestimation of the metal 
accessibility would lcad to an underestima- 
tion of the turnover numbers. Consideration 
of Fig. 6 leads to the conclusion that the host 
zeolite lattice plays no part in the reduc- 
tion of benzene by the ruthenium zcolites 
and that the activity is determined by the 
metal dispersion. In contrast with this 
several other workers have investigated the 
reduction of benzene using various metals 
and supports and have found varying 
effects due to crystallite size and the type 
of support. Gallezot et al. (33) have 
analyzed the activities for benzene hydro- 
genation and the poison sensitivity of 
platinum Y zeolites containing two different 
Pt dispersions: Pt agglomerates of 1 nm 

diameter fitting into the supcrcagcs and 
1.5-2.0 nm crystallites occluded in the 
zcolite crystals. The formation of these 
latter crystallites involved a limited break- 
down of the aluminosilicate framework and 
generated tricoordinated electron-deficient 
aluminum atoms. These unshielded alumi- 
nums in the immediate vicinity of the 
metal surface were postulated to be 
catalytically active in two ways, either 
through the provision of additional sites 
for benzene adsorption or by polarizing 
the benzene molecules and thus rendering 
them more reactive. On the other hand 
Aben et al. (34) who investigated the 
hydrogenation of benzene on PD, Pd, and 
Ni as a function of metal particle size when 
supported on silica, alumina, silica-alumina 
and silica-magnesia concluded that the 
activity per exposed metal atom was 
independent of the metal crystallite size or 
of the support used. Coenen et al. (35) have 
reported the effect of clystallitc size on 
activity per unit arca in benzene hydrogen- 
ation for a range of silica supported nickel 
catalysts: from 5 nm down to 1.2 nm the 
specific activity increased with decreasing 
crystallite size as observed in the present 
investigation, but for still smaller crystal- 
lite size the activity appeared to go down, 
probably due to a support effect. Taylor 
and Staffin (36’) in their investigation of 
the influence of support type and nickel 
level on the specific activity and other 
kinetic parameters for the hydrogenation 
of benzene used two different supports, 
silica and silica-alumina and the nickel 
concentration was varied in the l-10% 
range; they observed a support effect at the 
lower nickel concentrations and the ac- 
tivity increased with increasing percentage 
of nickel. 

Figure 7 shows the effect of varying 
temperature in the range 253-433 K on 
the hydrogenation ; only samples X-2 and 
Y-4 maintain their act,ivity steady through- 
out. There is a striking decrease in activity 
for the sample L-4 at temperatures above 
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393 K. Although much work has been done 
on the kinetics of benzene hydrogenation 
on various supported metals there is as 
yet no consensus of opinion on kinetic 
behavior and mechanism. Van Mecrten 
et al. (37, 38) have made a comprchensivc 
analysis of a considerable amount of 
fragmented data available for nickel; they 
observed maxima in the reaction rate, 
which shifted depending on the conditions 
of hydrogen pressure and tt:mpcrat.ure, in 
the range 408-453 K but wither poisoning 
nor diffusion limitation nor approach to 
equilibrium could account for the maxima. 
In the present work, except for the A-2 
and L-2 catalyst systems for which the 
percentage conversion u-as 3.4 and 14.5, 
respectively, all the other systems showed 
a conversion in excess of 99%; thus the 
fall in activity of the very active sample 
L-4 is possibly due to the attainment of 
equilibrium being much faster in this case. 

CONCLUSION 

Ruthenium exchanged A, X, Y, L, and 
mordenite zeolites are thermally stable 
molecular sieves. They are also stable to 
reduction at 723 K in flowing hydrogen and 
the metal crystallite size depends on the 
openness of the host zcolitc lattice support 
and probably also on the degree of ruthe- 
nium hydrolysis. Benzene hydrogenation 
on the ruthenium zcolitcs seems to be a 
facile reaction with the activity being 
governed by the accessible metal surface 
area. 
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