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The alkylation and dealkylation activities of a range of  nickel-loaded Y zeolites, prepared by ion 
exchange and impregnation, have been measured and correlated to the surface BrCnsted acidity. The 
effect on the level of  protonic activity of  varying the alkali metal co-cation (Li + , Na + , K +, Rb + , or 
Cs +) and the inclusion of  Ce 3+ ions is discussed. With a vew to optimising catalytic efficiency, a 
number of  parameters  were considered: these were catalyst precursorreduct ion temperature,  catalyst 
precalcination, reaction temperature,  acid poisoning by pyridine adsorption, coke deposition, and 
catalyst regeneration. The presence of  nickel metal on the support served to enhance the ethylation and 
cracking activities by converting coke precursors,  In the case of  benzene ethylation, diethylbenzenes 
were formed over  the most active samples; the relative distributions of  the ortho-, para-, and meta- 
isomers are reported.  For  comparative purposes,  data on benzene ethylation over  nickel-impregnated 
silica and alumina catalysts are also presented.  © 1992 Academic Press, Inc. 

INTRODUCTION 

The search for correlations between the 
acidic and catalytic properties of acidic ox- 
ides remains ongoing. The introduction of 
zeolites as acidic crystalline aluminosilicate 
supports has provoked further interest in 
this field. In attempting to refine the descrip- 
tion of active sites, it is now evident that the 
well-defined zeolite structure does not allow 
for a simple solution to the problem (1). 
Indeed, Barthomeuf (2) has proposed that 
the acidic behaviour of zeolites is governed 
by properties which are independent of 
crystallographic structure and are more rel- 
evant to the model of acidic solutions. In 
effect, zeolites may be considered as solids 
behaving, more or less, like protonic polyac- 
ids in solution. In contrast to other solid 
acids, the zeolitic protons (as in solutions) 
are free to move inside and through the zeo- 
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lite framework while remaining in close con- 
tact with the structural atoms. 

The ethylation of benzene with ethanol 
has proved to be particularly useful for prob- 
ing the catalytic properties of acidic zeolites 
(3, 4). The high electron density associated 
with the benzene ring renders it susceptible 
to electrophilic attack by positive ion spe- 
cies or by the positive end of a dipole or 
induced dipole (5). It is now generally ac- 
cepted that alkylation reactions proceed via 
a carbocation intermediate (1). Both kinetic 
and mechanistic studies support a Rideal- 
type mechanism (5-7) in which the alkylat- 
ing agent, which is strongly adsorbed at 
an acid site, reacts with a free or weakly 
adsorbed benzene molecule in the rate- 
determining step. In the case of zeolite sup- 
ports, BrCnsted sites (8), Lewis sites (9), 
and the charge-balancing cations (10) have 
all been proposed as active centres for pro- 
moting alkylation reactions. Becker et al. 
(11) observed a maximum in ethylation ac- 
tivity at a catalyst precursor activation tem- 
perature of 723 K. Catalytic activity and 
substrate selectivity have been related to 
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the stability of the catalytic intermediates 
(1). A high selectivity towards para-alkyl- 
ation has been observed for catalysis over 
Y zeolites (6, 12). The alkylation of the ben- 
zene ring and side chain(s) is known to pro- 
ceed on acidic and basic sites, respectively 
(13, 14). Lithium-exchanged zeolite X has 
been shown to catalyse only ring alkylation 
(13-15), whereas KX, RbX, and CsX selec- 
tively catalysed side-chain alkylation (13, 
15-17). The sodium-based catalyst, how- 
ever, has been considered by some workers 
to promote side-chain alkylation (13, 16) 
and by others to catalyze aromatic aklyla- 
tion (14, 18). Regardless, the overall alkyl- 
ation activity has been reported to decrease 
in the order (17) NaX > KX > CsX. 

Cumene dealkylation to benzene and pro- 
pylene has been used as a test of the crack- 
ing activity of acid catalysts (1, 19-23). The 
reaction can be viewed as a reverse alkyl- 
ation and is generally rationalized in terms 
of proton attack at an aromatic carbon atom 
with displacement of the side-chain as a car- 
bonium ion (1, 19, 20). Free radical cracking 
at the exchanged cations also produces sty- 
rene and a-methylstyrene at temperatures 
in excess of 798 K (1, 20). Cumene conver- 
sions at low reactant partial pressures and 
at temperatures less than 773 K resulted in 
the exclusive formation of benzene and pro- 
pylene (21). Alkali metal ion-exchanged Y 
zeolites have exhibited much lower cracking 
activities (22) compared to the transition 
metal ion-exchanged forms (23). Dealkyl- 
ation activity has been shown to decrease 
as a result of coke formation with propylene 
acting as a coke precursor (22). 

The alkylation and cracking properties of 
crystalline aluminosilicates have generally 
been correlated solely to the acidic function. 
However, catalytic dual functionality is 
used extensively in commercial processes 
such as hydrocracking where the presence 
of metal "poisons" often play an important 
role in establishing selectivity factors. With 
few exceptions, the majority of catalytic 
studies have been concerned with sodium- 
based zeolites. To date, ethylation and 

cracking activity data for hydrogen-reduced 
nickel Y zeolites, enriched to various levels 
with different alkali metal cations, have not 
been documented. In a previous study con- 
ducted in this laboratory (24), the surface 
BrCnsted acidity generated on the reduction 
of a range of NiY zeolites was characterized 
using infrared spectroscopy and Hammett 
indicators. In this paper, the influence of 
varying the alkali metal co-cation on the 
level of benzene ethylation and cumene de- 
alkylation over reduced nickel zeolites is 
examined and compared with the activities 
observed over nickel-impregnated silica and 
alumina. 

EXPERIMENTAL 

Catalyst Preparation and Activation 

The starting or parent zeolite was Linde 
molecular sieve LSZ-52 which can be 
represented by the molecular formula 
Na58(A102)sa(SiOz)L34(H20)260. The alumina 
(70-230 mesh) and silica (30-120 mesh) sup- 
ports were supplied by Labkem Ltd. and 
BDH, respectively. KY and LiY (100% ex- 
change) and RbNaY and CsNaY (ca. 68% 
exchange) were prepared by exchanging out 
the parent Na + ions. A known weight of 
NaY, usually 250 g, was refluxed with 400 
cm 3 of 1 mol dm -3 solutions of LiNO3, 
KNO 3, RbCI, and CsC1 for 24 h, after which 
the zeolite was vacuum filtered and thor- 
oughly washed with hot deionised water to 
remove the occluded salt; the zeolite was 
then air dried at 383 +- 3 K for a further 
24 h. The partially exchanged samples, i.e., 
Li,K,Rb,Cs/NaY, were exchanged an addi- 
tional nine times and stored over saturated 
NH4C1 solutions. A fully exchanged NHaY 
zeolite was prepared by re fluxing 250 g of 
NaY with ca. 400 cm 3 of a 0.5 mol dm -3 
solution of NHaNO 3 over a period of 3 days, 
filtering and drying as before; after 10 
such treatments complete exchange was 
achieved and no residual Na ÷ ions were de- 
tected by atomic absorption spectropho- 
tometry. In a similar fashion, CeNaY (ca. 
68% exchange) and CeKY (ca. 74% ex- 
change) samples were prepared by refluxing 
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250-g batches of NaY and KY with 0.5 mol 
dm -3 aqueous RbC1 and CsCI solutions. 
Nickel-exchanged samples were prepared 
by taking 100 g of NaY, LiY, KY, RbNaY, 
CsNaY, NH4Y, CeNaY, or CeKY and re- 
fluxing with a 400 cm 3 Ni(NO3)2 solution for 
24 h. The pH of the NaY/deionized water 
suspension was 9.5. It has been reported in 
the literature (25) that many transition metal 
salt solutions are sufficiently acidic to cause 
structural breakdown of the zeolite host. 
Consequently, in this study, dilute nickel 
nitrate solutions (<0. I mol din-3) were used 
in which the pH of the zeolite/nitrate sus- 
pensions was in the range 6-7.5. Under 
these conditions, a single exchange cycle 
resulted in a maximum exchange of ca. 7 
Ni2+/U.C., i.e., seven nickel cations per 
unit cell; repeated exchanges were neces- 
sary in order to prepare catalysts with higher 
loadings. Quantitative impregnation of the 
NaY, LiY, KY, RbNaY, CsNaY, alumina, 
and silica supports was achieved with con- 
stant volumes of Ni(NO3) 2 solutions by vac- 
uum rotary evaporation to incipient wet- 
ness. The concentration of the nickel salt 
was chosen to yield the desired metal con- 
tent. Atomic absorption (Ni 2+ concentra- 
tion) and flame emission (Na +, Li +, K +, 
Rb ÷, and Cs ÷ concentrations) techniques, 
using a Perkin-Elmer 360 spectrophotome- 
ter, were employed to determine the cation 
content to within -+2%. From the measured 
ion concentrations, the precise mass of zeo- 
lite sample and the number of unit cells per 
gram of parent zeolite, the number of ex- 
changed cations per unit cell was deter- 
mined. Thermal analyses were also con- 
ducted on all the prepared samples using a 
Perkin-Elmer thermobalance operating in 
the TG mode to measure the percentage (by 
weight) water loss as a function of tempera- 
ture. The ion-exchanged catalysts are la- 
belled according to the percentage exchange 
of the indigenous alkali metal ions, e.g., 
NiKY-23.5 exhibits a 23.5% exchange of the 
original potassium content, which corre- 
sponds to a nickel cation content of 6.8 Ni2+/ 
U.C. 

The hydrated catalyst precursors were 
pelletized without binder under a pressure 
of 4000 kg cm -2 and sieved in the mesh 
range 1.18-1.70 mm. The zeolite pellets 
were activated by either heating (at 200 -+ 2 
Kh-~) in a 120 cm 3 min-~ stream of purified 
nitrogen (N2-treatment) or hydrogen (reduc- 
tion) to a final temperature of 723 _+ I K, 
which was maintained for 18 h. The acti- 
vated catalysts were then cooled in nitrogen 
to the desired reaction temperature. The de- 
gree of reduction of the exchangeable Ni 2 + 
cations was measured by iodometric titra- 
metric and atomic absorption techniques 
which have been fully described in a previ- 
ous paper (26). The nature of the supported 
metal phase has also been comprehensively 
characterized by XRD line broadening and 
electron microscopy as outlined elsewhere 
(27). X-ray diffraction and infrared spec- 
troscopy were used to monitor the crys- 
tallinity of the samples (27); the infrared 
band at 395 cm- 1 has been shown to be very 
sensitive to changes in crystallinity (28). 

Catalytic Procedure 

The catalytic reactor was constructed 
from a Pyrex glass tube 50 cm in length and 
having an internal diameter of 3 cm. The 
tube was indented ca. 30 cm from the top in 
order to provide a means of support for a 
plug of glass wool on which lay the catalyst 
pellets. The catalyst bed was further sup- 
ported between two layers of glass beads 
and a thin layer of boiling chips. This en- 
sured that the reactants reached the reaction 
temperature before contacting the catalyst 
surface. The hydrocarbon reactants were 
fed into the reactor from a precision motor 
driven syringe which had been carefully cal- 
ibrated before use by monitoring the volume 
of reactant(s) delivered in a given time inter- 
val at different motor settings. Exit from 
the reactor was through a B 10 cone and the 
products were collected in a trap immersed 
in liquid nitrogen. The carrier gas escaped 
from the collector and subsequently passed 
through a bubble flow meter which was used 
to monitor the gas flow rate. Treatment of 
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the reduced zeolites with pyridine, to poison 
the surface BrCnsted acid sites, was 
achieved by passing a steady 5 cm 3 h- ~ flow 
of pyridine through the activated zeolite bed 
at 473 K for 30 min. The catalyst was then 
flushed in a 120 cm 3 min-1 stream of purified 
N2 for 1 h and the temperature raised to the 
desired reaction temperature with a further 
3 h N2 purge prior to catalysis. Oxidative 
regeneration of the deactivated samples was 
carried out by heating (at 50 K h- ~) the zeo- 
lite pellets in situ in a 120 c m  3 min-1 stream 
of purified oxygen to a final temperature of 
723 - 1 K, which was maintained for 1 h. 
The catalysts were then thoroughly purged 
in a 160 cm 3 min- l flow of N2 and re-reduced 
in H2 as before for 18 h; the temperature was 
then lowered (in N2) to the desired reaction 
temperature. The catalytic reactor and pro- 
cedure are described in greater detail else- 
where (29). 

For comparative purposes, it was decided 
to examine the level of protonic activity un- 
der conditions where the maximum number 
of BrCnsted acid sites are present. To this 
end, a sample of NHaY was heated in a 120 
c m  3 min-i stream of purified nitrogen to a 
final temperature of 723 - 2 K, which was 
maintained for 18 h; this heat treatment has 
been shown (24) to result in the siting of 
roughly equal numbers (ca. 29 H+/U.C.) of 
protons in the large and small zeolite cages. 
The techniques used to characterize the cat- 
alyst acidity are described in an earlier paper 
(24). In the case of the ethylation reactions, 
the benzene : ethanol molar ratio was main- 
tained at 3 : 1 and 5 : 1 for the calcined and 
reduced samples, respectively. The ben- 
zene/ethanol feed was delivered at a con- 
stant rate of 5 c m  3 h-1 in a 120 c m  3 min- 
stream of nitrogen. In the case of the cu- 
mene reaction, the W/F value (weight of hy- 
drated zeolite divided by the flow rate of 
cumene) was 83.3 g mol ~ h and N2 (120 cm 3 
min-~) was again the carrier gas. 

Product analysis was carried out on the 
liquid samples, collected in a liquid-nitrogen 
trap, using a Pye Unicam GCV chromato- 
graph with a flame-ionization detector; the 

chromatograph was used in conjunction 
with a Shimadzu Chromatopac C-R3A data 
processor. The products of the reaction 
were identified by comparison of the reten- 
tion times with those of known standards. 
Analysis of the reaction products was made 
using a 5% Bentone/5% di-isodecylphtha- 
late on Chromosorb W chromatography col- 
umn with a carrier gas (Nz) flow rate of 25 
c m  3 rain-~ and column temperature at 348 
--- 1 K. The overall level of ethylation (or 
dealkylation) was converted to percentage 
mole conversion using a 25-point calibration 
plot; a quadratic equation was used to fit 
these data to better than +-1%. Percentage 
mole conversion after 6 h on stream was 
used as a point of comparison of different 
catalysts operating under the same reaction 
conditions. All the aromatic hydrocarbons 
(purchased from BDH Chemicals Ltd.) used 
in this study were of AnalaR grade and were 
further dried by standard methods (30) and 
stored over sodium wire. 

R E S U L T S  A N D  D I S C U S S I O N  

The chemical compositions of the ion ex- 
changed zeolites are given in Table 1. Sam- 
ple crystallinity was maintained, before and 
after catalysis, for each of the tabulated 
samples. 

Ethylation of Benzene 

In this study, benzene ethylation over the 
range of calcined and reduced samples con- 
sidered only yielded ethylbenzene (EB) and 
ortho-, para-, and meta-diethylbenzenes 
(DEB) in the product mixture. The forma- 
tion of butylbenzene, reported when ethyl- 
ene was used as the alkylating agent (1), or 
the generation of polysubstituted products 
(3, 4, 6) was not detected under the stated 
experimental conditions. Although this 
work is primarily concerned with the ethyl- 
ation of benzene over reduced nickel cata- 
lysts, the level of benzene conversion over 
the N2-treated, oxidised catalysts was also 
considered. The Nz-treated alkali metal and 
nickel ion-exchanged catalysts exhibited a 
minor degree of ethylation activity which 
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T A B L E  1 

C h e m i c a l  C o m p o s i t i o n  o f  t he  N i c k e l - L o a d e d  Z e o l i t e s  P r e p a r e d  b y  I o n  E x c h a n g e  

Z e o l i t e  A M + / U . C .  ~ N i 2 + / U . C .  H + / U . C .  W a t e r  c o n t e n t  

s a m p l e  ( w / w % )  

N a Y  58 .0  - -  - -  25.1 

N i N a Y -  6 .8  53 .7  2 .0  0.3 25.3  

N i N a Y - 1 5 . 8  48 .8  4 .6  - -  26.5  

N i N a Y - 2 2 . 8  44 .0  6 .6  0 .8  26 .6  

N i N a Y - 2 7 . 8  40 .9  8.1 0 .9  26.8  

N i N a Y - 3 5 . 7  36 .0  10.4 1.2 27 .6  

N i N a Y - 4 8 . 8  30.0  14.1 - -  28 .6  

N i N a Y - 6 3 . 1  22.3  18.3 - -  29.1 

N i N a Y - 7 8 . 6  14.6 22.8  - -  29.5  

N i N a Y - 9 0 . 1  6 .9  26.1 - -  30 .0  

K Y  58 .0  - -  - -  22 .4  

N i K Y - 2 6 . 9  42 .4  7 .8  - -  24 .2  

N i K Y - 3 5 . 6  36 .9  10.3 0.5 24 .8  

N i K Y - 4 4 . 7  31 .9  13.0 0.1 25.5  

N i K Y - 4 9 . 1  29.8  14.2 - -  26 .4  

N i K Y - 5 7 . 5  24.8  16.7 - -  27.3  

N i K Y - 6 2 . 5  22.3  18.1 - -  27 .6  

N i K Y - 7 3 . 8  16.3 21 .4  - -  28 .0  

N i K Y - 8 2 . 0  13.1 23.8  - -  28 .4  

N i K Y - 8 6 . 6  8 .4  25.1 - -  29.3  

L i Y  58.0  - -  - -  27 .8  

N i L i Y -  8 .8  52.3  2 .6  0.5 27 .9  

N i L i Y - 2 1 . 2  44 .6  6 .2  1.1 28 .2  

N i L i Y - 4 3 . 1  32 .0  12.4 1.2 28 .8  

N i L i Y - 6 3 . 7  20.7  18.5 0.3 29.3  

N i L i Y - 8 0 . 6  14.2 23 .4  - -  29 .9  

R b N a Y  40 .2  b - -  - -  20 .4  

N i R b N a Y - 2 7 . 3  24.3  7 .9  0 .2  23 .0  

N i R b N a Y - 3 5 . 1  19.8 10.2 - -  24 .2  

N i R b N a Y - 4 7 . 4  15.2 13.7 - -  25 .9  

N i R b N a Y - 5 9 . 1  10.3 17.1 - -  27 .4  

C s N a Y  39.8  b - -  - -  7 .8  

N i C s N a Y - 3 1 . 1  20 .7  9 .0  - -  14.9 

N i C s N a Y - 4 4 . 3  13.6 12.8 - -  16.6 

N i C s N a Y - 5 4 . 8  11.2 15.9 - -  19.4 

N H 4 Y  - -  - -  58 .0  24.3  

N i N H 4 Y -  8.5 - -  2.5 53 .0  24.3  

N i N H 4 Y - 2 0 . 7  - -  6 .0  46 .0  25.5  

N i N H 4 Y - 5 2 . 2  - -  15.1 27 .7  27 .6  

N i N H 4 Y - 6 9 . 1  - -  20 .0  17.9 28.1 

A M  + = L i  + , N a  + , K  ÷ , R b  + , o r C s  +. 

b N u m b e r  o f  R b  + o r  C s + / U . C .  
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T A B L E  2 

Correlat ion be tween the Level  of  Ethylbenzene  For- 
mation and the Surface Acidity of  a Range of  N2- 
Treated Zeolites: Treaction = 573 K;  B e n z e n e : E t h a n o l  
= 3 : 1  

Zeolite Acid s trength ~ Mol% 
sample  (mmol  e thylbenzene  

n-buty lamine  (6 h on stream) 
- i  ) 

gzeolite 

HY 1.18 21.4 
CeNaY-68.0 0.58 16.9 

CeKy-74.2 0.49 15.3 
LiY 0.08 2.1 

NaY 0.03 1.6 
KY - -  1.1 

RbNaY - -  0.9 
CsNaY - -  0.3 
NiLiY-21.2 0.10 3.0 
NiLiY-63.7 0.19 4.3 

NiNaY-22.8 0.05 2.1 
NiNaY-63.1 0.10 2.9 

NiKY-23.5 0.03 1.4 
NiKY-62.5 0.09 2.3 

NiRbNaY-27.3 - -  1.0 
NiRbNaY-59.1 0.06 1.8 
NiCsNaY-22.0  - -  0.7 
NiCsNaY-54.8 0.06 1.3 

" From H a m m e t t  indicator studies (24): H0 = 2.8. 

was much lower than that associated with 
the more acidic HY, CeNaY, and CeKY 
samples (see Table 2). Indeed, the rank of 
catalytic activity, CsNaY < RbNaY < KY 
< NaY < LiY < NiY < CeKY < CeNaY 
< HY, is consistent with the order of acid 
strength deduced from earlier Hammett in- 
dicator studies (24) on the same catalysts. 
The surface acidity and, hence, the protonic 
activity of these catalysts is determined by 
the magnitude of the zeolitic electrostatic 
field. 

The levels of Ni 2+ reduction (26) and the 
associated BrCnsted acidity, which is in the 
form of protons generated during the reduc- 
tion step which attach to the lattice oxygens 
to form framework hydroxyls (24), have 
both been shown to increase with increasing 
reduction temperature. This is in turn ac- 
companied by an increase in the degree of 

benzene ethylation (see Fig. 1). Under these 
reduction conditions there were no detect- 
able Lewis acid sites (24, 31); ethylation 
activity must then be related to the surface 
BrOnsted acidity, in agreement with the 
findings of other workers (8, 11, 12). The 
extent of benzene ethylation also increased 
with increasing reaction temperature in the 
range 473-623 K (see Fig. 2a). This is in 
complete contrast to the catalytic hydroge- 
nation of benzene and toluene over the same 
catalysts (29, 32-34), where maxima in cy- 
clohexane and methylcyclohexane forma- 
tion were observed at reaction temperatures 
lower than 473 K. In contrast to the hydro- 
genation reaction which we have described 
in terms of a modified Langmuir-Hinshel- 
wood-type model (34), the alkylation of ben- 
zene with ethanol is known to proceed via a 
Rideal-type mechanism (5-7) involving the 
adsorption of ethanol on a hydroxyl group to 
form an intermediate carbonium ion species 
which is then attacked in the rate-determin- 
ing step by a free or weakly adsorbed aro- 
matic species. Benzene has been shown to 
interact strongly with the unreduced diva- 
lent nickel and the indigenous alkali metal 
cations located in the accessible supercages, 
the extent of the interaction decreasing 
markedly at temperatures in excess of 473 
K (35). As benzene reacts from the vapour 
phase in the case of the ethylation reaction, 
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FIG. 1. Mol% convers ion of  benzene  to e thy lbenzene  
(after 6 h on s t ream at 573 K) over  NiLiY-63.7 ( 0 ) ,  
NiNaY-63.1 (&), and NiKY-62.5 (1 )  as a funct ion of  
catalyst  precursor  reduction temperature .  
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FIG. 2. MoI% convers ion  of(a)  benzene  to ethylben- 
zene and (b) cumene  to benzene  (after 6 h on s t ream 
at 573 K) as a funct ion of  react ion tempera ture  over  
samples  of  hydrogen- reduced  NiLiY-63.7 ( • ), NiNaY- 
63.1 (&), and NiKY-62.5 (O). 

the 0.5-1.5 h period, has also been observed 
for the dehydrogenation of cyclohexane and 
methylcyclohexane over the same catalysts 
(36). As in the case of the dehydrogenation 
reactions, this induction period can be ex- 
plained on the basis of a stronger interaction 
of the product (in this case, ethylbenzene) 
relative to the reactants. As a result of this 
"hold-up" of ethylbenzene on the catalyst 
surface, the initial product samples exhibit 
a relative enrichment, o f  the reactants, i.e., 
benzene and ethanol. ~l'he ethylation profiles 
for the acidic HY andCeKY were not char- 
acterized by such a marked increase in ac- 
tivity over the 0.5-1.5 h period, as can be 
seen in Fig. 3a. This is consistent with ear- 
lier infrared and chromatographic studies 
(31, 35) which suggested a higher relative 
freedom of movement of adsorbed aromat- 
ics of these surfaces. In the case of the HY 
and CeKY catalysts, which were initially 
the most active, the level of benzene conver- 
sion continued to decrease with time and the 
catalysts were rendered virtually inactive 

the specific adsorption behaviour reported 
for the hydrogenaton systems (29, 32--35) 
is not apparent during ethylation. However, 
the shapes of the conversion vs. tempera- 
ture profiles, shown in Fig. 2a, are charac- 
teristic of a reaction system where the over- 
all activity is diffusion controlled at higher 
reaction temperatures. In the absence of any 
temperature related adsorption considera- 
tions, the flattening of the profiles over the 
temperature range 573-623 K must be due 
to a deactivation of the active sites, possibly 
due to excessive coke deposition. The accel- 
erated rate of deactivation at higher reaction 
temperatures offsets the increase in activity 
that would result with increasing tempera- 
ture if coking and, as a result, diffusion limi- 
tations were not imposed. 

An examination of the conversion profiles 
as a function of reaction time, illustrated in 
Fig. 3a, reveals a common shape for a wide 
range of activated zeolites. The presence of 
an initial induction period, which takes the 
form of increased relative conversions over 
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FIG. 3. Mol% convers ion of  (a) benzene  to e thylben-  
zene and (b) cumene  to benzene  as a funct ion of  time- 
on-s t ream over  samples  of  calcined HY (11) and CeKY-  
74.2 (O) and hydrogen-reduced NiLiY-43.1 ( • ) ,  Ni- 
NAY-35.7 (A) and NiKY-49.1 ('k) catalysts:  Treaction = 
573 K. 
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FIG. 4. Variation in tool % conversion of (a) benzene 
to ethylbenzene and (b) cumene to benzene (after 6 h 
on stream) as a function of nickel loading over a range 
of hydrogen-reduced NiLiY ( • ) ,  NiNaY (A), NiKY 
(0), NiRbNaY (11), and NiCsNaY (~r) catalysts. 

after 12 h on stream. By comparison, all 
of the reduced nickel zeolites with metal 
loadings less than ca. 18 Ni+/U.C. attained 
a steady state activity after 6 h on stream. 
There is thus a difference in behaviour with 
regard to catalyst activity between the 
acidic and dual functional surfaces. 

Percentage mole conversion to ethylben- 
zene is plotted against nickel loading in Fig. 
4a. On reduction, the higher loaded nickel 
catalysts exhibited the greater levels of eth- 
ylation. It may be observed that catalytic 
activity increases smoothly with nickel con- 
tent over the range of NiLiY and NiNaY 
samples, whereas ethylbenzene formation 
only occurs at higher nickel loadings for the 
NiKY (>6 Ni2+/U.C.) and NiRbNaY and 
NiCsNaY samples (>8 Ni2+/U.C.). Data on 
the extent ofNi z + reduction, the distribution 
of the hydroxyl groups within the zeolite 
framework, and the specific ethylation ac- 
tivities with regard the metal and acid func- 
tions are provided in Table 3. The degree of 
reduction of the exchanged divalent nickel 

cations is dependent on the level of nickel 
exchange and the-nature of the alkali metal 
co-cation (26, 31). At low metal loadings, 
the more basic alkali metal counter-ions act 
to strengthen the coordination of Ni 2 ÷ to the 
zeolite lattice with the result that at metal 
loadings less than ca. 10 Niz÷/U.C. 
the degree of reduction decreases in the 
order NiLiY > NiNaY > NiKY > NiRb 
NaY, NiCsNaY. At higher nickel concen- 
trations, the higher level of surface acidity 
associated with the sodium and lithium- 
based catalysts inhibits the reduction pro- 
cess to a greater extent, yielding a reverse 
sequence of decreasing nickel cation reduc- 
ibility at ca. 16 Ni2+/U.C., i.e., NiCsNaY, 
NiRbNaY > NiKY > NiNaY > NiLiY. In- 
deed, it has been established in the literature 
(37-40) that the faujasite series shows a de- 
crease in reduced nickel metal with increas- 
ing BrCnsted acidity. Although the degree 
of Ni 2+ reduction decreases with increasing 
metal loading, the number of protons gener- 
ated (24) and the mass of supported metal 
(27) are higher and the specific ethylation 
activity at steady state is also greater (see 
Table 3). In general, as the nickel content is 
increased, the number of large-cage hy- 
droxyl groups is increased with a resultant 
increase in the levels of conversion (see Fig. 
4a and Table 3). However, the larger the 
alkali metal cocation, the greater is the ten- 
dency for protons to locate at inaccessible 
sites, which results in the lower observed 
ethylation activities for the NiRbNaY and 
NiCsNaY systems. The order of increasing 
ethylation, NiCsNaY < NiRbNaY < NiKY 
< NiNaY < NiLiY, is also that of the in- 
creasing ionic potential (and electron at- 
tracting ability) of the charge-balancing al- 
kali metal co-cation. Therefore, in going 
from NiCsNaY to NiLiY, the greater the 
concentration of electrons in the neighbour- 
hood of the alkali metal ion is (41). As the 
negative charge distribution is pulled to- 
wards the framework alkali ion, the electron 
cloud of the O-H bond will be drawn to 
the oxygen atom. Therefore, the larger the 
electron affinity of the alkali metal ion (Li + 
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TABLE 3 

The Influence of the Alkali Metal Counter-Ion on the Degree of Ni 2+ Reduction, the Hydroxyl Group Distribu- 

tion, and the Specific Ethylation Activity for a Range of Nickel-Loaded Y Zeolites: Treaction = 573 K; 
Benzene : Ethanol = 5 : 1 

Zeolite % Ni 2+ L.C. b S.C.': Specific activity (h-l)  
sample Reduction a (H÷/U.C.) (H+/U.C.) 

10 -24 mol EB a 10 -2 mol EB e 
(L.C. H+) -I (g Ni°) -I 

HY - -  29.2 28.8 2.4 - -  
CeNaY-68.0 - -  23.2 - -  7.4 - -  

CeKY-74.2 - -  24.7 - -  7.5 - -  

NiLiY- 8.8 96 5.0 - -  26.1 4.3 
NiLiY-21.2 75 8.3 - -  32.2 6.2 
NiLiY-43.1 52 11.6 1.6 42.2 7.3 
NiLiY-63.7 42 12.1 4.4 55.6 8.3 
NiLiY-80.6 40 12.8 7.6 59.3 8.7 

NiNaY-15.8 85 7.8 - -  7.5 1.6 
NiNaY-22.8 78 9.0 0.9 10.0 1.7 
NiNaY-35.7 63 11.6 2.5 21.0 3.2 
NiNaY-48.8 57 12.6 4.8 26.2 3.8 
NiNaY-63.1 52 13.5 6.4 39.3 5.1 
NiNaY-78.6 52 14.9 9.1 44.5 5.3 
NiNaY-90.1 51 15.6 12.9 46.0 5.4 

NiKY-26.9 64 3.1 7.5 17.2 1.3 
NiKY-35.6 53 3.7 8.2 22.3 1.4 
NiKY-49.1 56 7.7 10.5 26.9 1.9 
NiKY-62.5 54 8.3 10.9 44.1 3.1 
NiKY-73.8 53 10.6 13.0 47.4 3.7 
NiKY-86.6 52 13.0 13.5 49.8 4.5 

NiRbNaY-27.3 72 1. l 9.8 12.0 0.2 
NiRbNaY-35.1 69 2.4 10.5 14.8 0.5 
NiRbNaY-47.4 65 4.1 12.9 17.1 0.8 
NiRbNaY-59.1 58 6.6 13.0 22.2 1.8 

NiCsNaY-31.1 66 1.3 11.2 6.9 0.1 
NiCsNaY-44.3 65 4.3 12.6 6.3 0.2 
NiCsNaY-54.8 63 7.2 13.3 8.1 0.6 

NiNH4Y-8.5 3 24.4 28.8 3.2 88.3 
NiNH4Y-20.7 4 18.2 28.6 4.4 10.2 
NiNH4Y-52.2 2 4.1 24.4 24.2 13.3 
NiNH4Y-69.1 1 1.2 18.0 101.6 18.8 

u From iodometric titrametric data (26). 
b Number  of large cage hydroxyl groups per unit cell (24). 

Number  of small cage hydroxyl groups per unit cell (24). 
d 10-24 moles of EB produced (per hour) per large cage BrCnsted acid site. 
e 10-Z moles of EB produced (per hour) per gram of supported nickel metal. 

> Na  + > K + > Rb + > Cs+), the closer  this 
electron cloud moves  towards  the lattice ox- 
ygen and the more posit ive is the hydrogen 
a tom,  weakening the surface O - H  bond,  

making it more  acidic and hence more reac- 
tive. As was repor ted for copper-exchanged 
Y zeolites (42), ethylation activity is essen- 
tially associated with BrCnsted acid centres 
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T A B L E 4  

Effect of Pyridine Adsorption on the Specific 
Ethylation Activity at Steady State over a Range of 
Hydrogen-Reduced Nickel Zeolites: Treaction = 573 K;  
Benzene : Ethanol = 5 : 1 

Zeolite 
sample 

10 -2 mol  E B  h - I  (g Ni°) -1 

Untreated Treated with 
pyridine 

N i L i Y - 2 1 . 2  6.2 1.3 

NiL iY-43 .1  7.3 1.4 
N i L i Y - 6 3 . 7  8.3 2.0 

N i N a Y - 2 2 . 8  1.7 0.4 
N i N a Y - 4 8 . 8  3.8 0.6 

N iNaY-63 .1  5.1 1.1 

NiKY-49 .1  1.9 0.4 

N i K Y - 6 2 . 5  3.1 0.5 

N i R b N a Y - 4 7 . 4  0.8 0.2 

N i R b N a Y - 5 9 . 1  1.8 0.3 

N i C s N a Y - 4 4 . 3  0.2 0.1 

N i C s N a Y - 5 4 . 8  0.6 0.1 

located in the accessible supercages. How- 
ever, it has been shown (43, 44) that, at 
elevated temperatures, protons migrate 
from the small cages to the large cages. To 
develop this idea, a range of reduced nickel 
zeolites were treated with pyridine, which 
is effective in poisoning supercage hydroxyl 
groups (24), and should therefore render the 
catalyst inactive. As can be seen from the 
data presented in Table 4, the specific ethyl- 
ation activity has been drastically reduced 
by the pyridine treatment, but there remains 
a residual activity which is similar for all the 
samples studied. Assuming that the pyridine 
treatment has been 100% effective in neu- 
tralizing the supercage acidity, the presence 
of any activity may be due to the migration 
of small cage "unpoisoned" protons into 
the supercage during catalysis. 

The influence of the supported nickel 
metal phase on the activities exhibited by a 
range of reduced NiNH4Y catalysts is 
shown in Table 3. Although the nickel cat- 
ions supported on NH4Y should be more 

easily reduced from coordination considera- 
tions, the inhibiting effect of a high concen- 
tration of hydroxyl groups is overwhelming 
(31). Nevertheless, the protonic activity 
was markedly enhanced in the presence of 
trace quantities of supported nickel metal 
and increased with increasing metal con- 
tent. While the number of large-cage pro- 
tons (and hence the number of potential ac- 
tive sites) is lowered on exchanging NH~- 
with Ni 2+ ions (24), the overall effect of 
nickel exchange was to increase ethylben- 
zene formation. On the other hand, the in- 
corporation of Ce 3+ ions into the Y-zeolite 
lattice which has clearly been shown to 
result in the generation of additional 
BrCnsted acidity (24, 31) also served to in- 
crease catalytic activity (Table 5) with in- 
creasing Ce3+/Ni 2+ ratios. There is, there- 

T A B L E  5 

Effect of Ce 3+ Exchange on the Specific Activity 
and Overall Levels of Ethylation at Steady State for a 

Range of Hydrogen-Reduced NiNaY and N i K Y  Zeo-  

l i tes :  Treaction = 573 K;  B e n z e n e  : Ethanol = 5 : 1 

Zeolite Ni2+/Ce 3+ M o l %  Specific activity 
sample E B  10 -2 mol  

E B h  -t 
(g N i  0)- i 

C e N a Y - 6 8 . 0  a - -  3.4 - -  
C e K Y - 7 4 . 2  a - -  3.8 - -  

N i N a Y - 2 1 . 8  b - -  2.1 1.8 

C e N i N a Y - 2 1 . 6  b 2.9 3.0 3.7 

C e N i N a Y - 2 1 . 1  0.8 8.9 16.3 

C e N i N a Y - 2 0 . 8  0.6 10.7 35.7 
N i N a Y - 5 8 . 0  - -  10.1 4.8 

C e N i N a Y - 5 4 . 4  6.7 11.4 7.5 

C e N i N a Y - 3 4 . 9  1.4 19.9 33.2 
C e N i N a Y - 2 4 . 0  0.6 26.8 115.5 

N i K Y - 2 5 . 0  - -  1.0 1.2 

C e N i K Y - 2 4 . 8  4.2 1.4 1.6 

C e N i K Y - 2 4 . 3  0.9 4.6 6.6 

C e N i K Y - 2 3 . 9  0.6 8.1 11.7 
N i K Y - 5 6 . 9  - -  6.0 2.4 

C e N i K Y - 5 5 . 2  7.3 7.3 3.5 
C e N i K Y - 4 8 . 8  2.1 12.3 8.1 
C e N i K Y - 3 5 . 7  1.2 16.7 20.7 

" Ce  3÷ loading. 
b Ni2+ loading. 
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fore, a fine interweaving of the acidic 
activities and the promotional effect of the 
" iner t"  metal which ultimately leads to a 
maximum level of ethylation activity. 

From these observations, it can be stated 
that a catalyst pretreatment which results in 
higher levels of Ni 2+ reduction in the cata- 
lyst precursor and, in turn, a greater concen- 
tration of surface acid sites serves to pro- 
mote the level of steady-state ethylation. 
For example, the introduction of an N2-pre- 
treatment step prior to hydrogen reduction 
which has been reported to diminish the de- 
gree of cation reduction (26) also inhibits the 
extent of surface hydroxyl formation (24). 
Taking the NiLiY-43.1 catalyst as a repre- 
sentative case, the introduction of a pre- 
calcination step lowered the specific ethyl- 
ation activity from 7.3 x 10 -2 to 5.9 x 10 -2 
mol EB h- 1 (g Ni 0)- 1. In complete contrast, 
the treatment of NiNaY and NiKY samples 
with NaOH and KOH solutions, which 
brings about a considerable enhancement 
of nickel cation reduction (45), results in 
improved ethylation specific activities, e.g., 
treatment of NiNaY-63.1 with an aqueous 
NaOH solution (pH = 13) raised the specific 
activity from 5.1 × 10 -2 to 5.9 × 10 -2 mol 
EB h-  1 (g Ni 0)- 1. 

Reduction of the nickel zeolites prepared 
by impregnation generated negligible sur- 
face acidity (24) and consequently the level 
ofethylbenzene formation was considerably 
lower than that recorded for the ion- 
exchanged catalysts; the actual values were 
similar to those obtained over calcined NiY 
catalysts. Although the impregnated Ni/ 
SiO2 and Ni/AI203 precursors exhibit a 
higher degree of Ni 2 + cation reduction when 
compared with the Y zeolites (under the 
same reduction conditions) (31), the levels 
of ethylation are much lower over the amor- 
phous supports (see Table 6). This is not 
surprising in view of the fact that the 
BrCnsted acid strengths of the silica and alu- 
mina carriers are lower and the number of 
supported acid sites is much greater for HY 
(46). In addition, the spatial distribution of 
oxygen atoms in the Y-zeolite framework 

T A B L E  6 

The Effect of  the Support  on the Steady-State  Spe- 
cific Ethylat ion Activity: Trcaction = 573 K;  l~ehzene : 
Ethanol  = 5 :1  

Nickel catalyst  % w/w Ni 10 -' moles  ~ h -I 
(g Ni°) J'l 

NiNaY-22.8 a 2.4 1.7 
Ni/SiO2 2.8 0.2 
Ni/AI203 2.2 0:4 

NiNaY-48.8 b 4.6 3:8 
Ni/SiO2 4.8 0.3 
Ni/AI203 4.3 0.7 

NiNaY-90.1 c 8.6 5.4 
Ni/SiO2 9.7 0.5 
Ni/AI203 9.2 0.9 

a 6.6 Ni2+/U.C. 
b 14.1 Ni2+/U.C. 
c 26.1 Ni2+/U.C. 

must also facilitate a greater interaction of 
the reactant molecules with the surface hy- 
droxyl groups. 

For a particular catalyst to be commer- 
cially viable it is essential that it can be used 
repeatedly without any appreciable loss of 
catalytic activity. In the case of the lower 
loaded (< 14 Ni2+/U.C.) nickel zeolites, ac- 
tivity was recoverable by flushing the spent 
catalysts in purified hydrogen (150 cm 3 
min- ~) for 12 h at 723 K. This was not possi- 
ble for the higher loaded nickel catalysts, 
which exhibited an irreversible deactivation 
(see Table 7), resulting in the complete loss 
of activity after four reaction cycles. Deacti- 
vation of zeolites normally results from the 
generation of large coke molecules within 
the pore structure which are too large to 
diffuse out and so remain entrapped within 
the zeolite channels. To test whether coke 
deposition was operative in this particular 
catalytic system, the residual carbon con- 
tents of a number of spent catalysts was 
measured and the resultant data are plotted 
against nickel loading in Fig. 5. The carbon 
content of the NiRbNaY and NiCsNaY 
samples was negligible. The amount of car- 
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T A B L E 7  6 

Effect of Oxidative Regeneration on the Level of 
Benzene Ethylation (after 6 h on Stream) over 
Three Selected Zeolites: Tre~ction = 573 K; Benzene: 
Ethanol = 5 : 1 

Catalytic Mol% ethylbenzene 
reaction 

NiLiY-63.7  NiKY-62.5  NiCsNaY-54 .8  

React ion 1 14.1 8.2 3,6 

React ion 2 5.2 5.9 3.0 
React ion 3 0.3 3.8 2.2 

Regenerat ion 1 12.1 8.0 3.5 
Regenera t ion  2 10.9 7.1 3,3 

Regenerat ion 3 9.2 6.6 3,0 
Regenerat ion 6 6.4 5.3 2.4 

Regenera t ion  10 1.9 3.2 1.7 

bon deposited on the spent NiLiY, NiNaY, 
and NiKY catalysts increased with increas- 
ing nickel loading and the order of increasing 
coke content, at each level of nickel ex- 
change, is NiCsNaY < NiRbNaY < NiKY 
< N i N a Y  < NiLiY. These values are much 
lower than those measured for samples of 
spent HY (21.5%) and CeKY-74.2 (19.3%). 
Catalyst deactivation must therefore result 
from the gradual accumulation of involatile 
coke species in the zeolite channels. The 
stabilizing effect of the supported metal 
phase may stem from an ability to hydroge- 
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FIG. 5. The variation in coke deposition during the 
ethylation of  benzene as a function of  nickel exchange 
over  a range of  hydrogen-reduced NiLiY ( • ) ,  NiNaY 
(&), NiKY (Q), NiRbNaY ( I ) , a n d  NiCsNaY (~k) cata- 
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FIG, 6. Variation in mol% conversion to diethylben- 
zenes (meta- + para- + ortho-isomers) at 573 K, as a 
function of  nickel exchange over  a range of  hydrogen- 
reduced NiLiY ( • ), NiNaY (A), NiKY (Q), NiRbNaY 
(IlL and NiCsNaY (~r) catalysts. 

nate or dehydrogenate any coke precursors 
thereby inhibiting the laydown of critical 
amounts of coke. The most common indus- 
trial procedure for reclaiming spent cata- 
lysts is simply to oxidise the coke to carbon 
oxides and water in a stream of oxygen at 
temperatures of 673-773 K (47, 48). As can 
be seen from the data presented in Table 7, 
the oxidative regeneration of the deacti- 
vated nickel catalysts was successful in re- 
storing ethylation activity. On resuming ca- 
talysis without further regeneration the level 
of ethylbenzene formation again dropped. 
In any case, the catalysts exhibited minimal 
activity after l0 regeneration cycles. 

Catalysis over the more active samples 
resulted in the formation of diethylbenzenes 
(DEB). The extent of DEB formation is plot- 
ted against nickel loading in Fig. 6. As ex- 
pected, the level of DEB production was 
highest over the most acidic samples and at 
a metal loading of ca. 10 NiE+/U.C. in- 
creased in the order NiCsNaY < NiRbNaY 
< NiKY < N i N a Y  < NiLiY. The three iso- 
mers (recta-, ortho-, and para-) of DEB 
were isolated in the product mixture. The 
distribution of each of the isomers as a func- 
tion of nickel content for the NiLiY, NiKY, 
and NiRbNaY systems is illustrated in Fig. 
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7. It is clear that the relative quantity of each 
isomer is dependent on the nature of the 
alkali metal co-cation; in the presence of the 
larger Rb + (and Cs +) cations the ortho- 
isomer is promoted to a greater extent than 
is the case for the LiY, NaY, and KY sup- 
ports. The NiLiY and NiNaY catalysts ex- 
hibited a higher selectivity for para-isomer 
formation, whereas the fraction of the meta- 
isomer in the product is essentially indepen- 
dent of the co-cation. As the nickel content 
is increased, para-DEB is preferentially 
formed at the expense of the ortho-form, 
regardless of the support. Para-isomer pro- 
duction is therefore promoted with increas- 
ing surface acidity and follows the sequence 
NiCsNaY < NiRbNaY < NiKY < NiNaY 
< NiLiY. As has been suggested from previ- 
ous studies (3, 4, 6), this increased para- 
selectivity can be related to an increased 
level of occluded coke deposition (Fig. 5) 
which serves to decrease the intracrystalline 
channel diameters, thereby introducing a 
configurational diffusion limitation. 

Cumene Dealkylation 

Cumene conversion over the range of cat- 
alysts considered in this study resulted only 
in the formation of benzene and propylene. 
As in the case of benzene ethylation, the 
extent of cumene dealkylation increased 
with increasing reaction temperature in the 
range 473-623 K, as illustrated in Fig. 2b. 
The flattening of the curves at temperatures 
greater than ca. 573 K can again be attrib- 
uted to coke depositions which impose dif- 
fusion restraints on the reaction. Represen- 
tative conversion vs time on stream profiles 
are shown in Fig. 3b. As cumene interacts 
more strongly with the zeolite surface than 
does benzene (31), the initial induction pe- 
riod observed for the ethylation reaction is 
not manifest in this instance. The levels of 
cracking over the metal-loaded zeolites 
reach equilibrium after 6 h on stream, 
whereas the fully decationized HY zeolite 
exhibits negligible activity after extended 
u s e .  

The dependence of cumene conversion 
on nickel loading, illustrated in Fig. 4b and 
Table 8, follows the same trends observed 
for benzene ethylation. Catalytic cumene 
cracking activity also increases in the order 
NiCsNaY < NiRbNaY < NiKY < NiNaY 
< NiLiY. However, the levels of specific 

T A B L E 8  

Specific Dealkylation Activity at Steady State and 
the Residual Carbon Contents  (after 6 h on Stream) of  
a Range of  Activated Y Zeolites: Tre~ction = 573 K; 
W/F = 83.3 g mol I h 

Zeolite Specific activity h i % Residual  

sample carbon 

10 -24 mo1 C6H 6 10 -~ mol C6H 6 
(L.C.  H +) I (g Ni o) I 

HY 2.0 - -  16.2 
CeKY-74.2  5.3 - -  11.4 

NiLiY-43. I 23.5 4.1 8.9 
NiLiY-80.6 33.3 4.7 10.6 

NiNaY-48.8  16.8 2.5 6.7 

NiNaY-78.6  24.8 3.0 9.2 
NiKY-49.  I 15.0 1.1 5.4 

NiKY-82.0  23.8 2.1 8.5 
NiRbNaY-59.1 11.6 0.8 4.3 
NiCsNaY-54 .8  5.1 0.4 3.2 
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activity are lower than those observed for 
the ethylation reaction (see Table 3). This 
may suggest that stronger acid sites are re- 
quired to promote cumene dealkylation. 
The role of the supported nickel metal in 
promoting the protonic activity is also 
operable during cumene cracking and the 
specific activities measured for the nickel- 
loaded catalysts are higher than those re- 
corded for the ammonium and cerium ex- 
changed forms (see Table 8). In addition, 
the carbon contents (and hence the level of 
coking) of a range of spent samples were 
measured and are also included in Table 8. 
The more acidic catalysts exhibited the 
highest carbon contents; the presence of 
nickel metal on the support again inhibits 
the deposition of large amounts of coke as 
can be inferred from the smaller residual 
carbon contents of the NiY zeolites. 

CONCLUSIONS 

The specific effect of the alkali metal co- 
cation on the siting of hydroxyl groups 
within the zeolite framework, the surface 
acid strength, and the nature of the sup- 
ported nickel phase translates into the ob- 
served protonic activities. While the zeolitic 
BrCnsted acid sites are the active centres for 
the ethylation of benzene and dealkylation 
of cumene, the presence of nickel metal on 
the support prolongs the catalyst lifetime 
and generates a higher level of ethylation/ 
cracking at steady state. This effect is pre- 
sumably due to the conversion of any coke 
precursors, with the result that the levels of 
coke deposition are lowered and the intra- 
crystalline active sites remain accessible to 
the incoming reactant molecules. In con- 
trast, the (initially) more active HY and CeY 
samples deactivate continuously with time. 
An optimum in steady-state protonic activ- 
ity can be achieved by a "fine-tuning" of 
the acid and metal functions of the catalyst. 
Benzene was converted to diethylbenzenes 
over the higher nickel loaded zeolites. While 
the para-DEB isomer was preferred over 
the entire range of catalysts studied, a dis- 
tinctly higher fractional conversion to the 

ortho-isomer was observed for the NiRb 
NaY and NiCsNaY systems. Catalyst deac- 
tivation resulted from the deposition of coke 
within the zeolite pores, which restricted 
access of the reactants to the BrCnsted acid 
sites. Regeneration of the deactivated cata- 
lysts by burning off the coke in a stream 
of oxygen restored activity, but prolonged 
regeneration ultimately results in the irre- 
versible deactivation of the catalysts. 
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