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The vapor-phase hydrogenation of l-butene, catalyzed by nickel supported om
mordenite and Types X and A molecular sieve (0.19-98, 167 and 2.71 wt % Ni,
respectively), was studied in the temperature range 40-135°C. Catalytic activity
exhibited discontinuous behavior with temperature variation, as evidenced by
transitions from one reaction region to another; abrupt changes in apparent ac-
tivity by a factor of 10 to 100, or more were evident over narrow temperature
ranges. The transition temperature and extent of discontinuity were found related
to the overall activity level and the degree of dispersion of the active nickel
component. In the high temperature region, hydrogenation and isomerization were
consistent with Langmuir-Hinshelwood type mechanisms; adsorption effects were
associated only with the butenes. Below the transition temperature a typical
Arrhenius relationship was observed. A brief comparative study was also made of
butene hydrogenation over palladium supported on mordenite. No abrupt transi-

tion from one reaction region tc another was observed.

The use of molecular sieves as catalysts
either by themselves or in conjunetion with
dispersed metals is of major industrial
importance. In addition, because the sieve
structure is better characterized than most
catalyst systems, sieve-based catalysts are
well suited for systematic studies of cata-
lytic behavior.

In the present study, a relatively simple
reaction, the hydrogenation of 1-butene, is
investigated on a variety of catalysts con-
sisting of nickel {(and in a few cases palla-
dium) deposited on molecular sieves. The
effect of percentage nickel, the method of
introduction of nickel, the dispersion of the
metal and the structure of the zeolite is
studied over a range of temperatures and
feed compositions.

NOMENCLATURE

Hydrogenation rate constant for
chemisorbed surface species (g-
mole/min, g-catalyst)

kn-butane
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Hydrogen adsorption coefficient
(atm™1)

1-butene adsorption coefficient
{atm™1)

Hydrogen partial pressure (atm)
l-butene partial pressure (atm)
Isomerization rate constant for
chemisorbed surface species (g-
mole/min, g-catalyst)

Effective hydrogenation reaction
rate constant (g-mole/min, g-eat-
alyst)

Total butenes partial pressure
(atm)

K hydrogen
K 1-butene

P hydrogen
1-butene

k?-butene

keff

P butene

CATALYST PREPARATION

Nickel catalysts were prepared by a
conventional lon exchange of the zeolitic
support with an aqueous solution of the
nickel salt followed by reduction to the
metallic state with gaseous hydrogen at
360-370°C. Prior to metal deposition, all
zeolitic materials, mordenite (Norton trade
name, ZEOLON) and Linde Types X and
A, were in the sodium form, were powders
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and were of very high crystallinity. The
chemical compositions and struetural prop-
erties of these molecular sieves have been
previously reported (1-3).

Ton exchange was conducted for two
hours with nickel nitrate solution at 80°C.
The solution was then filtered, and washed
by agitation with a slightly acidic (pH 6)
solution so that the nonexchanged nickel
ions in the pores would not precipitate as
the hydroxide. This procedure was repeated
until a negative dimethylglyoxime test for
the nickel ions was obtained in the filtrate.

An exchange with nickel ammine com-
plex in place of nickel nitrate was con-
ducted in a similar manner but with gaseous
ammonia being constantly bubbled through
the exchange solution to prevent decompo-
sition of the ammine complex. A complete
list of catalysts along with the exchange
solutions and their concentrations and the
resultant nickel loading is presented in
Table 1.

In order to facilitate ease in handling,
nickel-zeolite catalysts prepared in the
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fied crystallinity retention; no structural
degradation was observed. No ecatalyst
powdering was experienced using these
compression-type pellets.

Three palladium-mordenite catalysts
were obtained from the Norton Company.
These were: 2.0% Pd(A)-impregnated
hydrogen mordenite; 1.9% Pd(B)-palla-
dium exchanged sodium mordenite; and
1.89% Pd(C)-palladium exchanged (NH,*)
hydrogen mordenite. Each was obtained
in the form of 1{4-in. extruded pellets from
which an organic lubricant was burned
off in air at 350-400°C. Details of prepara-
tion were not made available.

APPARATUS AND PROCEDURE

The studies werc earried out in the con-
tinuous flow reactor with recyele deseribed
by Stauffer and Kranich (4). The apparatus
was modified to incorporate a fluidized
sand bed heating system for improved
temperature control.

The purity of all reactants and the
composition of products was determined by

TABLE 1
CaranysT PREPARATIONS AND CHARACTERISTICS
Nickel Exchange Exchange
Support crystallite temperature time Yxchange
Catalyst material size (A) (°C) (hr solution
9.89% Ni Mordenite 25() 80 2.0 1.0N Ni(NH;)Br,
3.259 Ni(A) Mordenite — 80 2.0 1.0N Ni(NO;).
3.25% Ni(B) Mordenite 140 80 2.0 1.0N Ni(NOs),
2.899, Ni Mordenite — 80 2.0 0.099N Ni(NO;).
1.45%, Ni Mordenite 65 + 15 80 2.0 0.024N N1(NQOy)»
0.199% Ni Mordenite too small to be 80 2.0 0.001N Ni(NO;;
determined

1.67% Ni-X Type X Sieve 65 + 35 80 2.0 0.024N Ni(NO,)2
2.719% Ni-A Type A Sieve 80 + 40 80 2.0 0.038N Ni(NOs):

powdered form were pelletized utilizing no
binder and no filler. Approximately 5 cm?
of powdered catalyst was placed in a 5/8-
in. diameter mold with movable plugs in
each end. The mold was placed in a Carrier
hydraulic press and subjected to a pressure
of 5000 psi. The resulting wafer was re-
moved from the mold, broken and screened
to obtain 6-8 mesh pellets. X-Ray diffrac-
tion analyses of the resultant pellets veri-

chromatographic techniques. The separation
was carried out at 31°C on a 40-ft column
of benzyl cyanide and silver nitrate on
Chromosorb W (5). All butenes were of
CP quality and were found to contain only
trace impurities. In the analysis of the
kinetic data, impurity concentrations were
taken into account when determining the
actual amount of reaction. No impurities
were detected in the hydrogen feed.
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Prior to evaluation, each catalyst under-
went the following preparative sequence:
Catalyst pellets were evenly distributed
among 3{g-in. Pyrex spheres in the mid-
section of the 34-in. diameter reactor, the
top and bottom inch of the 6-in. reactor
being filled only with the Pyrex spheres.

A small sample of the catalysts charged
to the reactor was calcined at approxi-
mately 1000°C. From the weight loss upon
ignition, the weight of the catalyst charged
to the reactor could be corrected to a bone-
dry basis.

The loaded reactor was attached to the
system and the catalyst dried and reduced
tn sutw. After drying in a HPD nitrogen
purge stream for 5-6 hr, using rapid heatup,
a 24-hr reduction period at 360-370°C (50
cm?®/min hydrogen) was used for all cata-
lysts. Recycle was utilized to minimize
temperature gradients within the reactor
during drying and reduction.

HPD nitrogen before each change to a new
temperature level. With a fluidized sand
bed for heat transfer and temperature con-
trol, coupled with the dispersion of the
catalyst pellets within the bed, tempera-
ture gradients across the bed for any series
of runs were less than 1-2°C, even at the
highest conversion levels.

MECHANISM STUDY—NICKEL MORDENITE

Although it was not the principal pur-
pose of this study to establish a reaction
mechanism, some effort was devoted to
determining the types of Langmuir-Hins-
helwood mechanism which are consistent
with observed data. For this purpose low
conversion runs were made over a wide
range of feed compositions.

The main reaction, the direct hydrogena-
tion of 1-butene, was well represented by
the following kinetie expression for a typi-
cal 3.25% nickel-mordenite catalyst.

kn-butaneKhydrozenK‘.-butenePhydrogenPl-butenn_

Rate of hydrogenation =

Upon completion of the activation-re-
duction sequence, the reactor temperature
was reduced to 90°C. Each catalyst was
subjected to a 10-12 hr reaction stabiliza-
tion period with hydrogen and 1-butene
flow rates of 100 and 50 em®/min,
respectively.

In preliminary experiments it was es-
tablished that gas flow rates were suffi-
ciently high that bulk diffusion was not an
important factor in determining reaction
rate and that the stainless steel reactor
system did not catalyze the chemical reac-
tions of interest.

Catalytic activity and aging character-
istics were determined by subsequent runs

Rate of isomerization =

made in the following sequence of approxi-
mate temperatures: 90, 115, 135, 115, 90,
70, then at lower temperatures selected on
the basis of catalytic activity, and finally
again at 90°C, with catalyst purging with

1 + Kl-butenepl-butene

This form of equation follows from
a Langmuir-Hinshelwood mechanism in
which butene adsorbed on one type of site
reacts with either molecularly (dual-site)
or atomically (triple-site) adsorbed hydro-
gen on a different type of site.

The nickel-mordenite catalyst—carrier
system also catalyzed the isomerization of
1-butene to trans-2-butene and cis-2-
butene. Slight traces of isobutylene and
isobutane were also detected in the product
stream. In the higher temperature regions
studied, the isomerization reaction rate
data were consistent with a Langmuir-
Hinshelwood single-site surface-reaction-
controlling mechanism.

k2-butpneK1-buteneP I-butene

1 + Kl—butenepl-butene

For hydrogenation, the 2-butenes ap-
peared to possess approximately the same
temperature and partial pressure depen-
dencies as that for 1-butene, but were less
reactive. The hydrogenation rate constants,
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and thereby the rates of hydrogenation,
could be expressed as fractions of that for
1-butene. The rate of butane formation
from trans-2-butene was about 0.24 times
that from 1-butene, while that from ecis-
2-butene was about 0.37 times the rate
from 1-butene. Typical results are shown
in Fig. 1.

Although the data taken were too limited
to allow positive identification of the re-
action mechanism for either hydrogenation
or isomerization, additional support for the
mechanisms postulated is obtained from
the fact that reasonably close values of
the butene adsorption coefficient, K pyiene,
were calculated from the two independent
analyses.

Hice CONVERSION STUDIES

For ease of analysis and for a more
direct comparison of experimental condi-
tions with those encountered by catalysts
industrially, most of the remaining studies
were conducted at higher overall conver-
sions (30-90%). Approximately the same
feed rate and feed compositions were used
for all runs. Even though the conversion
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Fic. 1. Arrhenius plot of hydrogenation and
isomerization rate constants (nickel-mordenite).

was high, the concentration within the re-
actor varied but little because a high ratio
of recycle to fresh feed was used in the
reactor.

Under these circumstances a simpler
kinetie expression was justifiable, in which
the influence of the denominator in the
Langmuir-Hinshelwood  expression was
considered to be small and the expression
became first order in partial pressure of
each reactant. On this basis an effective
reaction rate constant, ke, was calculated
from the data, described as follows:

Rate Of hydrogenation = k’(»ffPhydrl)genPbutene-

Over a wide range of reactant partial
pressures, ke would itself be a funetion
of Piytens because of the Langmuir-Hin-
shelwood adsorption effect. For the results
presented in this paper, however, experi-
mental conditions were chosen such that
the variation in reactant partial pressure
was sufficiently small that k.. was essen-
tially constant at any given temperature.

In this method of reporting results, no
account is taken of the fact that hydro-
genation of the 2-butenes resulting from
isomerization of the 1-butene feed is much
slower than that of 1-butene itself. All
butenes are combined in calculating the
partial pressure of butene and the ks rep-
resents the rate of production of n-butane
from all butenes. The values of k. would,
therefore, tend to be lower in the high
conversion runs where 2-butene concentra-
tion is relatively high because of recyele,
thus depressing the overall rate of
hydrogenation.

Results are shown for several nickel-on-
mordenite catalysts as a graph of log ke
vs 1/T in Fig. 2.

All of the curves show distinetly different
behavior in a high temperature region
from that in a low temperature region,
separated by a well-defined transition tem-
perature. Below the transition temperature
a typical Arrhenius relationship was
observed.

The transition from the high temperature
region to the low temperature region was
always accompanied by a large abrupt
decrease in reactivity, frequently by a fac-
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tor of 10 to 100. Above the transition tem-
perature as the reaction temperature was
increased, the effective hydrogenation re-
action rate constants gradually increased
to maximum values which were approxi-
mately twice those just above the transi-
tion point and then decreased somewhat
(30~40%). Below the transition tempera-
ture as the temperature was increased, the
effective rate constant increased rapidly
with an apparent activation energy of
30.5 keal/g-mole for all catalysts.

The transition temperatures were depen-
dent upon the amount of nickel loading and
activity of the ecatalyst. For nickel-mor-
denite, the lower the activity, the higher
was the transition temperature (Fig. 3).
As the nickel content varied from 9.8 to
0.19% wt Ni, the transition temperature
increased from 45 to 113°C.

The unusual temperature dependence of
the activity of these catalysts can be
plausibly though not incontrovertibly ex-
plained. Similar maximization and drop-off
in activity at the high temperatures has
been previously reported for hydrogenation

over other supported nickel catalysts (6-
9). The decrease in the adsorption equi-
librium constant, Kiysrogen, leads to a star-
vation in hydrogen on the sites of the cata-
lyst and a consequent decrease in reaction
rate. If this is a true explanation, one would
not expect to find a similar maximum in
the same temperature region for isomeri-
zation activity since hydrogen is not in-
volved. This is in fact shown in the hydro-
genation and isomerization data of Fig. 1.

As the temperature decreases, the hydro-
genation rate reaches a maximum, then
begins to fall relatively slowly. This might
be called the region of normal catalytic
activity associated with Langmuir—Hinshel-
wood Kkinetics for surface reaction con-
trolling.

According to the Langmuir-Hinshelwood
mechanism, by far the largest fraction of
active sites would be covered by butene
(the most strongly adsorbed species). As
the temperature falls, the fraction of bu-
tene-containing sites, at least those on the
external zeolitic surfaces, increases, both
because the reaction rate slows and removes
the butene more slowly from both sieve
and metal surfaces and because butene
adsorption from the gas phase becomes
more favorable. All active sites, internal
and external, interact directly with the bulk
gas phase reactants.

Over a short, rather well-defined tem-
perature region the ports appear to become
obstructed apd the flow of materials by
diffusion is markedly slowed. This may be
thought of as clogging within the pores
similar in effect to condensation, or as a
bridging over the ports or mouths leading
to the internal pores, either by butene or
by a low-molecular-weight polymer of
butene.

The simplest assumption would be that
at a temperature similar to a boiling point,

- butene condenses within the pores. Because

the pore dimensions are of approximately
the same magnitude as the diameters of
the reactant and product molecules how-
ever, the concept of a continuous condensed
phase cannot be directly applied. The mole-
cules within the inner pore structure inter-
act with the molecular sieve surfaces more
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frequently and strongly than with the
other adsorbed molecules. In addition,
diffusion and equilibrium adsorption stud-
ies with mordenite (16) and Types X (3)
and A (I1) molecular sieves have shown
that these phenomena are continuous func-
tions of temperature in the range of this
study.

The fact that the transition temperature,
though sharp for any single catalyst,
varies over a fairly wide range among the
catalysts used, suggests that competing
rate phenomena may be involved. In addi-
tion to hydrogenation and isomerization, a
small amount of polymerization is occur-
ring. The polymerized material diffuses
outward more slowly than the monomer and
therefore tends to block the passages or the
ports. As reactivity for hydrogenation de-
creases, butene concentration on adsorbed
sites increases, thus increasing the relative
probability of polymerization. It is possi-
ble that over a short temperature range
depending on catalyst activity, production
and retention of polymer molecules may
increase, thus choking off the flow of reac-
tants and products. In a study of butene
isomerization over modified mordenites,
Kranich et al. (10) observed low molecular
welght butene polymers during the outgas-
sing of used catalyst.

Whatever the explanation, below the
transition temperature region the effective-
ness of the interior of the micropores ap-
pears to be choked off and the remaining
activity results largely from the sites out-
side these pores.

The transition temperature is well de-
fined because the pores in the molecular
sieves are all of essentially the same di-
mensions. Below the transition tempera-
ture, if the hydrogen is to reach a vacant
site or butane is to escape it must pene-
trate the blockage.

Because more rapid conversion of ab-
sorbed butene by reaction would tend to
leave more open sites, it would be expected
that more reactive catalysts would have
lower transition (choking) temperatures.
When relative activity is measured by
behavior in either the high temperature
or low temperature region, the curves of
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temperature (nickel-mordenite).

Figs. 2 and 3 are consistent with this
concept.

If a catalyst could bring sufficient hy-
drogen to the active sites, it might be ex-
pected that there would be no abrupt
transition. For example, with palladium
catalysts, such could occur due to the in-
creased activity towards hydrogen chemi-
sorption-activation and/or a different
mechanism, such as that associated with
the relatively free movement of hydrogen
through the palladium mass. Carter et al.
(11) observed that small amounts of
platinum on alumina markedly enhanced
the ease of removal of the adsorbed eth-
ylenic species from the alumina during hy-
drogen treatment. They postulated the
migration of reactive intermediates between
the platinum and the alumina centers.

The removal of adsorbed complexes
from an adsorbent or catalytic surface by
admitting hydrogen has been accomplished
with palladium and nickel films, as well
as with supported platinum. However, the
rate of removal with nickel was much
slower than that for palladium. Bond (12)
reported that, while 50-60% could be re-
moved in 5 min with palladium at 0°C,
with nickel only 20% was removed after
1 hr at 20°C.

To test the hypothesis that palladium
catalysts might show different behavior
with respect to transition temperatures,
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runs were made with three different pal-
ladium-mordenite pellets. Palladium-mor-
denite catalysts in fact showed no transi-
tion temperature but only a gradual
decrease in activity with decreasing tem-
perature over the range 140-50°C (Fig. 4).
Although the hydrogenation of 1-butene
over these palladium-mordenite extrudates
was characterized by an apparent activa-
tion energy of 1.3 kecal/g-mole, indicating
the probability of macropore diffusional
influences, it still appears that the absence
of any transitional behavior over this tem-
perature range is due to the ability of the
palladium to produce sufficient fluxes of
activated hydrogen to react with and re-
move adsorbed butenes.

The shape of the two-region curves is
similar to that experienced in solid-gas
and or liquid-gas ignition phenomena and it
might be proposed as an alternative expla-
nation to the above that a similar mech-
anism exists here. At low ambient tempera-
tures the catalyst mass would have a
steady-state temperature only slightly
above the ambient. Above the ‘“ignition”
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temperature, however, the rate of removal
of heat of reaction and the corresponding
rate of supply of reactants might abruptly
shift to a new steady-state value repre-
sented by a much higher particle (and
reaction) temperature, as in a powdered
coal flame. Calculations made by the
method of Satterfield and Sherwood (13),
however, indicate that this is an improb-
able explanation. Other calculations made
by the methods of Weisz (14), and Roberts
and Satterfield (15) showed an effective-
ness factor for the conditions studied of
approximately unity. In addition the igni-
tion concept would not explain the ob-
served variation in size of discontinuity
nor the absence of bulk diffusion effects.
The largely unknown mode of movement
of molecules within the pores of sieves,
however, leaves some uncertainty in any
explanation.

In order to determine whether or not the
transition temperature was real, repro-
ducible and closely definable, the tempera-
ture was cycled several times for the 0.19%
Ni-mordenite catalyst. The transition
range, representing a 40-fold increase in
activity, occurred repeatedly over a 4°C
temperature variation (110-114°C). No
significant dependence on the direction of
approach to transition was observed.

CATALYST DEACTIVATION

Two types of catalyst deactivation were
observed, permanent and temporary. While
the slower permanent deactivation defi-
nitely resuited in an irreversible loss of
internal surface area, temporary (or re-
versible) poisoning could be readily re-
moved by the overnight nitrogen purge
between temperature levels. In addition,
the most substantial deactivation occurred
mostly at higher 1-butene partial pres-
sures. Since all of the data reported herein
were obtained at low 1-butene partial
pressures with overnight nitrogen purges
between runs, much of the intracrystalline
surface area was always available for
reaction.

To determine the extent to which carbo-
naceous deposits laid down during reaction
might have rendered unavailable the cata-
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lyst pores, tests of properties were made
before and after use. Available and acces-
sible internal surface, as determined by
water adsorption, corresponded very well
with the observed permanent catalyst
aging. For a typical coked catalyst (2.89%
nickel-mordenite) water adsorption after
simulated between-runs nitrogen purge was
approximately 40% of the fresh catalyst;
final activity was also approximately 40%
of the initial value. Deactivation did not
correlate with normal hexane adsorption;
at this stage it exhibited 80% of fresh
catalyst adsorption capacity. (Fresh cata-
lyst water and n-hexane adsorption were
14 and 1.6 wt % respectively. Coke on
catalyst was 4.8% by weight.)

ErrECT OF NATURE OF SIEVE

For comparison with the mordenite-
based catalysts, nickel-loaded catalysts on
other sieves were also prepared and in-
vestigated. The 1.67 wt % nickel on Type
X and the 2.71 wt % nickel on Type A
molecular sieve catalysts were very much
more active than the comparable nickel-
mordenite catalysts, Arrhenius plots for
nickel-X and nickel-A are shown in Fig. 5;
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9.8% nickel-mordenite is also plotted for
reference. Their kinetic and catalytic be-
haviors were essentially similar to those
observed with the nickel-mordenites.

As the reaction temperature was de-
creased to below the transition point, the
rate of reaction drastically decreased. For
the nickel-X catalyst a 1-2°C temperature
decrease at 46°C resulted in approximately
a 1000-fold decrease in effective reaction
rate constant. With the nickel-A catalyst
a 10°C decrease at 44°C yielded such a
significant decrease In reactivity that no
butane product was detected in the product
stream. The apparent activation energy of
reaction in the low temperature reaction
region with the nickel-X catalyst was the
same as that observed for the nickel-
mordenites. Thus it appeared that the
same rate controlling mechanism was evi-
dent for both types of supported nickel
catalysts in the low temperature region.

ErrecT oF NickeL CoNTENT

Initially it was hoped that nickel loaded
onto the sieves in various ways would show
significantly different activity. It was
hoped, for example, that exchanged nickel
ions, would on reduction, yield more highly
dispersed (and more active) nickel than
that simply adsorbed or produced indepen-
dently of the zeolite as from nickel
carbonyl.

The results showed, however, that nickel
atoms were sufficiently active and mobile
during the processing steps that the bulk
of the nickel accumulated into large ag-
glomerates which must have been outside
the micropores. Any special property of
the freshly reduced, highly dispersed ex-
changed nickel was largely lost in the
migration and agglomeration.

During the preparation of the exchanged
catalysts, the nickel was introduced into
the intracrystalline pore structure as atomi-
cally dispersed ionms, their positions being
fixed by the locations of the AlQ,- tetra-
hedra and electrical neutrality require-
ments. Once reduced to metalliec nickel
by hydrogen reduection at 360-370°C, the
nickel atoms were no longer bound to the
molecular sieve surface and were free to
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migrate and agglomerate into crystallites
of metallic nickel. The presence of such
nickel agglomerates was substantiated for
all nickel-zeolite catalysts by their ferro-
magnetic properties, and electron spin
resonance and X-ray diffraction patterns.
The nickel crystallite sizes determined by
X-ray diffraction techniques are presented
in Table 1.

Although the mass average nickel crystal-
lite sizes for nickel-X and nickel-A were
65+ 35 and 8040 A, respectively, it
was still highly likely that a major portion
of the catalytic activity could be attributed
to a much larger number of small nickel
crystallites, 4-30 A, within the intracrystal-
line pore structure. For example, one large
external 100 A crystallite would have the
same number of nickel atoms as one
thousand 10A crystallite which would
exhibit a much higher activity, even if
only from surface area considerations. It
was not unlikely that such small nickel
erystallites were formed within the large
cage-type cavities of the X- and A-type
sieves. Once formed they would be too
large to escape through the small 10 or 4 A
port windows, respectively. Thus many of
these small nickel agglomerates, only a
few angstroms in size, were thereby ‘‘trap-
ped” within the cage type structure of
the X- and A-type molecular sieves, yield-
ing a higher degree of dispersion of the
active nickel component.

However, formation of such trapped
nickel agglomerates within the large paral-
lel mordenite channels was less likely since
the pore diameter was essentially uniform.
The number of sites where stabilization of
the intracrystalline nickel could occur was
significantly lower than that for the cage-
type structure of X- and A-type sieves.
Therefore, much greater activities could
be expected for the nickel-X and nickel-A
catalysts as compared to the nickel-
mordenite catalyst-carrier systems.

The 1.67 wt % nickel-X and the 2.71
wt % nickel-A hydrogenation catalysts ex-
hibited anproximately the same reactivity
as did the 9.8% nickel-mordenite catalyst.
This was probably at least in part due to
a greater degree of dispersion of the active

nickel component within the intracrystal-
line pores of the molecular sieve support.

The significantly greater decrease in
reactivity of the X and A catalysts at the
transition temperature (as compared with
the nickel-mordenite systems) was further
evidence of the relatively large amount
of finely dispersed internal nickel. Although
there was a possibility that Linde X and
A molecular sieves were intrinsically more
active than the mordenite as a result of
catalyst-carrier interactions, the higher
activity of the nickel-X and nickel-A
catalyst was more probably due to the
higher degree of dispersion of the active
nickel component.

Nickel-X (1.67% Ni) and nickel-A
(2.71% Ni), which were more active than
their nickel-mordenite counterparts, pos-
sessed much lower transition temperatures
(approximately 45°C). It should be noted
that their activities were approximately
the same as that for 9.8% nickel-mordenite,
whose transition temperature was also
45°C. This agrees with the previous com-
ments on the relationship between catalytic
activity and transition temperature.

Nickel-mordenite catalysts were pre-
pared over a wide range of nickel content
in an attempt to determine a functional
relationship between activity and loading.

If catalytic activity is to be correlated
with nickel content, two distinctly different
regions must be separately considered: (a)
high temperature region where both internal
and external nickel are available for reac-
tion, and (b) low temperature region where
activity is primarily due to external nickel
crystallites.

For the nickel-zeolite catalysts in which
the degree of dispersion of the active nickel
component was the greatest, the change in
reactivity at the transition temperature
was most drastic. For example, 0.19%
nickel-mordenite was found to be essen-
tially inactive at 100°C, but at 114°C was
a quite active hydrogenation catalyst (Fig.
2). Its high temperature activity was about
half that of a 2.83% nickel-mordenite
catalyst, showing a relatively high degree
of dispersion of the active nickel compo-
nent. Most likely, a high percentage of this
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nickel was supported within the intracrys-
talline pore structure of the mordenite. A
40-fold increase in reaction constant oc-
curred over this 4°C temperature interval.

For 3.25% nickel-mordenite (A) which
was merely a different batch of the same
catalyst as 3.25% nickel-mordenite (B)
and was prepared under supposedly identi-
cal conditions, a much greater degree of
dispersion of the active nickel catalyst and
a greater high temperature catalytic ac-
tivity was observed with the former (A).
Again, it was likely that much of this in-
creased dispersion resulted in extensive
amounts of metallic nickel within the intra-
crystalline pores of the mordenite. At the
transition temperature, the decrease in ac-
tivity was about 50-fold for the 3.25%
nickel-mordenite (A) as compared to a
15-fold reduction with the less active (B)
sample of the same catalyst material.

Because the effective & in the high tem-
perature region was so dependent on the
degree of dispersion of the nickel, no single
correlation with the nickel content was
possible.

/

EFFECTIVE REACTION RATE CONSTANT,
G MOLE/MIN-G CAT-ATMZ X 102

0.01

0.001 | |
0.1 1.0 10 100

NICKEL CONTENT, WT %

Fic. 6. Effect of nickel content on effective
hydrogenation rate constants in the low tempera-
ture reaction region (nickel-mordenite).

In the low temperature region, the rela-
tive effective rate constants at an arbitrarily
selected temperature of 85°C were obtained
by extrapolation of the parallel straight
lines of the Arrhenius plot (Fig. 2). These
relative values are plotted (loglog) versus
nickel content in Fig. 6. No correction for
the degree of dispersion of the active nickel
component was made.

A straight line relationship resulted in a
good empirical correlation of the data. The
slope of the best least-squares straight line
was 2.5. Therefore, in the low temperature
region

keer (low temp region) « (9,Ni)2-,

Because of the large number of unknown
variables involved in the determination of
the reaction rate constant in the low
temperature region, no theoretical sig-
nificance should be attached to this
relationship.
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