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Pentane Isomerization Kinetics over Nickel-Loaded Y-type Zeolite
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The activity of a nickel-loaded Y-type zeolite for the isomerization of n-pentane under industrial
hydroisomerization conditions was examined. Introduction of the metal by ion exchange and
reduction leads to a catalyst with acidic and hydrogenation—-dehydrogenation functions. Increasing
the nickel loading led to a more than linear increase in the activity and this was seen as being
principally due to the accompanying intrazeolitic protons. The rate of isomerization was indepen-
dent of total pressure, and rate data were obtained at 295, 308, and 319°C. A two-parameter rate
equation describing adsorption of the n-olefin intermediate onto the intrazeolitic acid sites was
found to be adequate in accounting for the rate data. Cracking patterns indicated that formation of
light hydrocarbons was by hydrogenolysis over nickel. After reduction the metal component was
found to have migrated to the surface of the zeolite crystals and was in a form comprising 25%
diffracting nickel crystallites. Selective chemisorption suggested the remaining nickel was finely
dispersed, much of it showing monolayer character.

INTRODUCTION

Zeolites containing small guantities of
noble metal are now in commercial use as
hydroisomerization catalysts (7).

There is evidence that reforming isomer-
izations of n-paraffins over the more con-
ventional alumina-based catalysts proceeds
via a three-stage sequence involving both
noble metal and acidic alumina sites (2-7).
In this sequence the n-paraffin is first con-
verted to the n-olefin over the noble metal,
after which it isomerizes to the i-olefin over
the acidic alumina. A subsequent hydro-
genation on the metal produces the i-
paraffin.

This work is concerned with the prepara-
tion and characterization of a Y-type
zeolite containing nickel. The kinetics of
the isomerization of n-pentane over the
catalyst under industrial hydroisomeriza-
tion conditions are evaluated and the asso-
ciated cracking patterns observed.

NOMENCLATURE

I Intensity of diffracted line
W Weight fraction

! Present address: ICI Agricultural Division, Bil-
lingham, Cleveland, England.
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Observed rate of isomerization (g
mole/hr g)

Predicted rate of isomerization (g
mole/hr g)

Partial pressure of n-pentane, i-pen-
tane, hydrogen (psig)

Equilibrium constant for n-pentane
dehydrogenation to n-pentene
Equilibrium constant for isomeriza-
tion of n-pentene

Equilibrium constant for hydrogen-
ation of i-pentene

Equilibrium constants for substeps
within the n-pentene isomerization
sequence

Equilibrium constant for the overall
isomerization of n-pentane

Forward reaction rate constant for
a particular substep

Concentration of active acid sites
(moles/g)

Reaction rate constants for substeps
within the n-pentene isomerization
sequence (=kX)

Constant in linearized rate equation
(g hr/g mole)

Density (g/cm?)

Mass absorption coefficient (cm?/g)
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METHODS
Catalyst Preparation and Characterization

All catalysts were prepared by ion ex-
changing quantities of Linde SK-40, a so-
dium Y-type zeolite, in aqueous nickel ni-
trate solution. The cation exchange capac-
ity was calculated to be 3.10 x 1072 g ions
of sodium per g of zeolite, and it was found
that a maximum of 66% of the sodium ions
were replaceable by nickel ions. The ex-
changed zeolites were activated by reduc-
tion in pure hydrogen at elevated tempera-
ture. Nickel dispersion was estimated by
selective absorption of CO according to
the method of Brooks and Christopher (8).
Catalyst samples were reduced for 16 hr at
500°C, cooled at 25°C, and equilibrated
with carbon monoxide at 300-400 Torr in a
conventional BET apparatus. Desorption
isotherms were followed down to <100
Torr. CuK aradiation was employed for the
X-ray diffraction.

Catalyst Activity

Reactant conversions were obtained us-
ing a tubular flow reactor composed of no-
nickel steel, designed to operate at temper-
atures and pressures of up to 500°C and
3.5 % 10° N m~2. The catalyst was situated
in a basket at the center of the tube, and a
wad of inert glass wool was used to suspend
it in its original powder form. Catalyst
reductions were carried out in situ, and all
reaction rates were calculated from differ-
ential conversions of 2-8%. External heat
and mass transfer resistances were calcu-
lated to be negligible for all runs. Rate data
could be obtained using three-component
mixtures of n-pentane, i-pentane, and hy-
drogen of any desired composition. This
was made possible by using a vaporizer
containing a mixture of isomers through
which hydrogen was bubbled. In order to
avoid excessive catalyst deactivation, a
high hydrogen/pentanes molar ratio was
always maintained when measuring rates.
Reactants and products were analyzed with
a gas chromatograph equipped with a flame
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ionization detector and a 7.3-m column
containing squalane on diatomite. The
peaks were integrated automatically.

RESULTS
Physical Characterization of the Catalyst

XRD powder traces showed that the
zeolite matrix remained highly crystalline
after reduction. However, a strong diffrac-
tion line corresponding to the d = 2.03 A
spacing of crystalline nickel was present in
all traces of the reduced catalyst.

The intensity of this line is proportional
to the weight fraction of diffracting nickel
crystallites in the catalyst since if W; is
small, the expression (9)

W,
I 1
1S o Wilia — pio) + paa 0
reduces to
W,
1 2
1% Pafhs ¥))

Here p, and W, are the density and weight
fractions of diffracting nickel in the cata-
lystt The X-ray mass absorption
coefficients for nickel (u,) and the zeolite
(n2) were calculated as 48.3 and 33.1 cm?
g7 1. The relative line intensity for a reduced
catalyst with maximum nickel loading and a
standard physical mixture comprising
zeolite and pure crystalline nickel powder
was measured. After correcting for sample
weights the relative intensity was 1:4 in
favor of the standard mixture. It was there-
fore concluded that 25% of the nickel in the
catalyst was in the form of crystallites >50
A diameter, which is the minimum size
required before a crystal will contribute
significantly to the intensity of an X-ray
diffraction line (/0).

Kinetic Analysis

There is evidence to suggest that reform-
ing isomerizations over Pt/alumina bifunc-
tional reforming catalysts proceed in three
stages (2-7). Since the catalyst used in this
work was found to be bifunctional, in that
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isomerization activity over the unmodified each case, a reaction sequence within the

zeolite and pure nickel was negligible in

dehydrogenation
isomerization

hydrogenation

The equilibrium constants for these reac-
tions are denoted by K, K, and K, respec-
tively. Each step can be split up into a
number of substeps to indicate the usual
processes of adsorption, surface reaction,
and desorption. Langmuir-Hinshelwood
rate expressions were derived for each sub-
step assuming it to be rate controlling. Rate
expressions describing all the hydrogena-
tion and dehydrogenation substeps indicate
that the rate depends on the total pressure.
This is so when single- and dual-site reac-
tion sequences are considered, and also for
hydrogen adsorption onto nickel with and
without dissociation. It is likely that carbo-
niogenic isomerization of the n-olefin pro-
ceeds using only one proton site, and rate
expressions describing the three substeps
of a single-site isomerization sequence of
the pentene show that if any one of these is
rate controlling then the rate will be inde-
pendent of the total pressure. However, it
is assumed that pentanes and hydrogen
possess negligible affinity for the proton
sites in comparison to the olefins.

An initial screening of substeps was pos-
sible by examining the effect of total pres-
sure on conversion at 295 and 319°C at
constant space velocity. A H,/nC; inlet
molar ratio of 13.7/1 was used for the lower
temperature runs, while a molar ratio of
8.4/1 was used at the higher temperature.
The results are illustrated in Figs. 4 and 5.
Only ca. 10% of the converted n-pentane
was cracked at 295°C compared to a maxi-
mum of 45% at 319°C. There was a decreas-
ing tendency for cracking to occur with
increasing total pressure whereas conver-
sions to isomer remained constant at each

above framework was envisaged here, vis.

N

n-pentane —> n-pentene + H,
proton .

n-pentene —> i-pentene

. Ni .
H, + i-pentene — i-pentane.

temperature. The pressure independence of
conversion to isomer suggested the rate-
determining step to be contained within the
isomerization sequence as appears to be the
case with nonzeolitic reforming catalysts
(4, 7). In consequence it was necessary to
discriminate between the three possible
rate-controlling substeps constituting the
isomerization sequence, as represented by
the equations

n-Pentene adsorption

ko Ko(Py — P3/K)

R = , (3
Py T (/KK /Ks + DPy P
Surface isomerization
_ kK Ky(P, — P,/K)
R = 5 K.K.P, + P KKy @
i-Pentene desorption
R _ de5K6Kd(P1 - Pz/K) (5)

Py + KK (1 + Ke)Py®

These equations were written in partial
pressures of pentanes and hydrogen by
making use of the equilibrium relations
between pentanes, pentenes, and hydro-
gen. Here K, K;, K, and k,, k;, k4 are the
thermodynamic equilibrium constants and
forward rate constants for the adsorption,
surface isomerization, and desorption sub-
steps respectively and K is the equilibrium
constant for the overall isomerization of n-
pentane.

Rate data were collected by varying the
partial pressures of n-pentane P,, i-pentane
P,, and hydrogen P;, up to maximum par-
tial pressures of 17.2 x 104, 6.1 x 104, and
180 x 10* N m~2 respectively. The data
were collected according to an experimen-
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tal design consisting of the coordinates of a
cube superimposed on the vertices of an
octahedron (12). The design was made ro-
tatable by choosing the distance of the
vertices of the octahedron from the design
central point to equal 1.68. Replication at
the central point in the design allowed an
estimate of the pure error variance in the
rate to be obtained. In order to reduce the
effects of time trends on the error variance,
the design matrix was divided into three
blocks, with all experiments in one block
being completed before starting another
block. Such experimental designs offer sev-
eral advantages which are well documented
elsewhere (/2).

Rate data were collected according to the
design at 295, 301, and 319°C, using a
catalyst containing maximum nickel load-
ing. These combinations of low tempera-
ture and high hydrogen partial pressure
gave rise to good isomerization activity and
undetectable deactivation, thus indicating
that carbonium ion cracking reactions
which would deposit carbon are unimport-
ant.

Both linear and nonlinear regression
techniques were used for data fitting. For
the linear analysis, the equations were
transposed to the general form

P, - P,/K

R =b1P1+b2P2+b3P3.

6
Reciprocal rate quantities were minimized
and a degree of fit was obtained by comput-
ing the ratio of the lack of fit mean square to
the pure error mean square and comparing
with the tabulated F statistic. The lack of fit
sum of squares was calculated as the differ-
ence between the residual and the pure
error sums of squares. Data at each temper-
ature were processed separately on an IBM
370 computer and the results are presented
in Table 2. However, this analysis requires
the reciprocal rate quantities to satisfy cer-
tain conditions (/3). As a consequence of
this and for completeness, the data were
fitted to the untransformed rate equations
using the Nelder and Mead Simplex proce-
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dure with quadratic acceleration (14, 15).
The results of the nonlinear analysis are
given in Table 3.

DISCUSSION
Nickel Dispersion

“Figure 1 indicates that the amount of CO
retained at 100 Torr is directly proportional
to the catalyst nickel loading. This is an
indication that the degree of dispersion of
the nickel in the catalyst remains virtually
the same regardless of metal loading. It is
also evident from the figure that each nickel
atom retains an average of 1.9 molecules of
CO. Since it has been shown that 25% of
the nickel is in the form of diffracting crys-
tallites, such a high adsorbed CO ratio
suggests that most of the remaining nickel
atoms take part in CO adsorption. If it is
assumed that an average diffracting crystal-
lite is a cube with a 300-A edge (typical
value taken from electron micrographs), a
simple calculation reveals that each ex-
posed nickel atom retains an average of

CO RETAINED / GRAM CATALYST (mmole CO/g )
(=3

—

0 02 0-4 06 0-8 1:0

NICKEL LOADING { mmole Ni/g catalyst )

F1G6. 1. Carbon monoxide retained at 100 Torr vs
catalyst nickel loading.
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about 2.5 molecules of CO. This takes into
account both the surface atoms of the crys-
tallites and the nondiffracting nickel. A
bonding mode in which CO-bridged species
are adsorbed between adjacent nickel
atoms, already carrying linearly adsorbed
CO molecules, would be expected to pre-
dominate at 100 Torr (/6). This would give
rise to a CO/Ni ratio of 2/1. It is also
postulated that some carbon monoxide is

bridge-bonded between ‘‘rows’” of Ni
atoms:
0 0 0
oo M o
RRBN
¢ c
N TSN SN

This arrangement results in between two
and three CO molecules being adsorbed by
each Ni atom. Such a mode of bridge-
bonding requires there to be adjacent nickel
atoms, and thus the nondiffracting nickel is
envisaged as having monolayer character.
Numerous electron micrographs revealed
that the nickel crystallites formed predomi-
nantly at the surface of the host zeolite
crystals. Since the remaining nickel ap-
pears to be of monolayer character, it
would seem that all of the reduced nickel
lies at the zeolite surface.

A tentative description of the reduction
process is that the nickel ions are first
reduced in the surface region on the zeolite
crystal, leaving a high concentration of
protons in the surface region. Counterdiffu-
sion of nickel ions and protons then takes
place, supplying more nickel ions to the
surface region of the zeolite crystal which
are subsequently reduced to zero-valent
nickel at the surface. The intracrystalline
regions of the zeolite thus become richer in
protons at the expense of the nicKel ions,
and the surface of the zeolite crystals is
able to accumulate zero-valent nickel.

As a cautionary note it should be realized
that the CO adsorption method for the
determination of nickel surface area could
lead to misleading results if not approached
with great care. The thermodynamic con-
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version to nickel carbonyl is very heavily
favored by high pressure and low tempera-
tures (17), the rate of formation reaching a
maximum at 75°C (/8). The presence of a
high concentration of nickel carbonyl could
provide a mechanism for redistribution of
nickel on the catalyst, and conditions
should be chosen so as to preclude this
possibility.

Catalytic Activity

Figure 2 shows that conversion to isomer
increases up to about 320°C, after which it
decreases. This effect is most noticeable
with the most highly loaded catalyst and the
cracking pattern obtained with this catalyst
(Table 1A) shows the high methane levels
which are characteristic of hydrogenolysis
over nickel (/9). The typical patterns
shown in Table 1B were all obtained at
conversions to light hydrocarbons of <2%
and therefore represent initial rates. Again
the figures show the high methane levels
caused by hydrogenolysis at the terminal
methyl group, but with less degradation to
methane than the higher temperature con-
version levels of Table 1A. However, suc-
cessive demethylation would require at

TABLE 1
A. Distribution of light hydrocarbons with
temperature
Py Py, Temp. Distribution (mole%%)
(atm) (atm) )

Cl C2 C:i C-I
1.5 6.3 316 60.0 4.0 10.7 25.3
333 68.9 6.3 10.7 14.1
364 88.1 7.1 3.2 1.6

B. Distribution of Light Hydrocarbons with Hydro-
gen Pressure

P, P, Py, Temp. Rate of C; Distribution (mole%)
(atm) (atm) (atm) ©C) conversion
to light C, C, G C,
hydrocarbons®
(mole hr—' g™")
1.2 0.4 10.9 319 924 x 1003 51.3 3.3 8.7 36.7
1.2 . 04 13.4 51.8x 10° 47.8 3.7 84 40.1
1.3 0.4 17.7 24.5x 107 44.1 4.3 8.8 428

@ Rates obtained at conversion to light hydrocarbons of <2%.
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1.02 mmole Ni/g catalyst
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FiG. 2. Percentage conversion on nC; to iC; and light hydrocarbons vs temperature for catalysts with

various nickel loadings.

least 50 mole% methane in the product
stream. Therefore there is a small contribu-
tion through splitting of nonterminal car-
bon-carbon bonds at the higher hydrogen
pressures. The rates of light hydrocarbon
formation were always strongly inhibited
by increasing hydrogen partial pressure.
E xamination over the whole range of rate
data indicated that the rate of pentane con-
version to light hydrocarbons was an in-
verse function of Py, which is another
characteristic of hydrogenolysis (20).

Catalysts were reduced at 480-500°C
which produces a predominantly Brgnsted
acid form of the zeolite (21).

It can be seen from Fig. 3 that the intro-
duction of the nickel proton couple pro-
duces a more than linear increase in activity
for isomerization. Similar increases in ac-
tivity have been observed for reactions

catalyzed by the Brgnsted acid sites of Y-
type zeolites containing no nickel. For ex-
ample, replacement of sodium ions with
ammonium ions followed by deamination
led to a dramatic increase in cumene crack-
ing activity between exchange levels of 25~
70% (22). In another study (23) catalyst
activity for p-xylene isomerization was
found to increase with proton concentra-
tion, the greatest increase being between 60
and 1009 sodium exchange. The increase
in isomerization activity was ascribed to
the intrazeolite protons and their occu-
pancy of different exchange sites within the
zeolite.

The catalyst used in this work was essen-
tially a Na*H*'Y catalyst containing nickel
with the nickel dispersion being indepen-
dent of nickel loading. Therefore the evi-
dence points to the increase in isomeriza-
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CONVERSION to PENTANE mo 1%

05 4

0 0.5 10
CATALYST NICKEL LOADING {mmole Ni/g catalyst)

FiG. 3. Conversion to i-pentane vs catalyst nickel
loading at 295°C.

tion activity with nickel loading as being
due to the accompanying protons.

If the specific activity per unit volume of
zeolite crystallite is linearly related to the
proton concentration X, and if the protons
are uniformly distributed through the
zeolite and there is no diffusional limitation
on the accessibility of olefin to piotons,
then the reaction rate should increase lin-
early with X. However, if there is a strong
diffusional limitation the rate will vary as
X172, since increasing X increases the Thiele
modulus without changing the particle size.
In fact, the isomerization rate (Fig. 3)
varies approximately as X2 which, although
reflecting the increasing activity of the ac-
tive sites, is also taken to indicate that there
is no internal diffusional limitation.

Kinetics

The independence of conversion to iso-
mer with total pressure is not a conclusive
test that an isomerization substep is rate
controlling. This is because the apparent
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degree of dependence of the reaction rate
on total pressure for each hydrogenation—
dehydrogenation substep is governed by
the relative magnitude of the groups of
constants in the relevant equations. Never-
theless, the pressure independence of con-
version is apparent over a substantial pres-
sure range at both temperatures.

Taken together with the indications that
conversion is dependent upon the loading
of the intrazeolite protons, it is concluded
that the rate-determining step is contained
within the n-pentane isomerization se-
quence.

The linear regression analysis (Table 2)
shows b, to be highly insignificant for the
three models at each temperature, and
therefore it contributes nothing to the fit. At
295°C b, is just insignificant for both models
whereas at 308°C it is significant for the
model which assumes adsorption of pen-
tene on proton sites is rate controlling but
just insignificant for the model in which the
surface reaction is rate controlling. High
significance for b, is observed at 319°C; b,
is highly significant wherever it appears and

°

20 A

Hames =13-7, T= 295°C.

CONVERSION of n PENTANE (moi%}

0 100 150 200 250 300 350
TOTAL PRESSURE (psig)

FiG. 4. Conversion of n-pentane to i-pentane and
light hydrocarbons vs total pressure at 295°C.
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i-C

o 3

] 4 T

319°¢c

Ha/nCs5 =84, T =

CONVERSION of n PENTANE { Mol % )
wn
5

0 T T T

100 150 200 250 300 350
TOTAL PRESSURE ( psig}

FiG. 5. Conversion of n-pentane to i-pentane and
light hydrocarbons vs total pressure at 319°C.

must be included. Comparison of the F
ratio for an assumed slow desorption step
with the ratios for the other two models
shows that, in general, b, should be in-
cluded. The effect of leaving b, out is most
marked at the highest temperature where
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the F ratio increases from 1.58 to 2.37.
The tabulated F statistic is 3.7 at the 10%
level of significance, and therefore there
is no evidence of lack of fit at any tem-
perature.

Response variable transformation is a
common tool used in reaction kinetics to
simplify the processing of rate data (e.g.,
(13)). The validity of the results, however,
depends upon the error variance of the
transformed group being constant and nor-
mally distributed with zero mean. The ex-
perimental design used here requires that
the pure error variance obtained at the 000
coordinate is representative of the error
variance at the remaining coordinates.
These assumptions were probably not too
far from the truth since errors in rate mea-
surements were comparable irrespective of
the absolute magnitude of the rate. Also,
the measured rates did not differ over an
excessively wide range. This would be ex-
pected to lead to a reciprocal rate response
group with a reasonably normally distrib-
uted and constant error variance provided
the absolute rate data satisfied these condi-
tions. For completeness though, the regres-
sion coefficients were also obtained by non-
linear regression, the reaction rate terms, R
and R, being minimized. Here, R and R are
the observed and predicted reaction rates,

TABLE 2

Linear Regression Analysis of Experimental Data from Equation (6)¢

Model T (°C) b, b, by F ratio
Adsorption 1532* 14%(+49) 1.43 Accept?
Surface isom. 295 —582%* 1921* 192(+92) 1.44 Reject
Desorption —200.9** 205(+94) 1.58 Reject
Adsorption 295(+289) 7(£7) 2.34 Accept
Surface isom. 308 42%* 267+ 73(+15) 2.48 Reject
Desorption 95%* 76(+12) 2.62 Reject
Adsorption 449(+224) 46(=6) 1.58 Accept
Surface isom. 319 16** 434(+282) 45(x12) 1.70 Reject
Desorption 146.3* 45(=13) 2.37 Reject

¢ Significance and confidence intervals Based on 7, o5.

* Insignificant.
** Highly insignificant.
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TABLE 3

Nonlinear Regression Analysis of Experimental Data

Model T (O b, b, by
Adsorption 1266(+1063) 138(+26) Accept
Surface isom. 295 —297**  1331(x1091) 166(+61) Reject
Desorption —276%* 199(+85) Reject
Adsorption 386(+239) T4(x6) Accept
Surface isom. 308 S1x* 365(+241) 69(x13) Reject
Desorption 96+ 76(x17) Reject
Adsorption 486(+:209) 45(x5) Accept
Surface isom. 319 1** 489(=196) 45(+9) Reject
Desorption T1** 51(=14) Reject

* Insignificant.
** Highly insignificant.

and the resulting coefficients are given in
Table 3.

b, is insignificant wherever it appears. b,
is always significant, and b, is always highly
significant. These results support the con-
clusion that only a two-parameter model is
necessary. The estimates of b; are the same
as those obtained from the linear analysis to
within a few percent. However estimates of
b,, where significant, differ by up to 30%
depending upon the method of analysis
used. Nevertheless, values of b, always lie
within the confidence bands of correspond-
ing estimates from the linear analysis.

In the two-parameter equation describing
the adsorption step as rate controlling, the
constant k,(=kX) is the product of the
forward adsorption rate constant and the
concentration of active sites in the zeolite.
The partial regression coefficient, b;, is
then equal to 1/kK X and thus a value of kX
can be calculated at all three temperatures
providing values of K, at these tempera-
tures are available. This allows an Arrhe-
nius plot to be constructed from which an
explicit activation energy can be ex-
tracted. It must be assumed, though, that
the concentration of active sites remains
constant over the whole temperature range.
Values of K, the equilibrium constant for
the dehydrogenation of n-pentane to pent-
2-ene, were calculated from thermody-
namic data (24). An Arrhenius plot of log
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kX) vs 1/T was plotted from which an
estimated activation energy of 3 kcal/mole
was extracted. An apparent activation en-
ergy was also obtained by assuming Rate =
k (Creactantss Crroquets). Reaction rates were
measured at each temperature under the
same concentrations of reactants and prod-
ucts and plotted in Arrhenius fashion (Fig.
6). The apparent activation energy ex-
tracted from the plot was 28 + 4 kcal/mole,
a similar value to that reported for activa-
tion energies over nonzeolitic reforming
catlaysts.

The activity for isomerization of the cata-
lyst used in this work was found to be
comparable to the activity of Pt/alumina
catalysts (4, 7) when brought to the same
temperature basis of around 320°C. How-
ever, the latter tend to retain higher selec-
tivity for isomerization at the higher tem-
peratures.

CONCLUSIONS

The results reported here are consistent
with the isomerization mechanism pro-
posed for other dual-function catalysts, no-

o

‘agm Rate

0.8

0.7 . T
1.65 1.0 175 1.8
UT (K™% 10"y

FiG. 6. Arrhenius plot.
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tably platinum on alumina. The olefin
formed by dehydrogenation on the dis-
persed nickel is assumed to migrate rapidly
to zeolite acid sites where it is adsorbed and
undergoes an ionic rearrangement.

CH;—CH,—CH=CH-—CHj,
1 + slow adsorption
CH;—CH,—CH—CH,—CH;

Other steps in the isomerization se-
quence—hydride shift, double-bond forma-
tion, and desorption of i-pentane—are as-
sumed fast. The increase in isomerization
activity with nickel loading is noteworthy
and light hydrocarbons are principally
formed by hydrogenolysis over nickel. An
unanswered question remains as to how the
activity of the catalyst depends on the
particular metal introduced into the zeolite
and its mode of reduction.
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