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Cyclopentane hydroconversion was used as a probe reaction to
study the coking behavior of selected large-pore zeolites loaded with
0.5% Pt under identical conditions. The zeolites studied, namely,
Y zeolite, zeolite beta, mordenite, LTL, and ZSM-12, were also
tested at several different Si/Al ratios. The zeolite pore structure
was the most important factor determining the deactivation behav-
ior. Zeolites like Y and L that possess large cavities connected to
smaller pore openings allow polyaromatic molecules to form and
also trap these coke molecules to a great extent, resulting in rapid
deactivation. This was confirmed by the analysis of soluble coke,
which revealed the presence of large amounts of benzoperylene
and coronene. Zeolite beta, which possesses an intersecting three-
dimensional pore system, but no large cages, was the most stable.
Apart from its pore structure, the excellent stability of the zeolite
beta catalysts could also be partly attributed to the electronic state
of platinum in the catalyst. The absence of aromatic compounds
in the product stream and the aliphatic nature of coke indicated
that the platinum in zeolite beta selectively opened the cyclopen-
tane ring and did not dehydrogenate it, preventing the formation
of cyclopentadiene that condenses via a Diels—Alder mechanism
into polyaromatic coke. Mordenite and ZSM-12 showed reasonably
good stability. Interestingly, the soluble coke in mordenite consisted
of both polyaromatic and long-chain aliphatic compounds, indicat-
ing that the selectivity of the metal function changes with time. The
amount of “hard coke” deposited in the zeolites was strongly re-
lated to the initial activity of the acid function, with the more active
catalysts having a larger amount of coke. However, this trend was
not followed in ZSM-12 which showed a shape-selective behavior
that restricted the deposition of hard coke to a great extent. Apart
from pore structure, variation of the acid site density (Si/Al ratio)
affected metal dispersion and metal/acid balance and caused sig-
nificant differences in the catalytic performance within a particular
type of zeolite. However, the nature of the acid sites (Brgnsted or
Lewis) did not have a significant effect. Catalysts that had Si/Al
ratios in the range 15 to 40 showed a minimum in the C;/Cj3 ratio
indicating a good balance between the metallic and acidic functions
and showed good time stability.  © 2002 Elsevier Science
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INTRODUCTION

Deactivation due to coking is observed in all heteroge-
neous acid-catalyzed reactions of organic compounds. Coke
formation is a major concern when using acidic zeolite cata-
lysts, and understanding the mechanisms that control cok-
ing and its effect on catalytic properties such as activity and
selectivity is essential in terms of catalyst selection and pro-
cess design (1). Coke deposition in zeolites is known to be
affected by its pore size, pore structure, and acidity charac-
teristics. Rollmann and Walsh (2-4) were among the earli-
est researchers to show not only that coke formation is a
shape-selective reaction but also that coke yield in molecu-
lar shape-selective zeolites (small and intermediate pore)is
at least an order of magnitude lower than that in the large-
pore materials. The low coking rate found on H-ZSM-5 was
first related only to the shape-selective nature of its pores,
but later it was also attributed to the relatively low density
of its acid sites (5). It is difficult to distinguish the effect of
acidity from that of pore structure, but zeolites with high
acid site densities were generally found to deactivate faster
due to higher conversion severity, which resulted in higher
coke yields. Inreforming reactions carried over bifunctional
catalysts, the coke precursors are hydrogenated over the
metal function and get desorbed. The net effect is beneficial,
as the coke production rate is several orders of magnitude
lower than that over an acidic catalyst (5). Investigations of
naphtha reforming over bifunctional catalysts revealed that
the five-carbon-ring hydrocarbons, primarily cyclopentane,
were the most important coke precursors (6-8). The coke
formation in these reforming catalysts was also a bifunc-
tional reaction requiring both the dehydrogenation capac-
ity of the metallic function and the condensing capacity of
the acidic function.

In this paper, the coking behavior of various large-pore
zeolites, namely, Y zeolite, zeolite beta, L zeolite, morden-
ite, and ZSM-12, was studied for the hydroconversion of cy-
clopentane. The zeolites chosen combine a variety of pore
architectures with different pore sizes and also different
dimensionalities. Each zeolite was studied at several differ-
ent Si/Al ratios, and we have attempted to cover a wide
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range of Si/Al ratios for each zeolite. Using the coke pre-
cursor, cyclopentane, as a probe molecule allowed us to
identify stable catalytic systems and to better understand
the factors affecting coke formation. The study showed that
three-dimensional zeolites without supercages like zeolite
beta with the right level of acid site density and metal load-
ing were the best catalysts for reforming-type reactions in
terms of time stability. Acid site density affected catalytic
performance to a great extent, and an optimum range for
obtaining good stability was identified.

EXPERIMENTAL

Catalyst Preparation

The beta and ZSM-12 zeolites used in this study were
synthesized hydrothermally from the corresponding alumi-
nosilicate gels. The starting recipe for the synthesis of ZSM-
12 was example IV in the original patent (9), which was op-
timized following the results reported by Ernst et al. (10).
Tetraethylammonium hydroxide (Fluka, 40% in water)
was used as the template, colloidal silica (LUDOX HS-
40, DuPont) was used as the silica source, and sodium
aluminum oxide (Alfa Aesar, Technical grade) was used
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as the aluminum source. The gel was prepared by mix-
ing the reagents in appropriate proportions and transfer-
ring them to a Teflon-lined autoclave. Crystallization was
done at 160°C for ZSM-12. Zeolite beta was synthesized
using the same starting materials as those used in ZSM-12
synthesis, but with a higher aluminum content in the gel,
and the crystallization was carried out at a temperature of
140°C.

A series of Y zeolites with Si/Al ratios ranging from 2.5 to
40 were obtained from Zeolyst International (formerly PQ
Corporation). Zeolyst International prepared the higher
Si/Al samples by controlled steam treatment followed by
lean acid leaching of the parent Y faujasite. A list of zeolites
used in this study, their physical properties, and details of the
dealumination procedures are given in Table 1. Mordenite
and L zeolite were kindly donated to us by UOP. Dealu-
mination of mordenite was carried out in a three-necked
flask under reflux conditions, using HCI as the dealuminat-
ing agent. Different Si/Al ratios were obtained by varying
the concentration of HCL The parent L zeolite underwent
significant structure destruction when dealuminated with
ammonium hexafluorosilicate (AHF) and it was destroyed
completely when treated with even very dilute HCI. There-
fore careful steaming followed by AHF treatment was used

TABLE 1

Properties of the Large-Pore Zeolites Used in the Present Study

Percentage

Zeolite and pore structure Pore structure—schematic  Zeolite samples® Preparation method crystallinity
v o)L Y-255" Parent NaY 100
Y-6 Steaming + mild acid leaching 83
3-D, 74A —\ Y-15° Steamed twice + strong acid leaching 70
m (_ Y-30° Steamed twice + strong acid leaching 72
Y-40 Steamed twice + strong acid leaching 61
Zeolite beta 4 UL Beta-8.5 Synthesized 100
3-D, 7.3x6.5and5.6 x 5.6 A Beta-15 Synthesized 100
1M Beta-30 Synthesized 100
Mordenite S [ E Mor-10 As received 100
2-D,7x65and5.7x2.6 A Mor-25 0.5 N HCl dealuminated 109
—_— Mor-35 1 N HCl dealuminated 109

LTL NN N
I1-D. 7.1 A LTL-3.5 As received 100
> S

ZSM-12-38 Synthesized 100
ZSM-12 Z8SM-12-43 Synthesized 100
ZSM-12-58 Synthesized 100
1-D,56 6.1 A ZSM-12-80 Synthesized 100

2 Numbers after zeolite name indicate Si/Al ratio.
b Si/Al ratio reported by company.
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for the dealumination of L zeolite. The steam treatment
was performed at 620°C for 4 h, and the zeolite was further
dealuminated using AHF in a three-necked flask under re-
flux conditions. The zeolites synthesized in our laboratory
were calcined in air at 520°C for 4 h to burn the occluded
template and obtain the sodium form. Ammonium forms
of the zeolites were obtained by cation exchange with 2 N
NH4CI solution at 90°C for 4 h. Finally, the zeolites were
converted to their protonated forms by calcination in air at
500°Cfor 1 h. Platinum was loaded on the protonated form
of the catalysts by wet impregnation using H, PtCls (Aldrich
8 wt% solution in water). A final Pt loading of 0.5 wt% was
achieved. The impregnated catalysts were dried overnight
in an oven at 120°C. Reduction of the catalysts to disperse
the metal was done in situ before starting the reaction, and
the reduction conditions were chosen so that a relatively
high dispersion of the metal was obtained.

Characterization

X-ray diffraction (XRD). XRD was employed for both
the identification of the synthesized zeolite phases and the
quantification of the crystallinities of dealuminated zeo-
lites. The XRD patterns were collected with a Siemens
powder X-ray diffractometer using CuK« radiation. The
crystallinity of dealuminated zeolites was estimated based
on the heights of the main crystallographic peaks of each
zeolite.

Elemental analysis. The bulk Si/Al ratios of the ze-
olites were determined by inductively coupled plasma
(ICP) spectroscopy. The method described by Mackey and
Murphy (11) was used for the analysis. The technique in-
volved dispersing a small amount of the zeolite powder in
distilled water and directly injecting the suspension into the
ICPES plasma using a high-solids nebulizer. The signal was
then compared to that from a set of combined liquid stan-
dards. The aspiration rate and solid concentration of the
suspension were not critical to precision, as we were inter-
ested only in determining the relative amounts (ratios) of
the elements.

Acidity characterizations. NHj; stepwise temperature-
programmed desorption (STPD) was used for the measure-
ment of acid site density. When STPD was coupled with
FT-IR, quantitative characterization of the Brgnsted and
Lewis acid sites was obtained (12). For the STPD experi-
ments, 50 mg of the protonated zeolite was loaded into the
middle of a 6-mm-i.d. horizontal tube. Each sample was
first cleaned by passing He at 550°C for 1 h. The sample
was then cooled to 150°C, and anhydrous ammonia (4% in
He) was admitted to the bed for 1 h to ensure saturation of
all the zeolite acid sites. Helium was then sent to the bed
to remove excess ammonia and any physisorbed ammo-
nia. This step was maintained until no ammonia desorption
was observed. Then the STPD profile, which consisted of
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five sets of ramps and isothermal steps, was started. The
desorption experiment followed a profile which started at
150°C and ended at 540°C. Detection of ammonia was car-
ried out using a thermal conductivity detector (TCD). The
same procedure was followed for the characterization of
deactivated catalysts.

FT-IR spectroscopy was used to assign the ammonia des-
orption peaks to Brgnsted or Lewis acid sites. Thin wafers
of the protonated form of each zeolite sample were pre-
pared by pressing about 5 mg of dry powder. The wafer
was placed in a bakeable IR cell with CaF, windows and
equipped for continuous flow of gases. The spectra were
recorded using a Bio-Rad FTS-40 spectrophotometer. The
procedure used was described in detail previously (12).

Hydrogen chemisorption. The dispersion of platinum
on the catalysts was determined using hydrogen chemisorp-
tion. The analysis was carried out using a Micromeritics ac-
celerated surface area porosimetry and chemisorption sys-
tem (ASAP 2010 Chemi). Before analysis the catalyst was
first oxidized in situ at 450°C for 1 h and then reduced at
450°C for 1 h. It should be noted that the oxidation and
reduction conditions were the same as those used to acti-
vate the catalyst before the reaction. After reduction, the
catalyst was cooled down to 100°C, and the isotherm was
measured with the hydrogen pressure ranging from 75 to
240 mm Hg. Blank experiments using the zeolite showed
that no adsorption of hydrogen took place on the sup-
port. Metal dispersion was calculated by extrapolating the
isotherm to zero pressure and assuming a H : Pt stoichiom-
etryof 1:1.

Catalytic Experiments

Cyclopentane (CP)(Aldrich, 99% ) was used as the probe
molecule for studying time-on-stream behavior of the cata-
lysts because it is known to be an “efficient” molecule
for coke formation among naphthenes. Coke formation
from CP is a bifunctional reaction requiring the dehy-
drogenating action of the metal to produce cyclopentadi-
ene, which then condenses over the acid site via a Diels—
Alder-type mechanism to give polycyclic hydrocarbons
(13, 8). Due to this reason we decided to use CP as the
feed to study several Pt/H zeolites under severe coking
conditions.

The catalytic experiments were carried out in a flow reac-
tor system using a 6.25-mm-o.d. 316 stainless-steel reactor.
In all the experiments 100 mg of fresh catalyst was loaded
on top of a glass wool plug. The catalysts were activated
in situ by oxidation with high-purity oxygen for 1 h at450°C,
followed by purging with high-purity He for 15 min. The
reduction of the catalyst was carried out at 450°C in high-
purity H; for 1 h at atmospheric pressure. H, was provided
from the gas cylinder to the reactor while pressure regu-
lation was achieved with a back-pressure regulator, placed
at the exit of the reactor tube. The feed was introduced at
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a predetermined flow rate into a heated line going to the
reactor, using an ISCO 100DM syringe pump.

Product identification was accomplished using a high-
resolution gas chromatograph (GC) (Hewlett-Packard,
5890 Series II) equipped with a mass spectrometer (MS)
(Hewlett-Packard, 5972 Series II). The reactor effluent
stream was sent to the GC/MS for analysis through a
heated line (about 180°C). The GC/MS was attached to
a PC unit for data acquisition and processing. The GC
was equipped with a high-performance capillary column
(SUPELCO Petrocol DH50.2, fused silica with bonded
dimethylsiloxane, 0.2 mmi.d., 50-m flow length, and 0.5-um
film thickness). By optimizing the temperature profile of the
GC oven and flow of carrier gas, efficient separation of all
the products of the reaction was achieved.

The reaction was carried out at a temperature of 410°C
and 100 pounds per square inch gauge (psig) (6.8 atm) pres-
sure. The weight-hourly space velocity (WHSV) was set at
3 h™!, and the Hy/hydrocarbon molar ratio was 9 for the
majority of the experiments. The reaction temperature was
fixed at 410°C to work in the range close to industrial re-
forming conditions. Operation at this temperature allowed
us to follow the deactivation profile of each catalyst clearly.
All experiments were carried out for 100 h on stream.

Coke Characterization

Thermogravimetric analysis. The used catalysts were
collected after the reaction and stored in sealed contain-
ers for coke analysis. The amount of “hard” coke deposited
on the catalysts was determined by thermogravimetric anal-
ysis (TGA) using a Perkin—Elmer TGA-7 system. For this
analysis, the deactivated catalysts were first cleaned by heat-
ing the catalyst at a rate of 10°C/min in nitrogen flow to a
temperature of 550°C and holding for 1 h. The catalyst was
then cooled to 100°C and held for 1 h to allow the weight to
become constant. The coke remaining on the catalyst was
then combusted using high-purity oxygen at a temperature
increase rate of 10°C/min to a final temperature of 550°C,
and the weight change of the catalyst during oxidation was
followed. After the oxidation step, the catalyst was cooled
back to 100°C, and the difference in weight was measured.
The ratio of this weight difference to the weight of the cata-
lyst (at 100°C, after the cleaning step) yielded the weight
percent of coke in the catalyst.

GC/MS analysis of soluble coke. For analysis of the
coke composition, the deactivated catalysts recovered af-
ter the reaction were dissolved in 49% hydrofluoric acid,
and the soluble coke was extracted using methylene chlo-
ride (CH;,Cl,, Fisher, 99.9 +wt%). The coke extract was
then concentrated by evaporating the solvent. The soluble
coke components were analyzed using a Shimadzu GC-17A
gas chromatograph and GCMS-QP5050A mass spectrom-
eter system. Separation was achieved using a 30-m-long,
0.25-mm-i.d. Restek XTI-5 column.
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Temperature-programmed oxidation (TPO). TPO pro-
files for the deactivated catalysts were obtained by heating
the catalysts at 5°C/min in a high-purity stream of oxygen
(4.2% Oy in helium). The CO, evolved was followed using
a MKS PPT-RGA quadrapole mass spectrometer.

RESULTS AND DISCUSSION

Time-on-Stream Behavior

Most catalysts used in heterogeneous catalytic processes
experience a decrease in activity over a period of time. The
time required for the activity of a catalyst to fall to an un-
desirable level depends on several factors. In acidic zeolites
this occurs due to deposition of coke. The cost of catalyst
deactivation is very high in industrial processes, therefore
catalysts with superior time stability are very valuable.
Large-pore zeolites, especially high-silica zeolites, are at-
tractive catalysts for reforming-type reactions, and the time
stability of these catalysts would be one of the important
factorsin determining their use in these reactions. The time-
on-stream behavior of selected large-pore zeolites was ex-
amined in this study, and the deactivation behavior of these
zeolites is discussed in the following sections.

The activities of the catalysts were monitored as a func-
tion of the time on stream. The catalysts usually lost activity
rapidly during the initial few hours, and the conversion then
reached a constant “level-off” value after a few hours on
stream. The reaction was stopped after the catalyst com-
pleted 100 h on stream, and the deactivated samples were
recovered and stored for further analysis. CP conversion
was calculated using the amount of unreacted CP and the
CP fed to the reactor. Product selectivities are defined as the
concentration of the individual component over the con-
centration of all products in the effluent stream.

Based on the product distributions obtained, the main
reactions occurring over the various catalysts could be
determined. This is presented prior to the description of
the TOS behavior of the various catalysts as it assists the
reader in better understanding the deactivation behavior.
The main reaction occurring on the catalysts is the ring
opening of the cyclopentane over the metal function to pro-
duce n-pentane, which is further isomerized over the acid
site into 2-methylbutane and cracked into smaller alkanes

-

(Scheme 1).
+H, /‘\/
» /\/\
Q Pt Acid site
Ad site (cracking)

/\ + CHg

SCHEME 1

Isomerization

A large fraction of methane is also observed in the prod-
uct stream. Most of the methane is produced due to
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hydrogenolysis of the alkanes over the metal function. This
reaction could be represented as shown in Scheme 2.

+H,
/\/\ CH,
Pt
SCHEME 2

Cyclopentane hydroconversion experiments were car-
ried out with the individual metal and acid functions to
further clarify their roles. The Pt/SiO, catalyst showed a
stable conversion of 50% with pentane and methane as the
major products. The acidic zeolite gave all the cracked prod-
ucts, but the conversion was very low. This also shows that
the hydroconversion of cyclopentane proceeds efficiently
only over a bifunctional catalyst. The other reaction tak-
ing place over the catalysts is the conversion of cyclopen-
tane into coke. As mentioned earlier, coke formation results
from cyclopentadiene (CPde) which is formed by dehydro-
genation of CP on the metallic function of the catalyst. This
CPde ring (Scheme 3) has a conjugate double bond, which is
very reactive and can condense with another CPde ring by a
Diels—Alder-type condensation giving an indenic structure
leading to polycyclic hydrocarbons (8).

_ ot

Acid site
&

Molecules larger than cyclopentane such as Cq alkanes,
methyl cyclopentane, and aromatics were also observed
in small amounts over some of the catalysts. These were
formed due to the cracking of the condensed aromatic
products and the further transformations of the products
obtained from this cracking. The variation of catalytic ac-
tivities and product distributions with time on stream is
discussed in detail in the following sections for the specific
zeolites.

9,

SCHEME 3

Y zeolite. Cyclopentane hydroconversion was studied
on five different Y zeolite samples with different levels of
dealumination. The time-on-stream behavior of these sam-
ples is shown in Fig. 1. A very fast drop in activity occurs
during the initial few hours after which it reaches a constant
value. A trend can also be observed in the stability of the
catalysts, which improve with increase in the Si/Al ratio
of the zeolite. We can also see two distinct kinds of behav-
ior: the aluminum-rich samples deactivate to a great extent,
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FIG. 1. Time-on-stream behavior of the series of Y zeolites stud-

ied. ©, Y-40; A, Y-30; A, Y-15; O, Y-6; O, Y-2.5. WHSV=3h"",
H,/CP (molar) =9, total pressure =100 psig, and T =410°C, and 0.5%
Pt loading.

while the highly dealuminated Y-30 and Y-40 samples deac-
tivate to some extent but maintain reasonably good activity.
Deactivation is also much more rapid in the aluminum-rich
zeolites. As already established, coke trapping is the pri-
mary reason for the deactivation of Y zeolites (14, 15). Y
faujasite has a three-dimensional network of 7.4 A pores
connected to 12.4 A supercages. These large cages allow the
formation of bulky coke molecules larger than the pore size,
which then get trapped in the cages, blocking access of reac-
tants to other active sites and resulting in rapid deactivation.

The large amount of “hard” coke deposited inside the
zeolites after the reaction, determined by TGA (Fig. 2),
confirms that coking and coke trapping occur to a major
extent in the cages of zeolite Y. The amount of coke ap-
pears to reach a maximum in the Y-6 sample. Y-2.5 has
a lower coke content than Y-6 or Y-15 even though it is
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FIG.2. Amount of “hard coke” deposited in the various zeolites after
100 h on stream. Hard coke here refers to coke remaining in the catalyst
after purging with nitrogen at 550°C for 1 h.
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TABLE 2

Product Selectivities (mol%) over the Pt/Y Zeolite Catalysts Studied*

Initial (20 min)

Level-off stage

Y-2.5 Y-6 Y-15 Y-30 Y-40 Y-2.5 Y-6 Y-15 Y-30 Y-40
CP conversion 573 57.6 972 99.9 99.9 7.5 15.3 19.8 58.5 61.3
Methane 10.8 20.8 383 40.4 327 35.6 39.0 18.5 11.1 5.9
Ethane 1.4 6.9 6.5 17.7 14.7 1.9 14 1.0 1.7 1.0
Propane 4.0 21.0 11.6 18.5 18.6 31 23 1.6 23 1.4
2-Methylpropane 3.6 10.7 4.8 3.6 34 0.4 0.7 0.7 0.5 0.3
Butane 21 9.9 5.1 8.6 121 2.1 0.9 0.9 15 1.0
2,2-Dimethylpropane 0.0 0.0 0.3 0.3 0.4 0.0 0.0 0.0 0.0 0.0
2-Methylbutane 423 14.0 19.7 7.1 10.4 37 14.3 215 375 372
Pentane 33.6 9.3 13.0 39 7.7 51.6 39.1 522 44.8 52.6
Cyclopentene 0.0 0.1 0.0 0.0 0.0 1.1 1.7 0.6 0.1 0.0
2-Methylpentane 0.4 0.6 0.3 0.0 0.0 0.0 0.0 1.5 0.2 0.3
3-Methylpentane 0.3 0.3 0.2 0.0 0.0 0.2 0.1 0.4 0.2 0.2
Hexane 0.3 0.3 0.1 0.0 0.0 0.1 0.0 0.2 0.1 0.1
Methyl cyclopentane 0.3 1.2 0.0 0.0 0.0 0.0 0.5 0.5 0.1 0.0
Benzene 0.7 3.0 0.0 0.0 0.0 0.0 0.0 0.3 0.1 0.0
Toluene 0.2 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

aWHSV =3 h~!, H,/CP (molar) =9, total pressure = 100 psig, T = 410°C, and 0.5% Pt loading.

completely deactivated. This suggests that a rapid pore
mouth plugging might be occurring in the Y-2.5 catalyst.
The coke contents can be explained based on the activity
of the acid function. The conversion and coking severities
are higher in the samples in which the acid function is more
active, resulting in the formation and deposition of larger
amounts of coke. The steam dealumination procedure em-
ployed in the preparation of the Y-6 sample deposits a large
amount of aluminum at the surface. From XPS analyses
we observed a much higher concentration of aluminum at
the surface compared to the bulk. Similar observations were
made by others (16), and the high concentration of the sur-
face aluminum was shown to enhance the activity of the
acid function severalfold. Therefore even though the Y-6
and Y-15 catalysts have lower acid site densities than Y-2.5,
their acidic functions are more active, causing the formation
and deposit of a larger amount of coke.

Table 2 shows the product selectivities for the Y zeolite
samples at the initial stage and after the conversion reaches
a constant value. Again, the distinction between the low
Si/Al samples and the high Si/Al samples can be observed.
In the aluminum-rich catalysts a large amount of products
obtained due to isomerization and cracking of n-pentane
can be observed at the initial stages of the reaction. How-
ever, only pentane and methane are the significant prod-
ucts after a few hours on stream, which indicates that the
acid function has undergone complete deactivation. The re-
maining activity is due to the metal present at the external
surface of the catalyst. Y-6 and Y-15 deactivate rapidly, but
the conversion stabilizes at a higher value than Y-2.5. In
Y-6 and Y-15 a significant amount of 2-methylbutane is also
observed at the level-off stage, which indicates that some

acid sites are still active. In both catalysts, the surface is en-
riched in aluminum, which is again probably responsible for
the residual isomerization activity in the deactivated cata-
lyst. The performance of Y-30 and Y-40 catalysts is very
similar. The product distribution at the flat portion of the
curve shows a large fraction of methylbutane and also some
cracked products, indicating that many acid sites which are
capable of isomerization and cracking remain active.

The acidity characteristics for the zeolites studied (deter-
mined by STPD and FTIR) are given in Table 3. It can be
seen that for the series of Y zeolite samples there is a con-
siderable variation in the ratio of the number of Brgnsted
to Lewis sites. However, this does not appear to affect the
trends in deactivation behavior of the catalysts. The data
indicate that only the acid site densities have an effect on
the stability of the catalysts, while the effect of the type of
acid site present is insignificant. The metal dispersions for
the catalysts determined by hydrogen chemisorption are
also given in Table 3. Very high dispersions were obtained
for the two highly dealuminated Y zeolite samples, whereas
the dispersions were substantially lower for the aluminum-
rich samples. Thus, the lower acid site density, in addition
to decreasing the severity of coking, also results in a better
dispersion of the metal and gives catalysts with better sta-
bility. Figure 3 shows the fraction of acid sites remaining in
the catalysts after the reaction as determined by NH; STPD.
Only about 25% of the acid sites are accessible to ammonia
in the aluminum-rich catalysts, whereas about 75% of the
sites are accessible in the highly dealuminated sample.

In Y-30 and Y-40 both metal and acid sites are very ac-
tive initially resulting in almost complete conversion of cy-
clopentane. The selectivity for methane is very high initially



BIFUNCTIONAL Pt/H-ZEOLITE CATALYSTS

237

TABLE 3

Acidity Characteristics® and Metal Dispersion (0.5% Pt) for the Zeolites Studied

No. of acid No. of Brgnsted No. of Lewis No. of Brgnsted/  Percentage Pt
Zeolite sites (mmol/g)  sites (mmol/g)  sites (mmol/g) No. of Lewis dispersion
Y-2.5 221 0.78 1.43 0.55 36
Y-6 0.81 0.31 0.50 0.62 32
Y-15 0.79 0.65 0.14 4.64 43
Y-30 0.40 0.14 0.26 0.54 116
Y-40 0.21 0.17 0.04 4.25 82
Beta-8.5 0.99 0.76 0.23 3.30 46
Beta-15 0.69 0.37 0.32 1.16 84
Beta-30 0.49 0.34 0.15 227 75
Mor-10 1.31 0.51 0.80 0.64 58
Mor-25 0.67 0.13 0.54 0.24 78
Mor-35 0.51 0.25 0.26 0.96 63
LTL-3.5 1.16 0.28 0.88 0.24 78
ZSM-12-38 0.36 0.23 0.13 1.77 70
ZSM-12-43 0.34 0.29 0.05 5.80 70
ZSM-12-58 0.25 0.07 0.18 0.39 86
ZSM-12-80 0.22 0.18 0.04 4.50 57

aAcidity characterizations (NH3; STPD and FT-IR) were performed using the protonated form of the

zeolite before platinum was loaded.

indicating that the metal function is highly active. It is pos-
sible that the activities of metal and acid functions are more
balanced in the high Si/Al samples. To check this we exam-
ined the molar ratio of C;/C; hydrocarbons produced over
each zeolite as a function of time. Parera ef al. (17) em-
ployed this ratio as an approximate measure of the activity
of the metal function to the activity of the acidic function.
This ratio was also used in some industrial processes to fol-
low the balance between the activities of both functions.
As mentioned earlier, a separate set of experiments carried
out using monofunctional catalysts, i.e., Pt loaded on SiO,
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FIG. 3. Number of acid sites accessible to ammonia in the fresh and

deactivated catalysts as determined by NH3 STPD. The total height of the
bar (shaded + unshaded) indicates the total acidity of the fresh catalyst.
The unshaded portion represents the amount of acid sites accessible to
ammonia in the used catalyst.

and an acidic zeolite, showed that a majority of the methane
was produced by hydrogenolysis over the metal, while
cracking on the acid sites produced almost all of the
propane. This indicates the validity of the C;/C; ratio for
comparing metal/acid activity. For the Y zeolite catalysts
the variation of C;/Cs ratio with time is shown in Fig. 4. The
acid function is initially active in all the catalysts, and low
C,/C;5 ratios are obtained. Deactivation of the acid function
in the aluminum-rich Y zeolites causes the C;/C; ratio to
increase rapidly and then to become constant when only
the metal present at the surface of the catalyst is active. In
the highly dealuminated catalysts, the C;/C; ratio remains
low indicating a better balance between the two functions.
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FIG. 4. Variation of the C;/C; molar ratio with time for Y zeolites.
O, Y-6; O, Y-2.5; A, Y-15; <, Y-40; A, Y-30. WHSV =3 h~!, H,/CP
(molar) =9, total pressure = 100 psig, T =410°C, and 0.5% Pt loading.
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TABLE 4

Major Components of Soluble Coke in the Zeolites Studied

Zeolites Y and L Zeolite beta Mordenite
O CieHs2 ‘ CpHyy
O_O 2,2-Binaphthalene,  C)oHsg O‘O ~
Fluoranthene, Ci¢Hyo CaoHys Fluoranthene, C1¢Ho 2-Phenyl hexadecane,
CigHao Cablse

=

Benzofluorene, Ci7H;2

>

ethylpyrene, Ci7H)2

Cy1Hys

Benzoperylene,
(Ci7Hz6)

a benzene ring

2

o Q
ass

Coronene, CqHi»

4,5-Methanochrysene,
CioHiz

Benzopyrene, CyoHi,

€2
)

CyoHaa (several isomers)

4-Methyl-1-decenyl benzene

and other compounds having
long alkyl chains attached to

Dibutyldihydronaphthalene,
CisHas

Methylpyrene, Ci7H2

gRe

Benzofluorene, C17H 2 C-H

Benzal fluorene, Cy0H;4

CaoHy; (several isomers)

AF/O)\/\*

CaoHyo

O O

1-Hexadecene, Ci¢Hsa

Nonadecane, CsHyo
3,5-Diphenyl-1-pentene,
Ci7Hys

1,6-Diphenyl-1,5-hexadiene,
Cistis

~

Benzanthracene, CigH 4

After reaction, the Y zeolite catalysts were completely
black indicating the presence of highly aromatic coke.
Analysis of the soluble coke revealed that this was indeed
the case. The soluble coke molecules observed in the Y
zeolite catalysts were polyaromatic compounds (Table 4).
The same compounds were observed over all the Y zeo-
lites studied. Coronene followed by benzoperylene were
the major components; other molecules were present in
small amounts. This clearly shows that the cages of ze-
olite Y have enough space to allow large molecules like
coronene to form. The coke molecules were observed even
after the catalyst was purged with an inert gas at 550°C, a
temperature higher than their boiling points, which indi-
cates that the coke is trapped inside the pores of the zeolite
and is not present at the external surface. Analysis of solu-
ble coke from a catalyst that was exposed to cyclopentane
for a shorter time on stream (~6h) showed much larger
amounts of molecules, such as fluoranthene and benzofluo-
rene than a catalyst that spent 100 h on stream. The number
of aromatic rings in the coke molecules therefore gradually
increased with time. Molecules with more aromatic rings
than coronene were, however, not detected in the soluble
coke.

Zeolite beta. The zeolite beta catalysts showed a very
stable time-on-stream behavior (Fig. 5). The performance

of the beta-15 sample was remarkable, as the cyclopentane
conversion remained close to 100% throughout the 100 h.
The beta-8.5 sample showed a slow but continuous drop
in activity throughout the time on stream, while in beta-
30 the majority of the deactivation occurred during the

% Conversion

0 20 40 60 80 100 120

Time (hours)

FIG.5. Time-on-stream behavior of the zeolite beta and morden-
ite catalysts. [, beta-15; A, beta-8.5; O, beta-30; @, mor-35; A, mor-25;
., mor-10. WHSV =3 h™!, H,/CP (molar) =9, total pressure =100 psig,
T =410°C, and 0.5% Pt loading.
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TABLE 5

Product Selectivities (mol%) over the Pt/H-Beta and Pt/H-Mordenite Catalysts®

Initial (20 min)

Level-off stage

Beta-8.5 Beta-15 Beta-30 Mor-10 Mor-25 Mor-35 Beta-8.5 Beta-15 Beta-30 Mor-10 Mor-25 Mor-35
CP conversion 100.0 100.0 98.9 100.0 99.9 100.0 922 99.8 914 533 66.6 68.7
Methane 34.7 59.1 13.3 234 132 53.9 9.8 12.9 9.2 11.2 9.4 72
Ethane 18.1 27.9 10.1 224 12.9 222 6.7 11.9 6.2 11.3 7.9 5.0
Propane 31.1 11.9 29.8 38.5 33.7 17.9 23.5 32.6 17.4 28.8 16.9 144
2-Methylpropane 6.3 0.4 13.2 7.0 12.1 1.9 11.2 10.1 9.4 11.5 8.2 9.8
Butane 6.7 0.4 11.8 72 12.5 2.5 8.6 11.8 7.1 5.8 7.4 79
2,2-Dimethylpropane 0.1 0.0 0.3 0.0 0.0 0.0 0.1 0.5 0.3 0.0 0.0 0.0
2-Methylbutane 1.9 0.2 122 1.0 9.4 1.0 21.9 12.6 26.9 14.4 24.7 26.8
Pentane 1.1 0.1 8.2 0.4 6.1 0.4 151 7.7 20.0 8.4 19.1 214
2-Methylpentane 0.0 0.0 0.2 0.0 0.1 0.0 0.4 0.0 0.8 0.4 0.5 0.8
3-Methylpentane 0.0 0.0 0.1 0.0 0.0 0.0 0.3 0.0 0.4 0.2 0.3 0.4
Hexane 0.0 0.0 0.1 0.0 0.0 0.0 0.3 0.0 0.4 0.2 0.3 0.4
Methyl cyclopentane 0.0 0.0 0.1 0.0 0.0 0.0 0.3 0.0 0.3 1.6 1.3 1.4
Benzene 0.0 0.0 0.3 0.0 0.0 0.0 0.7 0.0 0.9 29 2.5 2.7
Toluene 0.0 0.0 0.2 0.0 0.0 0.0 0.9 0.0 0.6 2.4 1.2 1.5

@WHSV =3 h~!, H,/CP (molar) =9, total pressure = 100 psig, T =410°C, and 0.5% Pt loading.

initial few hours. Even though the beta-15 catalyst gave
complete conversion of CP, a change in product selectivity
with time was observed. At the initial stages, the product
distribution showed a large fraction of cracked products;
however, the cracking activity decreased with time, and a
large amount of pentanes were observed at the level-off
stage (Table 5). There was also a large drop in the amount
of methane produced. These data indicate that metal and
acid functions deactivated to a small extent but were not
severe enough to cause a drop in cyclopentane conversion.
Again, as in Y zeolites, the number of acid sites had a major
effect on the catalyst performance rather than the nature
of the acid sites (Table 3). The amount of coke deposited in
the zeolite beta catalysts (Fig. 2) decreased with increase in
the Si/Al ratio, but beta-8.5 showed a much larger amount
of coke than the other beta zeolites. In addition to the
high density of acid sites, the lower metal dispersion in
beta-8.5 could have resulted in the deposition of a substan-
tially higher amount of coke. In both of the used zeolite beta
catalysts approximately 50% of the acid sites remained ac-
cessible to ammonia after 100 h on stream (Fig. 3). Even
though a significant amount of coke was deposited in zeo-
lite beta, the catalyst was able to maintain its activity. This
shows that the three-dimensional structure of zeolite beta,
which does not have any supercages or cavities, is highly
resistant to deactivation.

Similar to the trend observed in Y zeolite, the metal dis-
persion in the low Si/Al beta (beta-8.5) sample was also rel-
atively low. The metal function in the beta-15 catalyst was
very active and showed a very high selectivity for methane
during the initial period of the reaction, which resulted in
high values for the C,/C; ratio (Fig. 6). However, this ra-
tio decreased rapidly indicating that the metal function was

deactivating faster than the acid function. Deactivation of
metal during the initial period of the reaction could have
occurred as a result of agglomeration of Pt upon contact
with the hydrocarbon (18). In all the three beta catalysts
the final value for the C;/C; ratio was in the range of 0.4,
which indicates that the activity of the acid function was
being maintained and there was good balance between the
two functions. From the product selectivity table for the
beta zeolites (Table 5) it can be observed that no aromatics
or compounds larger than Cs were obtained with the beta-
15 catalyst. As mentioned earlier, these molecules were
formed by the cracking of small coke molecules. There-
fore this suggests that formation of the coke precursor

C,/C5 molar ratio
£
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40 60 80
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FIG. 6. Variation of C;/C; molar ratio with time for beta zeolites. [,
beta-15; A, beta-8.5; O, beta-30. WHSV =3 h™!, H,/CP (molar) =9, total
pressure = 100 psig, T = 410°C, and 0.5% Pt loading.
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(cyclopentadiene) occurs to a very small extent. The metal
is being maintained in a state that favors ring opening of
cyclopentane rather than the dehydrogenation of cyclopen-
tane to cyclopentadiene, thus limiting the coke formation
reaction. This can happen due to differences in the elec-
tronic structure of the metal. The size of the metal cluster
in the zeolite is known to greatly affect the type of reaction
catalyzed by the metal function (19-21).

The soluble coke extracted from the zeolite beta cata-
lysts was also analyzed by GC/MS. The coke mainly con-
sisted of long-chain paraffinic or olefinic compounds and
compounds with a long alkyl chain attached to a benzene
ring. Polyaromatic coke molecules were surprisingly absent,
even though the pores of zeolite beta were large enough to
allow easy formation of these compounds. This observa-
tion again supports the earlier proposition that the state
of the metal in zeolite beta decreased the formation of
molecules with condensed aromatic rings to a great extent
by minimizing the formation of cyclopentadiene. Only the
coke molecules deposited in the beta-8.5 and beta-15 cata-
lysts could be identified. The amount of soluble coke over
beta-30 was too low to allow detection, even after concen-
tration of the coke extract.

Mordenite. Acidic mordenite was reported to be highly
susceptible to coking and deactivation in cracking reactions
(5). This was attributed to its pore structure, since larger hy-
drocarbon molecules can diffuse in only one direction in its
pore system. However, for this particular reaction the mor-
denite samples studied showed reasonably good stability
(Fig. 5). This is mainly because in hydroconversion reac-
tions the coking rates are slower, since coke can be hydro-
genated and desorbed. Dealuminated mordenite samples
performed better than the parent sample due to the lower
acid site densities. As observed in zeolites Y and beta, the
amount of hard coke deposited was lower in the catalysts
with a lower acid site density (Fig. 2). Also, the fraction of
acid sites remaining accessible to ammonia after reaction
was higher in the catalysts with a lower acid site density
(Fig.3). There is again no correlation of the Brgnsted/Lewis
ratio with metal dispersion and catalyst performance
(Table 2).

Mordenite is known to possess very strong acid sites,
which we also observed in our STPD experiments. Con-
sequently, all the mordenite samples studied showed a very
high cracking activity during the initial stages (Table 5),
which was maintained to a large extent even after 100 h
on stream. The variation of C,/Cs ratios with time for the
mordenite catalysts is very similar to that for the beta ze-
olites (Fig. 7), indicating that a good balance between the
metal and acid functions can be achieved in catalysts having
a Si/Al ratio in this range. In the initial stages, no aromatics
or compounds larger than cyclopentane were observed in
the product stream; however, a reasonably large amount of
aromatics were observed in the later stages. This means that
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FIG.7. Variation of C;/C; molar ratio with time for the morden-
ite samples. A, mor-35; O, mor-25; <, mor-10. WHSV =3 h~!, H,/CP
(molar) =9, total pressure = 100 psig, T =410°C, and 0.5% Pt loading.

unlike the beta-15 sample, the metal function in the mor-
denites catalyzes dehydrogenation of CP to a significant ex-
tent, which eventually leads to polyaromatic coke. A large
number and a wide variety of compounds were observed
in the soluble coke extracted from the mor-10 sample as
shown in Table 4. The coke consisted of polyaromatic com-
pounds similar to those observed in zeolite Y. Long-chain
paraffins, olefins, and long alkyl chains attached to one or
two aromatic or cyclohexane rings, somewhat similar to the
cokein zeolite beta, were also observed. The absence of aro-
matics in the product stream during the initial stages and
the presence of both aliphatic and polyaromatic coke indi-
cate that the state and therefore the selectivity of platinum
in mordenite are changing with time. However, polyaro-
matic molecules with more than four aromatic rings were
not observed in the soluble coke, which shows that there is
no space in the pores of mordenite for molecules such as
coronene to form.

L zeolite. The time-on-stream behavior of the L zeo-
lite sample studied (LTL-3.5) was very similar to that of
the Y-2.5 catalyst (Fig. 8). L zeolite is one dimensional but
has expansions that are much larger than its pore opening,
which makes its structure somewhat similar to that of ze-
olite Y. The combination of this pore structure and high
density of acid sites severely affects the stability of L zeo-
lite. The amount of coke deposited (Fig. 2), the variation
of the C;/C; ratio with time (Fig. 9), the product distri-
butions (not shown), and the composition of soluble coke
(Table 4) are similar to those observed with Y-2.5, indicat-
ing that L zeolite deactivates in the same manner as ze-
olite Y. The behavior of a dealuminated L zeolite sample
(not shown, Si/Al=6) was also similar to that of the par-
ent sample and showed rapid and complete deactivation.
As mentioned earlier, the dealumination was carried out
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FIG.8. Time-on-stream behavior of the ZSM-12, L zeolite, and
ZSM-5 catalysts. A, ZSM-5-40; O, ZSM-12-38; &, ZSM-12-43; O, ZSM-
12-58; A, ZSM-12-80; @, LTL-3.5. WHSV =3 h~!, H,/CP (molar) =9,
total pressure = 100 psig, T = 410°C, and 0.5% Pt loading.

by steaming the zeolite followed by ammonium hexafluo-
rosilicate (AHF) leaching. Steaming caused a partial loss
of crystallinity, while AHF leaching is known to produce
deposits of silica near the external surface of the zeolite
crystal thereby decreasing the accessible pore volume (22).
These factors are responsible for the very fast deactivation
of the dealuminated L zeolite.

ZSM-12. 'The time stability of four different directly
synthesized ZSM-12 samples with Si/Al ratios ranging from
38 to 80 was examined. The product selectivities obtained
over these catalysts are given in Table 6. ZSM-12 also has a
one-dimensional pore system but shows a better time sta-
bility than mordenite (Fig. 8). This remarkable stability of
ZSM-12 despite its one-dimensional structure was first ob-
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served in our group and it was shown that this is true for
both naphtha-reforming and hydroisomerization reactions
(14, 23, 24). Although ZSM-12 has a 12-member-ring pore,
the size of the pore is intermediate to that of medium- and
large-pore zeolites, which gives some shape-selective char-
acter toit. Also, ZSM-12 possesses a straight tube-like pore
that does not have any cavities or channel intersections. The
combination of these factors is responsible for the good
time stability of ZSM-12.

The coking resistance of ZSM-5 due to its shape-selective
behavior has been very well documented in the literature.
Therefore, for comparison purposes a reaction was carried
outusing a ZSM-5 sample with a Si/Alratio of 40, and it per-
formed as expected. The ZSM-5-40 sample studied showed
hardly any drop in conversion. This unique stability of
ZSM-5 is well known, and the stability of the catalyst used
in this experiment resulted from the combination of its
pore structure and high Si/Al ratio. The product distribu-
tions (not shown) were quite similar to that obtained over
beta-15; the selectivity for the 2-methylbutane was higher
due to the higher Si/Al ratio.

There is a large variation in the time stabilities of the
ZSM-12 catalysts with change in the Si/Al ratio, and the
trend is completely different from that of the other zeolites
(Fig. 8). The sample with the lowest Si/Al ratio (ZSM-12-
38) gives the best time-on-stream behavior. It is very sur-
prising to observe that ZSM-12 samples with different Si/Al
ratios show markedly different stabilities. It should be noted
that all the samples show a high activity initially, but the ex-
tent of deactivation is greater for higher Si/Al ratios. The
four samples studied were directly synthesized and had very
similar crystallinities, and therefore the samples were free
from nonuniformities introduced by dealumination meth-
ods as in zeolite Y. The differences in acidity characteristics

TABLE 6

Product Selectivities (mol%) over the Pt/H-ZSM-12 Catalysts®

Initial (20 min)

Level-off stage

ZSM-12-38  ZSM-12-43  ZSM-12-58  ZSM-12-80  ZSM-12-38  ZSM-12-43  ZSM-12-58  ZSM-12-80
CP conversion 100.0 99.5 95.8 97.6 83.9 66.7 55.4 46.9
Methane 39.3 23.6 11.8 282 5.6 5.0 5.1 13.4
Ethane 243 11.8 2.6 7.4 23 1.6 0.8 1.4
Propane 220 18.3 4.0 9.0 8.1 44 1.9 4.1
2-Methylpropane 2.9 2.9 1.0 2.3 3.0 2.0 1.1 21
Butane 6.0 82 2.9 52 34 25 13 2.8
2-Methylbutane 3.7 20.5 43.9 27.5 43.1 46.4 47.7 39.3
Pentane 1.6 14.3 335 19.9 31.9 35.6 404 327
2-Methylbutane 0.0 0.0 0.1 0.1 0.0 0.0 0.2 0.4
3-Methylbutane 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.2
Hexane 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3
Methyl cyclopentane 0.0 0.0 0.0 0.0 0.0 0.3 0.3 0.7
Benzene 0.0 0.0 0.0 0.0 0.9 12 0.7 14
Toluene 0.0 0.0 0.0 0.0 0.4 04 0.2 0.9

aWHSV =3 h™!, H,/CP (molar) =9, total pressure = 100 psig, T = 410°C, and 0.5% Pt loading.
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and platinum dispersion were examined to determine the
reason for this behavior. However, there is no consistent
variation in the Brgnsted/Lewis ratio, and the metal disper-
sion is good in all the samples (Table 3). It is clear that the
changes in acid site density affect the metal/acid balance,
thus causing the ZSM-12 catalysts to deactivate to different
extents.

The plot of C;/C;s ratios with time for the ZSM-12 cata-
lysts shows this effect more clearly (Fig. 9). As the Si/Al
ratio of the zeolite increases, the metal function starts
dominating, and the C;/Cj3 ratios become larger. However
in ZSM-12-38, the sample that shows the best stability, the
C,1/C;5 ratio approaches that of zeolite beta and mordenite.
This behavior suggests that as we go to higher Si/Al ratios
the amount of acid sites is too low to maintain a good
metal/acid balance. Even the loss of a small number of acid
sites results in a deviation from good balance and causes
the metal function to predominate. Another interesting
observation in the case of ZSM-12 catalysts was that the
amount of hard coke in all the samples studied was very
low (Fig. 2). Also unlike other zeolites, all the ZSM-12
catalysts had about the same amount of coke, and there
was no variation with the Si/Al ratio. The similarity in the
amount of coke deposited on the ZSM-12 and ZSM-5 cata-
lysts (Fig. 2) confirms that the pores of ZSM-12 exhibit
a shape-selective effect, thus preventing the formation
and deposition of compounds with polyaromatic rings.
The soluble coke in the ZSM-12 catalysts was extremely
difficult to identify, even after concentration of the extract,
due the very small amount deposited. However, one of the
major components appeared to be a compound with a long
alkyl chain attached to a cyclohexane ring, indicating that
the soluble coke might be similar to that observed in zeolite
beta.
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FIG.9. Variation of C;/C; molar ratio with time for ZSM-12 and LTL
catalysts. [, ZSM-12-38; &, ZSM-12-43; O, ZSM-12-58; A, ZSM-12-80;
@, LTL-3.5. WHSV =3 h™', H,/CP (molar) =9, total pressure = 100 psig,
T =410°C, and 0.5% Pt loading.
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FIG. 10. Temperature-programmed oxidation of the coke deposited
in selected catalysts after 100 h on stream.

TPO experiments were performed on selected deacti-
vated catalysts to examine the combustion characteristics
of the deposited coke and to obtain an idea about possi-
ble regeneration methods. The results are shown in Fig. 10.
The peak maximum occurs at a temperature close to 500°C
for all the catalysts except ZSM-12. It should be noted that
all the catalysts shown in the figure were exposed to cy-
clopentane for 100 h on stream. In the case of ZSM-12, two
peaks, one at a low temperature and one at a higher tem-
perature, are obtained. However, the peak maxima occur at
much lower temperatures compared to the other zeolites.
A higher fraction of coke was burnt off at lower temper-
atures in beta zeolites also, indicating easier regeneration.
With some of the catalysts, experiments were performed in
which the cyclopentane flow was shut off but hydrogen was
allowed to flow. The cyclopentane flow was started again af-
ter the hydrogen treatment. It was observed that in ZSM-12
and beta zeolites, this hydrogen treatment restored most of
the activity, while it had little effect in the highly deacti-
vated Y zeolite catalysts. These data show that in addition
to showing good stability characteristics, ZSM-12 and zeo-
lite beta are also easier to regenerate, the regeneration by
hydrogen treatment being especially attractive.

Opverall, considering all the zeolites it is observed that
there is an optimum range of acidities for which a good bal-
ance between metal and acidic functions is obtained. In this
study, this occurs over a fairly broad range of Si/Al ratios
from 10 to 40 as indicated by the minimum in the C;/Cs
ratios (Fig. 11). A minimum is observed for the Y zeolites
also, although the C;/Cs ratios are higher than that of the
other zeolites. The optimum range of Si/Al ratios roughly
corresponds to number-of-platinum to number-of-acid sites
ratio from 0.015 to 0.06. Alvarez et al. (25) observed a good
stability for platinum sites/acid sites ratio >0.03 in the case
of Y zeolites for hydrosiomerization and hydrocracking
of alkanes; however, the ideal situation in their study oc-
curred for much larger values of this ratio. For cyclopentane
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FIG. 11. C;/C; molar ratio at the “level-off” stage for the various

zeolites studied. A minimum in the C;/C; ratio can be observed for zeolites
with Si/Al roughly in the range from 10 to 40.

hydroconversion, in the zeolites with lower Si/Al ratios, the
acidic function is very active initially and causes the forma-
tion of a large amount of coke. Figure 2 shows that low Si/Al
zeolites have as much as three times the amount of coke
compared to the high Si/Al samples. These coke molecules
cover the acid sites and block access of the reactant to other
acid sites resulting in deactivation. At Si/Al ratios higher
than 40 the C,/C; ratio again starts increasing, which sug-
gests that the acid site density is not enough to maintain a
good metal/acidity balance. The deactivation of acid sites in
these catalysts allows the metal to dominate even further,
and we observe a trend similar to that observed for the low
Si/AlY and L zeolites.

CONCLUSIONS

The various factors responsible for the deactivation of
several Pt/H-zeolite catalysts have been thoroughly ex-
amined. Our results agree with literature reports that
pore structure is the most important factor affecting coke
formation and deactivation in zeolite catalysts. A three-
dimensional pore structure without any cavities or cages
(zeolite beta) was the best structure for resisting deactiva-
tion. However, in addition to the pore structure, the acid
site density affects the amount of coke produced. Acid site
density also affects the metal/acid balance of the catalyst
and metal dispersion. Zeolites with Si/Al ratios between 15
and 40 had a good balance between the two functions and
exhibited good stabilities. Polyaromatic coke was detected
in zeolites Y, L, and mordenite, while the coke was mainly
paraffinic in beta and ZSM-12. In ZSM-12 shape selectivity
restricted the formation of polyaromatic coke. Even though
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the pores of zeolite beta can accommodate polyaromatic
compounds, the nature of coke was different, because the
metal was being maintained in a state that favored open-
ing of the CP ring rather than dehydrogenation, thereby
limiting the reaction that produced polyaromatic coke.
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