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Abstract

The activity and selectivity of platinum-mdiid zeolites (Beta, Y, Mordenite) were intigmted in the ring opening of decalin at 473—
543 K in the presence of hydrogen. In the course of decalin transformation, skeletal isomerization, stereocisomerization, ring opening, and
cracking took place. The presence of platinum resulted in an enhancement of isomerization and ring-opening rates, as compared to the proton
form zeolites. The isomerization and ring-opagirates increased 3 and 5 times, respebtiHydrogen pressure was found to suppress the
secondary reactions and to prevent the catalyst deactivation. The isomerization and ring-opening reactions were not affected by hydrogen
presence. Variations in catalyst deactivation were observed ancutgtiito different locations of organic deposits. Interactions between
platinum and Brgnsted acid sitesggested that the platinum crystaltevere located partially in thehannels of the studied zeolites. As
a result of these interactions, the strength of Brgnsted acid sites was reduced and consequently less cracking products were formed, &
comparable conversions, over platinum-modiftedlites than over the corresponding parent zeolites.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction trends present a challenge for the industry: more diesel fuel
must be produced and, at the same time, its quality must be

Environmental concerns have become nowadays the mainfMpProved. This poses high requirements on advanced fuel
driving force for the development of new and the modifica- upgradmg and ultimate utilization of the available raw ma-
tion of old refinery technologies. The minimized impact of terials.

the technologies on the enviroemt and their sustainability The middle distillate fractions from secondary refinery
are the main assets in the competitive environment of cleanProcesses, such as light cycle oil (LCO) originating from

fuel production. As the diesel fuel has grown into the most ﬂmd.cat‘lallytlc cracing (FCC), hlave the po;entlgl Ofl belnlg'
wanted transportation fugl] because of the higher combus- a swte;]b € compfonehnt, to be g aned r']n t ; dlesed POOL, In
tion efficiency of the diesel engines, its production capacity case .t ese are urther upgra ed, so they do ngt eteriorate
needs to be increased. At the same time new stricter Iegisla-the diesel quality. Adva}nced refinery technolog|es, such as
tive limits for diesel fuel composition, ensuring decreased deep hydrodesulfurization and dearomatizafgjn must be

emissions of harmful exhaust gases, have emd@je@hese |mp!emented in order to. fulfill the limits for sulfur and aro-
matic contents, respectively. Cetane number (CN), another

very important qualitative parameter of diesel fuels, which
* Corresponding author. Fax: +358 2 215 4479. has been shown to be related to the improved quality of
E-mail addressdmurzin@abo.f(D.Yu. Murzin). diesel emissiongl—7], can be increased by dearomatization
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as well. However, the enhancement may not be sufficient, asour group has applied these principles for the description of
the CN of naphthenes is rather low, and additional upgrad- the ring opening of decalin over proton-form zeoli[2g].
ing may be needef8]. The ring opening of the naphthenic The benefits of the use of bifunctional catalysts, such as
ring is a promising option for achieving high cetane num- metals supported on zeolites, have been reported by sev-
ber values. Several patents, concerning diesel upgrading aneral authorg§18-20} The acidic function promotes the iso-
ring opening, which have been recently issued, demonstratemerization of six-membered-ring structures into the five-
the industrial importance of the ring openifgy-14] membered, facilitating consequently the ring opening on the
Ring opening of naphthesecan be accomplished prin- metal function. Investigations of more complex reaction sys-
cipally via two catalytic patiays: metal-catalyzed hy- tems, which would better represent the situation faced with
drogenolysis and acid-catalyzed cleavage of endocyclic real diesel feed, have been reported rather scaf2@hy31]
carbon—carbon bonds in naphthenic rings. The basic prin-Arribas and MartineZ31] have shown that the yield of
ciples of hydrogenolysis over metals have been recog- ROP from various diaromatics over Pt-modified zeolites and
nized, while studying the isomerization of alkanes on met- MCM-41 is temperature dependent. The channel structure
als[15]. The differences in the product distribution of the and the strength of acid sites have been shown to play an
hydrogenolysis of naphthenes between Pt, on one hand, an&nportant role in suppressing the undesired cracking reac-
Ir and Rh, on the other hand, have been ascribed to the dif-UonS[31]. . . _ . _
ferences in the mode of adsorption of cyclic hydrocarbons  1h€ present study investigates in detail the impact of Pt
on these metalfl5-17] Results of catalytic experiments introduction into H-Beta, H¥ and H-Mordenite zeolites on

indicate that naphthenes adsorb either perpendicularly totheir activity and selectivity in the ring opening of decalin.
the metal surface (e.g., on Ir, Rh), resulting consequently in The influence of reaction temperature and hydrogen pressure

the selective cracking of the secondary—secondary carbon-2n the course of the reaction is discussed as well.

carbon bonds, or parallel to the metal surface (e.g., on
Pt), assuring hydrogenolysis of any carbon—carbon bond
and leading therefore to statistical distribution of the ring-
opening products (ROHL5]. Furthermore, the importance
of Pt dispersion on the mode of adsorption has been iden-
tified. Statistical distribution of ROP has been observed on
well-dispersed Pt whereas hydrogenolysis on Pt films re-
sulted in similar distribution of products as in the case of ring
opening over Ir. It has been concluded from the distribution
of ROP that on Pt particles of 10—20 nm both mechanisms
take place simultaneously.

The ring opening of five-membered-ring has been re-

2. Experimental
2.1. Catalyst preparation and characterization

The NH;-Y (CBV712, ap = 2.435nm), NH-Beta
(CP814E), and Ng-Mordenite (CBV21A) zeolites were
obtained from Zeolyst International. The M, Beta, and
Mordenite zeolites were traftsmed to the corresponding
proton forms through a step calcination procedure in a muf-
fle oven at 773 K. The prepared proton-form zeolites were
N 2 , impregnated with a solution of hexachloroplatinic acid to
pprted to be 5'9”'f'Ca”“y faster than the ring opening of obtain a loading of platinum on the zeolites equal to 2 wt%.
six-membered-ring naphthengs,18-20] The effects of 15 ghacific surface area of the fresh and used PY/H-
the structure of naphthenes on the rate and the SeleCt'V'tyBeta, PYH-Y, and Pt/H-Mordenite catalysts was measured
of th'elr hydrogeno!yss over different metals have been in- by the nitrogen adsorption method (Sorptometer 1900, Carlo
vestigated by McVicker et af20]. Ir was found to be the g4 |nstruments). The coke content was determined as the
most actlvg and selective for Fhe ring opening of unsubsti- ~apon content on the spent catalysts (CHN-2000, LECO
tuted C—C in five-membered-ring naphthe{@,21] How- Corporation). The dispersion measurements were performed
ever, the ring-opening rates over Ir decreased substantiallyyith a Coulter Omnisorp 100CX gas adsorption apparatus
with the increasing number of alkyl substituents and were using the static volumetric adsorption method. The acidity
directly proportional to th@umber of secondary—secondary of the investigated samples was measured by infrared spec-
C-C bondq20]. Although Pt was much less active than Ir, troscopy (ATl Mattson FTIR) by using pyridine=(99.5%,
it showed, as a consequence of the multiplet mechanism,a r.) as a probe molecule for qualitative and quantitative de-
higher activity in cleaving the substituted ring C-C bonds. termination of both Brgnsted and Lewis acid sites. The state
The importance of theigtransratio of alkyl-substituted cy-  of Pt was determined by the XPS method (Perkin—Elmer
clopentanes for the parallel adsorption on Pt was reported5400 ESCA). Further details on the catalysts characteriza-
as well. The ring-opening rates were decreasing with the in- tion are reported in the supporting information.
creasing concentration of thensisomer.

The acid-catalyzed ring opéng of naphthenes proceeds 2.2. Catalytic activity measurements
via cleavage of the corresponding carbocations. The reac-
tions of carbocations attracted much attention and have been A mixture of decalin (bicy[4.4.0]decane) isomers
described in the literature based on the results of both exper-(Fluka, > 98%) with acis-to-transratio of 2 to 3 was used
imental [22—24] and theoretica]25,26] studies. Recently, as a starting material. The experiments were performed in
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Table 1

Physical properties of fresh and used catalysts, conditions: 523 K, 2 MPa, and 360 min

Catalyst SiQ/Al, 03 Specific surface area Carbon Pt Pt Pt mean
(mol/mol) Fresh Used Decrease content content dispersion particle siz&

m*g)  (mPg) (%) (wt%) (wt%) (o) (hm)

H-Beta 25 807 461 43 26 - - -

H-Y 12 1218 496 59 13 - - -

H-Mordenite 20 605 87 86 8 - - -

Pt/H-Beta 25 752 456 39 9 2 33 34

Pt/H-Y 12 960 590 39 18 2 58 20

Pt/H-Mordenite 20 590 254 57 5 2 33 34

& Assuming spherical particles.

an electrically heated 300-ml stainless-steel autoclave (ParrTable 2
Industries) in the presence of hydrogen (99.999%) or argon Brensted and Lewis acidity of fresh catalysts

(99.999%) in the kinetic regime. The study of the influence catalyst Bransted acid sites (ug)  Lewis acid sites (umgty)
of the reaction temperature was carried out at 473-543 K 523K 623K 723K 523K 623K 723K
and 2 MPa. The hydrogen partial pressure was in the range_geta 269 207 120 162 128 113
of 1.5-1.9 MPa under the reaction conditions. The influ- H-y 255 205 129 123 75 58
ence of hydrogen pressure was investigated by varying theH-Mordenite 331 284 212 71 50 39
hydrogen partial pressure in the range 0.7-3.7 MPa while PVH-Beta 316 199 o & 15 0

NS L . PUH-Y 237 14 0 26 2 0
maintaining the temperature at 523 K. The liquid reaction ., viordenite 262 119 0 10 3 0

products were analyzed with a gas chromatograph (Agi-
lent 6890N) equipped with a capillary column (DB-Petro
100 mx 0.2 mmx 0.5 pm) and a FI detector. The GC/MS The Brgnsted and Lewis acidities of the studied catalysts,
was applied to identify the reaction products. Additional de- as determined by pyridine adsorption (FTIR), are presented
tails of the experimental procedure and product analysis canin Table 2 Significant difference between the proton-form
be found in supporting information. zeolites and their platinum-immpgnated counterparts can be
observed. While the total amount of Brgnsted acid sites
(BAS), defined as the number of acid sites retaining pyridine
at 523 K, is approximately the same for H and Pt/H zeolites,
the concentration of the relatively strongest BAS, i.e., those
able to retain pyridine at 723 K, decreases dramatically when
the proton-form zeolites are impregnated with platinia-(
ble 2. Virtually no such sites are present in the platinum-
The SiQ/Al203 molar ratio of the investigated zeolites modified zeolites. Moreover, the strongest Lewis acid sites
given by the manufacturer is reported Table 1 Further (LAS) disappear after impregnation as wellaple 2. In
characteristics of the zeolites can be found elsewf&2p contrast to BAS, the total concentration of LAS is substan-
The specific surface areas of fresh and spent catalysts detially lower in Pt/H zeolites than in the respective H zeolites.
termined by N adsorption are summarized able 1as  The changes in the acid site strength distributions can be
well. All of the catalysts have very large specific surface expected to be due to interactions between platinum crys-
areas (6001200 #g) calculated by the Dubinin method. tallites and acid sites. Additionally, the distribution of acid
For the spent catalysts, a reduction of their specific surfacesite strengths is affected differently due to incorporation of
areas is observed. The surface area of the spent proton-fornplatinum Table 2, which is particularly obvious when com-
catalysts is reduced more than the area of the correspondparing Pt/H-Beta and Pt/H-Y. This remarkable contrast can
ing platinum-impregnated zeolites. Nevertheless, with the possibly originate from the structural differences between
exception of Pt/H- and H-Mordenite, the surface areas of the zeolites, which may affect the interactions between plat-
the spent catalysts remain fairly high (over 408/q) after inum clusters and acid sites. Furthermore, the variation in
6 and 9 h eaction, respectively, at 523 K. The main rea- the size of Pt crystalliteSTable ) may be important as well.
son for the decrease of the surface area is the blockage ofChanges in product distribution, possibly due to the variation
pores by large hydrocarbon molecules and carbon depositsjn the acid site strengths, are discussed in Se@&ibn
as suggested by the comparison of the decrease in the spe- Several researchers have observed and studied the inter-
cific surface area on one hand and the carbon content of theaction between Pt and acid sites in zeolif88—36] and
catalyst on the other hantlgble 1. The most prominentde-  have proposed theoretical explanations of this phenomenon
crease of the surface area is found for H-Mordenite followed based on the results provided by different catalyst charac-
by H-Y and Pt/H-MordeniteTable J). terization techniquef33-36] The latest developments in

3. Resultsand discussion

3.1. Catalyst characterization
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CH, HsC _CHs

the field have been reviewed by Stakheev and Kug6y. CH, CH,
The support properties (e.g., acidity and basicity) have been O/\/\
shown to influence the electronic properties and crystallite n,c CH,

morphology of supported metals. The changes in the prop- Butyl-cC8

. . . . CH
erties of acidic and metallic sites have been also correlated  Methyl-ccé $

with variations in activity and selectivity of these catalysts

in several reactions, e.g., hydrogenolysis, isomerization, and CHs CHy CHy CHs
hydrogenatior36]. e
The XPS characterization of Pt/H-Beta has shown that CHs 75
platinum was in the Bt state, which is attributed to Ptg! HsC CHs e o
3 3
HsC

prior to any treatment. Platinum chlorides are known to de- CH
compose during a prolonged XPS analysis and therefore the Ethyl-cC6 Ethyl-cC5
presence of other platinum chlorides in the dried catalyst
cannot be resolved conclusive]g7]. The platinum 4§/,
binding energy (BE) of 73.3 eV, corresponding to thé*Pt
state, as observed for the impregnated catalyst, decreased to
71.8 eV as a result of platinum reduction. However, the BE clopentanes and cyclohexanes, are denoted as ring-opening
of 71.0 eV, characteristic for the Pstate, was not achieved.  Products (ROP). All products with a lower molecular weight
A similar shift in the binding energy of supported Pt, as than decalin are called cracking products (CP) and all prod-
compared to bulk Pt, was observed previoysB]. The dif- ucts having more than 10 carbon atoms in the molecule and
ferences in BE of bulk and supported metals, respectively, C10 aromatics are named heavy products (HP).
can be interpreted as a change in the electron density of The product identification was further refined by classi-
the metal crystallites induced by interactions of metal with fying ROP and Iso into subgroups by means of a pattern
the supporf33]. Furthermore, no traces of chlorine residues recognition method describing their mass spef3&-43]
were detected in the reduced Ca_ta|yst_ The fOIIOWing ROP groups were established: methyI'CCG,
Due to the method used for Pt introduction (impregna- €thyl-cC6, propyl-cC6, butyl-cC6, and ethyl-cC5, where the
tion) the Pt crystallites can be expected to be located on thefirst part of the name defines the longest alkyl substituent
outer surface of the zeolites. This is confirmed by the av- and the second part describes the size of the naphthenic ring,
erage size of platinum crystallites (2—4 nm), as determined @and unknown-ROP, which consists of all ROP that could
by hydrogen chemisorptioriTéble J). If all platinum par- not be classified into any other group. Typical structures of
ticles are located at the outer surface only, it would be far all ROP groups are given ifig. 1 The organization of Iso
from the acid sites and there would exist no interactions be- into groups relies on the arrangent of the two naphthenic
tween Pt crystallites and the acid sites. However, the lower rings. Consequently, the following groups were created:
acid site strengths (FTIR) of Pt zeolites as compared to their methylbicyclo[4.3.0]nonanes, methylbicyclo[3.3.1]nonanes,
proton-form counterparts and the changes in tfedric-  dimethylbicyclo[3.3.0]octanes, dimethylbicyclo[3.2.1]oc-
tronic state (XPS) indicate that at least part of the Pt crys- tanes, trimethylbicyclo[2.2.1]heptanes, and unknown-Iso.
tallites is in the vicinity of the acid sites and thus inside All such isomers, which could not be classified into the
the pores. Thus, keeping in mind that the size of crystallites first five isomer groups, belong to the unknown-Iso group.
from hydrogen chemisorption is an average value, it can be Some representative structures of the Iso groups are shown
concluded that the platinum crystallites are located both in- in Fig. 2 Full details on modeling of ROP and Iso classes,
side the pores interacting with the acid sides (BAS and LAS) respectively, and classification of spectra of unknown com-
and on the outer surface as suggested by the chemisorptiofpounds will be given elsewhefd4]. Major cracking prod-
results. Nonetheless, for a deeper understanding of the catucts were identified as cyclic hydrocarbong-Co and
alytic system additional information about the distribution of isobutane.
platinum crystallite sizes would be helpful. This conclusion
is further supported by the reaction data as discussed below3.3. Initial activity of catalysts

Propyl-cCé

Fig. 1. Classification of ring-opemg products into ROP groups and typical
structures belonging to these groups.

3.2. Product analysis The comparison of the initial activities of the investigated
Pt catalysts is based on the total conversion of decalin after
The reaction of decalin led to a complex mixture of prod- 20 min. As a consequence, the stereoisomerizatiotisef
ucts containing more than 200 components. In order to facil- to transdecalin, which takes place at the same time, is not
itate the basic evaluation of kinetic results the products were accounted for by the initial activity and will be discussed in-
grouped. The mixture dfans andcis-bicyclo[4.4.0]decane  dividually (Sectior3.5.2. The addition of Pt into the proton-
is called decalin. Any & bicyclic structures other than de- form zeolites results in a substantial increase of their initial
calin are referred as decalin isomers or simply isomers (Iso), activity (Fig. 3). The concentration of Brgnsted acid sites,
and Gp monocyclic products, i.e., alkyl-substituted cy- which has been shown to be essential for the activity of the
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HsC HaC

Methylbicyclo[4.3.0]lnonane Methylbicyclo[3.3.1]lnonane Dimethylbicyclo[3.3.0]octane

HsC
3 H3C /CH3
HsC HsC H,C

Dimethylbicyclo[3.2.1]octane Dimethylbicyclo[2.2.2]octane Trimethylbicyclo[2.2.1]heptane
Fig. 2. Classification of isomers into Iso grougrsd typical structures belonging to these groups.

100
ing virtually no BAS, confirming thus the importance of

%0 /9 BAS for decalin isomerization. Only dehydrogenation of de-
80 - 8 calin was observed over Pt/VPI-5. It can be thus concluded
] that decalin transformation into isomers, ring-opening, and
cracking products proceeds \asbifunctional mechanism in
addition to the mechanism observed on the proton-form ze-
olites (Scheme L Furthermore, it is seen that isomerization
is an essential step for the ring opening of decalin.
Differences among the individual zeolite structures, im-
pregnated with Pt, can be foun#&ig. 3); their initial ac-
tivity decreases in the following order: Pt/H-Beta Pt/
A H-Y > Pt/H-Mordenite. The same order of the initial activ-
A ————— ities of the catalysts has been observed for the proton-form
100 150 200 250 00 350 400 zeolites as wellFig. 3) [27]. The activity of Pt/H-Mordenite
Reaction time, min is lower than expected from its chemical properties (Pt con-
Fig. 3. Comparison of the activity gflatinum-modified (open) and pro- tent, BAS Concentratlon)’ ?‘5 Compamd to PUH'B,Eta and Pt/
ton-form (filled) zeolites. Pt- and H-Betal( M), Pt- and H-Y O, ®), Pt- H-Y zeolites. Recently, Arribas et 461] have explained the
and H-Mordenite 4, A). low yields of ring-opening products from tetralin over Pt/
H-Mordenite (one-dimensiohpore system) as compared to
) ) o platinum-modified Beta and USY (three-dimensional pore
proton-form zeolite$27], does not increase by zeolites im-  gystem) by the differences in the zeolite structure dimen-
pregnation with PtTable 2. Therefore, the enhanced initial  gjpnajities. Previously, a lower activity of H-Mordenite in
reaction rate can be unequivocally attributed to the pres- ring openings, as compared to H-Beta and H-Y, has been
ence of Pt. This implies that Pt facilitates the formation of 5pserved and explained by rapid blockage of the zeolite
reaction intermediates being subsequently transformed intoshannels resulting consequently in very fast catalyst deac-
products. In accordance with dely accepted principles of  tivation [27], which may be attributed to the lower pore
bifunctional catalysig45-50} it can be suggested that Pt gimensionality of H-Mordenite as compared to H-Beta and
dehydrogenates decalin forming an olefin, which is in turn H.y zeolites. Comparison of deactivation of the Pt-modified
protonated by a Bransted acid site. The produced carbeniunyeolites, on one hand, and of the relevant proton-form zeo-
ion can then undergo isomerization or ring-opening reac- |ites, on the other hand, will be presented below. Further-
tions Scheme ) As the Brgnsted acid site is restored, an more, experiments with Pt/H-Beta and Pt/H-Y reduced at
olefin is formed and hydrogenated on Pt to yield an isomer 523 K disclosed that the catalysts activity and selectivity
or a ring-opening produciScheme 1 This mechanism is  were independent of the reduction temperature.
depicted, in a simplified form, ischeme 1Furthermore, The initial activity of the screened catalysts increases
the ring-opening products can undergo the same sequencevhile elevating the reaction temperatusaigporting infor-
of reaction steps, i.e., dehydrogenation on Pt followed by mation, Fig. 1A. However, it remains practically unaltered
protonation of the resulting olefin, as well. The formed car- when the hydrogen pressure is increased from 0.7 to 3.7 MPa
benium ion can then undergo egthisomerization resulting  (supporting information, Fig. 1B It can thus be concluded
in isomers of the primary ROP g#-scission, which leads  that hydrogen does not affect the initial rate of the re-
to the formation of cracking products. Neither isomeriza- action. Consequently, ring opening of decalin can be de-
tion nor ring-opening reactionsere observed in our recent scribed as a zero-order reaction with respect to hydrogen.
experiments using Pt-modified VPI-5, a material possess-This conclusion has been verified by an additional exper-
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Initiation steps

CH3 CHa CHj
Pt +H,
B' -_— _—
-B—H
CHs CHs

Termination steps

O - Q50

0

)

3)

4

Dehydrogenation
+ protonation

Protolytic dehydrogenation

Protolytic cracking

Skeletal isomerization

Hydride transfer

Olefin desorption-adsorption
+ hydrogenation

B-scission (ring opening)
+ hydrogenation

Hydrogenolysis (ring opening)

Alkylation (coke formation)

Scheme 1. Proposed reaction scheme for isomerizatidmiag opening of decalin over bifunctional catalysts.

iment where hydrogen was replaced by argon. The sub-tion. The deactivation of the catalysts was verified by two

stitution did not influence the initial catalyst activitgup-
porting information, Fig. 1B confirming that the initial

independent methods: specific surface area measurements of
fresh and spent catalysts, and determination of carbon con-

rate of ring opening of decalin is independent of the hy- tent on the spent catalysts. Differences in the deactivation
drogen pressure. Nevertheless, the presence of hydrogen ipatterns in ring opening over proton-form zeolites have been
essential for a stable catalyst performance, as shown be+eported[27] and explained by the different rates of deac-
tivation being dependent on the zeolite structure. A closer
examination ofig. 3reveals a change in the deactivation be-

low.

3.4. Catalyst deactivation

havior of Y zeolite. The differences in the catalysts activities,

as observed for the proton forms of Beta and Y zeolite, dis-
Changes in catalysts activities in the course of the reac- appear after their impregnation with Pt. This indicates that Pt
tion were observed and attributed to the catalysts deactiva-suppresses the fast deactivation of Y zeolite, most probably
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. . . 1004
due to preventing the formatioof large molecules remain- ]

ing trapped inside the cavities of Y zeolite, as witnessed 90
in the case of H-Y. On the other hand, Pt/H-Mordenite ex- 80+
hibits the highest deactivaticamong the investigated cata- 704
lysts. 5
Comparison of the carbon content and of the decrease of £
specific surface areas of the spent catalysts provides usefuls 0] "
information on the location of the deposits causing the cat- 40 f
alyst deactivationTable 1. The carbon content decreases /
in the following order: Beta- Y > Mordenite for both H-
and Pt-form zeolitesTable ). On the contrary, the reduc-
tion of the surface area follows the reverse ordable J. 0/
This obvious discrepancy can be explained by different lo- o~ +—+—
cations of the coke molecules or its hydrocarbon precursors. 0 %0 100 150 200 250 300 350 400

In the case of Mordenite the deposits can be expected to be Reaction time, min

located on the pore mouths, thus blocking the whole chan- Fig. 4. Influence of reaction atmosphere on the activity of Pt- and H-Beta
nel system. As a result, vast specific surface area is lost dugilled) and Pt- and H-Y (open) at 523 K and 2 MPa overall pressure. Pt-,
to the deposition of only small amounts of coke. On the con- Hz (B,0), Pt-, Ar (@, O), H-, Hp (A, A) and H-, Ar (V).

trary, the deposits are building up gradually inside the pores
of Beta zeolite leading to a less dramatic drop in the spe-
cific surface area. The large organic molecules or coke de-
posits, which may remain trapped inside the cavities in Y
zeolite and thus close parts of the channel system, will, ac-
cordingly, lead to higher losses of accessible surface area
than the same amount of deposits in Beta zeolite. However,
the decrease of the surface area is lower than in Morden-:
ite where the complete channel system is blocked due to its
unidimensionality. As the treds are more profound for the
proton-form zeolitesTable J), it can be concluded that Pt
prevents the formation of coke and its precursors. Dimers
of decalin or its isomers were observed when analyzing the
soluble fraction of deposits from the spent catalysts. Their

%

60+

Convers

30
204

ation, mol-%

Concentr:

L e S A I S R S R —
100 150 200 250 300 350 400

concentration was considerably lower (3 to 10 times) over e '
Pt-impregnated zeolites, asrmpared to the corresponding Reaction time, min
H zeolites.

o Fig. 5. Product distribution over Pt/H-Beta at 2 MPag,Hind 543 K.
The catalyst deactivation can be prevented or slowed Transdecalin @), cis-decalin (), isomers &), ring-opening products¥),

down by carrying out the reaction under hydrogen at- cracking products®), and heavy products<).

mosphere. The effect can be most clearly observed for Y

zeolite, the activity of which is more sensitive to the coke 3.5. Distribution of reaction products

or hydrocarbon deposits formation than that of Beta zeo-

lite. While in the case of Pt/H-Beta zeolite just a minor loss 3.5.1. General product distribution

of activity can be observed when hydrogen is replaced by  The time dependencies of the disappearanteont and
argon, in the case of Pt/H-Y a dramatic loss of activity is cis-decalin, and of the formation of the reaction products,
witnessed [ig. 4). The observed conversion over Pt/H-Y namely isomers (Iso), ring-opening products (ROP), crack-
in argon atmosphere is close to that of H-Y, thus implicat- ing products (CP), and heavy products (HP), over Pt/H-Beta
ing that rapid deactivatiorakes place. It can be therefore are depicted irFig. 5for 543 K. The concentration profiles
concluded that hydrogen effémly suppresses the deacti- obtained at 473 Kqupporting information, Fig. )2reveal
vation of Pt/H-Y zeolite. On the other hand, the beneficial that stereoisomerization afs- to trans-decalin takes place
effects of hydrogen on the reaction are not so profound and that it is faster, especially at lower temperatures, than
owing to the higher stability of Beta zeolite; there is vir- the skeletal isomerization of any of the decalin stereoiso-
tually no difference over H-Beta and only a small difference mers. The stereoisomerization is quite facile and it is equilib-
over Pt/H-Beta in the catalysctivities when hydrogen or  rium driven, since once the equilibrium ratio todns-to-cis
argon, respectively, are usebig. 4). Nevertheless, vari- isomer is reached, it does not change further. Conversely,
ations in the product distribution, resulting from changes the concentration pfibles measured at 543 KF{g. 5) dis-

of the hydrogen pressure, can be found, as discussed beelose the details about decalin transformation into products,
low. which cannot be observed at 473 K. Both decalin stereoiso-
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cis-Decalin

N

= trans-Decalin

/!

Isomers

|

ROP

|

2CP
Scheme 2. Simplified reaction scheme.
Table 3

The molar yield of products from decalin ring opening at 2 MPa and 473—
543 K after 360 min

Catalysts Isomers Ring-opening products

473 K 493 K 523K 543K 473K 493 K 523 K 543 K
Pt/H-Beta 260 613 420 275 06 83 302 270
Pt/H-Y 203 541 352 - 05 78 272 -
Pt/H-Mordenite — 1§ 456 603 - 06 32 88
Catalysts Cracking products Heavy products

473 K 493 K 523K 543K 473K 493 K 523 K 543 K
Pt/H-Beta 4 06 164 329 15 01 36 96
Pt/H-Y 01 19 263 - 10 02 41 -
Pt/H-Mordenite — a 11 32 - 01 03 08

mers are rapidly converted into skeletal isomers of decalin
(Iso), which react further @ducing ring-opening products
(ROP). Finally, the ROP undergo the undesired cracking re-
actions, yielding the cracking products (CP). Some of the CP
(Cs and G) originate from disproportionation reactiofi2]

and are accompanied by therfization of methyldecalins

or their isomers. Parallel to the main course of the reac-
tion, dehydrogenation, resulting in the formation of aro-
matics, may take place. This reaction pathway is more
pronounced at low hydrogen pressures and at higher tem
peratures. The formed aromatics constitute, together with
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Fig. 6. Comparison of ROP formation as a function of isomer concentration
(A) and cracking product formation adunction of ROP concentration (B)
for Pt/H-Beta @), Pt/H-Y (O) and Pt/H-MordeniteA) at 2 MPa, b and
473-523 K. Data for Pt/H-Beta at 543 K are highlighted . (

methyldecalins, a product group denoted as heavy products.

The data can be well described by the proposed simplified
reaction network for decalin conversion over proton-form
zeolites Gcheme 2[27].

The influence of temperature on the distribution of prod-
ucts over the investigated catalysts is reportedable 3
The behavior of Pt/H-Mordenite, which showed a lower ac-
tivity than Pt/H-Beta and Pt/H-Y, is clearly different from the

dent on the catalyst activity, an optimum temperature range
exists, in which the maximum yield of ROP can be achieved.
Moreover, the data iflable 3indicate that the activity of the
catalyst is not the only criterion determining the product dis-
tribution, as there are differences in the product distribution
over Pt/H-Beta and Pt/H-Y, even though they exhibited very
similar activity at a given temperature and can be thus com-

other catalysts. Due to the low conversions achieved, ratherpared directly.

low yields of CP, ROP, and HP are observed. Furthermore,
yields of all products are increasing with the increasing tem-
perature. This contrasts with Pt/H-Beta and Pt/H-Y, which
show a maximum in the yield of Iso after 360 mifaple 3.

The observed difference could be misleading if the product
distribution is not considered at the same conversion level

The distribution of products is affected, at a comparable
conversion, generally only to a minor extent by temperature
(supporting information, Fig.)3 Nevertheless, a compari-
son of the formation of ROP from Isd-ig. 6A), and CP
from ROP Fig. 6B) over Pt/H-Beta at 523 and 543 K, re-
spectively, provides evidenad the temperature influence

and thus such comparison is presented in the sequel. In theon the product distribution. It can be seen that the higher
case of Pt/H-Beta a decrease in the yield of ROP is wit- temperature promotes both the conversion of isomers into
nessed when increasing the reaction temperature from 523ing-opening productsHig. 6A) and the consecutive crack-

to 543 K (Table 3. This clearly demortsates that, depen-

ing of ROP Fig. 6B). Fig. 6B reveals a certain similarity
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22
between Pt/H-Beta at 543 K and Pt/H-Y at 523 K, indicat- 1 Cracking products

ing that, at the same tempereducracking is more favored 207 A
over Pt/H-Y. This conclusion is further justified by the differ- 18
ences in the product distribution, which can be found when _ 16+
comparing Pt/H-Beta, on one hand, and Pt/H-Y, on the other ¢ 14
hand. At comparable conversions, the lower yields of iso-
mers over Pt/H-Y are accompanied by increased yields of
cracking products, as compared to Pt/H-Betgpporting in-
formation, Fig. 3. At the same time, practically the same
yields of ROP and HP, respectively, are observed for both ]
catalysts. The difference inzhtes that the ring-opening ac- 47 o ° ®
tivity of Pt/H-Y exceeds that of Pt/H-Beta. As the yield of 2 e©
ROP remains, however, unaltered and instead the yieldof CP oA & © ° ,e, ame AN e =~
increases, it can be concluded that Pt/H-Y possessesalsoa 0 10 20 3 40 5 60 70 8 90 100
higher cracking activity than Pt/H-Beta. This may seem sur- Conversion, mol-%
prising since similar concentrations of the acid sites and their Gy
strength distributionTable 29 as well as similar Pt disper- 79
sions of both catalystsTéble 1) are observed. Furthermore, 1 Heavy products
the smaller dimensions of Beta could be expected to favor €+
recracking of the intermediate ROP while diffusing out of l -
the pores. The dissimilarity in the product distributions can
be tentatively attributed only either to different crystal sizes
of Beta and Y zeolites or to differences in their external sur- |
face areas. Zeolite Beta is known for the Brgnsted acid sites: ®
being present at its relatively large external surface, as com-
pared to other zeolite3]. These may be responsible for
the formation of ROP which do not undergo successive re- ]
cracking, thus resulting in a lower extent of cracking than 1 oS ]
over Pt/H-Y. ] o © e o °. A
Hydrogen pressure is found to influence the product dis- 0+#—— 8 A 7 4 @ A 4°
tribution (Figs. 7A and 7Band supporting information, ¢ 10 20 30 40 50 € 70 8 90 100
Figs. 4A and 4B even though it does not affect the activ- Conversion, mol-%
ity of Pt/H-Beta 6upporting information, Fig. 1B While ®)
almost no effect of hydrogen pressure on the distribution of Fig. 7. Concentration of reactiongutuct groups for Pt/H-Beta and H-Beta
Iso, ROP, and CP can be observed, the distribution of HP at 523 K and various overall pressures, 1 M, (2 MPa @,0,8, ©),
(Fig. 7B) is affected substantially. The concentration of HP 4 MPa @&). Pt-, I (filled), Pt-, Ar (half-filled), H-, H (open), H-, Ar
increases as the hydrogen pressure decreases. The highe(scfossed)' Product groups: cracking products (A) and heavy products (B).
yield of HP is observed when hydrogen is substituted by ar-
gon (Fig. 7B). Detailed analysis of the composition of the duce the concentration of active species on the surface, thus
heavy products reveals that the decreasing hydrogen prespreventing their cracking. This would, however, mean that at
sure enhances the formation of aromatics, mainly tetralin the same time the concentration of ROP should be, at com-
and methylindanes, thus resulting in higher yields of HP. parable conversion levels, higher over Pt/H-Beta than over
Comparison of proton-form and Pt/H-Beta, displayed its proton-form counterpart. This is not, however, the case
in Figs. 7A and 7Band supporting information, Figs. 4A  since yields of both ROP and Issupporting information,
and 4Bas well, shows that the product distribution is af- Figs. 4A and 4B, respectively, are the same regardless of the
fected by the presence of Pt in the zeolite. Pt-modified Beta presence of platinum. This indicates that the hydrogenation
exhibits higher selectivity to desired products (ROP and Iso) of surface intermediates cannot explain the observed differ-
due to the suppressed formation of by-products (CP andence in the product distribution over H-Beta and Pt/H-Beta.
HP). The decreased formation of HP over Pt/H-Beta can be  The observed lower cracking activity of Pt/H-Beta, as
ascribed to the lower formation of aromatics owing to the hy- compared to H-Beta, requires a closer look at the distribution
drogenation activity of platinumFig. 7B). The decrease in  of acid sites {able 2 in order to explain the phenomenon.
the cracking activity of Pt/H-Bta, as compared to H-Beta, As seen fromTable 2 the Pt-impregnated zeolites differ
is more intriguing Fig. 7A). Two concepts can be consid- essentially from their proton-form counterparts in the con-
ered to explain this interesting phenomenon: lower cracking centration of the strongest acid sites, i.e., the sites retaining
activity of Pt/H-Beta and hydrogenation of reaction interme- pyridine at 723 K. There are virtually no such sites present
diates prior to their cracking. In the latter case, Pt would re- in Pt-impregnated zeolites. The decrease in the strength of
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the acid sites may be attributed to the interactions betweenthors [46,55] The dehydrogenation—hydrogenation of de-
Pt and acid sites. This type of interactions has been observecatalin, resulting in decalin stereoisomerization, is favored
previously[33—36] and several theories explaining it have over the decalin isomerization, catalyzed solely by the Brgn-
been proposed. Regardless of inclination to a particular the-sted acid sites, in the studied temperature rafig 6 and
ory, the change in electronic character of platinum due to supporting information, Fig.)2 The skeletal isomerization
the interactions with acid sites, observed by XPS as a shift gains importance only when increasing the temperature.
in platinum binding energy (Sectidhl), may be related to
the change in the character of acid sites determined by FTIR3.5.3. Skeletal isomerization of decalin
measurements. In this case, the change in the acid sites char- The skeletal isomerization of decalin is an essential reac-
acter evinces itself as the alteration of the acid site strengthtion step in decalin ring opening. It has been shown that the
distribution. direct selective ring opening of the cyclohexane ring, which
Assuming that the strongest Brgnsted acid sites are ac-is present in decalin, is unfavoraljles,18,20,27] The pre-
tive mainly in cracking, the lower yield of cracking prod- ferred reaction pathway includes the ring contraction of the
ucts over Pt zeolites can be explained by the absence ofstable cyclohexane ring to the cyclopentane ring that is more
such acid sites in Pt/H-Beta. Nevertheless, it can be antic-prone to ring opening. Moreover, it has been recently shown
ipated that a change in the acid sites strength will decreasethat the skeletal isomerization of decalin consists of several
the yield of ring-opening products as well, as both cracking parallel and consecutive stef2¥]. It can be anticipated that
and ring opening are catalyzed by BA%7,28,30] More- some of the isomers will undergo ring opening more readily
over, the cleavage of exocyclic C—C bonds (i.e., cracking) than others. Therefore, the knowledge of the structure and
is known to proceed at a much faster rate over bifunctional abundance of the particular isomers is helpful for identifica-
catalysts than the cleavage of endocyclic C-C bonds (i.e.,tion of the optimal reaction conditions, i.e., conditions under
ring opening]54]. This indicates that the decreased strength which the maximum yield of ring-opening products and, at
of zeolite acid sites should inflaee the ring-opening reac- the same time, the minimum yield of cracking products are
tion more than the cracking reactions. However, there are attained.
hardly any visible differences in the yield of ROP over H- Isomers distribution over the studied catalysts in the in-
Beta and Pt/H-Beta, respectiyeat comparable conversions vestigated temperature range is compared at constant hydro-
of decalin. This implies that some other active centers take gen pressure (1.7 MPa) Ifig. 8 The curves, representing
part in the ring opening, thus compensating the decreasedthe dependency of isomer-group concentrations on conver-
yield of ROP due to weaker Brgnsted acid sites. The com- sion, are in line with the proposed reaction scheme for de-
pensation of the ROP yield may be attributed to platinum calin isomerization over proton-form zeoliteScgheme B
itself since it is known as a catalyst active in hydrogenoly- [27]. According to this scheme edalin first yields methyl-
sis[15,20] The ring opening on platinum and on acid sites bicyclononanes via ring contraction, which can further re-

is discussed in detail below. act to form dimethylbicyclooctanes. In the end, trimethyl-
bicycloheptanes are formed. iShinterpretation reflects the
3.5.2. Stereoisomerization of decalin positions of the maximum of the individual isomers con-

Differences in the rate of consumption afs- and centrations, and it is further supported by the characteristic
trans-decalin, respectively, can be observed in the investi- S-shape curve for the concentration dependence of dimethyl-
gated temperature randeig. 5 andsupporting information, bicyclooctanes and trimethylbicycloheptanes on conversion.
Fig. 2). Data collected at temperatures above 513 K superfi- Due to the lack of mass spectral data for some types of iso-
cially indicate thatis-decalin is converted into skeletal iso- mers, e.g., trimethylbicyclo[3.1.1]heptanes or dimethylbicy-
mers much faster thamans-decalin. However, inspection of  clo[2.2.2]octanes, some of the isomers had to be denoted as
data obtained at lower temperaturssgporting information,  unknown Fig. 8B). Moreover, the group of unknown also
Fig. 2) reveals that the isomerization cit-decalin totrans contains such isomers that could not be chromatographi-
decalin (decalin stereoisomerization) takes place under thecally separated and their classification into one of the known
investigated reaction conditions. The stereoisomerization is groups was therefore doubtful. Hence the shape of the curve
thermodynamically driven since once the equilibrium ratio for unknown isomers cannot be interpreted unambiguously
of transto-cis decalin is reached only decalin conversion (Fig. 8B).
into the skeletal isomers can be observed. It can be thus con- Neither temperaturd={g. 8) nor hydrogen pressursyp-
cluded that the differences in the rate of consumptioci®f porting information, Fig. have a major influence on the
andtrans-decalin are in fact due to the sterecisomerization; isomer groups product distribution, as it is revealed by a
i.e., that the rates of skeletal isomerizatiorcisf andtrans closer examination of the figures. At the same time, varia-
decalin, correspondingly, are similar. tions between the different zeolite structures can be found

The stereoisomerization of decalin over Pt/H zeolites (Fig. 8). While there is virtually no difference between the
proceeds, in addition to stereoisomerization of decalin fa- distributions of isomers over Pt/H-Beta and Pt/H-Mordenite,
cilitated solely by acid siteR27], via the dehydrogenation— the concentration of individual isomers over Pt/H-Y devi-
hydrogenation mechanism, as proposed by several au-ates from the pattern observed for Beta and Mordenite. As
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Fig. 8. Concentration of isomer groups as a function of decalin conversiorficmt/H-Beta (filled), Pt/H-Y (open) and Pt/H-Mordenite (half-filjeat 2 MPa,
H, and 473-543 K. Isomer groups: (A) thglbicyclo[4.3.0lnonanesl, (1, ™), methylbicyclo[3.3.1]Jnonanes® O,®), dimethylbicyclo[3.3.0]octanes
(A, A, A), (B) dimethylbicyclo[3.2.1]octaness( >, B), trimethylbicyclo[2.2.1]heptane® O, &), and not identified %, v, %).

CH,

DMBCO1

Decalln MBCNA HaC TMBCH

H3C DMBCO2

HC  mBenz

Scheme 3. Simplified reaction scheme of decalin skeletal isomerizatioduds: methylbicyclo[4.3.0JnonaneMBCN1), methylbicyclo[3.3.1]onanes
(MBCNZ2), dimethylbicyclo[3.3.0]omnes (DMBCOL1), dimethylbicyclo[3.1]octanes (DMBCO?2), trimethylbyclo[2.2.1]heptanes (TMBCH).

this variation is witnessed already at low conversions (i.e., had been shown not to affect the isomers distribufii].
< 50%), it cannot be ascribed to the lower yield of Iso over Since the temperature and the acidity do not influence, to

Pt/H-Y, which is observed only at conversions0% (sup- a major extent, the distribution of isomers and the catalysts
porting information, Fig. Band can be hence attributed to contain the same amount of platinum, the variation in the
the differences in the individual isomerization steps. concentration of methylbicyclononanes and dimethylbicy-

The formation of methylbicyclononanes, methylbi- clooctanes, respectively, can be most probably assigned to
cyclo[4.3.0lnonanes (MBCJ[4.3.0]N) and methylbicyclo the structural differences of Beta and Y zeolites. The struc-
[3.3.1]nonanes (MBC[3.3.1]N), is decreased over Pt/H-Y tural differences are characterized by different channel sizes
in favor of formation of methylbicyclooctanes, dimethylbi- of Beta (076 x 0.64 and 055 x 0.55nm) and Y zeolite
cyclo[3.3.0]octanes (DMBC[3.3.0]0), and dimethylbicyclo- (0.74 x 0.74 nm)[53]. Moreover, zeolite Y contains large
[3.2.1]octanes (DMBCJ[3.2.1]0O), as seenkig. 8. Never- supercages with diameters of 1.20 if58]. Both zeolites
theless, the trends are more profound for the more abundantan accommodate decalin.6® x 0.50 nm)[28] and its iso-
isomers, i.e., MBC[4.3.0]N and DMBCJ[3.2.1]O. Previously mers. Nevertheless, penetration of the smaller pores in Beta
a similar difference, only more pronounced, was reported zeolites by decalin will probably be restricted by diffusional
for H-Beta and H-Y zeolite§27]. The difference has been limitations.
linked to the different pore geometries of these catalysts = Comparison of proton-form and Pt-impregnated Beta ze-
since the other parameters, such as temperature and acidityglite discloses that the distribution of isomers depends on the
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presence of platinums@pporting information, Fig.)5 On of molecules parallel to the metal surface, the bond between
the other hand, no effect of substitution of hydrogen by ar- secondary and tertiary carbon atoms can be cleaved in addi-
gon on the distribution can be found, neither over H-Beta tion to cleavage of secondary—secondary C—C bonds. An-
nor over Pt/H-Beta. This implies, together with the same other consequence of the adsorption parallel to the metal
distributions of isomers at various hydrogen pressusap- surface is that the ring-opening rates are dependent on the
porting information, Fig. h that the isomerization of de- cistrans ratio of alkyl-substituted naphthenes, namely the
calin is not dependent on hydrogen. The biggest differencering-opening rates decrease wiiticreasing cocentration of
between H- and Pt/H-Beta is found for the dimethylbicy- thetransisomer{15,20]

clo[3.2.1]octanes, which are preferred over the Pt-modified A mechanism for ring opening of decalin over acidic cat-

Beta zeolite. alysts has been recently propod@d]. It explains the ob-
served product distribution in the ring opening of decalin
3.5.4. Ring opening of decalin and isomers using experimental results and theoretical calculations for

Ring opening of naphthenic hydrocarbons can be ac- transformation of alkanes in zeolites. The active species are
complished by hydrogenolysis on metals, such as Pt, Rh,the adsorbed carbenium ions, which undergo isomerization
Ru, and Ir[15,20] and on the solely acidic catalysts pos- and scission, thus yielding sletal isomers of decalin and
sessing sufficient concentration of Brgnsted acid sites, e.g. ring-opening products, respectivg®7]. In the present case,
zeolites [27-30} The mechanisms of ring opening have both hydrogenolysis by metal and ring opening by acid sites
been studied extensively gnffor the metal catalysts. It  must be considered simultaneously since the catalysts pos-
has been shown that the ring opening of five-membered sess metal and acid functions. Furthermore, the bifunctional
hydrocarbon rings is favored to the ring opening of six- nature of the catalysts in this study facilitates the adsorption

membered hydrocarbon rinfs8—20] McVicker et al.[20] of isomers (by formation of the corresponding cyclic olefins)
have demonstrated this by using a series of unsubstitutedon Brgnsted acid sites, thus enabling their faster ring open-
bicyclic hydrocarbons. The conversion over 0.9% Ip(24d ing (Scheme 1Section3.3).

decreased in the following order: bicyclo[3.3.0]octane The results of ring opening over platinum-modified ze-
bicyclo[4.3.0]nonang> bicyclo[4.4.0]decanf20]. Further-  olites, i.e., over bifunctional catalysts, are summarized in

more, the same authors have shown that the rate of ring openTable 3(see alssupporting information, Fig.)3It can be
ing decreases for alkyl-substituted cyclopentanes with the observed that the yield of ring-opening products increases
increasing number of ring substituents, i.e., with the decreas-wjith the increasing temperature over all investigated cata-
ing number of secondary—secondary C-C bdags20] lysts (Table 3. Since almost no ROP are formed at the begin-

Differences in the activity and selectivity to ring openings ning of the experiments when the concentration of decalin is
have been reported for different metals as well. Ir has beenat its maximum, it can be concluded that the ring-opening
found to be the most active and selective in the ring open- products are actually produced by ring opening of isomers.
ing of the unsubstituted C—C bonds in five-membered-ring Moreover, the data, depicted Fig. 8 andsupporting infor-
naphthene$20]. However, the increasing number of alkyl mation, Fig. 4suggest that the rate of ring opening increases
substituents reduces substantially the ring-opening rates oveiyith the increasing degree of isomerization. The differences
Ir catalysts. It has been demonstrated that the ring-openingin the yield of ROP over various catalysts are only minor.
rates over Ir catalysts were directly proportional to the num- A closer examination dfig. 6reveals, however, a difference
ber of secondary—secondary C—C bofgf}. Contrary to Ir,  petween Pt/H-Y and Pt/H-Beta. At lower concentrations of
Pt is much less active. However, it exhibits a hlgher aCtiVity Iso, more ROP is formed over Pt/H-Y than over Pt/H-Beta.
in CIeaving the substituted ring C-C bonds, which is a con- However, as the concentratiof ROP grows, more Cracking
sequence of the multiplet mechanis8theme Jloccurring s observed over PYH-Y. Similarly, an increase in tempera-
on Pt. Since the multlplet mechanism relies on adsorption ture decreases the amount of ROP formed at a Comparab]e
concentration of IsoKig. 6). At higher temperatures the
ROP are consumed by cracking and consequently their yield
decreases. The optimum in the temperature dependence is
for Pt/H-Beta at 523 K, as can be seermable 3

The variation in the product distribution of ROP among
the studied catalysts is only min@supporting information,
Figs. 6 and Y, which is due to the high isomerization activity
of the investigated catalysts. The dominant ROP groups are
methyl-cC6, followed by ethyl-cC6. A substantial amount of
ROP remains unidentified, however, due to (a) overlapping
of the peaks of known groups, which prevents classifica-
Scheme 4. Schematic presentation aéthylcyclopentane adsorption on  tion of such peak into any group, and (b) formation @6C
platinum: (a) perpendicular ads¢ign (doublet mechanism), (b) parallel  alkyl-substituted cyclopentanes such as methyl-, propyl- and
adsorption (multiplet mechanisrff)5]. butyl-cC5, which could not be classified since not enough
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data are available for the definition of these groups. It has stitution of hydrogen by argon has the same effect as low
been found that the majority of unidentified ROP are due to hydrogen pressure; i.e., more aromatics are formed. The rel-
formation of G alkyl-substituted cyclopentanes. The trends atively low concentration of aromatics formed over H-Beta
of the concentration curves for propyl-cC6 and butyl-cC6 (supporting information, Table)2as compared to Pt/H-Beta,
(supporting information, Fig.)&how the S-shape character- can be explained by the absence of platinum in the former
istic for products being consumed by a successive reaction.catalyst. Thus, platinum acts as a dehydrogenation catalyst
In this case the consecutive reactions are isomerization toin the absence or at low partial pressures of hydrogen.
another ROP and cracking.
3.6. Comparison of proton-form and platinum-modified

3.5.5. Formation of undesired by-products zeolites

Two kinds of undesired by-products are formed during
the ring opening of decalin: cracking products and heavy  The activity of proton-form zeolites is greatly improved
products. The formation of cracking products can be at- when they are impregnated with platinum; the initial isomer-
tributed to successive reactions of ring-opening products onization rate and the initial ring-opening rate increase from
the Bragnsted acid sites. Once again, this is facilitated by 1.20 and 0.04 mmg(g min), respectively, observed for H-
formation of olefins on the Pt sites, which are more prone Beta at 523 K to 3.84 and 0.20 mmi¢d min), respectively,
to adsorption (and reaction) on BAS than their saturated found for Pt/H-Beta at the same temperature. The increase
counterparts. The cracking of isomers can be omitted sincein the isomerization rate can be attributed to more facile for-
mainly C4—Cg hydrocarbons are formed during cracking and mation of protonated specieactive in isomerization, due
virtually no bicyclic products with less than 10 carbon atoms to decalin dehydrogenation over platinum followed by pro-
in the molecule are found among the reaction products; i.e.,tonation by acid sitesScheme L Consequently, the ring
the direct cracking of isomers would require simultaneous opening is promoted as well. Since the strength of acid sites
rupture of two carbon—carbon bonds. The cracking productsis decreased by platinum impregnation, less cracking is ob-
consist of G—Cg naphthenes and£Cg alkanes; neither  served, at comparable conversions, over Pt/H zeolites than
aromatics nor olefins were detecteslgporting informa- over H zeolites Table 2 Section3.5.1). As Brgnsted acid
tion, Table }. The most abundant CP are cyclohexane and sites are active in ring openir[@7], it could be expected
methylcyclopentane and isobutane. that the decreased strength of BAS will lead to suppres-

The comparison of Pt-impregnated zeolites is given in the sion of ROP formation. However, proton-form and platinum-
supporting information, Table, Tor different reaction tem-  modified zeolites yield, at comparable conversions, the same
peratures. The cracking is most severe over Pt/H-Mordenite.amount of ROP. Accordingly, other active sites are responsi-
It is the only catalyst that yields more alkanes than naph- ble for ROP formation in addition to BAS. Since Pt is known
thenes at 523 K. This observation is further supported by for its hydrogenolysis activity (Sectid®5.4), it may be ex-
the highest concentration ofs3€Cs hydrocarbons obtained  pected that some of the isomers will undergo hydrogenolysis
over Pt/H-MordeniteTable 3. The distribution of cracking  over Pt sites. Moreover, the formation of heavy products
products over Pt/H-Beta and Pt/H-Y are similar, just a small and deactivation are suppressed by the presence of platinum.
preference of Pt/H-Y for deeper cracking can be folsup¢ The modification of zeolites by platinum does not, to a ma-
porting information, Table )1 Besides the effects of the na- jor extent, affect the relative composition of isomers, ring-
ture of the catalyst, an influer of the reaction temperature  opening, and cracking products, respectively.
on the distribution of CP over Pt/H-Beta is showrsupport-
ing information, Table las well. Quite naturally at the same

reaction time, the amount of smaller hydrocarbons; G, 4. Conclusions

increases with the increagjiemperature, and is accompa-

nied by a decrease of naphthenic hydrocarbsopgorting The activity of platinum-modified H-Beta, H-Y, and H-
information, Table 1 Mordenite has been investigated in ring openings of decalin

The hydrogen pressure does not substantially influenceat 473-543 K in the presence of hydrogen. The ring opening
the composition of cracking products, as can be observedof decalin over platinum-modified zeolites has been found to
in supporting information, Table,Zor Pt/H-Beta. Further-  proceed via several intermediaiacluding different skeletal
more, the distribution of CRsinot affected when replacing isomers of decalin. The major findings can be summarized
hydrogen by argon. Although the distributions of CP over as follows.

H- and Pt/H-Beta do not differ, the interpretation is not very The modification of proton-form zeolites with platinum
straightforward since lower conversions are achieved overhas been found to enhance the catalyst activity. The ini-
the proton-form zeolites. In contrast to cracking, the forma- tial isomerization and ring-opening rates were increased 3
tion of heavy products is influenced by the hydrogen pres- and 5 times, respectively. Yields of ring-opening products
sure, as clearly seen from the dataupporting information,  as high as 30 mol% are achieved; ring openings of decalin
Table 2 While increasing the hydrogen pressure, the relative over proton-form zeolites yielded just 8 mol% of RQH].
concentration of aromatics dratically decreases. The sub- The initial rate enhancement can be explained by the change
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of reaction initiation. In addition to initiation by protolytic
cracking over Brgnsted acid sites, as observed for proton-
form zeolites, bifunctional initiation takes place. It includes
dehydrogenation of decalin to an olefin, which is in turn
protonated by Brgnsted acid sites. The formed protonated
species can undergo isomerization and ring opening.

The product distribution isfeected by addition of plat-
inum as well; lower yields of cracking and heavy products
are obtained, as compared to proton-form zeolites. The lower
cracking activity of Pt-modified zeolites is a consequence of
the lower strength of Brgnsted acid sites in Pt zeolites. The
decrease of BAS strength, in comparison to proton-form ze-
olites, is due to the interactions between platinum particles
inside the zeolite channels and Brgnsted acid sites.
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