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Abstract

The conversion ofn-octane over a series of monofunctional HY zeolites, which differed with the contents of Na and over the bifun
Pt/HY zeolites differed with the contents of Pt, was studied as function of the balance among the specific activity of the compon
distribution of the metallic sites over zeolite surfaces and reaction conditions. The activities of individual metal and zeolite compon
quantified in the reactions of 1-hexene hydrogenation andn-octane cracking, respectively. Gradientless reactors of different configura
were applied to rationalize the contribution of hydrogenation, dehydrogenation, cracking, isomerization, oligomerization, and ca
activation reactions to the reaction pathways over the bifunctional Pt/HY zeolites. The conceptual bifunctional mechanism involving
dehydrogenation ofn-octane into olefinic counterparts was demonstrated experimentally by using the flow circulation unit equipp
two reactors connected in series and loaded with separated HY and Pt components. The limiting steps were determined depen
activity of the Pt component in Pt/HY. It was shown that an optimum concentration of Pt sites exists in HY zeolites which correspo
a maximum cracking activity followed by a significant decrease as the concentration of metallic sites further increases. The effect o
transfer of branched octene intermediates inside the zeolite cavities from the acidic sites to Pt sites on the rates and reaction pa
Pt/HY zeolites is argued.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrocracking and hydroisomerization of hydrocarb
are the basic processes in the petroleum refining indu
which produce a broad range of highly valuable chemic
diesel oil, petrol, and gasoline. They proceed over bifu
tional catalysts with two quite different components rep
senting metallic and acidic functions. Different zeolites a
zeolite-like solid acids and also acidic oxides are used a
acidic components. Decationized Y and mordenite zeo
are the most widely applied. This is mainly due to stro
acidic properties combined with the specific pore geom
of these molecular sieves [1–6]. On the other hand, di
ent metals such as Pt, Pd, Ni, Co, Mo, their oxides,
sulfides serve as the hydrogenating/dehydrogenating
ponents. Metallic platinum is the most active catalyst an
few as 0.2–0.5 wt% are required to promote the activity
bifunctional contact.

E-mail address:kuzpn@krsk.info.
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00139-8
-

According to the classic mechanism [7], the skeletal
merization and hydrocracking of alkanes over bifunctio
catalysts occur through a set of parallel and consecutive
involving dehydrogenation of the alkane molecule over
metallic site to produce the respective olefin which is hig
reactive for carbenium ion conversion and rapidly isom
izes and/or cracks into two smaller olefins over the ac
sites. The cracked and isomerized olefinic intermediate
hydrogenated at the final step. However, there is evide
[8–11] that the rate of the alkane hydrocracking and
merization is dependent on the activity of metallic functi
For example, the alkane hydroconversion over the cata
with a high concentration of metallic components was
nificantly lower than that with less concentration [8,1
The drop in then-hexane isomerization activity was o
served [10] when the contents of Pt and Ni in the HY zeo
exceeded their optimum levels of 0.6 and 3.0%, respectiv
The authors [11] reported that even though monofuncti
H-mordenite deactivated duringn-butane isomerization,
still had a better activity after 60 min on stream than

http://www.elsevier.com/locate/jcat
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Pt-loaded HM mordenite. This is difficult to explain in term
of a traditional kinetic chemical network.

The alternative bifunctional concept suggests that the
tial activity of acidic components with strong acidity is hig
enough to activate an alkane molecule [12]. The main p
lem associated with the use of strongly acidic catalyst
the fast deactivation by carbonaceous species generated
the olefinic precursors. The key role of metallic compon
in this bifunctional concept is to prevent poisoning and
maintain the performance of acid centers by means of
drogen activation to hydrogenate the olefinic intermedia
For example, over the monofunctional H-mordenite, the h
catalytic activity forn-butane isomerization decreased dr
tically with time on stream [11]. Deactivation was min
mized by hydrogen and Pt loading that was thought to red
the concentration of intermediate olefins in the zeolite po
This concept raises some fundamental questions as to
nature of the zeolite-catalyzed reactions responsible fo
initial activation of alkane molecule at rather low tempe
tures.

As to the acidic function of zeolites two main pathways
the alkane conversion are currently discussed [1,2,4,13–
(i) a bimolecular carbenium ion mechanism involving t
activation of the alkane molecule via hydride transfer t
carbenium ion followed byβ-scission of this newly formed
carbenium ion, (ii) a monomolecular pathway of direct
tivation of alkane molecules. The generation of carben
ions in a bimolecular reaction is normally associated w
the sorption of olefins on the Brønsted acid sites. Note
chemosorbed alkenes are currently accepted [2,13,16–2
exist as alkoxy groups which on excitation form the car
nium ions in the transition state. Carbonium ion is belie
to represent rather a transition state than a stable, h
energy intermediate. However, the structure of the reac
intermediates is not specified in this paper.

The beneficial effect of olefin additives on the crack
and isomerization of alkanes over zeolites has been dem
strated by many authors [13,21–28]. According to rec
evidence obtained by Dumesic and co-workers [22,23],
isomerization of isobutane over the H-mordenite and U
zeolites at low temperatures did not commence without
presence of traces of olefins in the feed. The addition
olefins (isobutylene) dramatically increased the rate of
merization as well as the rates of side reactions suc
oligomerization/β-scission and coking resulting in cataly
deactivation.

A dual contrasting function of olefins in the zeolit
catalyzed reactions makes it difficult to discriminate
tween the monomolecular and bimolecular pathways.
detection of the monomolecular reaction is hindered u
ally by the bimolecular products which tend to domin
as conversion increases. Therefore, a solely monomo
ular pathway in the reaction of alkane isomerization w
observed only when the conversion was very low, l
than 0.4–1.4% after Dumesic and co-workers [22],
cause spontaneous transition to the bimolecular reac
:

-

-

occurred as the amount of olefin products accumula
[22,29–33]. In our earlier papers [26–28], a gradientl
flow circulation unit equipped with two reactors connec
in series was applied to study the effect of olefinic pr
ucts on then-octane cracking over HY zeolites. First th
reactor was loaded with HY zeolite for cracking and a
other one was loaded with 0.5% Pt/Al2O3 at 150◦C for
hydrogenation of olefinic intermediates. Solely monomo
cular cracking of evenn-octane was found to take plac
in the reactor unit of this configuration to a high exte
of conversion (up to 53%) due to controlled terminat
of the chain reaction as a result of olefin hydroge
tion.

Also, evidence [8,9,34–40] was obtained that alkane c
version can be governed by the pore structure of the ze
that distorted the kinetic data. For instance, hexane hyd
somerization rate was reported [34] to increase significa
after acid leaching of Pt/mordenite. The alleviation of in
tracrystalline diffusion limitation but not the alteration
acid centers was argued to be the major factor in acti
enhancement. Although HY zeolite has wider pores co
pared to other zeolites, nevertheless diffusion transfer in
the pores is supposed [8,9,32,38,41–43] to affect fast ch
cal reactions of highly reactive olefins over both the meta
and the acidic sites.

The catalytic activity of metal-containing HY zeolite
loaded with different amounts of Ni, Pd, and Pt in the
action of n-octane hydrocracking has been studied ea
in our papers [27,44]. In terms of a classic bifunctio
model [7], it should be expected that where the dehyd
genation function is limiting, the rate ofn-octane hydro-
cracking must be identical at the same dehydrogena
rate whatever the metal’s nature. Nevertheless, the hy
cracking rates proved to be quite different and increa
in the order PtHY� PdHY < NiHY. The difference be-
tween the activities of bifunctional catalysts based on
same HY zeolite and having the same hydrogenat
dehydrogenating activity was difficult to explain, and furth
kinetic experiments are required to rationalize this ano
aly.

A large volume of studies onn-alkane conversion ove
bifunctional metal-zeolite catalysts has been publishe
the literature; however, the reaction mechanism is v
complicated and still not completely understood. It sho
be noted that detailed experimental evaluation of the
netic parameters is problematic for rapidly deactivating
olites especially when long-chain alkanes with enhan
reactivity are processed. This is the reason why the
damental kinetic data on the hydrocracking and isom
ization reactions were obtained largely with low mo
cular alkanes,n-butane and isobutane particularly [3,1
22,23,32,45,46]. However, C4–C6 alkane molecules ar
too small to be representative of the alkanes of an
dustrial hydrocracking feed. Therefore the catalytic ac
ity of bifunctional zeolite catalysts must be confirmed
longer alkanes. Also, because of zeolite deactivation
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pecially when long-chain alkanes with enhanced reacti
are processed novel kinetic approaches are needed an
tensive studies remain to be carried out before firm c
clusions can be drawn as to the appropriate pathwa
zeolite-catalyzed reactions and the true role of olefin in
mediates.

In the present paper, the hydroconversion ofn-alkane
over the bifunctional Pt/HY zeolite catalysts is studied t
better understand the roles of olefinic intermediates
duced from dehydrogenation of the parent alkane m
cule and that produced from its zeolite-catalyzed cra
ing. Reactors of different configurations were applied
control the concentration of olefinic intermediates a
to avoid the problems related to deactivation.n-Octane
was used as a reaction feed because it is the repr
tative molecule of the alkanes of an industrial hydroi
merization and hydrocracking feeds and also all the p
sible modes of cracking and isomerization of carben
ions can be involved during the hydroconversion re
tions.

In the reactors that were conventionally applied in the
netic evaluations, both hydrogenation-dehydrogenation
cracking-isomerization occurred simultaneously over
different components of bifunctional catalysts. This prese
difficulties in the differentiation between the contributio
of the reactions occurring on the metallic and zeolite s
to the total conversion, specific roles ofn-alkane dehydro
genation, and that of hydrogenation of the cracked olefi
products, in particular. Also, experimental evaluation of
catalytic activity is problematic usually for rapidly dea
tivating zeolite catalysts. Therefore, the nongradient re
tors (continuous-flow-circulation reactor and a microreac
of different configurations were applied. The microre
tor unit could operate both in a continuous-flow mode
in a pulse mode. The latter made it possible to evalu
the catalytic activity at the initial reaction period for t
catalysts whose activity rapidly decreased. A continuo
flow-circulation unit equipped with two reactors connec
in series allowed the metal and zeolite components to
separated and loaded in the different reactors at diffe
temperatures. In this unit, the rates of hydrogenation,
hydrogenation, cracking, and isomerization were contro
independently and the effects of olefinic intermediates
duced fromn-octane dehydrogenation and from crack
were monitored.

Sets of HY and Pt/HY zeolites with a large variation i
the activities of the components were used to better un
stand the bifunctional kinetic network. The catalytic act
ties of the individual metallic and zeolitic components in
specific reactions of 1-hexene hydrogenation andn-octane
and 1-octene cracking were evaluated quantitatively. F
the product distribution established on these quantitati
characterized catalysts with a large variation in the acti
of components, the sequence of the various reaction s
duringn-octane hydrocracking and isomerization was sp
ified.
x-

-

s

2. Experimental

HY zeolites with different quantities of Na were prepar
according to [28] by repeated treatment of a commer
NaY zeolite with 0.1 N solution of NH4C1+ NH4OH fol-
lowed by calcination (between treatments) at 400◦C for 3 h.
The HY zeolites produced were repeatedly treated w
[Pt(NH3)4]Cl2 solutions to prepare a set of Pt/HY sam-
ples with different Pt concentrations from 0.02 to 10.3 w
To produce fine metallic particles, Pt-loaded zeolites w
treated at 350◦C in a dry air flow and then reduced by h
drogen in the catalytic reactor at 350◦C for 2 h before the
catalytic tests [47].

The dispersion of Pt particles was studied by TEM. T
crystallinity of the zeolite framework was controlled
X-ray diffraction and by argon desorption. The relative
gree of crystallinity was estimated as the ratio of a sum
the integral intensities of (111), (220), (311), (331), (44
(533), and (642) reflexes to that of the original zeolite ra
by 100%.

Specific catalytic activity of the metallic function wa
evaluated in the reaction of 1-hexene hydrogenation
150◦C at atmospheric pressure, and quantified by the fi
order rate constant [47]. To evaluate the specific monof
tional acidic function, HY zeolites with no Pt were test
in the reactions ofn-octane, and 1-octene cracking. B
functional hydrocracking/isomerization activity of Pt/HY
catalysts was evaluated in the reaction ofn-octane hydro-
conversion.

Catalytic measurements were carried out in the reac
of different configurations under concentration and tem
ature gradientless conditions. A continuous-flow-circula
reactor unit (CFCR) and a microreactor unit (2-ml reac
volume) with a vibro-fluidized catalyst bed were used. T
microreactor unit could operate both in a continuous-fl
mode (CFMR configuration) and in a pulse mode (PM
configuration). The PMR configuration was used to eva
ate the catalysts whose activity rapidly decreased. A mix
of n-octane (1 or 6 vol%) in H2 (or in N2) was used as a fee
In the microreactor of CFMR configuration, the feed ente
the reactor continuously, and in the microreactor of P
configuration, feed pulses (volume of 30 ml) were int
duced periodically (via a multipass tap) into the continu
flow of H2 (or N2) through the reactor. Flow rate was so a
justed to vary pulse duration from 10 to 50 s. So, the P
reactor had a short-reaction cycle, and made it possib
evaluate catalytic activity at the initial period.

In a continuous-flow-circulation reactor unit, CFCR, t
circulation of the reaction mixture through the reactor w
accomplished by a piston electromagnetic pump joine
a valve system allowing for one-directional flow in the
action circuit. The rate of circulation was 600 L h−1 and
that of feeding the unit and of withdrawal of products w
much less, 5–10 L h−1. Due to a high circulation factor, th
extent ofn-octane conversion for a single circulation cy
was quite low (no more than 0.5%) making for concen
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Fig. 1. Diagram of the continuous-flow-circulation unit with two reacto
CFCR of CR-HR configuration.

tion gradientless conditions. However, the cumulative ex
of conversion varied in a broad range depending on the
tact time (the ratio of the volume of catalysts to the rate
feeding) due to repeated circulation.

A CFCR equipped with an additional reactor connec
in series (CR-HR configuration) was also applied. This c
lytic unit allowed the metal and zeolite components to
separated and to be loaded in different reactors at di
ent temperatures and the effect of olefinic intermedia
which were produced fromn-octane dehydrogenation an
that of olefinic cracked products on then-octane hydro-
conversion to be monitored. The schematic diagram of
unit is shown in Fig. 1. One of the reactors was load
with HY zeolite for cracking/isomerization (CR reactor) a
another one was loaded with 0.5% Pt/Al2O3 for hydro-
genation/dehydrogenation (HR reactor). The temperatu
each reactor was maintained separately. The products
erated in CR were transferred into HR where unsatur
hydrocarbons were hydrogenated into the respective a
nes, andn-octane was dehydrogenated (when the temp
ture was high) into respective linear octenes over the 0
Pt/Al2O3 catalyst. This CFCR unit with CR-HR configu
ration made it possible to control the rates of hydroge
tion/dehydrogenation and cracking/isomerization indep
dently. The quantity of 0.5% Pt/Al2O3 in HR was so ad-
justed in the preliminary experiments to fully hydrogen
the olefinic intermediates but not to facilitate significan
other reactions, hydrogenolysis in particular.

The grain fraction 0.25–0.50 mm of the catalysts w
used for catalytic measurements. Catalytic activity
n-octane conversion was quantified by the reaction rate
malized to then-octane concentration in the reaction m
ture (W/[C8H18]). The yield of C3–C5 hydrocarbons wa
considered to be a diagnostic regarding the acid-catal
cracking. C1–C2 hydrocarbon yield characterized mainly t
activity for hydrogenolysis, and C6–C7 hydrocarbons were
referred mainly to oligomerization-cracking reactions. T
activity for hydroisomerization was determined from the
tal yield of branched C8-hydrocarbons.
-

The reaction products were analyzed by gas chroma
raphy using a column of 2.3 m in length filled with AW
Hesasorb with polyphenyl ether at 120◦C and a column
of 3.2 m in length filled with TZK with white paraffin oi
at 65◦C.

3. Results

3.1. Specific characterization of HY zeolites

The characterization of prepared zeolites with 2.2,
and 0.9 wt% of Na contents is shown in Table 1. The eva
tion of specific catalytic activity of HY zeolites forn-octane
cracking was made under the conditions of monomolec
reactions in a CFCR unit with a CR-HR configuration a
temperature of 350◦C in CR and 150◦C in HR, and, accord
ing to [27,28], the first-order rate constants were calcula
It should be emphasized that HY zeolites showed quite
ble operation under these conditions over a long perio
time (up to 10 h), and no carbonaceous matter on the ze
surface was formed. Reaction rate constants were foun
increase dramatically as the content of Na decreased. H
was thus 2.5 times as active as HY1.7 and 18 times as a
as HY2.2.

In continuously operated reactors of CFCR and CF
configurations, the activity of zeolites inn-octane cracking
was much higher, but decreased rapidly with time on stre
due to olefin-assisted deposition of carbonaceous matte

Shown in Table 2 are the data on the catalytic activity
the most active HY0.9 zeolite for then-octane and 1-octen
cracking evaluated in the microreactor of PMR configurat
(pulse mode) at 350◦C. In then-octane cracking, the zeolit
did not undergo measurable deactivation when passing
pulses of feed, and the deactivation in 1-octene conver
was observed as the number of pulses increased. The
age conversion ofn-octane (for 5 pulses) was 39.6%, a
complete conversion of 1-octene was observed in the
pulse. Hence, 1-octene reactivity for cracking evaluate
the normalized rate was more than about 103 times as ac-
tive asn-octane. Mainly cracked C3–C5 hydrocarbons were
produced from both molecules. However, the conversio
1-octene also yielded C6–C7 hydrocarbons (13.5%) resul
ing from the oligomerization/β-cracking reactions.

Table 1
Characterization of HY zeolites

Zeolite Content SiO2/Al2O3 Degree of Cracking rate
of Na ratio crystallinity constanta

(% wt) (%) (L g−1 h−1)

HY2.2 2.2 4.0 100 0.10
HY1.7 1.7 4.0 100 0.25
HY0.9 0.9 5.0 70 1.80

a Continuous-flow-circulation reactor unit of CR-HR configuratio
350◦C in CR, 150◦C in HR, 0.18 MPa, hydrogen:n-octane molar ra-
tio = 100.



16 P.N. Kuznetsov / Journal of Catalysis 218 (2003) 12–23

r

-
n th
M
o-
ay
ed
m-
n in
to
of
t

-

n the

a

ific
e
a of
ce
a of
ere
ants.
-
llic
e.

a-

uan-
tion
ate

n)
n of

ob-
. In
min

at-
thin
on-
vity
-

on-

n-
ure

n
the
Table 2
Conversion ofn-octane and 1-octene over HY0.9 zeolite

Hydrocarbon n-Octane 1-Octene

Feeding rate, h−1 3.0 18.4
Conversion, % 39.5 100.0
W/C8H18, L g−1 h−1 39.6 > 4× 104

Product composition, mol%
Methane – –
Ethane, ethylene 0.8 0.6
Propane 17.2 3.5
Propylene 8.5 19.6
i-Butane 41.0 16.0
n-Butane 9.5 0.4
Butenes 6.7 29.3
i-Pentane 12.7 6.9
n-Pentane 2.6 0.2
Pentenes 1.0 10.4
Hexane–hexenes – 3.8
Heptane–heptenes – 9.7

Paraffin/olefin molar ratio 4.6 0.5
Iso/norm molar ratio 3.8 3.1

Pulse microreactor, 350◦C, 0.18 MPa, hydrogen:n-octane (1-octene) mola
ratio = 100.

3.2. Specific characterization of Pt component of Pt/HY
zeolites

Eight samples of Pt/HY0.9 catalysts with a PT con
tent between 0.02 and 10.3% were prepared based o
most active HY0.9 zeolite with 0.9 wt% Na (Table 3). TE
study showed all Pt/HY0.9 catalysts to have a very hom
geneous distribution of fine metallic particles which m
be mainly located in the zeolite pores [6,32]. Display
in Table 3 are the data on the catalytic activity of sa
ples for the specific reaction of 1-hexene hydrogenatio
a CFCR at 150◦C. The first-order rate constant referred
the amount of Pt/HY0.9 catalyst increased by two order
magnitude (from 180 to 16,500 L g−1 h−1) as the conten

Table 3
Characterization of metallic component of the Pt/HY0.9 zeolites and cat
alytic activity for 1-hexene hydrogenation at 150◦C

Catalyst Pt content Rate constant, Surface areaSzeol/SPt
(wt%) kh of Pta ratiob

(L g−1 h−1) (m2/g of Pt/HY)

HY0.9 No − − −
0.02Pt/HY0.9 0.02 180 0.07 7860
0.06Pt/HY0.9 0.06 607 0.25 2200
0.2Pt/HY0.9 0.2 1600 0.66 833
0.5Pt/HY0.9 0.5 3643 1.5d 367
1Pt/HY0.9 1.0 7900 3.25 169
2Pt/HY0.9 2.3 10,000 4.12 133
8Pt/HY0.9 8.7 13,100 5.39 102
10Pt/HY0.9 10.3 16,500 6.79 81

Continuous-flow-circulation unit, 0.1 MPa, 1 mmol−1 L of l-hexene in H2.
a Surface area of metallic Pt in Pt/HY0.9 zeolites was calculated from

the hydrogenation rate constants taking into account the data [6,47] o
surface area of Pt in 0.5Pt/HY0.9 sample (300 m2 g−1 of Pt).

b The ratio of the surface area of zeolite (550 m2 g−1) to the surface are
of metallic Pt in Pt/HY0.9.
e

of Pt increased from 0.02 to 10.3 wt%. Using the spec
activity of the unity of metallic surface of Pt for the sam
1-hexene hydrogenation reaction [6,47], the surface are
Pt in Pt/HY zeolites and the ratios of the specific surfa
area of zeolite component to the specific surface are
metallic component depending on the content of Pt w
estimated from the 1-hexene hydrogenation rate const
One can see from Table 3 that Pt/HY0.9 samples repre
sented a large possible variation of the activity of meta
components and their distribution over the zeolite surfac

3.3. Bifunctional activity of Pt/HY0.9 zeolites
in the reaction ofn-octane hydroconversion

Shown in Fig. 2 is the catalytic activity of PtHY0.9 cat
lysts forn-octane conversion, cracking to C3–C5 hydrocar-
bons, and skeletal isomerization to branched octanes q
tified by the normalized reaction rates plotted as a func
of the specific hydrogenating activity quantified by the r
constant for 1-hexene hydrogenation,kh. A continuous-flow-
circulation unit with a single reactor (CFCR configuratio
was used in these catalytic measurements. Deactivatio
PtHY0.9 catalysts with poor hydrogenating activity was
served to some extent during the initial reaction period
Fig. 2, the normalized reaction rates were referred to 30
reaction time when a quasi-state reaction regime was
tained, and the extent of conversion was adjusted wi
rather narrow limits (between 35 and 45%) by varying c
tact time. One can see from Fig. 2 that the total acti
first increases proportionally tokh and then attains a con
stant value over the catalysts with lgkh � 3.5. The rate
of n-octane isomerization increases permanently in a n
monotonic manner, and the rate of cracking to C3–C5 hy-
drocarbons attains a maximum at lgkh = 3.6–3.9 and then
decreases significantly askh further increases. The conce
tration of olefinic cracked products in the reaction mixt

Fig. 2. The activity of Pt/HY0.9 catalysts in then-octane hydroconversio
in a flow circulation unit as a function of the hydrogenating activity of
platinum component. Flowcirculation unit, 300◦C, 0.18 MPa, H2/C8H18
molar ratio= 16. 1, Hydroisomerization; 2, cracking; 3, totaln-octane con-
version; 4, olefinic cracked product concentration.
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Table 4
Selectivity of n-octane hydroconversion over different bifunctional P/

HY0.9 catalysts

Catalyst Selectivity (%) C3/C5

Cracking Hydrogenolysis Hydroisomerization mola
ratio

0.02Pt/HY0.9 82.2 1.8 16.0 1.10
0.06Pt/HY0.9 66.9 1.2 31.8 1.06
0.2Pt/HY0.9 53.6 0.4 46.0 0.98
0.5Pt/HY0.9 54.5 0.8 44.8 0.97
1Pt/HY0.9 48.5 0.8 50.7 1.02
2Pt/HY0.9 33.2 0.6 66.2 1.03
8Pt/HY0.9 25.7 0.6 73.7 0.96
10Pt/HY0.9 20.6 0.5 80.6 0.96

Flow circulation unit, 300◦C, 0.18 MPa of H2, H2/C8H18 molar ra-
tio = 16.

decreases from 8× 10−4 mmol L−1 to less than detectio
limit (1 × 10−4 mmol L−1).

In Table 4, the data on the selectivity of then-octane hy-
droconversion depending on the activity of metallic funct
are shown. As the hydrogenation activity increases the se
tivity shifts from the predominant cracking (82.2%) to pr
dominant isomerization into branched octanes (80.6%)
latter representing methylheptane isomers mainly. The
tribution in the C3–C5 cracked fraction was perfectly sym
metrical with respect to the number of carbon atoms, alm
equimolar amounts of C3 and C5 hydrocarbons were pro
duced indicating a simple cracking of C8H18 molecules by
a carbenium ion mechanism. Hydrogenolysis and oligom
cracking to C1–C2 and C6–C7 were insignificant over all the
catalysts.

To test if the carbonaceous deposition (that took plac
some extent over the catalysts with poor hydrogenating
tivity) alters the behavior of the catalysts the experime
were replicated with a pulse microreactor (PMR configu
tion). A diluted reaction mixture (1 vol% ofn-octane instead
of 6 vol% in previous experiments) was used to minim
deactivating effects. Under these conditions, all the cata
including zeolites with no Pt showed quite stable opera
during 5–10 repeated pulses; i.e., deactivation was not
served for a 5 to 10-pulse period. It should be noted a
that in these experiments with PMR, then-octane conver
sions over different PtHY0.9 catalysts were adjusted exp
mentally within the quite narrow limits of 29–31% to avo
the effect of conversion. In these tests, the concentratio
n-octane in the reaction mixture was 0.31–0.32 mmol/L,
i.e., almost the same.

Shown in Fig. 3 are the normalized reaction rates for
tal n-octane conversion, cracking, and skeletal isomeriza
and olefin concentration plotted as a function ofkh. Again,
a similar regularity was observed: the rates of total con
sion and isomerization attained constant values at lgkh =
3.2, and the cracking rate reached a maximum at this p
and then decreased askh further increased. The increase
the selectivity to branched octanes to 93.8% was obse
askh increased, and the selectivity to cracked products
-

Fig. 3. The activity of Pt/HY0.9 catalysts in then-octane conversion in a
pulse microreactor as a function of the hydrogenating activity of the p
num component: 300◦C, 0.18 MPa, H2 (or N2)/C8H18 molar ratio= 100.
1, Hydrocracking; 2, hydroisomerization; 3, totaln-octane hydroconver
sion; 4, totaln-octane conversion in N2 atmosphere; 5, olefin cracked pro
uct concentration.

creased from 100% over HY0.9 with no Pt to only 5.9
over 10Pt/HY0.9 (Table 5). The concentration of the olefin
cracked products decreased from 8× 10−4 mmol L−1 to
less than detectable limits (Fig. 3). The iso/norm ratio for
the C4–C5 hydrocarbons was high over the catalysts w
lgkh � 3.2 (2.7–2.8, Table 5), and dropped drastically to
when the hydrogenating activity further increased.

Quite different kinetics was observed in the same
croreactor of PMR configuration when H2 was replaced
by N2. Linear correlation between the normalized r
of n-octane conversion andkh was observed over all th
Pt/HY0.9 catalysts (Fig. 3). Mostlyn-octane cracking oc
curred, and the selectivity to isooctanes was less
10% over the catalyst with the strongest metallic funct
(10Pt/HY0.9). Significantly, the rates of cracking in H2 and
N2 gaseous media were almost the same over the cata
with lgkh � 3.2, but differed dramatically over Pt/HY0.9
zeolites with stronger metallic function.

3.4. n-Octane hydroconversion over HY zeolites in a flow
circulation unit with CR-HR configuration depending on
the reactor temperatures

Experimental data obtained are displayed in Table
and 7 as a function of the temperatures in CR and HR r
tors. The conversion ofn-octane over HY zeolite alone (i.e
in the absence of 0.5% Pt/Al2O3 catalyst in HR reactor
at 350◦C occurred with a reasonable rate, but it decrea
rapidly when operated because of deactivation due to ol
assisted “coke” deposition. In Tables 6 and 7, the activitie
HY zeolites in the tests with no Pt/Al2O3 catalyst referred to
15 min on stream. For example, the conversion over HY
zeolite in 15 min was 36.0% (run 2).
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Table 5
Selectivity of hydroconversion ofn-octane over bifunctional Pt/HY0.9 catalysts in a pulse microreactor

Catalyst n-Octane W/C8H18 Selectivity (%) Iso/norm ratio

conversion (%) (L g−1 h−1) Cracking Hydrogenolysis Hydroisomerization for C4–C5

HY0.9 44.4 1.1 100.0 − – 1.3
0.02Pt/HY0.9 31.1 27.4 48.3 − 51.6 2.8
0.2Pt/HY0.9 31.1 163.5 21.7 0.01 78.3 2.7
1Pt/HY0.9 28.9 175.0 13.3 0.1 86.2 2.0
10Pt/HY0.9 29.9 161.0 5.9 0.3 93.8 0.6

Pulse microreactor, 300◦C, 0.18 MPa, H2/C8H18 molar ratio= 100.

Table 6
Conversion ofn-octane in the continuous-flow-circulation unit equipped with two sequential reactors as a function of the reactor temperature

Run catalyst Temperature (◦C) Colef n-C8H18 W/C8H18

HY Pt/Al2O3 (mmol L−1) conversion (%) (10−3 L g−1 h−1)

1 Pt/Al2O3 – 350 1.0× 10−4 1.0 0.02
2 HY2.2 350 − 8.0× 10−2 36.0 2.30
3 HY2.2+ Pt/Al2O3 350 150 4.0× 10−4 2.4 0.10
4 HY2.2+ Pt/Al2O3 350 350 5.0× 10−3 35.1 2.30
5 HY2.2+ Pt/Al2O3 200 350 1.5× 10−3 11.5 0.48
6 HY1.7 350 − 4.4× 10−2 28.6 3.85
7 HY1.7+ Pt/Al2O3 350 150 1.0× 10−4 2.3 0.25
8 HY1.7+ Pt/Al2O3 350 350 3.0× 10−3 9.7 4.40
9 HY1.7+ Pt/Al2O3 200 350 4.0× 10−4 1.8 0.69
10a HY0.9 350 − 7.1× 10−2 67.0 27.7
11a HY0.9+ Pt/Al2O3 350 150b 1.0× 10−4 7.7 1.8
12a HY0.9+ Pt/Al2O3 350 350 1.0× 10−3 33.5 14.6
13a HY0.9+ Pt/Al2O3 200 350 2.0× 10−4 17.4 4.8

Reactor CFCR of CR-HR configuration, 0.18 MPa, H2/C8H18 molar ratio= 16.
a H2/C8H18 molar ratio= 100.
b Temperature was varied from 65 to 150◦C; no effect on conversion was observed.

Table 7
Selectivity ofn-octane conversion in the continuous-flow-circulation unit with two sequential reactors as a function of reactor temperature

Run catalyst Temperature (◦C) Selectivity (%) Iso/norm C3/C5
ratio for C4–C5 ratioHY Pt/Al2O3 C3–C5 C1–C2 C6–C7 i-C8

1 Pt/Al2O3 – 350 64.4 35.6 − − 0.05 1.0
2 HY2.2 350 − 99.4 0.6 − − 4.0 1.0
3 HY2.2+ Pt/Al2O3 350 150 95.2 4.8 − − 1.4 1.0
3 HY2.2+Pt/Al2O3 350 350 97.3 0.6 − 2.1 1.9 1.2
4 HY2.2+Pt/Al2O3 200 350 10.5 0.4 12.1 77.0 4.5 0.04
6 HY1.7 350 − 99.2 0.8 − − 3.5 1.1
7 HY1.7+ Pt/Al2O3 350 150 96.8 3.2 − − 1.4 1.1
8 HY1.7+ Pt/Al2O3 350 350 97.6 0.6 − 1.8 1.7 0.9
9 HY1.7+ Pt/Al2O3 200 350 20.4 0.6 10.7 68.3 3.9 0.1
10a HY0.9 350 − 99.3 0.7 − − 4.5 1.1
11a HY0.9+ Pt/Al2O3 350 150b 98.2 1.8 − − 1.3 1.0
12a HY0.9+ Pt/Al2O3 350 350 95.0 0.3 – 4.7 1.5 1.2
13a HY0.9+ Pt/Al2O3 200 350 46.7 0.8 11.5 41.0 4.9 0.6

0.18 MPa of H2, H2/C8H18 molar ratio= 16.
a H2/C8H18 molar ratio= 100.
b Temperature was varied from 65 to 150◦C; no effect on conversion was observed.
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The activity of HY zeolites was quite invariable for 10
of operation when a 0.5% Pt/Al2O3 catalyst loaded in th
HR reactor at a temperature of 150◦C was used, and n
carbonaceous deposition was observed over zeolite, w
tested for 10 h the zeolite retained its quite white color
the parent one. This contrasted with a black-colored ze
which operated in an ordinary single reactor unit even f
short reaction period.

It can be seen from Table 6 that 0.5% Pt/Al2O3 catalysts
at a temperature of 150◦C drastically decreased the exte
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of n-octane conversion and cracking rate (compare run
and 3, 6 and 7, and 10 and 11). For example, the conve
over HY2.2 zeolites decreased from 36.0% (run 2) to 2.
It is of importance to note that 0.5% Pt/Al2O3 catalysts
also decreased the concentration of olefinic cracked p
ucts from 4.4–8.0 × 10−2 to 1.0–4.0 × 10−4 mmol L−1 at
the exit of the CR reactor (compare runs 2 and 3, 6 an
and 10 and 11). The concentration of olefins at the entra
of the CR reactor (i.e., at the exit of HR) was below a
tectable level (1.0× 10−4 mmol L−1). The cracked product
were loosely isomerized. Iso/norm ratios for C4–C5 alka-
nes were 1.3–1.4 (iso/norm= 1.0–1.2 for butane fraction
that contrasted to 3.5–4.5 without 0.5% Pt/Al2O3 catalyst
(Table 7). It should be noted that the variation of HR temp
ature from 150◦C to 65◦C showed no effect on the reactio
(run 11, Table 6). Also important, the cracking rate increa
significantly when the amount of Pt/Al2O3 catalyst in HR
reactor was insufficient to provide an adequate hydrog
tion of olefinic products.

A dramatic increase (by 8–23 times) in the normalized
action rate and a high selectivity to C3–C5 cracked products
(95.0–97.6%) was observed while increasing the temp
ture of HR from 150 to 350◦C (compare runs 3 and 4,
and 8, and 11 and 12 in Tables 6 and 7). It is of interes
note that branched octane isomers were also produced i
case with small quantities (1.8–4.7% of selectivity). The
tent of isomerization of the cracked alkanes also increa
compared to that obtained at 150◦C in HR (Table 7). This
kinetic feature cannot be attributed to a specific activity
Pt/Al2O3 catalysts only, since run 1 showed a negligi
n-octane conversion at 350◦C.

Upon decreasing CR temperature from 350 to 200◦C (at
350◦C in HR) the rate ofn-octane conversion decreas
(compare runs 4 and 5, 8 and 9, and 12 and 13), bu
mained significantly higher than that at 350◦C in CR and
at 150◦C in HR. Major alteration of the product distribu
tion was observed in this case (Table 7). The selectivit
branched octanes increased as high as 41.0–77.0%, an
to C3–C5 products decreased to 10.5–46.7%. High iso/norm
ratios (3.9–4.9) and low molar C3/C5 ratios (much less tha
unity, 0.04–0.6, depending on specific activity of HY) we
observed. It should be emphasized again that quite s
operation of zeolites (with different contents of Na) was
served in the reactor unit with the CR-HR configuration
different temperatures.

4. Discussion

The experiments with a circulating system with a CR-H
configuration with two separate catalytic components h
made it clear that cracking and isomerization ofn-octane
molecules over HY zeolites at 350◦C were suppressed dra
tically when the Pt/Al2O3 catalyst realized a hydrogenatin
function only, and dehydrogenation reaction was not allow
to occur because of thermodynamic limitations by low te
s

at

peratures (150◦C). HY zeolites behave extremely low acti
ity under these conditions, though no carbonaceous mat
formed. The activity is quite stable, and no deactivation
riod is observed during a long test (up to 10 h). Accord
to our earlier study [29–33], the very slow cracking un
these conditions occurs via a monomolecular pathway.
C3/C5 ratio is close to unity, indicating a simple zeolit
catalyzed scission of central bonds in C8 molecules. Most
likely, monobranched C8 species were subjected to cracki
producing predominantly C4 species with almost equimole
cular amounts ofn-C4 and iso-C4.

The rate of monomolecular cracking depends expon
tially on the content of Na in HY zeolites. This stron
sodium effect on the catalytic activity of HY zeolites
consistent with the data obtained by Dumesic and
workers [23] and Engelhardt [24] for the low-temperatu
isobutane isomerization. H-mordenite contained 0.58 w
Na was found [24] practically not to catalyze isobutane i
merization in the absence of olefins in the feed; howe
it was able to catalyze this reaction under the same
ditions with a low rate when the Na content was less t
0.1 wt% [23].

A dramatic increase in the rate ofn-octane conversion
with high selectivity to cracked products was observed w
both dehydrogenation and hydrogenation reactions wer
lowed to occur over Pt/Al2O3 catalysts at 350◦C. In this
case, octene intermediates generated in HR were transf
to a CR reactor where they cracked instaneously into C3–C5
hydrocarbons. Thus the evidence obtained in the reactor
of CR-HR configuration is regarded as a distinct demons
tion in favor of a classic model of nontrivial bifunction
catalysis [7]. The special tests did reveal (Table 2) the
activity of 1-octene over HY zeolites to be by more th
three orders of magnitude as reactive as that ofn-octane.
This made possible high rate of cracking/isomerization o
bifunctional Pt/HY0.9 zeolites to be achieved despite t
fact that rather a low concentration of octenes was p
duced because of thermodynamical limitation (equilibri
constant forn-octane dehydrogenation into different no
branched octenes is about 1.0× 10−2 at 350◦C).

The decrease of the temperature in the CR rea
from 350 to 200◦C (at 350◦C in HR) shifts the reaction
pathway from predominant cracking ton-octane branch
ing. The lower the activity of HY zeolite, the higher th
selectivity to branched octanes, and the lower the se
tivity to cracking. For the least active HNaY2.2 zeoli
the selectivity to isooctanes amounted thus to 77.0%,
that to cracking dropped to 10.5%. Nonsymmetrical dis
bution with respect to the number of carbon atoms in
cracked products was obtained in this case due to the
actions of oligomerization/β-scission that were manifeste
by the increased selectivity to C6–C7 alkanes (10.7–12.1%
The variation of the selectivity caused by temperature
CR was due to more favorable reactions of isomeriza
and oligomerization of intermediate octenes at low temp
ature as compared to cracking. However, the decrease i
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Fig. 4. Reaction network forn-octane hydroconversion over the Pt/HY0.9 zeolites.
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content in zeolite to 0.9% made it possible to improve
selectivity to cracked products from 10.5 to 46.7% at
expense of the cracking of branched octanes apparently

On the other hand, the increase in hydrogenating a
ity of the Pt component in Pt/HY0.9 catalysts improve
greatly the selectivity to branched octanes. So, the bal
between the acidic and metallic functions in bifunctio
catalytic systems involving both separated CR+ HR reac-
tors and a single two-component Pt/HY0.9 catalyst affects
dramatically the activity and selectivity to the main react
pathways,n-octane cracking, and branching, occurring
a classic bifunctional mechanism.

An overall mechanistic scheme for the main reaction
depicted in Fig. 4 to better rationalize the reaction pathw
depending on the relative activities of individual functio
The simplistic scheme matches the main steps of oc
hydrogenation/dehydrogenation (steps 1, 13, 15, 17),
mation of a secondary octyl carbenium ion by protona
of an octene intermediate (step 2), a number of succe
branching rearrangements of carbenium ions (carbenium
branching pathway) first into monobranched octylcarben
ion MB+ (step 3), then into dibranched octylcarbenium
DB+ (step 4), and finally into multibranched octylcarb
nium ion MuB+ (step 5). Branched octylcarbenium ions c
desorb reversibly from the acid sites as respective bran
octenes (MB=, DB=, MuB=, steps 12, 14, and 16, respe
tively). The latter migrate to the metallic sites to be hyd
genated into the respective branched octanes in step
15, and 17 (n-octane branching pathway). Note that the
verse 15, 17, and 19 steps of dehydrogenation of bran
octanes followed by adsorption of branched octenes (12
,

,

and 16 reverse steps) occur simultaneously. Octylcarbe
ions listed can otherwise collapse via cracking produc
C3–C5 cracked hydrocarbons (n-octane cracking pathway)

The rearrangement and scission of carbenium ions
commonly suggested [1,2,4,19,45] to be rate-determi
steps, not carbenium ion formation via olefin protonat
which is considered to be rapid in zeolites. It implies oct
desorption-sorption to be equilibrated with respective e
librium desorption constantsKm

des, K
d
des, K

mu
des. Note also tha

according to [37], the branching ofn-alkane, that of me
thyl-branched isomer, and that of dimethyl-branched iso
occur with almost identical rates. However, the cracking
depends dramatically on the extent of branching. This
reason why nonbranched secondary C8

+ carbenium ion is
not depicted in the cracking pathway in Fig. 4. Specific re
tions of hydrogenolysis and oligomerization (i.e., format
of C1, C2, C6, and C7 alkanes) are not dispayed also in t
kinetic network because of less contribution to the ove
n-octane conversion.

With such a reaction network, one can expect that
rate of n-octane cracking and isomerization over bifun
tional Pt/HY0.9 catalysts should be proportional to the s
face concentration of octylcarbenium ions over HY0.9
olites. These can amount to the highest concentration
when then-octane dehydrogenation rate constantkd is high
enough to attain equilibrium at the dehydrogenation s
The data showed (Figs. 2 and 3) the total rate ofn-octane
conversion, and the rates of skeletal isomerization and cr
ing to increase proportionally to the hydrogenation rate c
stant kh (and to kd consequently) until lgkh values were
less than 3.22–3.56 (L g−1 h−1). This suggests that the te
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tatively assignedn-octane dehydrogenation reaction is
limiting step over these catalysts. On the other hand,
rate of n-octane conversion did not depend on the de
drogenating activity of catalysts with lgkh � 3.56. Hence,
n-octane dehydrogenation attained a thermodynamical e
librium, and octene transformations over acidic sites w
the rate-determining steps. In terms of the reaction netw
in Fig. 4 it is clear that the transition from the Pt-limited r
action to the acid-limited one was the reason why the
of n-octane conversion over bifunctional Pt/HY0.9 zeolites
with lg kh � 3.2 (L g−1 h−1) failed to change and increase
greatly over the catalysts with more active metallic funct
when hydrogen was replaced by nitrogen (Fig. 3).

It is of importance to note that isooctanes produced w
poorly branched over all the Pt/HY0.9 catalysts; they rep
resented largely methylheptane isomers. In contrast,
cracked C4–C5 hydrocarbons produced over the cataly
with lgkh � 3.89 were highly isomerized (iso/norm ra-
tio = 2.7–2.8) irrespectively of the hydrogenating act
ity. It follows from this in accordance with the eviden
of the authors [1,37,45] that they were highly branch
isooctenes that cracked. Poorly isomerized cracked hy
carbons (iso/norm ratio 0.6) were produced over highly a
tive hydrogenating 10Pt/HY0.9 catalysts. The rate of crac
ing culminated at lgkh = 3.22–3.89 and then significantl
decreased as lgkh further increased. Thus the cracking ra
over 10Pt/HY0.9 normalized ton-octane concentration wa
lower than that over 1Pt/HY0.9 by a factor of 3. This be
havior of Pt/HY0.9 catalysts with strong metallic functio
does not come to an agreement with the kinetically c
trolled network in Fig. 4 since the concentration of octe
intermediates including both nonbranchedn-C8

= and vari-
ously branched MB=, DB=, and MuB= and accordingly the
concentration of respective carbenium ions could not be
duced because Pt accelerated simultaneously both for
hydrogenation steps and reverse dehydrogenation steps

To explain the loss of the cracking ability of Pt/HY0.9
catalysts with highly active hydrogenating function, a qu
tion may be raised as to whether the acidities of Pt/HY0.9
zeolites decreased as the content of Pt increased. Actu
there are likely no reasons to believe that it is the case
the Pt/HY0.9 samples were prepared based on the s
HY0.9 zeolite. The concentration of OH groups measu
by 1H MAS NMR has been found [6] to be the same
the Pt/HY0.9 zeolites irrespective of the Pt content. Furth
as noted, no decrease in the cracking rate inn-octane con-
version under N2 atmosphere was observed over the sa
Pt/HY0.9 zeolites as the content of Pt increased (Fig.
Instead, the reaction rate was proportional to the hydroge
ing activity. A similar linear relationship was observed [4
when highly branched octane (2,2,4-trimethylpentane)
hydrocracked over the same Pt/HY0.9 catalysts, the rate o
cracking being much higher than that ofn-octane. This rea
soning is in agreement with the evidence of other auth
[11,25,37,40] who argued that the zeolites loaded with
ferent quantities of Pt by the same procedure do not d
,

-

with the acidity. Thus, the adsorption heat and IR abso
tion in the range of stretching vibration of OH bonds did n
change when Pt was supported on mordenite [11]. Also,
impossible to recognize the decrease in the acidity of HY
to occur due to partial pore blockage by carbonaceous
ter. In fact, Pt-enriched zeolites exactly these showed q
stable operation in both flow and pulse reactors, the con
tration of olefin precursors was exclusively low (less th
detectable level 10−4 mmol/L), and carbonaceous matt
was thus not formed. In summary, it follows from this re
soning that the loss of cracking ability of Pt/HY0.9 catalysts
with strong metallic function cannot be referred to a decre
in the acidity of HY0.9 zeolite.

The anomaly in the cracking behavior of Pt/HY0.9 cat-
alysts could be explained if chemical steps in the reac
network discussed were affected by diffusion steps. Di
sion and zeolite pore effects on the alkane conversion
been discussed by many authors [34–43]. The diffusion
efficient of alkanes depends significantly on the exten
branching. For example, the following sequence of diffus
coefficients for SAPO-5 was found [35]:n-heptane> 2-
methylhexane> 3-methylhexane> 2,4-dimethylpentane>
2,3-dimethylpentane> 2,2,3-trimethylbutane. The differ
ence in the diffusion coefficients was reflected [35] in diff
ent activities in isomerization and in the product distribut
of the heptane isomers. The authors [32,39] have noted
influence of the diffusion of olefins and not the diffusion
alkanes, which is rapid compared to their chemical react
in zeolite.

Ione [6] and Romannikov [49] have argued that the
drogenation of linear olefins over Pt/HY zeolites at 150◦C
was not affected by diffusion transfer; however, this step
become important at higher temperatures and for the bu
branched olefins with less diffusivity. These branched ole
can be produced from the respective linear olefins inside
olite cavities. This diffusion phenomenon can be the m
pronounced the more branched octene intermediates an
larger average distance between the acidic sites and Pt
The production of highly isomerized cracked products o
the Pt/HY0.9 zeolites with a small content of Pt is a certa
indication of the occurrence of secondary reactions cau
by diffusion limitations. In the Pt/HY0.9 zeolites, every
metallic center is situated over the large acidic area re
sented by zeolite cavities. For instance, in 0.02Pt/HY zeo-
lites, the zeolite-to-metal surface ratio is 7860, i.e., a u
of a catalytically active surface of Pt accounts for 7860 u
of a zeolite surface (Table 3). Hence, on Pt-depleted
lites, the octene intermediates contacted a large amou
acidic sites which favor multiple acid-catalyzed rearran
ments into multibranched intermediates. Their sizes
proach the pore size of Y zeolite, and, hence, the hy
genation steps 13, 15, and, especially, 17 over metalli
can be limited by diffusion transfer. Enhanced concentra
of these bulkier octene intermediates, higher than that a
equilibrium, can thus be accumulated inside the cavities
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In term of diffusion-limited hydrogenation reactions, t
dependence of cracking activity and selectivity of Pt/HY0.9
catalysts with different concentrations of metallic ce
ters can be explained analogously to that given by
varez et al. [37] forn-heptane andn-decane hydrocrack
ing/isomerization over Pt/HY catalysts. The authors [37
found that the cracking over Pt/HY catalysts viaβ-scission
of tribranched decenes which involve two tertiary carben
ions is about 50 times faster thanβ-scission of dibranche
isomers which involve one tertiary and one secondary
benium ion, and 10,000 times faster thanβ-scission via two
secondary carbenium ions. Extraordinarily high reactivity
multibranched octenes for cracking and their low diffusiv
to escape zeolite cavities can be the reasons why Pt-dep
zeolite catalysts gave highly isomerized cracked prod
rather than respective multibranched octanes. The rea
pathway over Pt-depleted catalysts involved octylcarben
ion branching steps 3, 4, and 5 followed by cracking i
branched cracked products via step 10 predominantly. It
significance to add that complete separation of the cata
components to different reactors (CR-HR configuration)
sulted further in a loss of the synergetic effect of acid
metallic sites that was reflected in a reduced rate of con
sion and selectivity ton-octane branching as compared
that over PtHY0.9 catalysts (compare the data in Tabl
and 6 for HY0.9 based catalytic systems).

In the Pt-enriched catalysts, each Pt particle account
smaller acidic area (Szeol/SPt ratio decreases to 81/102). In
this case, once monobranched MB+ octylcarbenium ions
desorbed as respective olefin (step 12 withKm

des desorp-
tion equilibrium constant), the latter migrated more read
to a Pt site to be hydrogenated into the respective m
branched octane. This terminated the octylcarbenium
branching pathway and thus shifted the cracking pathwa
step 6 or 8 with the production of poorly isomerized crac
hydrocarbons with a low rate.

5. Conclusion

The application of an experimental circulating system
CR-HR configuration with two reactors loaded with se
rated catalytic components has made it possible to diffe
tiate between the contribution of the olefinic cracked pr
ucts and that of olefins produced from the dehydrogena
of the feed molecule to the reaction pathways. Monofu
tional activity of HY zeolite in the cracking of long-cha
n-octane molecules proved to be extremely low though
carbonaceous matter was formed and zeolites showed
stable operation when the olefinic cracked products wer
moved from the reaction mixture. So, rather than impr
n-octane cracking due to suppression of deactivation, the
drogenation function of metallic components proved to s
press drastically the cracking. Under these conditions, a
slow zeolite-catalyzed cracking occurs via a monomole
lar pathway involving the scission of predominantly cen
d

e

bonds most likely of monobranched C8 species producin
an equimolecular amount ofn-butane and isobutane. Th
initiation of the dehydrogenation reaction over the me
lic component at enhanced temperature results in a dram
increase in the rate of zeolite-catalyzed reactions of cr
ing and skeletal isomerization. The evidence obtained
the reactor unit of CR-HR configuration complemented
the data over Pt/HY0.9 catalysts is regarded as a distin
demonstration in favor of a classic nontrivial model of
functional catalysis [7] over the catalysts based on HY z
lites.

The decrease in temperature of the CR reactor from
to 200◦C (at 350◦C in HR) shifts the reaction pathway fro
predominant cracking ton-octane branching. This is due
more favorable reactions of isomerization and oligomer
tion of intermediate octenes at low temperature as comp
to cracking. The lower the activity of HY zeolite, the low
the selectivity to cracking and the higher the selectivity
branched octanes. On the other hand, the increase in th
drogenating activity of Pt component in Pt/HY0.9 catalysts
improved greatly the selectivity to branched octanes. As
as 0.2–0.5 wt% of metallic Pt in HY0.9 zeolite are requi
to equilibrate the reaction ofn-octane dehydrogenation (th
hydrogenation rate constantkh � 1600 L g−1 h−1).

Complete equilibration in the hydrogenation/dehyd
genation of branched octenes may not be attained due to
diffusivity of branched octene intermediates produced in
the zeolite cavities. An enhanced concentration (higher
thermodynamically possible) of branched octenes inside
cavities makes for enchanced rate and selectivity to crac
reaction. The more the concentration of Pt sites in zeol
the smaller the average distance between the metallic an
olite sites, and the closer the hydrogenation/dehydrogen
reaction to the equilibration.

In closing, alkane isomerization over bifunctional c
alysts in commercial units is usually thermodynamica
limited. This results from the fact that the thermodyna
cally appropriate conditions for the reactions occurring o
metallic and acidic components of bifunctional catalysts
quite different: dehydrogenation reaction needs high tem
ature, and isomerization needs low temperature. The a
cation of a flow circulation unit with CR-HR configuratio
makes it possible to avoid the limitation. The most app
priate thermodynamical conditions for each reaction ca
adjusted in this way and the exhaustive isomerization
n-alkanes into highly branched isomers can be attained
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