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Abstract

The conversion of-octane over a series of monofunctional HY zeolites, which differed with the contents of Na and over the bifunctional
Pt/HY zeolites differed with the contents of Pt, was studied as function of the balance among the specific activity of the components, the
distribution of the metallic sites over zeolite surfaces and reaction conditions. The activities of individual metal and zeolite components were
guantified in the reactions of 1-hexene hydrogenationsandtane cracking, respectively. Gradientless reactors of different configurations
were applied to rationalize the contribution of hydrogenation, dehydrogenation, cracking, isomerization, oligomerization, and catalyst de-
activation reactions to the reaction pathways over the bifunctiond Yteolites. The conceptual bifunctional mechanism involving the
dehydrogenation at-octane into olefinic counterparts was demonstrated experimentally by using the flow circulation unit equipped with
two reactors connected in series and loaded with separated HY and Pt components. The limiting steps were determined depending on tl
activity of the Pt component in PHY. It was shown that an optimum concentration of Pt sites exists in HY zeolites which corresponds to
a maximum cracking activity followed by a significant decrease as the concentration of metallic sites further increases. The effect of diffusion
transfer of branched octene intermediates inside the zeolite cavities from the acidic sites to Pt sites on the rates and reaction pathways ov
Pt/HY zeolites is argued.
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1. Introduction According to the classic mechanism [7], the skeletal iso-
merization and hydrocracking of alkanes over bifunctional
Hydrocracking and hydroisomerization of hydrocarbons catalysts occur through a set of parallel and consecutive steps
are the basic processes in the petroleum refining industryinvolving dehydrogenation of the alkane molecule over the
which produce a broad range of highly valuable chemicals, metallic site to produce the respective olefin which is highly
diesel ail, petrol, and gasoline. They proceed over bifunc- reactive for carbenium ion conversion and rapidly isomer-
tional catalysts with two quite different components repre- izes and/or cracks into two smaller olefins over the acidic
senting metallic and acidic functions. Different zeolites and sites. The cracked and isomerized olefinic intermediates are
zeolite-like solid acids and also acidic oxides are used as thehydrogenated at the final step. However, there is evidence
acidic components. Decationized Y and mordenite zeolites [8—-11] that the rate of the alkane hydrocracking and iso-
are the most widely applied. This is mainly due to strong merization is dependent on the activity of metallic function.
acidic properties combined with the specific pore geometry For example, the alkane hydroconversion over the catalysts
of these molecular sieves [1-6]. On the other hand, differ- with a high concentration of metallic components was sig-
ent metals such as Pt, Pd, Ni, Co, Mo, their oxides, and pjficantly lower than that with less concentration [8,10].
sulfides serve as the hydrogenating/dehydrogenating com-the drop in then-hexane isomerization activity was ob-
ponents. Metallic platinum is t.he most active catalyst.a.nd as gerved [10] when the contents of Pt and Ni in the HY zeolite
few as 0.2-0.5 wt% are required to promote the activity of o ceeded their optimum levels of 0.6 and 3.0%, respectively.
bifunctional contact. The authors [11] reported that even though monofunctional
H-mordenite deactivated during-butane isomerization, it
E-mail addresskuzpn@krsk.info. still had a better activity after 60 min on stream than the
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Pt-loaded HM mordenite. This is difficult to explain in terms occurred as the amount of olefin products accumulated
of a traditional kinetic chemical network. [22,29-33]. In our earlier papers [26-28], a gradientless
The alternative bifunctional concept suggests that the ini- flow circulation unit equipped with two reactors connected
tial activity of acidic components with strong acidity is high in series was applied to study the effect of olefinic prod-
enough to activate an alkane molecule [12]. The main prob- ucts on then-octane cracking over HY zeolites. First the
lem associated with the use of strongly acidic catalysts is reactor was loaded with HY zeolite for cracking and an-
the fast deactivation by carbonaceous species generated fromther one was loaded with 0.5% /Pi,O3 at 150°C for
the olefinic precursors. The key role of metallic component hydrogenation of olefinic intermediates. Solely monomole-
in this bifunctional concept is to prevent poisoning and to cular cracking of evem-octane was found to take place
maintain the performance of acid centers by means of hy-in the reactor unit of this configuration to a high extent
drogen activation to hydrogenate the olefinic intermediates. of conversion (up to 53%) due to controlled termination
For example, over the monofunctional H-mordenite, the high of the chain reaction as a result of olefin hydrogena-
catalytic activity forn-butane isomerization decreased dras- tion.
tically with time on stream [11]. Deactivation was mini- Also, evidence [8,9,34—40] was obtained that alkane con-
mized by hydrogen and Pt loading that was thought to reduceversion can be governed by the pore structure of the zeolite
the concentration of intermediate olefins in the zeolite pores. that distorted the kinetic data. For instance, hexane hydroi-
This concept raises some fundamental questions as to thesomerization rate was reported [34] to increase significantly
nature of the zeolite-catalyzed reactions responsible for theafter acid leaching of Ptmordenite. The alleviation of in-
initial activation of alkane molecule at rather low tempera- tracrystalline diffusion limitation but not the alteration of
tures. acid centers was argued to be the major factor in activity
As to the acidic function of zeolites two main pathways of enhancement. Although HY zeolite has wider pores com-
the alkane conversion are currently discussed [1,2,4,13-15]:pared to other zeolites, nevertheless diffusion transfer inside
(i) a bimolecular carbenium ion mechanism involving the the pores is supposed [8,9,32,38,41-43]to affect fast chemi-
activation of the alkane molecule via hydride transfer to a cal reactions of highly reactive olefins over both the metallic
carbenium ion followed by-scission of this newly formed  and the acidic sites.
carbenium ion, (ii) a monomolecular pathway of direct ac- The catalytic activity of metal-containing HY zeolites
tivation of alkane molecules. The generation of carbenium loaded with different amounts of Ni, Pd, and Pt in the re-
ions in a bimolecular reaction is normally associated with action of n-octane hydrocracking has been studied earlier
the sorption of olefins on the Brgnsted acid sites. Note thatin our papers [27,44]. In terms of a classic bifunctional
chemosorbed alkenes are currently accepted [2,13,16—20] tanodel [7], it should be expected that where the dehydro-
exist as alkoxy groups which on excitation form the carbe- genation function is limiting, the rate of-octane hydro-
nium ions in the transition state. Carbonium ion is believed cracking must be identical at the same dehydrogenation
to represent rather a transition state than a stable, high-rate whatever the metal's nature. Nevertheless, the hydro-
energy intermediate. However, the structure of the reactive cracking rates proved to be quite different and increased
intermediates is not specified in this paper. in the order PtHY< PdHY < NiHY. The difference be-
The beneficial effect of olefin additives on the cracking tween the activities of bifunctional catalysts based on the
and isomerization of alkanes over zeolites has been demonsame HY zeolite and having the same hydrogenating-
strated by many authors [13,21-28]. According to recent dehydrogenating activity was difficult to explain, and further
evidence obtained by Dumesic and co-workers [22,23], the kinetic experiments are required to rationalize this anom-
isomerization of isobutane over the H-mordenite and USY aly.
zeolites at low temperatures did not commence withoutthe A large volume of studies on-alkane conversion over
presence of traces of olefins in the feed. The addition of bifunctional metal-zeolite catalysts has been published in
olefins (isobutylene) dramatically increased the rate of iso- the literature; however, the reaction mechanism is very
merization as well as the rates of side reactions such ascomplicated and still not completely understood. It should
oligomerizationg-scission and coking resulting in catalyst be noted that detailed experimental evaluation of the ki-
deactivation. netic parameters is problematic for rapidly deactivating ze-
A dual contrasting function of olefins in the zeolite- olites especially when long-chain alkanes with enhanced
catalyzed reactions makes it difficult to discriminate be- reactivity are processed. This is the reason why the fun-
tween the monomolecular and bimolecular pathways. The damental kinetic data on the hydrocracking and isomer-
detection of the monomolecular reaction is hindered usu- ization reactions were obtained largely with low mole-
ally by the bimolecular products which tend to dominate cular alkanesp-butane and isobutane particularly [3,11,
as conversion increases. Therefore, a solely monomolec-22,23,32,45,46]. However, 4/£Cs alkane molecules are
ular pathway in the reaction of alkane isomerization was too small to be representative of the alkanes of an in-
observed only when the conversion was very low, less dustrial hydrocracking feed. Therefore the catalytic activ-
than 0.4-1.4% after Dumesic and co-workers [22], be- ity of bifunctional zeolite catalysts must be confirmed for
cause spontaneous transition to the bimolecular reactionlonger alkanes. Also, because of zeolite deactivation es-
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pecially when long-chain alkanes with enhanced reactivity 2. Experimental

are processed novel kinetic approaches are needed and ex-

tensive studies remain to be carried out before firm con-  HY zeolites with different quantities of Na were prepared
clusions can be drawn as to the appropriate pathway ofaccording to [28] by repeated treatment of a commercial
zeolite-catalyzed reactions and the true role of olefin inter- NaY zeolite with 0.1 N solution of Ny{C1 + NH4OH fol-
mediates. lowed by calcination (between treatments) at 240Gor 3 h.

In the present paper, the hydroconversionnedlkane The HY zeolites produced were repeatedly treated with
over the bifunctional PHY zeolite catalysts is studied to  [Pt(NH3)4]Cl2> solutions to prepare a set of /PtY sam-
better understand the roles of olefinic intermediates pro- ples with different Pt concentrations from 0.02 to 10.3 wt%.
duced from dehydrogenation of the parent alkane mole- To produce fine metallic particles, Pt-loaded zeolites were
cule and that produced from its zeolite-catalyzed crack- treated at 350C in a dry air flow and then reduced by hy-
ing. Reactors of different configurations were applied to drogen in the catalytic reactor at 350 for 2 h before the
control the concentration of olefinic intermediates and catalytic tests [47].
to avoid the problems related to deactivationOctane The dispersion of Pt particles was studied by TEM. The
was used as a reaction feed because it is the represenerystallinity of the zeolite framework was controlled by
tative molecule of the alkanes of an industrial hydroiso- X-ray diffraction and by argon desorption. The relative de-
merization and hydrocracking feeds and also all the pos- gree of crystallinity was estimated as the ratio of a sum of
sible modes of cracking and isomerization of carbenium the integral intensities of (111), (220), (311), (331), (440),
ions can be involved during the hydroconversion reac- (533), and (642) reflexes to that of the original zeolite rated
tions. by 100%.

In the reactors that were conventionally applied in the ki-  Specific catalytic activity of the metallic function was
netic evaluations, both hydrogenation-dehydrogenation andevaluated in the reaction of 1-hexene hydrogenation at
cracking-isomerization occurred simultaneously over the 150°C at atmospheric pressure, and quantified by the first-
different components of bifunctional catalysts. This presents order rate constant [47]. To evaluate the specific monofunc-
difficulties in the differentiation between the contributions tional acidic function, HY zeolites with no Pt were tested
of the reactions occurring on the metallic and zeolite sites in the reactions ofz-octane, and 1-octene cracking. Bi-
to the total conversion, specific roles mfalkane dehydro-  functional hydrocracking/isomerization activity of /PtY
genation, and that of hydrogenation of the cracked olefinic catalysts was evaluated in the reactionmebctane hydro-
products, in particular. Also, experimental evaluation of the conversion.
catalytic activity is problematic usually for rapidly deac- Catalytic measurements were carried out in the reactors
tivating zeolite catalysts. Therefore, the nongradient reac- of different configurations under concentration and temper-
tors (continuous-flow-circulation reactor and a microreactor) ature gradientless conditions. A continuous-flow-circulation
of different configurations were applied. The microreac- reactor unit (CFCR) and a microreactor unit (2-ml reactor
tor unit could operate both in a continuous-flow mode and volume) with a vibro-fluidized catalyst bed were used. The
in a pulse mode. The latter made it possible to evaluate microreactor unit could operate both in a continuous-flow
the catalytic activity at the initial reaction period for the mode (CFMR configuration) and in a pulse mode (PMR
catalysts whose activity rapidly decreased. A continuous- configuration). The PMR configuration was used to evalu-
flow-circulation unit equipped with two reactors connected ate the catalysts whose activity rapidly decreased. A mixture
in series allowed the metal and zeolite components to be of n-octane (1 or 6 vol%) in B(or in N2) was used as a feed.
separated and loaded in the different reactors at differentin the microreactor of CFMR configuration, the feed entered
temperatures. In this unit, the rates of hydrogenation, de-the reactor continuously, and in the microreactor of PMR
hydrogenation, cracking, and isomerization were controlled configuration, feed pulses (volume of 30 ml) were intro-
independently and the effects of olefinic intermediates pro- duced periodically (via a multipass tap) into the continuous
duced fromn-octane dehydrogenation and from cracking flow of Hz (or N2) through the reactor. Flow rate was so ad-
were monitored. justed to vary pulse duration from 10 to 50 s. So, the PMR

Sets of HY and PHY zeolites with a large variation in  reactor had a short-reaction cycle, and made it possible to
the activities of the components were used to better under-evaluate catalytic activity at the initial period.
stand the bifunctional kinetic network. The catalytic activi- In a continuous-flow-circulation reactor unit, CFCR, the
ties of the individual metallic and zeolitic components in the circulation of the reaction mixture through the reactor was
specific reactions of 1-hexene hydrogenation armttane accomplished by a piston electromagnetic pump joined to
and 1-octene cracking were evaluated quantitatively. From a valve system allowing for one-directional flow in the re-
the product distribution established on these quantitatively action circuit. The rate of circulation was 600 thand
characterized catalysts with a large variation in the activity that of feeding the unit and of withdrawal of products was
of components, the sequence of the various reaction stepsnuch less, 5-10 L'ht. Due to a high circulation factor, the
duringn-octane hydrocracking and isomerization was spec- extent ofn-octane conversion for a single circulation cycle
ified. was quite low (no more than 0.5%) making for concentra-
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Circulation circuit, 600 I/h .
el The reaction products were analyzed by gas chromatog-

raphy using a column of 2.3 m in length filled with AW
Hesasorb with polyphenyl ether at 120 and a column
of 3.2 m in length filled with TZK with white paraffin olil
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reactor | PUALOS 3.1. Specific characterization of HY zeolites

The characterization of prepared zeolites with 2.2, 1.7,
1 ] and 0.9 wt% of Na contents is shown in Table 1. The evalua-
tion of specific catalytic activity of HY zeolites for-octane
Fig. 1. Diagram of thg conti_nuous-ﬂow-circulation unit with two reactors, cracking was made under the conditions of monomolecular
CFCR of CR-HR configuration. reactions in a CFCR unit with a CR-HR configuration at a
temperature of 358C in CR and 150C in HR, and, accord-
tion gradientless conditions. However, the cumulative extent ing to [27,28], the first-order rate constants were calculated.
of conversion varied in a broad range depending on the con-it should be emphasized that HY zeolites showed quite sta-
tact time (the ratio of the volume of catalysts to the rate of pje operation under these conditions over a long period of
feeding) due to repeated circulation. time (up to 10 h), and no carbonaceous matter on the zeolite

A CFCR equipped with an additional reactor connected gyrface was formed. Reaction rate constants were found to
in series (CR-HR configuration) was also applied. This cata- jncrease dramatically as the content of Na decreased. HY0.9
lytic unit allowed the metal and zeolite components to be \yas thus 2.5 times as active as HY1.7 and 18 times as active
separated and to be loaded in different reactors at differ- 55 Hy2 2.
ent temperatures and the effect of olefinic intermediates |, continuously operated reactors of CFCR and CFMR
which were produced from-octane dehydrogenation and  configurations, the activity of zeolites inoctane cracking
that of olefinic cracked products on theoctane hydro-  \was much higher, but decreased rapidly with time on stream
conversion to be monitored. The schematic diagram of this gye to olefin-assisted deposition of carbonaceous matter.
unit is shown in Fig. 1. One of the reactors was loaded  spown in Table 2 are the data on the catalytic activity of
with HY zeolite for cracking/isomerization (CR reactor) and e most active HY0.9 zeolite for theoctane and 1-octene
another one was loaded with 0.5%;/Rt03 for hydro- cracking evaluated in the microreactor of PMR configuration
genation/dehydrogengtiop (HR reactor). The temperature Of(pulse mode) at 35TC. In then-octane cracking, the zeolite
each reactor was maintained separately. The products gengig not undergo measurable deactivation when passing 5-10
erated in CR were transferred into HR where unsaturated ,|ses of feed, and the deactivation in 1-octene conversion
hydrocarbons were hydrogenated into the respective alka-yas observed as the number of pulses increased. The aver-
nes, andi-octane was dehydrogenated (when the tempera- gge conversion ofi-octane (for 5 pulses) was 39.6%, and
ture was high) into respective linear octenes over the 0-5%complete conversion of 1-octene was observed in the first
PY/Al20s catalyst. This CFCR unit with CR-HR configu-  pyise. Hence, 1-octene reactivity for cracking evaluated as
ration made it possible to control the rates of hydrogena- the normalized rate was more than abou? fifhes as ac-
tion/dehydrogenation and cracking/isomerization indepen- ie asn-octane. Mainly cracked4Cs hydrocarbons were
dently. The quantity of 0.5% PAI203 in HR was so ad-  produced from both molecules. However, the conversion of
justed in the preliminary experiments to fully hydrogenate 1_gctene also yielded ¢C; hydrocarbons (13.5%) result-
the olefinic intermediates but not to facilitate significantly ing from the oligomerizatiom-cracking reactions.
other reactions, hydrogenolysis in particular.

The grain fraction 0.25-0.50 mm of the catalysts was
used for catalytic measurements. Catalytic activity for
n-octane conversion was quantified by the reaction rate nor-—— : .
malized to thez-octane concentration in the reaction mix- 2€°lte  Content  Sig/Al;05  Degree of - Cracking rate
ture (W/[CgH1g]). The yield of G-Cs hydrocarbons was ofNa ratio crystallinity constafit

Table 1
Characterization of HY zeolites

. i , : . (% wt) (%) (Lgth™h
considered to be a diagnostic regarding the acid-catalyzed

) ) . X HY2.2 2.2 4.0 100 0.10
cracking. G—C; hydrocarbonyield characterized mainly the ;15 17 40 100 0.25
activity for hydrogenolysis, and ¢=C; hydrocarbons were  Hyo.9 0.9 50 70 1.80

re}t?r,md malnly t'O ollgqmerlzatlon-crackln.g reactions. The @ Continuous-flow-circulation reactor unit of CR-HR configuration,
activity for hydroisomerization was determined from the to- 350°c in CR, 15¢°C in HR, 0.18 MPa, hydrogem:octane molar ra-
tal yield of branched g-hydrocarbons. tio = 100.
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Table 2 of Pt increased from 0.02 to 10.3 wt%. Using the specific
Conversion of-octane and 1-octene over HY0.9 zeolite activity of the unity of metallic surface of Pt for the same
Hydrocarbon n-Octane 1-Octene 1-hexene hydrogenation reaction [6,47], the surface area of
Feeding rate, ht 3.0 18.4 Pt in PYHY geolites and the ratios of thg specific surface
Conversion, % 39.5 100.0 area of zeolite component to the specific surface area of
W/CgHig, Lg~1h~1 39.6 > 4x 10* metallic component depending on the content of Pt were
PVOdUﬁt composition, mol% estimated from the 1-hexene hydrogenation rate constants.

Methane - - One can see from Table 3 that/PfY0.9 samples repre-

Ethane, ethylene 0.8 0.6 . L L .

Propane 172 35 sented a large poss!ble' vquat!on of the acuwty of metallic

Propylene 8.5 19.6 components and their distribution over the zeolite surface.

i-Butane 41.0 16.0

n-Butane 9.5 0.4 3.3. Bifunctional activity of PHY0.9 zeolites

Butenes 6.7 29.3 in the reaction of:-octane hydroconversion

i-Pentane 12.7 6.9

n-Pentane 2.6 0.2 . . . . .

Pentenes 1.0 10.4 Shown in Fig. 2 is the c'atalyt|c activity of PtHY0.9 cata-

Hexane—hexenes - 3.8 lysts for n-octane conversion, cracking ta-8Cs hydrocar-

Heptane-heptenes - 9.7 bons, and skeletal isomerization to branched octanes quan-
Paraffiryolefin molar ratio 4.6 0.5 tified by the normalized reaction rates plotted as a function
Iso/norm molar ratio 3.8 3.1

of the specific hydrogenating activity quantified by the rate
Pulse microreactor, 350C, 0.18 MPa, hydrogen:octane (1-octene) molar constant for 1-hexene hydrogenatigi,A continuous-flow-

ratio = 100. circulation unit with a single reactor (CFCR configuration)
-~ o was used in these catalytic measurements. Deactivation of

3.2. Specific characterization of Pt component ot PtHY0.9 catalysts with poor hydrogenating activity was ob-

zeolites served to some extent during the initial reaction period. In

. _ Fig. 2, the normalized reaction rates were referred to 30 min

Eight samples of PHY0.9 catalysts with a PT con-  reaction time when a quasi-state reaction regime was at-
tent between 0.02 and 10.3% were prepared based on thgained, and the extent of conversion was adjusted within
most aCtiVe HYO0.9 Zeolite W|th 0.9 wt% Na (Ta.ble 3) TEM rather narrow ||m|ts (between 35 and 450/0) by Varying con-
study showed all PHYO0.9 catalysts to have a very homo-  tact time. One can see from Fig. 2 that the total activity
geneous distribution of fine metallic particles which may first increases proportiona”y th“l and then attains a con-
be mainly located in the zeolite pores [6,32]. Displayed stant value over the catalysts withkg> 3.5. The rate
in Table 3 are the data on the catalytic activity of sam- of 4-octane isomerization increases permanently in a non-
ples for the specific reaction of 1-hexene hydrogenation in monotonic manner, and the rate of cracking t§-Gs hy-
a CFCR at 150C. The first-order rate constant referred to drocarbons attains a maximum atkjg= 3.6-3.9 and then
the amount of PHYO0.9 catalyst increased by two order of  decreases significantly &g further increases. The concen-
magnitude (from 180 to 16,500 Lgh~') as the content  tration of olefinic cracked products in the reaction mixture

Table 3
Characterization of metallic component of thgI®Y0.9 zeolites and cat- 1107,
alytic activity for 1-hexene hydrogenation at 150 20F <
Catalyst Pt content Rate constant, Surface areaS;eol/ Spt L d8 <
(Wt9%) kh of P ratio? —~ 15k e
(Lg~th=1) (m2/gof PYHY) I‘SE I 6 E’
HYO0.9 No - - — @ r 1S
0.02PfHY0.9 002 180 007 7860 Q 1.0f =
0.06PYHY0.9 0.06 607 025 2200 S 14 =
0.2PYHY0.9 02 1600 066 833 o £
0.5PYHY0.9 05 3643 159 367 05 .- 3 1, 8
1PYHY0.9 10 7900 325 169 .1 & Detection limit of olefins™p...........] S
2Pt/HYO0.9 23 10,000 412 133 T . T =
8PY/HY0.9 87 13,100 539 102 D
10PYHYO0.9 103 16,500 679 81 2. 2.5 4.0 3.5 4.0 (@]

Hydrogenation rate constant, 1g k;,

Continuous-flow-circulation unit, 0.1 MPa, 1 mmdiL of I-hexene in .

a Surface area of metallic Pt in Y0.9 zeolites was calculated from  Fig. 2. The activity of PtHY0.9 catalysts in the-octane hydroconversion
the hydrogenation rate constants taking into account the data [6,47] on thein a flow circulation unit as a function of the hydrogenating activity of the
surface area of Ptin 0.5R4Y0.9 sample (300 rg~* of P). platinum component. Flowcirculation unit, 390G, 0.18 MPa, k/CgH1g

b The ratio of the surface area of zeolite (558 @m1) to the surface area molar ratio= 16. 1, Hydroisomerization; 2, cracking; 3, totabctane con-
of metallic Pt in PYHY0.9. version; 4, olefinic cracked product concentration.
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Table 4

Selectivity of n-octane hydroconversion over different bifunctiona)/ Pt
HYO0.9 catalysts

k)

*

Catalyst Selectivity (%) §/Cs ’—é =

Cracking Hydrogenolysis Hydroisomerization molar T g

ratio g E

0.02PYHYO0.9 82.2 1.8 16.0 1.10 é é

0.06PfHY0.9 66.9 1.2 31.8 1.06 9 g

0.2PYHYO0.9 53.6 0.4 46.0 0.98 0}

0.5PYHY0.9 545 0.8 44.8 0.97 %5’

1PYHYO0.9 48.5 0.8 50.7 1.02 o

2PYHYO0.9 33.2 0.6 66.2 1.03 X g =

8PYHY0.9 25.7 0.6 73.7 0.96 T i
10PYHY0.9 206 05 80.6 0.96 20 25 30 35 40 45

Flow circulation unit, 300C, 0.18 MPa of H, Hy/CgH1g molar ra- Hydrogenation rate constant, Ig kh

tio = 16.
Fig. 3. The activity of PtHY0.9 catalysts in the-octane conversion in a
pulse microreactor as a function of the hydrogenating activity of the plati-
decreases from & 10~4 mmolL~! to less than detection  num component: 308C, 0.18 MPa, K (or Ny)/CgH1g molar ratio= 100.

limit (1 x 10~4 mmol |_—1)_ 1, Hydrocracking; 2, hydroisomerization; 3, totaloctane hydroconver-

In Table 4, the data on the selectivity of theoctane hy- sion; 4, totaln-gctane conversion in Natmosphere; 5, olefin cracked prod-
droconversion depending on the activity of metallic function uct concentration.
are shown. As the hydrogenation activity increases the selec-
tivity shifts from the predominant cracking (82.2%) to pre- )
dominant isomerization into branched octanes (80.6%), the ¢réased from 100% over HY0.9 with no Pt to only 5.9%
latter representing methylheptane isomers mainly. The dis-OVer 10PtHYO0.9 (Table 5). The concentration of the olefinic
tribution in the G—Cs cracked fraction was perfectly sym- cracked products decreased from<8L0~* mmolL™" to
metrical with respect to the number of carbon atoms, almost /€SS than detectable limits (Fig. 3). The jsorm ratio for
equimolar amounts of £and G hydrocarbons were pro- the G—Cs hydrocarbons was high over the catalysts with
duced indicating a Simp'e Cracking o%ﬂls molecules by |g kh < 3.2 (27—28, Table 5), and dropped drastica”y t0 0.6
a carbenium ion mechanism. Hydrogenolysis and oligomeric When the hydrogenating activity further increased.
Cracking to G-C and G—-C; were insigniﬁcant over all the Quite different kinetics was observed in the same mi-
catalysts. croreactor of PMR configuration whenyHvas replaced

To test if the carbonaceous deposition (that took place to by Nz. Linear correlation between the normalized rate
some extent over the catalysts with poor hydrogenating ac-0f n-octane conversion ank, was observed over all the
tivity) alters the behavior of the catalysts the experiments Pt/HY0.9 catalysts (Fig. 3). Mostly-octane cracking oc-
were replicated with a pulse microreactor (PMR configura- curred, and the selectivity to isooctanes was less than
tion). A diluted reaction mixture (1 vol% of-octane instead ~ 10% over the catalyst with the strongest metallic function
of 6 vol% in previous experiments) was used to minimize (10PyHYO0.9). Significantly, the rates of cracking irptdnd
deactivating effects. Under these conditions, all the catalystsN» gaseous media were almost the same over the catalysts
including zeolites with no Pt showed quite stable operation with Igkn < 3.2, but differed dramatically over AiY0.9
during 5-10 repeated pulses; i.e., deactivation was not ob-zeolites with stronger metallic function.
served for a 5 to 10-pulse period. It should be noted also
that in these experiments with PMR, theoctane conver-
sions over different PtHY0.9 catalysts were adjusted experi-
mentally within the quite narrow limits of 29-31% to avoid
the effect of conversion. In these tests, the concentration of
n-octane in the reaction mixture was 0.31-0.32 mythpl
i.e., almost the same. Experimental data obtained are displayed in Tables 6

Shown in Fig. 3 are the normalized reaction rates for to- and 7 as a function of the temperatures in CR and HR reac-
tal n-octane conversion, cracking, and skeletal isomerization tors. The conversion of-octane over HY zeolite alone (i.e.,

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

and olefin concentration plotted as a functiorkgf Again, in the absence of 0.5% FA&l,03 catalyst in HR reactor)
a similar regularity was observed: the rates of total conver- at 350°C occurred with a reasonable rate, but it decreased
sion and isomerization attained constant values &f g rapidly when operated because of deactivation due to olefin-

3.2, and the cracking rate reached a maximum at this point assisted “coke” deposition. In Tables 6 and 7, the activities of
and then decreased &g further increased. The increase in  HY zeolites in the tests with no PAl 2Oz catalyst referred to
the selectivity to branched octanes to 93.8% was observedl5 min on stream. For example, the conversion over HY2.2
askn increased, and the selectivity to cracked products de- zeolite in 15 min was 36.0% (run 2).
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Table 5

Selectivity of hydroconversion of-octane over bifunctional PiHY0.9 catalysts in a pulse microreactor

Catalyst n-Octane WCgH1g Selectivity (%) Isgnorm ratio
conversion (%) (Lglh 1 Cracking Hydrogenolysis Hydroisomerization fof-€Cg

HYO0.9 44.4 11 10Q0 - - 1.3

0.02PyHY0.9 31.1 274 483 - 51.6 2.8

0.2PyHYO0.9 311 1635 217 0.01 78.3 2.7

1PYHY0.9 28.9 1750 133 01 86.2 2.0

10PYHYO0.9 29.9 1610 59 03 93.8 0.6

Pulse microreactor, 300, 0.18 MPa, H/CgH1g molar ratio= 100.

Table 6

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

Run catalyst Temperaturé) Colef n-CgHig W/CgH1g
HY Pt/Al,03 (mmolL™1) conversion (%) (ao3Lgth 1

1 PYAl,03 - 350 10x 1074 1.0 002

2 HY22 350 - 8.0x 1072 36.0 230

3 HY2.2+PyAl,03 350 150 40 x 1074 2.4 0.10

4 HY2.2+4 Pt/Al,03 350 350 50 x 1073 351 230

5 HY2.2+PYAl,03 200 350 15 x 1073 115 048

6 HYL7 350 - 44%1072 286 3.85

7 HYL.7+PyAl,05 350 150 10x 1074 2.3 0.25

8 HYL.7+PyAl,03 350 350 30 x 1073 9.7 4.40

9 HY1.7+Pt/Al,03 200 350 40 x 1074 18 0.69

1P HY0.9 350 - 71x1072 67.0 277

112 HY0.9+ PY/Al,03 350 154 1.0x 1074 7.7 18

122 HY0.9+ Pt/Al,03 350 350 10x 1073 335 146

132 HY0.9+ PY/Al,03 200 350 20x 1074 17.4 48

Reactor CFCR of CR-HR configuration, 0.18 MPa,/BgH1g molar ratio= 16.
@ H,/CgH1g molar ratio= 100.
Temperature was varied from 65 to 180; 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 Temperaturé() Selectivity (%) Isgnorm G/Cs
HY PY/Al,03 C3-Cs C1-C Co-Cr i-C8 ratio for C4~Cs ratio
1 PYAl,03 - 350 64.4 35.6 - - 0.05 10
2 HY22 350 — 99.4 0.6 — - 4.0 10
3  HY2.2+4 Pt/Al,03 350 150 95.2 4.8 - - 14 10
3 HY2.2+-Pt/Al,03 350 350 97.3 0.6 — 21 19 12
4  HY2.2+-Pt/Al,03 200 350 10.5 0.4 12.1 res 45 0.04
6 HY1.7 350 — 99.2 0.8 — - 35 11
7 HY1.7+Pt/Al,03 350 150 96.8 3.2 - - 14 11
8 HY1.7+4 PyAl,03 350 350 97.6 0.6 — 18 17 09
9 HYL1.74+ Pt/Al,03 200 350 20.4 0.6 10.7 68 39 01
102 HY0.9 350 - 99.3 0.7 - — 4.5 11
112 HY0.9+4 Pt/Al,03 350 150 98.2 1.8 - - 1.3 10
12 HY0.9+ Pt/Al,03 350 350 95.0 0.3 - 4 15 12
13 HY0.9+ PY/Al,03 200 350 46.7 0.8 115 a0 49 06

0.18 MPa of B, Hy/CgH1g molar ratio= 16.
@ H,/CgH1g molar ratio= 100.
Temperature was varied from 65 to 18D; no effect on conversion was observed.

The activity of HY zeolites was quite invariable for 10 h the parent one. This contrasted with a black-colored zeolite
of operation when a 0.5% Pal,Os3 catalyst loaded in the  which operated in an ordinary single reactor unit even for a
HR reactor at a temperature of 18D was used, and no  short reaction period.
carbonaceous deposition was observed over zeolite, when It can be seen from Table 6 that 0.5% Rit,O3 catalysts
tested for 10 h the zeolite retained its quite white color like at a temperature of 15 drastically decreased the extent
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of n-octane conversion and cracking rate (compare runs 2peratures (150C). HY zeolites behave extremely low activ-
and 3, 6 and 7, and 10 and 11). For example, the conversiority under these conditions, though no carbonaceous matter is
over HY2.2 zeolites decreased from 36.0% (run 2) to 2.4%. formed. The activity is quite stable, and no deactivation pe-
It is of importance to note that 0.5% /2,03 catalysts riod is observed during a long test (up to 10 h). According
also decreased the concentration of olefinic cracked prod-to our earlier study [29-33], the very slow cracking under
ucts from 4.4-8 x 1072 to 1.0-40 x 10~% mmol L~ at these conditions occurs via a monomolecular pathway. The
the exit of the CR reactor (compare runs 2 and 3, 6 and 7,C3/Cs ratio is close to unity, indicating a simple zeolite-
and 10 and 11). The concentration of olefins at the entrancecatalyzed scission of central bonds ig folecules. Most
of the CR reactor (i.e., at the exit of HR) was below a de- likely, monobranched £species were subjected to cracking
tectable level (10 x 10~* mmol L~1). The cracked products ~ producing predominantly £species with almost equimole-
were loosely isomerized. Isnorm ratios for G—Cs alka- cular amounts of-C4 and iso-G.
nes were 1.3-1.4 (igoorm= 1.0-1.2 for butane fraction) The rate of monomolecular cracking depends exponen-
that contrasted to 3.5-4.5 without 0.5%/ Ri,O3 catalyst tially on the content of Na in HY zeolites. This strong
(Table 7). It should be noted that the variation of HR temper- sodium effect on the catalytic activity of HY zeolites is
ature from 150C to 65°C showed no effect on the reaction consistent with the data obtained by Dumesic and co-
(run 11, Table 6). Also important, the cracking rate increased workers [23] and Engelhardt [24] for the low-temperature
significantly when the amount of &l O3 catalyst in HR isobutane isomerization. H-mordenite contained 0.58 wt%
reactor was insufficient to provide an adequate hydrogena-Na was found [24] practically not to catalyze isobutane iso-
tion of olefinic products. merization in the absence of olefins in the feed; however,
A dramatic increase (by 8—-23 times) in the normalized re- it was able to catalyze this reaction under the same con-
action rate and a high selectivity taGCs cracked products  ditions with a low rate when the Na content was less than
(95.0-97.6%) was observed while increasing the tempera-0.1 wt% [23].
ture of HR from 150 to 350C (compare runs 3 and 4, 7 A dramatic increase in the rate afoctane conversion
and 8, and 11 and 12 in Tables 6 and 7). It is of interest to with high selectivity to cracked products was observed when
note that branched octane isomers were also produced in thidboth dehydrogenation and hydrogenation reactions were al-
case with small quantities (1.8-4.7% of selectivity). The ex- lowed to occur over PAI;,O3 catalysts at 350C. In this
tent of isomerization of the cracked alkanes also increasedcase, octene intermediates generated in HR were transferred
compared to that obtained at 18D in HR (Table 7). This to a CR reactor where they cracked instaneously inteCs
kinetic feature cannot be attributed to a specific activity of hydrocarbons. Thus the evidence obtained in the reactor unit
Pt/Al,O3 catalysts only, since run 1 showed a negligible of CR-HR configuration is regarded as a distinct demonstra-
n-octane conversion at 35C. tion in favor of a classic model of nontrivial bifunctional
Upon decreasing CR temperature from 350 to 20(at catalysis [7]. The special tests did reveal (Table 2) the re-
350°C in HR) the rate ofn-octane conversion decreased activity of 1-octene over HY zeolites to be by more than
(compare runs 4 and 5, 8 and 9, and 12 and 13), but re-three orders of magnitude as reactive as that-otctane.
mained significantly higher than that at 38D in CR and This made possible high rate of cracking/isomerization over
at 150°C in HR. Major alteration of the product distribu-  bifunctional PYHY0.9 zeolites to be achieved despite the
tion was observed in this case (Table 7). The selectivity to fact that rather a low concentration of octenes was pro-
branched octanes increased as high as 41.0-77.0%, and thaluced because of thermodynamical limitation (equilibrium
to G3—Cs products decreased to 10.5-46.7%. High'isrm constant forn-octane dehydrogenation into different non-
ratios (3.9-4.9) and low molarsZCs ratios (much less than  branched octenes is aboufk 10-2 at 350°C).
unity, 0.04-0.6, depending on specific activity of HY) were The decrease of the temperature in the CR reactor
observed. It should be emphasized again that quite stablefrom 350 to 200C (at 35C°C in HR) shifts the reaction
operation of zeolites (with different contents of Na) was ob- pathway from predominant cracking to-octane branch-
served in the reactor unit with the CR-HR configuration at ing. The lower the activity of HY zeolite, the higher the
different temperatures. selectivity to branched octanes, and the lower the selec-
tivity to cracking. For the least active HNaY2.2 zeolite,
the selectivity to isooctanes amounted thus to 77.0%, and
4. Discussion that to cracking dropped to 10.5%. Nonsymmetrical distri-
bution with respect to the number of carbon atoms in the
The experiments with a circulating system with a CR-HR cracked products was obtained in this case due to the re-
configuration with two separate catalytic components have actions of oligomerizatiog-scission that were manifested
made it clear that cracking and isomerizationnebctane by the increased selectivity tas€C; alkanes (10.7-12.1%).
molecules over HY zeolites at 38C were suppressed dras- The variation of the selectivity caused by temperature in
tically when the PtAI,Os catalyst realized a hydrogenating CR was due to more favorable reactions of isomerization
function only, and dehydrogenation reaction was not allowed and oligomerization of intermediate octenes at low temper-
to occur because of thermodynamic limitations by low tem- ature as compared to cracking. However, the decrease in Na
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n-Octane cracking pathway

Hydrogenation of cracked olefins
into C;-C; hydrocarbons

Olefin desorption
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Fig. 4. Reaction network for-octane hydroconversion over the/RAiY0.9 zeolites.

content in zeolite to 0.9% made it possible to improve the and 16 reverse steps) occur simultaneously. Octylcarbenium
selectivity to cracked products from 10.5 to 46.7% at the ions listed can otherwise collapse via cracking producing
expense of the cracking of branched octanes apparently.  C3—Cs cracked hydrocarbons{octane cracking pathway).

On the other hand, the increase in hydrogenating activ- The rearrangement and scission of carbenium ions are
ity of the Pt component in PHYO0.9 catalysts improved = commonly suggested [1,2,4,19,45] to be rate-determining
greatly the selectivity to branched octanes. So, the balancesteps, not carbenium ion formation via olefin protonation,
between the acidic and metallic functions in bifunctional which is considered to be rapid in zeolites. It implies octene
catalytic systems involving both separated ERIR reac- desorption-sorption to be equilibrated with respective equi-
tors and a single two-component/Pity0.9 catalyst affects  librium desorption constanfs| ngg Kt Note also that
dramatically the activity and selectivity to the main reaction according to [37], the branching ef-alkane, that of me-
pathwaysyn-octane cracking, and branching, occurring via thyl-branched isomer, and that of dimethyl-branched isomer
a classic bifunctional mechanism. occur with almost identical rates. However, the cracking rate

An overall mechanistic scheme for the main reactions is depends dramatically on the extent of branching. This is a
depicted in Fig. 4 to better rationalize the reaction pathways reason why nonbranched secondagy/ @arbenium ion is
depending on the relative activities of individual functions. not depicted in the cracking pathway in Fig. 4. Specific reac-
The simplistic scheme matches the main steps of octanetions of hydrogenolysis and oligomerization (i.e., formation
hydrogenation/dehydrogenation (steps 1, 13, 15, 17), for- of Cy, Cp, Cg, and G alkanes) are not dispayed also in this
mation of a secondary octyl carbenium ion by protonation kinetic network because of less contribution to the overall
of an octene intermediate (step 2), a number of successiven-octane conversion.
branching rearrangements of carbenium ions (carbeniumion With such a reaction network, one can expect that the
branching pathway) first into monobranched octylcarbenium rate of n-octane cracking and isomerization over bifunc-
ion MB™ (step 3), then into dibranched octylcarbenium ion tional PYHYO0.9 catalysts should be proportional to the sur-
DB™ (step 4), and finally into multibranched octylcarbe- face concentration of octylcarbenium ions over HY0.9 ze-
nium ion MuB" (step 5). Branched octylcarbeniumions can olites. These can amount to the highest concentration level
desorb reversibly from the acid sites as respective branchedvhen then-octane dehydrogenation rate constanis high
octenes (MB, DB=, MuB=, steps 12, 14, and 16, respec- enough to attain equilibrium at the dehydrogenation step.
tively). The latter migrate to the metallic sites to be hydro- The data showed (Figs. 2 and 3) the total rate:-@ictane
genated into the respective branched octanes in steps 13gonversion, and the rates of skeletal isomerization and crack-
15, and 17 £-octane branching pathway). Note that the re- ing to increase proportionally to the hydrogenation rate con-
verse 15, 17, and 19 steps of dehydrogenation of branchedstantk,, (and to kg consequently) until I, values were
octanes followed by adsorption of branched octenes (12, 14,less than 3.22-3.56 (L'd h—1). This suggests that the ten-
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tatively assignedi-octane dehydrogenation reaction is a with the acidity. Thus, the adsorption heat and IR absorp-
limiting step over these catalysts. On the other hand, thetion in the range of stretching vibration of OH bonds did not
rate of n-octane conversion did not depend on the dehy- change when Pt was supported on mordenite [11]. Also, it is
drogenating activity of catalysts with kg > 3.56. Hence, impossible to recognize the decrease in the acidity of HY0.9
n-octane dehydrogenation attained a thermodynamical equi-to occur due to partial pore blockage by carbonaceous mat-
librium, and octene transformations over acidic sites were ter. In fact, Pt-enriched zeolites exactly these showed quite
the rate-determining steps. In terms of the reaction network stable operation in both flow and pulse reactors, the concen-
in Fig. 4 itis clear that the transition from the Pt-limited re- tration of olefin precursors was exclusively low (less than
action to the acid-limited one was the reason why the rate detectable level 10" mmol/L), and carbonaceous matter
of n-octane conversion over bifunctional/PtY0.9 zeolites was thus not formed. In summary, it follows from this rea-
with Igkn < 3.2 (Lg~*h™?) failed to change and increased  soning that the loss of cracking ability of PtY0.9 catalysts
greatly over the catalysts with more active metallic function \jth strong metallic function cannot be referred to a decrease
when hydrogen was replaced by nitrogen (Fig. 3). in the acidity of HY0.9 zeolite.

It is of importance to note that isooctanes produced were  The anomaly in the cracking behavior of/PtY0.9 cat-
poorly branched over all the R#Y0.9 catalysts; they rep-  alysts could be explained if chemical steps in the reaction
resented largely methylheptane isomers. In contrast, thepetwork discussed were affected by diffusion steps. Diffu-
cracked G-Cs hydrocarbons produced over the catalysts gjon and zeolite pore effects on the alkane conversion have
with Igkn < 3.89 were highly isomerized (igoorm ra-  paen discussed by many authors [34—43]. The diffusion co-
tio = 2.7-2.8) irrespectively of the hydrogenating activ- efficient of alkanes depends significantly on the extent of

ity. It follows from this in accordance with.the evidence branching. For example, the following sequence of diffusion
of the authors [1,37,45] that they were highly branched coefficients for SAPO-5 was found [35k-heptane> 2-

isooctenes that cracked. Poorly isomerized cracked hydro'methylhexan@ 3-methylhexane- 2,4-dimethylpentane
qarbons (is;z)norm ratio 0.6) were produced over highly ac- 2,3-dimethylpentane- 2,2,3-trimethylbutane. The differ-
tive hydrogenating 10PHY0.9 catalysts. The rate of crack- ence in the diffusion coefficients was reflected [35] in differ-

:jng cuImw(;ated atf Igt?]: .3'22_3'83 ?_r;]d tht(;n S|gn||1|_cantl3; ent activities in isomerization and in the product distribution

ecreased as Ig, fur er increased. 1hus the cracking rate - ¢y, o heptane isomers. The authors [32,39] have noted the

over 10PfHY0.9 normalized to:-octane concentration was . e . : e
influence of the diffusion of olefins and not the diffusion of

lower than that over 1PHY0.9 by a factor of 3. This be- . . ; : .
: . . . alkanes, which is rapid compared to their chemical reactions
havior of PYHYO0.9 catalysts with strong metallic function in zeolite

does not come to an agreement with the kinetically con- .
trolled network in Fig. 4 since the concentration of octene lone [E.S] and Romannlkov [49] have arg.ued that the hy-
drogenation of linear olefins over /Y zeolites at 150C

intermediates including both nonbranche€g= and vari- e ,
9 8 was not affected by diffusion transfer; however, this step can

ously branched MB, DB=, and MuB~ and accordingly the b . tant at higher t t 4 for the bulki
concentration of respective carbenium ions could not be re- ecome important at higher temperatures and for the bulkier

duced because Pt accelerated simultaneously both forwambranched olefins with less diffusivity. These branched olefins

hydrogenation steps and reverse dehydrogenation steps. can be produced from the respective linear olefins inside ze-
To explain the loss of the cracking ability of fPtY0.9 olite cavities. This diffusion phenomenon can be the more

catalysts with highly active hydrogenating function, a ques- Pronounced the more branched octene intermediates and the
tion may be raised as to whether the acidities 0.9 larger average dlsta.nce lqetweerj the acidic sites and Pt sites.
zeolites decreased as the content of Pt increased. Actually,n€ production of highly isomerized cracked products over
there are likely no reasons to believe that it is the case. All the PYHY0.9 zeolites with a small content of Pt is a certain
the PYHY0.9 samples were prepared based on the sameindication of the occurrence of secondary reactions caused
HY0.9 zeolite. The concentration of OH groups measured Py diffusion limitations. In the FHY0.9 zeolites, every

by 1H MAS NMR has been found [6] to be the same in Metallic center is situated over the large acidic area repre-
the PYHYO0.9 zeolites irrespective of the Pt content. Further, Sented by zeolite cavities. For instance, in 0.0BRt zeo-

as noted, no decrease in the cracking rate-isctane con- lites, the zeolite-to-metal surface ratio is 7860, i.e., a unite
version under N atmosphere was observed over the same Of a catalytically active surface of Pt accounts for 7860 units
Pt/HY0.9 zeolites as the content of Pt increased (Fig. 3). of a zeolite surface (Table 3). Hence, on Pt-depleted zeo-
Instead, the reaction rate was proportional to the hydrogenat-lites, the octene intermediates contacted a large amount of
ing activity. A similar linear relationship was observed [48] acidic sites which favor multiple acid-catalyzed rearrange-
when highly branched octane (2,2,4-trimethylpentane) was ments into multibranched intermediates. Their sizes ap-
hydrocracked over the same/PiY0.9 catalysts, the rate of ~ proach the pore size of Y zeolite, and, hence, the hydro-
cracking being much higher than thatiobctane. Thisrea-  genation steps 13, 15, and, especially, 17 over metallic Pt
soning is in agreement with the evidence of other authors can be limited by diffusion transfer. Enhanced concentration
[11,25,37,40] who argued that the zeolites loaded with dif- of these bulkier octene intermediates, higher than that at the
ferent quantities of Pt by the same procedure do not differ equilibrium, can thus be accumulated inside the cavities.
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In term of diffusion-limited hydrogenation reactions, the bonds most likely of monobranched Gpecies producing
dependence of cracking activity and selectivity oftPY0.9 an equimolecular amount of-butane and isobutane. The
catalysts with different concentrations of metallic cen- initiation of the dehydrogenation reaction over the metal-
ters can be explained analogously to that given by Al- lic component at enhanced temperature results in a dramatic
varez et al. [37] forn-heptane andi-decane hydrocrack- increase in the rate of zeolite-catalyzed reactions of crack-
ing/isomerization over PHY catalysts. The authors [37] ing and skeletal isomerization. The evidence obtained with
found that the cracking over RY catalysts vigs-scission the reactor unit of CR-HR configuration complemented by
of tribranched decenes which involve two tertiary carbenium the data over PHY0.9 catalysts is regarded as a distinct
ions is about 50 times faster thg@ascission of dibranched  demonstration in favor of a classic nontrivial model of bi-
isomers which involve one tertiary and one secondary car- functional catalysis [7] over the catalysts based on HY zeo-
benium ion, and 10,000 times faster thawscission via two lites.
secondary carbenium ions. Extraordinarily high reactivity of ~ The decrease in temperature of the CR reactor from 350
multibranched octenes for cracking and their low diffusivity to 200°C (at 350°C in HR) shifts the reaction pathway from
to escape zeolite cavities can be the reasons why Pt-depletegredominant cracking te-octane branching. This is due to
zeolite catalysts gave highly isomerized cracked products more favorable reactions of isomerization and oligomeriza-
rather than respective multibranched octanes. The reactiontion of intermediate octenes at low temperature as compared
pathway over Pt-depleted catalysts involved octylcarbenium to cracking. The lower the activity of HY zeolite, the lower
ion branching steps 3, 4, and 5 followed by cracking into the selectivity to cracking and the higher the selectivity to
branched cracked products via step 10 predominantly. It is of branched octanes. On the other hand, the increase in the hy-
significance to add that complete separation of the catalytic drogenating activity of Pt component in/PtY0.9 catalysts
components to different reactors (CR-HR configuration) re- improved greatly the selectivity to branched octanes. As few
sulted further in a loss of the synergetic effect of acid and as 0.2-0.5 wt% of metallic Pt in HY0.9 zeolite are required
metallic sites that was reflected in a reduced rate of conver-to equilibrate the reaction ef-octane dehydrogenation (the
sion and selectivity ta:-octane branching as compared to hydrogenation rate constait> 1600 Lg 1 h=1).
that over PtHY0.9 catalysts (compare the data in Tables 5 Complete equilibration in the hydrogenation/dehydro-
and 6 for HY0.9 based catalytic systems). genation of branched octenes may not be attained due to low

In the Pt-enriched catalysts, each Pt particle accounts fordiffusivity of branched octene intermediates produced inside
smaller acidic areaSeo)/ Spt ratio decreases to 3102). In the zeolite cavities. An enhanced concentration (higher than
this case, once monobranched MBctylcarbenium ions  thermodynamically possible) of branched octenes inside the
desorbed as respective olefin (step 12 wifff,. desorp- cavities makes for enchanced rate and selectivity to cracking
tion equilibrium constant), the latter migrated more readily reaction. The more the concentration of Pt sites in zeolites,
to a Pt site to be hydrogenated into the respective mono-the smaller the average distance between the metallic and ze-
branched octane. This terminated the octylcarbenium ion olite sites, and the closer the hydrogenation/dehydrogenation
branching pathway and thus shifted the cracking pathway to reaction to the equilibration.
step 6 or 8 with the production of poorly isomerized cracked  In closing, alkane isomerization over bifunctional cat-
hydrocarbons with a low rate. alysts in commercial units is usually thermodynamically

limited. This results from the fact that the thermodynami-

cally appropriate conditions for the reactions occurring over
5. Conclusion metallic and acidic components of bifunctional catalysts are

quite different: dehydrogenation reaction needs high temper-

The application of an experimental circulating system of ature, and isomerization needs low temperature. The appli-
CR-HR configuration with two reactors loaded with sepa- cation of a flow circulation unit with CR-HR configuration
rated catalytic components has made it possible to differen-makes it possible to avoid the limitation. The most appro-
tiate between the contribution of the olefinic cracked prod- priate thermodynamical conditions for each reaction can be
ucts and that of olefins produced from the dehydrogenationadjusted in this way and the exhaustive isomerization of
of the feed molecule to the reaction pathways. Monofunc- n-alkanes into highly branched isomers can be attained.
tional activity of HY zeolite in the cracking of long-chain
n-octane molecules proved to be extremely low though no
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