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The performance of zeolite 8 supported platinum as a bifunctional catalyst for the reforming of
n-hexane, methylcyclopentane, and cyclohexane, typical representatives of reforming feeds, has
been examined under low severity conditions. A comparison under the same conditions with y-Al,O,
supported Pt was carried out. Both catalysts were impregnated with 0.5 wt% Pt. It is found that
B-zeolite exhibits skeletal isomerization reactions to a higher extent than alumina, producing
molecules with much higher octane number than the feed molecules. Bimolecular alkylation reac-
tions that take place in the zeolite pores have as a result the formation of products with a carbon
number Jarger than that of the feed molecule. The enlargement of the cyclic ring of methylcyclopen-
tane leads at suitable temperatures to aromatics, a reaction of great importance for reforming. This
behavior is a result of the relatively large acidity of the zeolite and of its pore structure that favors
the proximity among different molecules increasing the probability for reaction. In contrast, Pt/
AlLQy stimulates dehydrogenation-hydrogenation and to a smaller extent skeletal isomerization.
The B-zeolite is deactivated more easily than alumina due to the coke build up on the acidic sites.
The characterization of the catalysts has been carried out using XRD. NH-TPD. SEM, FTIR,

BET. TEM. and H,-Chemisorption.

INTRODUCTION

It is well known that high-silica-content
zeolites are attractive catalysts for many in-
dustrial processes because of their hydro-
thermal and acidic stability, high resistance
to coking, and high activity and selectivity
for specific types of reactions (/). The
B-zeolite, which was first synthesized by
Wadlinger et al. (2), belongs to this class
since it can possess a Si0,/Al.O; ratio in the
range of 5 to 100(3). Its structural character-
istics have been investigated recently by
Newsam ¢f al. (4) and Treacy and Newsam
(5). They found that zeolite 8 possesses a
three-dimensional 12-ring pore system and
that its structure is a highly faulted in-
tergrowth of two distinct, but closely related
structures: polymorph A (tetragonal) and
polymorph B (monoclinic). Thus, the
B-zeolite is a combination of the polymorph
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A structure, which has straight channels of
0.73 x 0.60 nm and tortuous channels of
0.56 x 0.56 nm, and polymorph B, which
has straight channels of 0.73 x 0.68 nm and
tortuous channels of 0.55 x 0.55 nm. Be-
cause of its pore opening, zeolite 8 can ac-
commodate molecules with diameters larger
than those which can be accommodated by
ZSM-5, and can provide shape selectivity
for intermediate size molecules to a higher
extent than X and Y faujasites. Very re-
cently a second monoclinic polymorph C of
zeolite B has been reported by Higgins et
al (6).

The crystallization rate of the S-zeolite
and its crystal size depend strongly on the
total alkali content and the relative propor-
tion of Na™ and K* cations (7). Studies of
the crystallization process of zeolite 8 have
been carried out by Perez-Pariente et al. (8,
9). The zeolite crystallinity is altered sig-
nificantly by the water to alumina and the
template to alumina molar ratios. It was also
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found that a very crystalline zeolite can be
obtained after two weeks at 160°C by using
tetracthylammonium hydroxide (TEAOH)
as template, if the H,O/AlL,O; molar ratio is
kept below 600 (/0). For high crystallinity,
the molar ratio TEAOH/AIL,O; has to be
above 2.

There are only a few papers in the litera-
ture on the catalytic behavior of zeolite 3,
since it has been relatively disregarded after
its initial synthesis in 1967. Zeolite B8 has
beneficial effects in the catalytic hydrode-
waxing of petroleum oils by lowering their
pour point (//-13). The catalytic activity of
Pt/H-B zeolite has been examined by Mar-
tens et al. (14) for the isomerization and
hydrocracking of long chain paraffins. They
found that metal-supported B-zeolite be-
haves as an ideal bifunctional catalyst that
exhibits high activity for primary cracking
and selectivity for isomerization. The activ-
ity of H-8 zeolite for cracking of gas-oil has
been compared to that of HY zeolite (/5). It
was found that zeolite 8 is less active and
produces less gasoline and more coke than
HY zeolite. For the cracking of #-heptane it
was observed that zeolite B exhibits a
slightly higher activity than HY zeolite and
lower hydrogen transfer capability (/6). The
reactions of aromatic hydrocarbons, such as
the methylation and disproportionation of
toluene and the isomerization of m-xylene
over Pt/B zeolite, have been also investi-
gated (/7). It was found that because of its
relatively large pores, it does not provide
any product shape selectivity for the isomer-
ization of m-xylene to o- and p-xylenes, but
in contrast to the 10-membered ring pores
zeolites such as ZSM-5 which has smaller
pores, it favors the disproportionation reac-
tions. On the other hand it suppresses the
formation of the larger trimethylbenzene
molecules. The disproportionation and
transalkylation of toluene and trimethylben-
zene over B-zeolite have been also exam-
ined (/8). It was found that B-zeolite ex-
hibits excellent catalytic stability and trans-
alkylation selectivity.

In the present work the performance of
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B-zeolite and y-Al,O,, both impregnated
with Pt, for the reforming reaction of
n-hexane, methylcyclopentane, and cyclo-
hexane is examined. All reactants have six
carbon atoms, and constitute typical repre-
sentatives of reforming feeds. However, as
it was noted by Weisz (/9), Ciapetta and
Wallace (20), and Ramage et al. (21}, they
follow different mechanisms of reaction.
Low severity operating conditions (rela-
tively low temperatures and atmospheric to-
tal pressure) have been chosen in order to
minimize possible hydrocracking (22).

The zeolite B stimulates the skeletal isom-
erization of n-hexane to a higher extent than
alumina, producing even dibranched hex-
anes. This is a result of the increased ability
of B-zeolite for isomerization over its acidic
sites of the olefinic intermediates which are
generated on the metal. Its ability for pro-
duction of aromatics by dehydrocyclization
is also higher than that of Al,O;, probably
because of the geometrical constraint im-
posed by its pore structure. A small degree
of hydrocracking of n-hexane was found to
occur in the zeolite. Zeolite 8 transforms
methylcyclopentane to dibranched mole-
cules with a cyclic ring of six carbon atoms
and dibranched aromatic molecules to a
much greater extent than AlLO,. These
products, which have higher octane number
than the feed molecule, are a result of: (1)
the stimulation of bimolecular alkylation re-
actions between cycloolefinic intermediates
generated by the dehydrogenation of the
feed molecules over the Pt sites, with carbo-
nium ions produced by the ring opening of
other feed molecules over the acidic sites of
the zeolite, and (2) the disproportionation
of the alkylated intermediate molecules
formed. The reactions of cyclohexane show
that AlLO; has a higher ability for dehydroge-
nation-hydrogenation than B-zeolite, proba-
bly because of the higher Pt dispersion. In-
stead, the zeolite possesses a significantly
higher ability for the isomerization of cyclo-
hexane. The rate of deactivation of 8-zeolite
is higher than that of alumina because of
some coke build up on the acidic sites.
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EXPERIMENTAL

Synthesis and Preparation of the Catalyst

Zeolite B8 has been synthesized hydro-
thermally from an aluminosilicate gel with
the nominal composition 3TEAOH-30
Si0,—ALO;-0.9Na,0-250H,O containing
tetracthylammonium hydroxide (TEAOH)
as template. The reagents used were: colloi-
dal silica (LUDOX HS-40, Du Pont) con-
taining 40 wt% SiO, and 0.41 wt% Na,O;
sodium aluminate (Fisher Scientific); tetra-
ethylammonium hydroxide (Aldrich 40 wt%
solution in water); sodium chloride (Fisher
Scientific); and distilled water. Individual
solutions of the above chemicals were
mixed with vigorous stirring for 45 min in
the appropriate proportions. The pH of the
resultant gel was 13. The gel was loaded
in a Teflon lined stainiess-steel autoclave
(Autoclave Engineers) and kept at 160 =
1°C under autogeneous pressure for 10 days
without stirring. At the end of the crystalli-
zation period the autoclave was quenched
in cold water and the zeolite was separated
by filtering the content of the autoclave and
washing the precipitate thoroughly with dis-
tilled water. After drying the resulting zeo-
lite overnight at 140°C it was found that a
high yield, 97 wt% of the solid material origi-
nally used for the gel preparation, has been
achieved.

The protonated form of the zeolite has
been prepared as follows: TEAOH-8 sam-
ples were heated at 500 = 2°C for 5 h by
increasing the temperature at a rate of 10°C/
min in an ultra high purity O, flow (5 ml/
min) in order to burn the template occluded
in the pores of the zeolite. At this calcination
temperature, the structure of the zeolite is
preserved unchanged, as found by Perez-
Pariente et al. (23) and Liu et al. (24). The
zeolite was exchanged with 2M ammonium
sulfate (Fisher) for 4 h at 90 = 1°C. The
remaining sodium after the cation exchange
was 0.021 wt% while the molar ratio of SiQO,/
Al,O; was 23. A second calcination at 450°C
for 1 h has followed. High purity y-Al,O,
(PURALOX SB a-230) was kindly donated
tous by Condea Chemie GmbH. The sample
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had a surface area of 228 m?*/g, and a Na,O
content below 0.005 wt%. The preparation
of the platinum-loaded catalysts has been
carried out by impregnation with H,PtCl,
(Aldrich 8 wt% solution in water). The Pt
loading was 0.5 wt% for both catalysts (esti-
mated on a dry basis). After impregnation
the catalysts were dried overnight at 130°C.

X-ray Diffraction and Infrared

Spectroscopy

The X-ray diffraction spectra of zeolite 8
were obtained with a Nicolet powder X-ray
diffractometer equipped with a Cuk,
source. For the quantification of its crys-
tallinity we followed the procedure de-
scribed by Yarlagada er al. (25). Samples
made with various proportions of high crys-
tallinity B-zeolite having a molar ratio of
SiO./ALO; = 25 (PQ Corporation, CP 811
BL-25), were mixed thoroughly with MgO
(Baker analyzed 99.6 wt%). The ratio of the
area under the two more intense peaks of
the reference B-zeolite (26 = 7.8° and 26 =
22.6°) to the area under the main peak of
MgO vs the weight percentage of B-zeolite
was employed as the calibration curve. Cal-
cined samples of the prepared B-zeolite
mixed with MgO in various proportions
were compared with the calibration curve
to determine the extent of their crystallinity.

For the infrared investigation of the zeo-
lite, a Fourier transform-infrared spectrom-
eter (Mattson Alpha Centauri) has been
used. Transmittance spectra have been ob-
tained in the range of 4000-400 cm™' with a
resolution of 4 cm™!. Prior to the actual run,
thin wafers of the zeolite (I wt%) in KBr
have been prepared in a dry atmosphere un-
der a pressure of 56 atm.

NH-TPD Experiments

For the determination of the acidity of the
catalysts, NH; temperature-programmed
desorption has been employed. A sample of
0.2 g H-8 zeolite or y-Al,O, was heated for
1 h at 400°C in high purity helium in order
to remove possible impurities and moisture
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from the sample. The bed was heated at a
rate of 10° C/min. After the bed was cooled
down, puises of anhydrous ammonia
(Matheson) were introduced into the bed
until complete saturation (T = 25°C) of the
catalyst was achieved. After the adsorption
step, the bed was flushed with helium for 1 h
at T = 25°C. The temperature-programmed
desorption took place in the range of 25 to
700°C with a heating rate of 10°C/min and a
carrier gas flow of He of 20 = 0.5 cm*/min.
The detection of the desorbed ammonia has
been made with a tungsten-rhenium thermal
conductivity detector of a Perkin—Elmer
(Sigma 2000) gas chromatograph. The dead
volume from the bed to the detector has
been kept minimal in order to increase the
accuracy. A mixture of hiquid nitrogen and
heptanol has been used as a trap after the
bed in order to collect any possible moisture
removed from the zeolite pores or produced
by the hydroxyl groups of alumina at high
temperatures.

H,-Chemisorption

Hydrogen chemisorption has been em-
ployed for the determination of the metal
dispersion. After calcination and reduction,
the catalysts were loaded in a pyrex-glass
sample holder located in a furnace of a vac-
uum glass system equipped with a pressure
transducer. A reduction in flowing H, at
200°C for 1 h has followed in order to elimi-
nate the possible partial oxidation of the cat-
alysts during their transfer to the glass
holder. The samples were evacuated at 1077
Torr and 400°C for | h and then cooled down
to room temperature (T = 24°C) under the
same vacuum. High purity H, was intro-
duced at pressures between 10 to 400 Torr
for the determination of the total amount
(irreversible and reversible) of H, adsorbed.
After this step, the samples were evacuated
at 10" Torr and room temperature for the
elimination of the weakly bound H,, and a
second adsorption curve at room tempera-
ture over the latter samples regarding the
weakly bound hydrogen was determined.
The amount of strongly chemisorbed H, was
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obtained after subtracting the two isotherms
and extrapolating the results to zero pres-
sure. The metal dispersion was evaluated
assuming that H/Ptis 1:1.

Catalytic Runs

The catalytic experiments were con-
ducted in a plug flow differential reactor op-
erating at 1 atm pressure. Prior to the reac-
tion, the catalysts were activated by oxida-
tion in situ in the reactor by flowing 5 = 0.5
ml/min ultra high purity oxygen (99.999%)
at 400°C for 2 h. In all the experiments the
reactor was heated at a rate of 10°C/min.
After this step, a purging of the catalyst with
high purity He (99.995%) for 1S min, fol-
lowed by its reduction in flowing 5 = 0.5
ml/min ultra high purity H, (99.999%) at
400°C for 2 h, brought the catalysts to their
final state for reaction. Hydrogen, at a pre-
determined flow rate, was bubbled through
a bubbler containing the appropriate hydro-
carbon to be fed into the reactor, at 24°C.
The composition of the feed stream was
found to be independent of the flow rate
through the bubbler. indicating that the
stream is saturated with the feed molecules.
The reactants were n-hexane (Aldrich 99 +
wt%), methylcyclopentane (Aldrich 98
wt%) and cyclohexane (anhydrous Aldrich
99 + wt%). With these compounds the H,/
Oil molar ratios were 4.4, 4.8, and 7.4, re-
spectively.

In all the catalytic runs, 100 = 2 mg (on a
dry basis) of catalyst were loaded on a glass
wool plug located at the middle of a vertical
stainless steel tube reactor 4 in. in diameter.
High-resolution gas chromatography has
been used for the on-line analysis of the
effluent stream. The analysis was carried
out with a gas chromatograph (Hewlett-
Packard 5890 Series II) associated with a
Mass  Spectrometer (Hewlett-Packard
5971). The chromatograph was loaded with
a Poraplot capillary column (ID 0.53 mm,
length 28 m with a film thickness of 20 pm),
a molecular sieve packed column (5A) and
a high performance capillary column (HP-1,
ID 0.2 mm, length 12 m, with a film thick-
ness of 0.33 um).
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F1G. 1. X-ray diffraction pattern of g-zeolite (a) as produced, (b) calcined at $50°C in O, for 5 h. and
(¢) after four calcinations at 550°C in O, for 5 h each.

RESULTS AND DISCUSSION
X-ray

The X-ray diffraction pattern of the
B-zeolite matched closely with that pub-
lished earlier (26). It was found that the syn-
thesized zeolite is highly crystalline, what is
expected because of the relatively high
Si0,/AlLO, ratio in the initial gel (9). A com-
parison of the X-ray pattern of the prepared
B zeolite with those computed as a function
of fault probability by Newsam et al. (4)
indicated the existence of almost equal
amounts of polymorphs A and B. The de-
crease of the height of the peak at 26 =
22 .6° after calcination, shown in Fig. 1, is
probably due to microstructural defects that
are introduced (/5). Additional four succes-
sive calcinations of the zeolite at 550°C for
S h each, led to negligible decreases in the
height of this peak. The morphology of the
zeolite crystals was examined with a scan-
ning electron microscope (Hitachi S-800).
They have spherical shape with an average
diameter of about 1 um.

BET Measurements

The effect of calcination time and temper-
ature on the surface area of zeolite B is given
in Table 1. The measurements have been
carried out with a surface area, pore volume
analyzer (Model 2100D Micromeritics),
after degassing the samples overnight at

TABLE |

Surface Area of Zeolite B8 as a Function
of Calcination Conditions

To(°C) 1e(h)* S m/g)
Uncalcined” — 79.3
500 5 400.3
500 12 398.6
600 5 387.5
600 12 277.0

“ T, = calcination temperature, - = calcination

time.

b For the uncalcined zeolite the degassing was car-
ried out at 200°C to avoid the contamination of the BET
apparatus with the unburned template.
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FiG. 2. Mid-Infrared spectra of B-zeolite (the top curve is for calcination at T = 600°C for 5 h, the
bottom curve is for calcination at T- = 500°C for 5 h).

350°C. One can note a relatively large de-
crease of the surface area after Jong calcina-
tion at high temperatures (above 600°C).
The small value of S, for the uncalcined
sample is probably due to the unburned tem-

plate.

Infrared Spectroscopy

The identification of the prepared powder
as the B-zeolite is also supported by its mid-
infrared spectrum given in Fig. 2, where the
characteristic peak of 8 at 526 cm™ ! appears
(9, 26). The complete burning of the tem-
plate during calcination has been achieved
since no peaks were found which can be
assigned to the ethyl groups of the template
(3100-2800 ¢cm™! for stretching vibrations
and 1500-1300 cm ! for bending vibrations).
By examining the region of the asymmetric
stretching vibrations, which is between 1250
and 950 cm™! (27), one can observe a de-
crease of the peak height at 1228 cm ™! with
increasing calcination temperature. The rel-

ative decrease of the height of this peak indi-
cates a crystallographic change in the struc-
ture of the zeolite at high temperatures
(above 600°C). The peak at 1080 cm™! is
insensitive to the heat treatment, like all the
peaks which are due to internal tetrahedra
(27). In the range of symmetric stretching
vibrations (950-650 cm™!), there is a main
peak at 800 cm ™' which can be assigned to
the external linkages of AlQ, tetrahedra vi-
brations. Its height decreases with increas-
ing calcination temperature, indicating a
crystallographic change. The peaks at 574
cm ' and 526 cm ™! (the latter is specific to
zeolite 8 only) are in the range of the double
ring vibrations of tetrahedra, while the one
at 463 cm™' can be assigned to TO, bending
vibrations of the internal tetrahedra. The
additional peak at 526 cm~'exhibited by the
B-zeolite results probably from the double
four ring (D4R) vibrations of 8, since its
framework contains a large fraction of
4-membered rings (4, 6). On the other hand.
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TABLE 2

Platinum Dispersion D (=H/Pt) of Pt/Zeolite 8
and Pt/y-Al,O,

TH(°C) TR(°C) D = H/Pt
y-Alumina 400 400 0.60
B-Zeolite 300 300 0.23
B-Zeolite 400 400 0.06

Note. For both catalysts the metal loading is 0.5
wt%. The duration of oxidation and reduction was 2 h
each.

“ T, = oxidation temperature, Ty = reduction tem-
perature.

calculations (28) show that the infrared vi-
brations for D4R occur around 630, 539, and
527 em™!, while for D6R, around 603, 584,
and 510 cm™'. Pentasil zeolites, such as the
ZSM-5 do not possess such peaks since its
framework consists exclusively of five-
membered rings (29, 30).

NH-TPD

The NH;-TPD spectrum of pg-zeolite
matched well with those presented in the
earlier work of Hedge er al. (31). An intense
low temperature peak appears due to the
weakly bounded ammonia on silanol
groups. However, the acidity of 8-zeolite is
correlated with another less intense peak
that appears in the region of 400°C. This
peak was found to be very broad and is
shifted to lower temperatures compared to
that of ZSM-5 (500-550°C), indicating the
stronger acidity (32) of the latter catalyst.
The spectrum of y-Al,O, shows a less in-
tense peak than that of zeolite 8. Alumina
possesses (33) Lewis acidity which is pro-
duced after the water removal during heat-
ing at high temperatures (34), and a much
lower Brgnsted acidity.

Hy-Chemisorption

As results from Table 2, the dispersion of
Pt is higher on y-Al,O, than on the zeolite.
Transmission electron micrographs (JEOL-
100 CX operating at 100 KV) barely show
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Pt particles located on the surface of y-Al,O,
(Fig. 3a), indicating that a large fraction of
Pt is well dispersed. Under the present oxi-
dation and reduction conditions (400°C for
2 h), the metal dispersion over the zeolite
B is significantly lower than that on ALO;.
Figure 3b shows a large number of Pt parti-
cles (around 50 A) located on the external
surface of the zeolite crystals. The oxidation
and reduction of the zeolite under less se-
vere conditions, namely 300°C for 2 h (not
given), showed fewer Pt particles located
on the zeolite crystal surface. Of course, the
metal dispersion is higher in this case. A
similar behavior was observed earlier (35)
with Pt over NaY zeolite oxidized and re-
duced at higher temperatures. Originally,
during the calcination step, Pt>~ ions are
transferred to the sodalite cages. During the
reduction step, the Pt’ atoms formed mi-
grate from the sodalite cages, through the
zeolite channels, to the external surface of
the zeolite. As a result, the availability of
Pt inside the zeolite pores is reduced. The
chloride concentrations in both catalysts un-
der different oxidation-reduction conditions
are given in Table 3. The catalysts were
dissolved in HNO; and the CI™ concentra-
tion was measured potentiometrically with
a selective ion chloride probe.

Catalytic Behavior

n-Hexane. The product distribution of
v-ALLO; given in Table 4 shows negligible
hydrocracking of n-hexane, due to its small
Brgnsted acidity. As aresult, the production
of C,, C, molecules is very low. The (moder-
ate) acidity of B-zeolite is expected to favor
mainly the skeletal isomerization of the ole-
finic intermediates formed on Pt sites. This
is confirmed by the product distribution
given in Table 5. The probabilities for pri-
mary and secondary cracking are small, oth-
erwise the ratios C,/Cs and C,/C, would be
even larger than unity (36, 37). This is sup-
ported by the fact that at elevated tempera-
tures, up to 400°C, only small amounts of
C,, C, hydrocarbons are formed. The gener-
ation of propane, which increases with in-
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F1G. 3. (a) Transmission electron micrograph of Pt/y-Al,O, calcined at 400°C for 2 h and reduced at
400°C for 2 h and (b) transmission electron micrograph of Pt/8 zeolite calcined at 400°C for 2 h and

reduced at 400 C for 2 h.

creasing temperature, can be partially at-
tributed to a multistep hydrocracking (/9)
consisting of the dehydrogenation of hexane
to 3-hexene, followed by the ‘‘center crack-

ing’* of hexene to C, olefins on the acid sites,
and finally by the hydrogenation of the latter
molecules over Pt sites to propane. The pro-
duction of linear and branched C,, C; hydro-
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TABLE 3

Chloride Concentration of 8-Zeolite and y-Al,O- under
Different Oxidation Reduction Conditions

T(°C) TR(°C) Cl (mg/g cat.)
B-Zeolite As impregnated 3.53
B-Zeolite Calculated* 2.59
B-Zeolite 300 300 2.75
B-Zeolite 400 400 1.63
B-Zeolite S50 550 0.82
v-Alumina As impregnated 3.44
y-Alumina 400 400 5.07

“ The calculation is based on the fact that both cata-
lysts were impregnated with H.PtCl for a metal loading
of 0.5 wt%r.

carbons cannot be a result of the direct
cracking of n-hexane via the 8-scission of a
C, cation, since as already mentioned, C,
and C, are present in small amounts com-
pared to C, and Cs hydrocarbons. Their gen-
eration probably takes place via the alkyl-
ation reactions of C, molecules with olefinic
molecules having less than six carbon
atoms. This bimolecular reaction is stimu-
lated by the appropriate size of the 8-zeolite
pores. A subsequent cracking of the C
cations thus produced, can explain the
C;—C; hydrocarbon yields. Olefins have not
been detected as final products in the pres-
ent experiments probably because of their
hydrogenation over Pt. A similar behavior
has been observed carlier by Poutsma and
Schaffer (38) with n-hexane over REY and
RE(NH,)Y (rare earth faujasit). They sug-
gest that the origin of C, and Cs products
from a C, precursor is not a result of direct
cracking, but a result of the alkylation of an
olefinic intermediate that generates a mole-
cule with more than six carbon atoms, fol-
lowed by cracking. The branched C, and C;
hydrocarbons which are produced in rela-
tively large amounts by zeolite 8 (Table 4),
have significantly larger octane numbers
than n-hexane (39, 40).

The zeolite promotes skeletal isomeriza-
tion to a much higher extent than y-Al,O,
(compare Table 4 with column 2 of Table 3).
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It generates even dibranched C, molecules,
while y-Al,O, does not possess such a capa-
bility. Alumina produces from n-hexane
mainly 2-methyl and 3-methylpentane, by
the isomerization mechanism of linear par-
affins known to occur over bifunctional non-
zeolitic catalysts (19, 20). According to this
mechanism, the dehydrogenation of the par-
affin over the metal (Pt) results in an olefinic
intermediate which is further isomerized on
the acidic sites to produce a monobranched
intermediate. In the final step, the hydroge-
nation of the branched intermediate over
Pt generates a monobranched paraffin. The
1somerization step of the olefin is the rate-
controlling step, since independent experi-
ments with both n-pentane and [-pentene
have shown the same isomerization rate
(4/). The same mechanism can be applied
to the formation of monobranched isomers
of n-hexane over the Pt loaded B zeolite.

TABLE 4

Product Distribution from n-Hexane (WHSV = 1.95
h'"). Methylcyclopentane (WHSV = 1.76 h™"), and
Cyclohexane (WHSV = 1.22 h'Y) over Pt-Supported
v-AlOs after 1 h on Stream at 300°C

Products mole%?

n-Hexane WHSV = [.95h"!

Propane 0.1
Butane 0.1
n-Pentane 0.2
2-Methylpentane 8.4
3-Methylpentane 6.2
n-Hexane 85.0
Methylcyclopentane  WHSV = 1.76 h™!
Propane 0.1
n-Pentane 0.6
2-Methylpentane 4.2
3-Methylpentane 2.0
Methylcyclopentane 87.0
Benzene 5.9
Toluene 0.2
Cyclohexane WHSV = 1.22 h™!
Propane 0.7
Methylcyclopentane 0.1
Benzene 92.8
Cyclohexane 2.2
Toluene 4.2
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TABLE 5

Product Distribution from n-Hexane against WHSV over Pt-Supported Zeolite 8 after | h on Stream at T = 300°C

Products (mole%) WHSV (h™h

0.47 1.95 3.55 6.51 8.97 1t.71
Methane 0.4 0.3 0.3 0.8 0.4 0.4
Ethane 0.4 0.1 0.5 0.8 0.3 0.2
Propane 12.0 10.3 9.6 11.2 35 2.4
i-Butane 23.0 10.6 9.3 5.1 5.6 4.5
n-Butane 6.4 2.7 34 2.6 1.6 1.0
i-Pentane 14.3 7.0 6.6 3.6 3.2 2.3
n-Pentane 6.1 48 3.6 2.3 1.3 [.0
2,2-Dimethylbutane 5.1 5.0 5.3 1.2 2.7 2.6
2.3-Dimethylbutane 2.3 4.3 4.1 3.5 4.2 4.6
2-Methylpentane 12.3 20.1 22.5 26.2 27.0 27.5
3-Methylpentane 9.9 19.6 20.6 18.6 20.9 223
n-Hexane 7.7 15.2 14.2 23.7 28.8 31.2

The suitable size of the zeolite pores can in
addition stimulate the transformation of a
part of the monobranched olefinic interme-
diates into dibranched ones by bond shift of
carbon atoms. The hydrogenation over Pt
of the dibranched olefinic intermediate pro-
duces dibranched paraffins. This behavior
is probably a combined result of the acidity
(both Brgnsted and Lewis (/6)) of the zeolite
and of its pore structure, which enables dif-
ferent carbon atoms of the same molecule
to be brought closer. As suggested by Mar-
tens et al. (42), high isomerization yields can
be achieved if the dehydrogenation-hydro-
genation function and the Brgnsted acidity
of the bifunctional catalyst are in balance.
The isomerization yields of a well-balanced
bifunctional zeolite depends strongly on the
carbon number of the n-paraffin and on the
pore size of the zeolite. The lower isomer-
ization of Al,O, is due to its lower acidity
while no dibranching occurs probably be-
cause of its larger pores.

To explain the production of dibranched
hexane molecules in Y zeolite, Bolton and
Lanewala (37) proposed the existence of a
bimolecular transition state intermediate
generated through the close adsorption of
two hexane molecules on the catalyst sur-
face. The final product distribution of the

hexane isomers is a result of the dispropor-
tionation reactions of different transition
states of the two n-hexane molecules. These
bimolecular transition states cannot be com-
pletely excluded for zeolite 8, but they oc-
cur to a much smaller extent than with Y
zeolite and probably only in the straight
channels of 8 which are comparable in size
with those of Y.

The ratio of the products 2-methyl-
pentane/3-methylpentane (2-MP/3-MP) is
higher than unity for both Al,O, and 8 zeo-
lite catalysts under all conditions (37). This
indicates that the equilibrium between the
methylpentanes is shifted towards 2-methyl-
pentane. A cyclic reaction mechanism
which involves a methylcyclopentane inter-
mediate was also suggested to explain the
isomerization of n-hexane (43). This mecha-
nism does not seem to occur in either of the
two catalysts employed in the present study,
since the C, isomers generated from
n-hexane and methylcyclopentane are dif-
ferent (compare Tables 5 and 6).

The effect of the temperature on the con-
version of n-hexane over 8 zeolite and
v-Al,O; is presented in Figs. 4, S, respec-
tively. Zeolite 8 has a much higher activity
than Al,O;. The activity of zeolite 8 in-
creases with temperature and reaches a pla-
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teau. Small amounts of toluene and xylenes
are produced at high temperatures. The in-
crease of the temperature decreases the
yield of the C, isomers and increases those
of the C,—C; alkanes. Under the same op-
erating conditions, alumina did not produce
any aromatics. The pores of the zeolite pro-
mote to a higher extent than those of AlL,O,
branching and some cyclization probably
because of their higher acidity and because
their size can stimulate the bending around
of the linear C, molecules.

The effect of the WHSYV on the conver-
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sion of both catalysts is presented in Figs. 6
and 7. The conversion over Al,O; is rela-
tively low and falls to very small values with
increasing WHSV. The product distribution
of alumina as a function of the residence
time remains relatively unchanged. The
conversion over the zeolite is relatively
large at small values of WHSV and de-
creases moderately for high values of
WHSV. For the zeolite, the decrease of the
residence time reduces the concentrations
of C,, Cs alkanes but increases those of the
C, isomers. This indicates that the direct
isomerization of the C, olefinic intermediate
to methylpentanes is faster than its bimolec-
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ular reaction with smaller molecules or with
itself which lead to larger molecules whose
rupturing generates C;—Cs alkanes.

The effect of the deactivation of both cat-
alysts as a function of time on stream at
300°C is presented in Figs. 8 and 9 for the
zeolite and the Al,O,, respectively. Low de-
activation is observed for both catalysts,
probably because of the small amounts of
aromatic or cyclic intermediates, mainly
methylcyclopentane (44), formed which are
precursors for coke formation. At higher
temperatures the activity decreases faster,
particularly for the zeolite because of coke
formation.

Methyileyclopentane. The production dis-
tributions for both catalysts under the same
operating conditions are given in Tables 4
and 6. As suggested earlier (/9, 40), the re-
forming of alkylcyclopentanes on Al,O,
obeys the following mechanism: (a) dehy-
drogenation of the methylpentane to meth-
ylpentene over Pt; (b) some hydrogenolysis
over the metal sites resulting in small
amounts of small molecular weight hydro-
carbons, and mainly isomerization of meth-
yicyclopentene to cyclohexene over the
acidic sites via a carbenium ion mechanism;
and finally (c¢) dehydrogenation of cyclohex-
ene to benzene over Pt. The above mecha-
nism explains the generation of aromatics
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and hydrocracked molecules. The opening
of the cyclopentane ring can also occur and
generates hexane isomers. This mechanism
is indeed followed by Al,O, in the present
experiments (Table 4). The absence of cy-
clohexane indicates that alumina favors the
dehydrogenation over the Pt sites of the in-
termediate cyclohexene molecules gener-
ated over its acidic sites.

The above reaction scheme cannot ex-
plain completely the product distribution of
the zeolite (Table 6) which contains rela-
tively large yields of C,, Cs, and of aromatic
hydrocarbons with larger number of carbon
atoms than the feed molecule. The very
small ratios of C,/Cs and C./C, exclude hy-
drocracking and hydrogenolysis as main re-
actions. The C, alkanes are produced by the
opening of the cyclic ring of methylcyclo-
pentane. If each of the C-C bonds of
methylcyclopentane had equal probabilities
for rupturing, the product distribution
among the hexane isomers would be
n-Hex.:2-MP:3-MP = 2:2:1. However,
deviations from the above distribution exist
for both catalysts. n-Hexane is not gener-
ated by any of the two catalysts, indicating
that the probability of opening of the ter-
tiary—secondary C-C bonds is much smaller
than the probability of opening of the sec-
ondary-secondary C—C bonds (43). In addi-
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FiG. 9. Conversion vs temperature for the three
feeds over y-AlO, (after 1 h on stream at T = 300°C,
WHSV = 1.95 h™! for n-hexane, WHSV = 1.76 h~!
for methylcyclopentane, and WHSV = 1.22 h™! for
cyclohexane).
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TABLE 6

Product Distribution from Methylcyclopentane against WHSV over Pt-Supported Zeolite 3 after
1 b on Stream at 7T = 300°C

Products (mole%) WHSV (h™hH
0.66 1.76 4.41 6.22 10.57
Ethane 0.2 0.1 — —_ —_—
Propane 23 0.9 0.7 0.7 0.5
i-Butane 6.4 3.5 2.4 2.4 2.1
n-Butane 1.6 0.7 0.5 0.5 0.5
i-Pentane 3.9 2.1 1.3 1.4 1.1
n-Pentane 0.4 0.2 0.1 0.2 0.3
Cyclopentane 1.2 0.4 0.4 0.3 0.4
2-Methylpentane 2.4 1.0 1.0 i1 0.9
Methylcyclopentane 59.2 78.4 85.7 85.9 87.1
Benzene 3.0 1.6 1.2 0.9 1.9
Cyclohexane 5.8 4.4 2.8 3.1 1.5
1.3-Dimethylcyclopentane 1.7 1.3 0.6 0.6 0.6
Methylcyclohexane 2.6 2.4 1.1 1.0 1.0
Toluene 2.9 0.8 0.8 0.7 0.8
1.4-Dimethylcyclohexane 0.9 1.1 0.3 0.1 0.3
Ethylbenzene 0.5 0.2 0.2 — —
o-Xylene 0.6 0.1 — —_— —_
m-Xylene 1.7 0.4 0.5 0.4 0.4
p-Xylene 0.8 0.2 0.2 0.2 0.2
1,2,3-Trimethylbenzene 1.0 0.1 — J— —
1-Ethyl-3-methylbenzene 0.5 0.1 0.2 — —_
1-Ethyl-4-methylbenzene 0.4 0.1 — — —

tion, for the zeolite the ratio of 2-MP : 3-MP
deviates significantly from 2:1. Other re-
searchers (45) noted a similar deviation.
They suggested that the hydrogenolytic
splitting of methylcyclopentane on Pt sites
proceeds predominantly on the C-C bond
of the ring in the B-position to the carbon
atom bearing the methyl group. The low dis-
persion of Pt in the zeolite is probably re-
sponsible for the low dehydrogenation of
cyclohexene (produced over the acidic
sites) to benzene.

It is worth noting that the zeolite produces
dibranched aromatic and cyclic molecules
with six carbon atoms to a much greater
extent than Al,O,, particularly at small
WHSV. This increases significantly the oc-
tane number of the feed molecule, fact
which is very important since alkylcyclo-
pentanes constitute a large fraction of the

napthenic feed stocks used in reforming in-
dustry. As mentioned earlier (/9, 20), a cata-
lyst that has the ability to increase the car-
bon number of the Cs cyclic ring, is
extremely valuable. A possible reaction
mechanism that explains this behavior of
zeolite B is the following: In the first step,
the feed molecules are dehydrogenated over
the metal to generate C-cycloolefins. Bimo-
lecular alkylation reactions between these
olefinic intermediates and carbonium ions
formed by the ring opening of other feed
molecules, produce C. unstable intermedi-
ates. In the final step, the latter intermedi-
ates undergo disproportionation reactions
which produce C,, C alkanes and C;, C,
cyclic and aromatic hydrocarbons. This
mechanism is supported by the fact that ap-
proximately equal molar amounts of C; and
C, and of C, and C; are formed at any
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WHSYV. Other researchers (46, 47) have ob-
served a similar behavior of Pt/Ca-Y fauja-
site. This bimolecular alkylation reaction is
perhaps favored by the suitable size of the
pores of B zeolite which provides just
enough space for the two molecules to be in
close contact, thus increasing the probabil-
ity for reaction. Such type of reaction is less
likely to occur in the large pores of the less
active AlLO,. The above scheme is favored
by high residence times. indicating that the
bimolecular alkylation reaction is slow and
constitutes the rate-controlling step. This
ability of the zeolitic structure to favor bi-
molecular reactions compared with other
acid catalysts was also emphasized by Bol-
ton et al. (48).

The effect of the temperature on the activ-
ity of both catalysts is presented in Figs. 4
and 3. For the zeolite the conversion passes
through a maximum. because of the in-
creased rate of deactivation above a certain
temperature. Al,O, behaves differently. As
already suggested (49), hydrogen-deficient
hydrocarbon residues, formed by extensive
dehydrogenation over the metal sites, cover
the metallic surface and have as a result the
reduction of the hydrogenation-dehydro-
genation capability of the catalyst. In addi-
tion, coke can be generated on the acidic
sites via the polymerization of the precur-
sors transferred from the metal to the acid
sites. This results in maxima (at 350 and
270°C) for the selectivities of aromatics and
napthenes, respectively. This is expected
to occur to a greater extent in the zeolite
because of its higher acidity and more facile
blocking of its smaller pores.

The increase of WHSV reduces the re-
forming ability of both catalysts. This oc-
curs mainly because the isomerization over
the acid sites and the bimolecular alkylation
reactions are relatively slow. The higher de-
crease in the zeolite activity can be addition-
ally attributed to its higher rate of coke build
up. The behavior of both catalysts as a func-
tion of time on stream is presented in Figs.
8 and 9. Alumina exhibits negligible deacti-
vation in contrast to zeolite. The higher
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acidity of the zeolite favors deactivation,
because of the formation of unsaturated
polycyclic compounds over its more numer-
ous and stronger acid sites. Higher hydro-
gen pressures are required to minimize the
coke precursors, especially if the tempera-
ture is high. Re can be used as a second
metal to improve the performance of the
catalyst (20).

Cyclohexane. From the product distribu-
tion of y-Al,O, (Table 3), one can see that
alumina generates almost exclusively ben-
zene above a certain temperature. This reac-
tion involves the dehydrogenation of the
feed molecule to a cycloolefin C, intermedi-
ate, followed by its further dehydrogenation
to benzene. This behavior is a combined
result of the relatively high Pt dispersion
on Al,O, and its low Brgnsted acidity. It is
worth noting that this reaction has been used
for the characterization of the dehydrogena-
tion ability of the reforming catalysts.

Zeolite 8 has the ability to produce aro-
matic and cyclic molecules with a larger
number of carbon atoms than the feed mole-
cule. The bimolecular alkylation reactions
described before followed by disproportion-
ation, result in C4, Cs isomers and branched
cyclic or aromatic hydrocarbons with a
larger number of atoms than the feed mole-
cule. Other researchers (50) have noted the
occurrence of bimolecular reactions be-
tween alkyl carbonium ions and benzene
over REX and REY zeolites.

The isomerization of cyclohexene to
methylcyclopentene and finally to methyl-
cyclopentane takes place to a great extent
since the yield of the latter molecule is rela-
tively large.

The effect of the temperature on the con-
version of cyclohexane over the two cata-
lysts is presented in Figs. 4 and 5. For the
zeolite, a weak maximum can be observed
because deactivation becomes significant
after a certain temperature. For the present
feed molecule there is a monotonic increase
of aromatics and of C,—C, alkanes with tem-
perature while the opposite is true for meth-
ylcyclopentane. This indicates that the
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TABLE 7

Product Distribution from Cyclohexane against WHSV over Pt-Supported Zeolite 8 after | h
on Stream at 7 = 300°C

Products (mole%) WHSV (h7')

0.34 1.22 3.05 6.66 9.15
Ethane 0.4 0.2 — —_ —
Propane 4.7 1.1 0.6 0.4 03
i-Butane 11.8 2.4 2.0 1.1 i.0
n-Butane 33 0.8 0.5 0.3 0.3
i-Pentane 6.2 1.2 1.0 0.5 0.5
n-Pentane 1.2 0.4 0.2 0.2 0.2
Cyclopentane 2.6 0.6 0.4 0.3 0.2
2-Methylpentane 2.2 0.6 0.5 0.2 0.2
3-Methylpentane 0.7 — — — —
Methylcyclopentane 222 21.1 19.2 19.8 18.1
Benzene 17.8 18.6 18.0 18.5 18.8
Cyclohexane 4.6 46.8 54.1 57.4 59.2
I.3-Dimethyicyclopentane 1.5 0.6 0.6 0.3 0.1
Methylcyclohexane 1.9 1.0 1.2 0.3 0.1
Toluene 7.8 1.8 0.7 0.7 0.6
{,4-Dimethylcyclohexane 2.0 0.5 0.2 — —
Ethylbenzene 0.7 0.6 0.1 0.1 0.1
o-Xylene 1.2 0.2 0.1 — —
m-Xylene 3.5 0.8 0.4 0.1 0.2
p-Xylene 1.8 0.4 0.2 0.1
1,2.3-Trimethylbenzene 1.0 0.2 — — —
{-Ethyl-3-methylbenzene 0.4 0.1 0.1 — —

1-Ethyl-4-methylbenzene 0.5

bimolecular alkylation of cyclohexene fol-
lowed by the disproportionation of the pro-
duced intermediate is favored by an increase
of temperature to a larger extent than the
simple isomerization of the cyclohexene
over the acidic sites. For Al,O,, an abrupt
increase in conversion takes place at tem-
peratures higher than 250°C mainly because
the dehydrogenation of cyclohexane to ben-
zene is accelerated by increasing the tem-
perature.

Regarding the effect of the residence time,
one can see (Fig, 7) that the conversion re-
mains almost unchanged for alumina as a
function of the WHSV. This is because the
production of benzene, which is the main
product and takes place on Pt sites, is rapid
and does not involve the migration of ole-
finic intermediates to the acidic sites for
isomerization, which is a relatively slow

process. For Al,O,, which has a lower acid-
ity than the zeolite, the possibility for isom-
erization is reduced and the change of resi-
dence time has an insignificant effect since
the dehydrogenation step is fast. This is not
however, the case with zeolite 8 (Fig. 6).
The slow isomerization reaction that takes
place over its acidic sites and the bimolecu-
lar alkylation reactions are affected by the
residence time and have as a result the re-
duction of catalyst activity as WHSYV in-
creases. As with the previous feed mole-
cule, the molar amounts of C; and C, and of
C,and C, are approximately equal (Table 7),
validating the existence of the bimolecular
alkylation mechanism.

The conversion as a function of time on
stream for the zeolite (Fig. 8) shows a de-
crease which is due to coke formation. How-
ever, the activity is higher than when meth-
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yicyclopentane is used as a feed, indicating
that the coke build up is higher for feeds
with Cs rings than with those having Cg
rings. This was also noted by Parera et al.
(44). Because of its lower acidity, the time
on stream behavior of ALO; (Fig. 9) shows
negligible deactivation, indicating that coke
build up on the metal crystallites is small
under the present operating conditions since
in the reaction of cyclohexane only the
metal sites of the catalyst are involved.

CONCLUSIONS

Zeolite 8 promotes skeletal isomerization
reactions that produce mono- and di-
branched hexane isomers from n-hexane.
This behavior can be partially attributed to
its acidity which is responsible for the isom-
erization of olefinic intermediates. On the
other hand, its pores have the suitable size
to stimulate the C-C bond shift of carbo-
nium ions leading to dibranched isomers,
and the bending of paraffinic molecules lead-
ing to chain closure.

For methylcyclopentane the acidity and
the pore structure of B-zeolite facilitate
isomerization and bimolecular alkylation re-
actions. As a result, molecules with carbon
numbers in excess of the parent hydrocar-
bon molecule are generated. Thus enlarge-
ments of the cyclic ring of methylcyclopen-
tane leading to dibranched C, cyclic and
aromatic molecules occur. This capability of
zeolite 8 is of key importance for reforming
since it can increase significantly the octane
number of the feed stock. Similarly, zeolite
B can enrich the cyclohexane with addi-
tional carbon atoms. The deactivation of the
catalyst under the present operating condi-
tions is probably due to the coke build up
on its acid sites.

In contrast to the zeolite 8, alumina does
not promote either isomerization or enlarge-
ment of the feed molecules under the pres-
ent conditions. This is due to the lower acid-
ity and to the much larger pores it possesses.
A combination of metal with both zeolite
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B and y-Al,O; may result in a bifunctional
catalyst of value for reforming.
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