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Bimolecular Hydrogen Transfer over Zeolites and SAPOs having the

Faujasite Structure

John Dwyer,* Khalid Karim and Adeola F. Ojo

Chemistry Department, UMIST, PO Box 88, Manchester M60 1QD, UK

Silica-rich Y zeolites prepared by primary or secondary synthesis and samples of SAPQ-37 have been synthe-
sized and characterized. These materials are then evaluated as catalysts for the transformation of cyclohexene.
From product distributions at low conversion the relative rates of isomerization and bimolecular hydrogen trans-
fer are measured and discussed in terms of active site density.

The transformation of hydrocarbons over acid-zeolite cata-
lysts is a major route to liquid fuels such as gasoline. Of par-
ticular importance currently, is the control of product
composition from liquid catalytic cracking (FCC) units to
produce fuels which retain octane quality but show improved
environmental characteristics. This development began with
the elimination of lead from gasoline and incoming
restrictions on aromatics and olefinic contents place further
restrictions on refining operations.

The activation and conversion of hydrocarbons over zeo-
lites is a subject of intense activity. Factors influencing the
role of active sites have been reviewed recently,! as has the
fate of carbocations in subsequent reactions, particularly in
regard to FCC processing.? For a given feed, zeolite structure
and composition the distribution of products depends upon
process conditions and on the balance of the carbocation
processes, in particular upon the balance of f-scission, iso-
merization and bimolecular hydrogen-transfer reactions.
Recently it was demonstrated that cyclohexene transform-
ation provides a suitable test reaction for the relative rates of
isomerization and bimolecular hydrogen transfer, and results
are found to correlate well with results for gas-oil cracking.?
In general, bimolecular hydrogen transfer in the FCC process
is considered to result in enhanced yields of gasoline but can
result in reduced octane by converting alkenes and napthenes
into aromatics and alkanes. Consequently, factors influencing
relative rates of carbenium-ion processes are of particular
interest in the control of fuel-product compositions.

The present paper considers changes in the relative rates of
isomerization and bimolecular hydrogen transfer arising from
changes in the framework composition of a series of micro-
porous catalysts having the same (faujasitic) structure. These
catalysts include silica-rich Y zeolites produced by both
primary and secondary synthesis and siliceous SAPO-37.

Experimental

The CSY zeolites were prepared by treatment with ammon-
ium hexafluorosilicate.* ZSM-20 was synthesized from gel
using tetramethyl orthosilicate as the silica source.® The
SAPO-37 materials were synthesized using TPA and TMA as
templates.® The silicon content in the SAPO-37 was varied
by varying the silica gel composition. The unit cell param-
eters and crystallinity were determined using a Philips
PW1710 diffractometer following the ASTM method. All
the samples were good crystalline microporous materials with
high surface areas (Table 1). >°Si MAS NMR spectra of the
zeolites were obtained using a Varian VXR-300 JEOL FT
spectrometer at 59.6 MHZ, by the Solid State NMR Unit at
Durham University.

t ASTM D-3940-80.

Cyclohexene transformation was studied at 250°C in a
fixed-bed, stainless-steel, intermittent-flow reactor. The
ammonium forms of the zeolites were activated in a nitrogen
stream at 450°C for 10 h. The SAPO-37 samples were cal-
cined in an air stream at 500°C in the reactor tube before
activation in a nitrogen stream. The conversion of cyclo-
hexene was altered by varying the flow of the feed, over a
fixed volume of the fresh catalyst. Low conversion was
obtained by diluting the zeolite with SiO, using ammonium-
stabilized Ludox AS40 (Du pont, 40% SiO,).

Results and Discussion

The transformation of cyclohexene over acidic zeolites gives
cyclohexane, methylcyclohexane, methylcyclopentane and
methylcyclopentene with traces of other products. Both
methylcyclopentane and cyclohexane involve bimolecular
hydrogen transfer and both five-ring products involve isom-
erization (Scheme 1). Consequently, it is possible to examine
bimolecular hydrogen transfer, relative to isomerization, from
yields at low conversion.®> At higher conversion dimethyl-
cyclopentane, dimethylcyclopentene, benzene and C,—-C; pro-
ducts are observed along with some higher (C,,) products.
Typical results at conversions up to 15% are shown in Fig. 1.

The shape of these yield vs. conversion plots can indicate
the type of product, primary, secondary etc.” Methyl-
cyclopentene, produced by unimolecular isomerization, is a
primary product for reaction over all the catalysts and is
capable of further reaction via bimolecular hydrogen transfer
to give the secondary product cyclopentane. Cyclohexane is
present as a secondary product for reaction over CSY and
NH,Y zeolites, but appears to be both a primary and a sec-
ondary product for reaction over SAPO-37. The initial
product selectivity towards methylcyclopentene, cyclohexane
and methylcyclopentane is taken as the slope of the appropri-
ate yield curve at the origin (x — 0).

Table 1 Comparative properties of faujasite-type zeolites

cubic cell
parameters,  Si/Al  crystallinity B.E.T. surface
zeolite ay/A (bulk) (%) area/m2 g~!
NH4Y 24.69 248 106 806
CSYI 24.64 2.85 110 830
CSYII 24.51 4.50 108 828
CSYIII 24.46 5.16 103 817
CSYIV 24.40 7.35 97 584
ZSM207 24.53° 3.8 116 847
USYy 2430 7.5 70 756
SAPO-37A 2448 0.35 105 850

4 Assigned in cubic symmetry.
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Scheme 1 Reaction of cyclohexene over acidic zeolites: CHE, cyclo-
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The relative rate of the monomolecular isomerization reac-
tion to the rate of bimolecular hydrogen transfer over CSY
zeolites increases with increasing framework Si/Al ratio or
with decreasing unit-cell size (Tables 1 and 2). Agreement on
the relative significance of factors controlling rates of
bimolecular processes (H-transfer) vs. unimolecular processes
(isomerization or B-scission) in acid zeolites is not complete,
although several important features are recognized. Increased
hydrogen transfer in the cracking of gas oil over Y zeolite
catalysts is found to increase with the aluminium content of
the zeolite framework, and hence increased unit-cell size. This
result is interpreted in terms of site distribution® It is
presumed® that the bimolecular process requires proximate
(aluminium) sites to facilitate hydrogen transfer between
sorbed carbenium ions and alkenes (or alkanes), whereas
isomerization or f-scission can occur on single sites. Conse-
quently, as aluminium is removed from the framework, neigh-
bouring sites are at increased distances of separation and
hydrogen transfer is reduced relative to p-scission. Recent
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Fig. 1 Selectivity curves for cyclohexene transformation over NH,Y
(A), CSY (Si/Al = 7.35) (O) and SAPO-37 (R) for (a) cyclohexane
and (b) methylcyclopentene
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Table 2 Catalytic conversion of cyclohexene at 250 °C

initial selectivity

isomerization
zeolite MC pentene MC pentane C-hexane H-transfer
NH4Y 0.491 0.234 0.285 1.40
CSYI 0.614 0.126 0.155 2.55
Csyll 0.850 0.180 0.110 3.80
CSYIII 0.772 0.069 0.103 4.80
CSYIV 0.860 0.055 0.092 6.20
ZSM20 0.790 0.071 0.125 4.30
USsYy 0.880 0.286 0.029 3.70

isomerization MC pentene + MC pentane

H-transfer C hexane + MC pentane

studies on hydrogen transfer, using cyclohexene as feed at
370°C, over dealuminated faujasites suggest that two sites
within a single supercage are required for bimolecular hydro-
gen transfer between a sorbed cyclohexyl carbenium ion and
a sorbed cyclohexene molecule.® This conclusion is based on
the observation of a considerable decrease in H-transfer when
the framework aluminium content falls to values where there
are presumed to be fewer than one aluminium atom per
supercage (<8Al per unit cell), although the distribution of
Al is not known in any detail. In other work!® it is clearly
demonstrated that sorption effects are important. For
example the H-transfer process in gas-oil cracking typically
involves reaction between alkenes and carbenium ions and
the sorption preference for alkenes vs. alkanes is very depen-
dent upon the polarity of the internal zeolitic surfaces. As the
aluminium content is reduced surface polarity is reduced and
sorption of the less polarizable alkanes as compared to the
(quadrupolar) alkenes becomes more favourable. Reduced
relative concentrations of alkenes results in reduced
bimolecular hydrogen transfer.

The importance of sorption effects via surface curvature!!
is unlikely to be significant in the present work since all of the
zeolites are similar in structure. However, the influence of
surface polarity and electrostatic field gradients!? is clearly of
importance here. Similarly there may be a role for site prox-
imity in the explanation for results in Table 2. On the other
hand, although it is likely that site proximity is related to
aluminium concentration in Y zeolites, where there is only
one type of crystallographic tetrahedral site!® this simple
generalization is not necessarily the case for all structures.

Results for SAPO-37 B with a very low silicon content
show high hydrogen transfer relative to isomerization as
compared to Y zeolite (Table 3). Increasing the silica content
(SAPO-37 A) reduces the relative rate of hydrogen transfer
(Table 3) as it does for the CSY zeolites (Table 2). SAPO-37
has the same (faujasitic) framework topology as Y zeolite and
the higher relative H-transfer to isomerization function can
be explained both in terms of the proximity of active sites in
the aluminosilicate ‘islands’** which are reported to exist in
the structure and also in terms of sorptive effects. It is known

Table 3 Catalytic conversion of cyclohexene over SAPO-37 and zeolite Y

initial selectivity

isomerization
zeolite Si (%) Si/Al ratio MC pentene MC pentane C-hexane H-transfer
NH4Y 2.53 0.491 0.234 0.285 1.40
SAPO-37 A 6.6 0.35 0.34 0.245 0.41 0.90
SAPO-37 B 3.6 0.24 0.30 0.254 0.50 0.70



http://dx.doi.org/10.1039/ft9918700783

Published on 01 January 1991. Downloaded by University of Central Florida on 28/10/2014 15:32:44.

J. CHEM. SOC. FARADAY TRANS,, 1991, VOL. 87

>
[c0]
(a)
[s)]
o)
e
LAALAI LAALI LAALLLALL LA LLAL LA LA LI LU LU
-70 -90 -10 -70 -390 -10
S(ppm) S(ppm)

Fig. 2 2°Si MAS NMR spectra of (@) SAPO-37(B) and (b) SAPO-
37(A)

that the second coordination sphere of the aluminium atoms,
which can influence site activity,!® is dependent on the com-
position of the faujasitic aluminosilicate ‘islands’ in the
SAPO-37 framework,'* so that increasing Si/Al in SAPO-37
should parallel results in Y zeolites, as is observed. The role
of sorption may be of particular importance in SAPO-37
since strong preference is reported!? for some polar sorbates.

Some insight into the present results for SAPO-37 is avail-
able from 2°Si MASNMR spectra (Fig. 2). Results show an
intense peak at —89.1 ppm and a weak peak at —105 ppm.
The peak at —89.1 ppm corresponds, in faujaustic zeolites, to
silicon atoms linked via oxygen atoms to four aluminium
atoms. As the silicon content is increased (SAPO-37 A) the
major peak, now at —89.3 ppm, corresponding to Si(4Al) is
accompanied by smaller peaks at —93.5, —98.2 and —106.4
ppm. Peaks with similar chemical shifts are assigned to
Si(4Al), Si(3Al), Si(Al) and Si(0Al) in faujasitic zeolites.'® Rela-
tive intensities of NMR signals for the different silicon coor-
dinations [Si(rAl)] and associated chemical shifts for
SAPO-37 and ammonium Y zeolite are compared in Table 4.
Clearly silicon exists in multiple chemical environments in
SAPO-37 A in keeping with the existence of aluminium
atoms in more isolated (less clustered sites). Consequently,
increasing silicon in SAPO-37 has an effect similar to that in
Y zeolite. Site activity, as reflected in isomerization or fS-
scission, is increased and bimolecular hydrogen transfer is
decreased.

Zeolite ZSM-20 is a silicon-rich zeolite which may be syn-
thesized directly.!” It has 12-ring pores and the structure is
faujasitic but tends to be a mixture of both the cubic form (as
in Y zeolite) and the hexagonal form.'®:'® The present work
shows, at least for the relative rates of hydrogen transfer and
isomerization (Fig. 3), that results are broadly in line with
those for the CSY zeolites, although hydrogen transfer may
be slightly increased relative to isomerization. Additionally,
results for a US-Y-type zeolite with framework composition
[(AlO;),5(5i0,);79] prepared by steaming CSY (III) at
600°C for 7 h are shown in Fig. 3. The hydrogen transfer/
isomerization ratio is out of line with results for CSY zeolites
but is close to a value reported recently® for steamed REY

Table 4 2°Si MAS NMR data: distribution of Si(nAl) coordination
relative intensity

zeolite Si4Al  Si3Al  Si2Al  SilAl Si0Al
NH4Y 1.63 123 424 337 10.7
(—85.1) (—894) (-947) (—1003) (—105.5)
SAPO-37 A 73 13 7.6 — 6.4
(—893) (~935) (—98.1) (~106)
SAPO-37 B 95.1 — — — s.
(—89.1) (—106)
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Fig. 3 Isomerization/hydrogen transfer as a function of zeolite unit-
cell size: O, NH,Y; +, CSY; », ZSM-20; (], USY; O, SAPO-37; A,
REUSY ?

zeolite. Steaming tends to increase hydrogen transfer relative
to isomerization and this cannot be explained in terms of
framework site proximity since steaming reduces framework
aluminium content and unit-cell size. However, present
results are consistent with a proposed role for non-
framework aluminium species in enhancing hydrogen trans-
fer,®> although changes in sorption effects may also be
significant.?

Conclusion

In a series of aluminosilicate zeolites having the same
(faujasitic) structure the ratio of isomerization activity to
bimolecular hydrogen transfer activity for cyclohexene con-
version decreases with increasing unit-cell size (increased alu-
minium content). Results for the silico-aluminophosphate
(SAPO-37) show particularly low values for the relative rates
of isomerization/bimolecular hydrogen transfer which are sig-
nificantly lower than for aluminosilicates of similar cell size.
The synthesized silica-rich zeolite ZSM-20 gives results
similar to those for silica-rich faujasites prepared by second-
ary synthesis to have a similar framework composition Si/Al.
These results are consistent with the role of site density in
bimolecular hydrogen transfer, although a role for sorptive
effects cannot be excluded. Results for SAPO-37 are consis-
tent with the proposal that islands of aluminosilicate are
present within the (faujasitic) structure of this material.
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