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Hydrogen addition to the products derived from cracking
kerosene over H/ZSM-5 was observed at hydrogen pressures be-
tween 4.1–8.7 MPa and at 373–390◦C. At low pressures, kerosene
cracking over H/ZSM-5 yielded typical cracked products: aromat-
ics, as well as low molecular weight saturates and olefins. Endother-
mic reactor temperature profiles were also observed, indicative of
cracking reactions. At high hydrogen partial pressures product se-
lectivity was altered in that kerosene cracking gave high yields of
low molecular weight paraffins and low yields of olefins and aro-
matics. Reactor temperature profiles were exothermic, indicative of
hydrocracking reactions. A mechanism for acid catalyzed hydro-
genation is suggested. Although hydrogenation was not observed at
lower hydrogen pressures, hydrogen proved beneficial in maintain-
ing catalyst activity at a stable level. Lost catalyst activity was re-
stored by maintaining the catalyst under static hydrogen at 1.4 MPa
and 370◦C for 16 h. c© 1996 Academic Press, Inc.

INTRODUCTION

Acid catalyzed dehydrogenation has been reported (1, 2)
and is coupled with the formation of methane during isobu-
tane cracking (3). This reaction mechanism is depicted in
Fig. 1. Methane and hydrogen formation during isobutane
cracking have been suggested by McVickers et al. (4, 5) to
be the result of a surface catalyzed free radical reaction. Al-
though the formation of methane in isobutane cracking is
suggestive of a radical mechanism, it is generally accepted
that these products result from protolytic cracking involv-
ing a carbonium-like transition state where a proton from
a pristine Brønsted acid site (1, 6) interacts with isobutane.

It is recognized that zeolites lack the acidity to protonate
olefins to form carbenium ions and to protonate paraffins to
form carbonium ions (7–9). However, the transition states
in the bimolecular and monomolecular cracking mecha-
nisms bear some resemblance to carbenium and carbonium
ions, respectively. For that reason, the terms carbenium ions
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(Fig. 2a) and carbonium ions (Fig. 2b) are used here to indi-
cate transition states that bear resemblance to the respec-
tive ions but are lacking in complete separation of positive
and negative charges.

Whether the conventional bimolecular (carbenium ion-
like) transition state or the more recently reported mono-
molecular (carbonium ion-like) transition state predom-
inates during cracking is determined by five factors:
(1) temperature (1) (>350◦C); (2) hydrocarbon pressure
(1) (<10 kPa); (3) conversion (1) (<5–10%); (4) catalyst
acidity; and (5) catalyst structure. These five factors act to
change the relative concentrations of olefins available to
participate in the bimolecular cracking mechanism.

High temperature discourages carbenium ion cracking
because the adsorption of olefins on pristine Brønsted acid
sites is suppressed (10). Low hydrocarbon partial pressure
and low conversion both favor carbonium ion cracking by
decreasing the concentration of olefins that are available
to participate in the bimolecular cracking mechanism (1).
Catalyst acidity and pore structure affect the mechanism by
either discouraging the interaction of olefins with weakly
acidic acid sites or by hindering hydride exchange in the
bimolecular cracking mechanism (11, 12) which is the rate
determining step for alkane cracking (1). Any additional
reaction or catalytic variable capable of changing the rela-
tive concentration of olefins or their ability to form a car-
benium ion-like transition state will also influence the rela-
tive importance of the mono- and the bi-molecular cracking
mechanisms.

Research has been conducted (13) to determine if hy-
drogen influences cracking selectivity. The results of this
research has indicated that low pressure hydrogen exhibits
little influence on catalytic cracking (13); however, more re-
cent research has shown that ethylene (14, 15), propylene
(16), and even benzene (17) can be hydrogenated at mod-
erate hydrogen pressures by acid catalysts in the absence
of a conventional hydrogenation function such as a metal
cation.

Hydrogenation has also been observed during the crack-
ing of kerosene (18) and n-heptane (19–20). It has been
suggested (18, 19) that olefins are hydrogenated by hydride
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FIG. 1. Carbonium ion cracking of isobutane.

transfer from molecular hydrogen to olefins adsorbed as
carbenium ions (18, 19).

The objective of this research was to explore the ef-
fect of hydrogen on cracking activity and selectivity during
kerosene hydrodewaxing over H/ZSM-5.

METHODS

Zeolite ZSM-5 was prepared to contain a 30 : 1 Si/Al ra-
tio according to the Type A synthesis (21). Scanning elec-
tron microscopy (SEM) indicated that the zeolite consisted
of 5 µm agglomerates 0.5 µm crystallites. The air-calcined
zeolite was converted to the protonic form by three, 24-h,
ammonium nitrate exchanges at 75◦C followed by an air cal-
cination at 538◦C. The zeolite was pelleted in a pellet press
at 415 MPa and then crushed and sized between 14 and
30 mesh. The liquid feed was a waxynaphthenic kerosene
blend of Altamont and Wyoming Sweet crudes.

A 2.0-g zeolite sample was loaded into a 1.27 cm ID reac-
tor tube which contained an axially positioned thermowell.
Alundum pellets were placed in the reactor above and be-
low the zeolite sample to respectively facilitate preheater
heat transfer and to provide support for the catalyst bed.
The catalyst bed was approximately 2.5-cm long.

The kerosene was fed into the reactor with a metering
pump and the hydrogen flow to the reactor was controlled
with a mass flow controller. Liquid samples were collected

FIG. 2. Examples of carbenium and carbonium ions.

in a liquid receiver at ambient temperature and volatiles
were collected in a liquid nitrogen trap at −197◦C for ap-
proximately 1 h. The contents of the vapor and liquid col-
lectors were weighed to complete the mass balance.

The methane yield was determined by gas chromato-
graphic analysis obtained during the steady state mass bal-
ance because methane does not condense at −197◦C. The
methane-to-ethane ratio obtained from this analysis was
used to determine the total methane yield.

Gas samples were analyzed on a Hewlett Packard 5730A
gas chromatograph containing a 6.1 m× 0.32 cm column
packed with Chromosorb 102. Liquid samples were ana-
lyzed with Hewlett Packard 5730A gas chromatograph con-
taining 10-m wide bore capillary column coated with 5%
phenyl-methylsilicone.

A waxy naphthenic kerosene (138–330◦C, M.W.=
182 g/mol) was used as a feedstock in a series of experiments
in which the hydrogen partial pressure was varied from 0.3
to 8.7 MPa. The operating conditions employed to hydrode-
wax kerosene are outlined in Table 1. The kerosene WHSV
ranged from 11.4–12.1 h−1 in these experiments. The hydro-
gen feed rate was varied to keep the partial pressure of hy-
drocarbon feed constant at about 0.24 MPa (1800 torr). The
kerosene feed was completely vaporized at reaction condi-
tions. A detailed explanation of the procedures is given by
Longstaff (18).

RESULTS AND DISCUSSION

Reactor temperature profiles taken at hydrogen partial
pressures of 0.3 MPa, 4.1 MPa, and 8.7 MPa are presented in

TABLE 1

Operating Conditions Employed to Hydrodewax Kerosene

Run number Ptotal, MPa PH2 , MPa T, ◦C WHSV, h−1

83 0.5 0.3 374 11.4
82 1.4 1.2 376 11.6
81 2.2 2.0 375 11.5
80 3.3 3.0 376 11.8
79 4.3 4.1 376 11.7
78 5.2 4.9 379 12.1
77 6.5 6.3 377 11.9
73 9.0 8.7 378 11.9
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FIG. 3. Reactor temperature profile (PH2= 0.3 MPa).

Figs. 3 through 5, respectively. The temperature profile data
in Fig. 3 indicates that there is an endothermic temperature
profile through the catalyst bed at low hydrogen partial
pressure. This is expected because cracking is an endother-
mic reaction. Increasing the hydrogen partial pressure led
to the formation of an exotherm at the catalyst bed outlet
(Fig. 4). The exotherm present in the catalyst bed outlet at
a hydrogen partial pressure of 4.1 MPa expanded to fill the
entire reactor bed when hydrogen partial pressure was in-
creased to 8.7 MPa (Fig. 5). This suggests that the products
of kerosene cracking were being hydrogenated.

It was estimated that the volumetric heat capacity of the
feed increased by a factor of 2.5 between the run conducted
at a hydrogen partial pressure of 0.3 MPa and the run con-
ducted at a hydrogen partial pressure at 8.7 MPa. Because
of this increase, the influence of the heat of reaction on the
upstream temperature profile was minimized at the higher
pressure. This is because of the greater capacity of the feed
to cool the reactor inlet at higher pressures (Fig. 5) rela-
tive to the feed’s capacity to heat the reactor inlet at lower
pressures (Fig. 3).

FIG. 4. Reactor temperature profile (PH2= 4.1 MPa).

FIG. 5. Reactor temperature profile (PH2= 8.7 MPa).

The possibility that the observed exotherms were an ar-
tifact related to the increase in the heat capacity of the feed
with increasing pressure was considered. An experiment
was conducted in which hydrogen was replaced with nitro-
gen which has the same molar heat capacity as hydrogen.
The formation of an exotherm at the reactor outlet was not
observed with nitrogen at 4 MPa as it was in the presence
of hydrogen (Fig. 4).

Confirmation of hydrogenation is provided in Fig. 6
which displays the estimated hydrogen-to-carbon ratio of
the products boiling below C10 plotted versus hydrogen
partial pressure. This ratio was estimated by summing the
hydrogen-to-carbon ratio of the individual gas and liquid
products collected during the mass balance. As the hydro-
gen partial pressure was increased there was a clear increase
in the hydrogen content of the products. This hydrogena-
tion led to the exothermic temperature profiles that are
displayed in Figs. 4–5.

FIG. 6. The effect of hydrogen partial pressure on total product H/C
ratio.
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TABLE 2

Product Yieldsa versus Hydrogen Partial Pressure

PH2 , MPa C2–C=4 C1 C2 iC4/nC4 H/C Conversion

0.3 52.7 0.29 3.50 0.42 2.16 43.4
1.2 42.9 0.81 3.82 0.35 2.18 48.7
2.0 35.9 1.37 4.37 0.47 2.19 45.5
3.0 37.4 2.50 5.84 0.49 2.21 43.1
4.1 29.4 3.32 6.55 0.45 2.26 48.1
4.9 20.9 3.57 7.10 0.43 2.30 49.2
6.3 10.2 4.82 7.98 0.48 2.37 54.2
8.7 2.1 6.36 10.13 0.75 2.41 59.6

a moles/100 moles of feed cracked.

Product yields with respect to hydrogen partial pressure
are presented in Table 2. The yield of C2–C4 olefins is dis-
played with respect to hydrogen partial pressure in Fig. 7
and shows that hydrogen partial pressure reduced the yield
of olefins to almost zero. At the highest hydrogen partial
pressure only traces of olefins were present in the products.

The decrease in selectivity to olefins could be the result
of either olefin hydrogenation or an accelerated conversion
of olefins to aromatics and paraffins by means of hydrogen
transfer reactions. The yield of C6–C9 aromatics is displayed
in Fig. 8. The 50% decrease in aromatic yield with increasing
hydrogen pressure indicates that the reduced selectivity to
olefins is not the result of increased hydrogen transfer reac-
tions. The decrease in aromatic yields is therefore attributed
to fewer aromatics being formed from olefins because the
olefin concentration is decreasing due to hydrogenation.

Aromatics are produced from olefins through a series re-
action scheme (22). If 8.7 MPa hydrogen partial pressure
leads to almost total hydrogenation of olefins it is expected
that the aromatic yield should also have been almost zero. It
was not because the olefin concentration in the catalyst bed

FIG. 7. The effect of hydrogen partial pressure on the selectivity to
C2–C4 olefins.

FIG. 8. The effect of hydrogen partial pressure on the selectivity to
aromatics.

probably reached levels high enough for the observed aro-
matic formation to occur. However, the rate of olefin hydro-
genation was significant enough for almost total conversion
of olefins to occur prior to the outlet of the catalyst bed.

Hydrogenation of olefins through a carbenium ion-like
transition state is probably occurring by a hydrogen trans-
fer mechanism in which the hydride donor to the carbenium
ion is not a saturated hydrocarbon, but a hydrogen molecule
(18–20). This mechanism is simply the reverse of acid cata-
lyzed hydrogenation which has been previously reported
(1–3). Normally when a carbenium ion abstracts a hydride
ion from a paraffin, a new carbenium ion is formed which
can isomerize and/or crack. This conventional hydride ab-
straction mechanism is depicted in Fig. 9a. However, in this
instance (Fig. 9b) a carbenium ion abstracts a hydride ion

FIG. 9. Transition state selectivity during hydride transfer: (a) hin-
dered due to the size of the transition state; (b) not hindered.
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from hydrogen and the pristine Brønsted acid site is regen-
erated.

Cracking in wide-pore zeolites and silica-alumina yields
high isoparaffin-to-normal paraffin ratios. This is because
tertiary carbenium ions abstract hydrides as much as 10
times faster than secondary carbenium ions (11). However,
in medium pore zeolites, such as ZSM-5, the smaller pore
dimensions hinder the formation of the transition state be-
tween tertiary carbenium ions and paraffins (Fig. 9a). For
that reason, isoparaffin-to-normal paraffin ratios on ZSM-5
are low. If carbenium ions are being saturated by abstract-
ing hydride ions from molecular hydrogen (Fig. 9b), the
isoparaffin-to-normal paraffin ratio should increase. This
is because the required transition state for hydride transfer
from molecular hydrogen to a tertiary carbenium ion will be
significantly less hindered than it is when the source of the
hydride is a paraffin. This phenomena was observed with
respect to the ratio of isobutane to n-butane (Fig. 10) and
to the ratio of isopentane to n-pentane. Additional experi-
ments were conducted in which nitrogen and helium were
substituted for hydrogen at hydrogen partial pressures of
1.4 MPa. These results indicate that the presence of hydro-
gen led to a 10–15% increase in the isobutane-to-normal
butane ratio (18) at 1.4 MPa.

High hydrogen partial pressures led to additional
changes in product selectivity which are presented in
Figs. 11 and 12. The carbon number distribution of prod-
ucts produced at hydrogen partial pressures of 1.2 MPa and
8.7 MPa is presented in Fig. 11 and in Table 3. As hydrogen
partial pressure increased the selectivity shifted from +C5

to C1–C3 products.
The effect of hydrogen partial pressure on the reaction

selectivity is further illustrated in Fig. 12 in which the yield
of methane and C2 products with respect to hydrogen par-

FIG. 10. The effect of hydrogen partial pressure on the i-butane-to-
n-butane ratio.

FIG. 11. The effect of hydrogen partial pressure on the carbon num-
ber distribution.

tial pressure is plotted. The change in selectivity to methane
and C2 suggest a fundamental shift of mechanism as the hy-
drogen partial pressure increased. Extrapolating the data
for C2 selectivity to zero hydrogen partial pressure yields
the selectivity of C2 in the absence of hydrogen which is
about 3 moles of C2 for every 100 moles of feed that were
cracked. This value reflects the slight tendency of ethylene
to be produced in the bimolecular cracking mechanism. Be-
cause methane cannot be formed in the conventional bi-
molecular cracking mechanism, the selectivity of methane
at zero hydrogen partial pressure was zero.

Methane production during cracking of butanes (1, 4, 5,
23–26), neopentane (10, 24), hexanes (1, 12), and n-heptane
(12) has been associated with the monomolecular crack-
ing mechanism. The predominance of the monomolecular

FIG. 12. The effect of hydrogen partial pressure on the selectivity to
C1 and C2.
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TABLE 3

Carbon Number Distributiona versus
Hydrogen Partial Pressure

PH2 : Carbon number 1.2 MPa 8.7 MPa

C1 0.8 6.4
C2 3.8 10.1
C3 57.1 109.1
C4 86.3 94.4
C5 59.7 25.9
C6 27.4 21.0
C7 16.0 6.2
C8 12.7 4.4
C9 9.2 2.6

a moles/100 moles of feed cracked.

mechanism during cracking depends on factors such as the
acidity of the catalyst, high reaction temperature, low olefin
conversion, or low hydrocarbon partial pressure. These are
factors which decrease the concentration of olefins (1) or
their ability to interact with acid sites. The conditions of
hydrocarbon concentration, conversion, and temperature
used in this study should strongly favor the carbenium
ion cracking mechanism. However, the hydrogenation of
olefins occurring at higher hydrogen partial pressures re-
duced the concentration of olefins. This led to an increase
in the carbonium ion mechanism relative to the carbenium
ion mechanism and the observed increase in the selectivity
to C1–C3 products.

In addition to selectivity changes, increasing hydrogen
pressure resulted in higher kerosene conversion. Feed con-
version was defined as the amount of kerosene converted
to material boiling below n-decane as determined from gas
chromatography. Gas chromatography of the kerosene feed
indicated that no more than 48% of the feed consisted of
normal paraffins, with the balance presumably being naph-
thenes. Because ZSM-5 is selective for cracking paraffins in
the presence of naphthenes no more than 48% conversion
of the kerosene was expected. However, kerosene conver-
sion rose from 43 to 60% (Fig. 13) as the hydrogen partial
pressure was increased from 0.3 to 8.7 MPa. Although the
reactor temperature increased by 7–8◦C due to heat gener-
ated by exothermic hydrogenation reactions, the majority
of the conversion increase is attributed to a decrease in
transition state selectivity with increasing hydrogen partial
pressure.

Transition shape selectivity during cracking has been
reported (27). The constraint index, that is, the ratio of
the rates of n-hexane to 3-methylpentane cracking, over
H/ZSM-5 decreases from 12 to 1 when the temperature
is raised from about 200◦C to 500◦C. The high constraint
index for ZSM-5 at low temperatures is attributed to tran-
sition state selectivity (1, 28) wherein hydride transfer from
3-methylpentane to olefins is hindered because there is

FIG. 13. The effect of hydrogen partial pressure on the conversion of
kerosene.

insufficient room in the pores of H/ZSM-5 for a molecule
of the methyl substituted paraffin to approach a carbe-
nium ion. The decrease in the constraint index with in-
creasing temperature indicates a shift from the bimole-
cular to the monomolecular cracking mechanism. This is
because there is a shift from a mechanism initiated by a con-
strained bimolecular hydride transfer to an unconstrained
monomolecular mechanism initiated by a proton transfer
from the zeolite to 3-methylpentane.

It is expected that a certain portion of the naphthenic
molecules in the kerosene feed were able to diffuse into
the pores of ZSM-5. During conditions when the bimolecu-
lar mechanism predominates these molecules are not con-
verted because they are too large to form a transition state
with olefins in order to transfer hydride ions (Fig. 14a).
However, when the monomolecular mechanism predomi-
nates these molecules are able to directly accept protons

FIG. 14. Transition state selectivity during naphthene cracking.
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from pristine Brønsted sites and form a carbonium ion-like
transition state (Fig. 14b).

The higher kerosene conversion observed with increas-
ing hydrogen partial pressures is not attributed to higher
catalyst activity. Instead, it is attributed to changes in tran-
sition state selectivity which permit a greater fraction of the
kerosene to be cracked. This changing transition state se-
lectivity affected naphthenes which were small enough to
diffuse into ZSM-5 but were too large to approach carbe-
nium ions to transfer hydride ions.

It is predicted that an increase in hydrogen partial pres-
sure will result in a decrease in the constraint index over
ZSM-5 as the cracking mechanism changes from bimolec-
ular cracking to monomolecular cracking.

Even if some naphthenes are able to form carbenium
ion-like transition states, they will still crack much more
slowly than paraffins. This is because of poor overlap be-
tween the empty p-orbital of the positively charged carbon
atom and the C–C bond of the adjoining carbon atom in
the naphthenic ring (29). Because carbonium ion cracking
does not require overlap between an empty p-orbital and a
C–C bond, carbonium ion cracking of naphthenes is not hin-
dered to the same degree as carbenium ion cracking. There-
fore a change of mechanism from carbenium ion cracking to
carbonium ion cracking should lead to a substantial increase
in the cracking rate of naphthenes relative to paraffins.

The beneficial effects of hydrogen on catalyst activity has
been exploited to regenerate H/ZSM-5 following reactor
upsets (30). This was confirmed in this research in that cata-
lyst activity could be restored by maintaining the catalyst
for 16 h in static hydrogen at 1.4 MPa and 370◦C.

There has been some debate on whether methane pro-
duced during cracking results from a carbonium ion-like
transition state or a radical type cracking mechanism
(31–33). The active site for the radical mechanism has been
postulated to be electron acceptor sites which have been
shown to be present in ZSM-5 (34) and on silica-alumina
catalysts (35). Treatment of ZSM-5 (34) and silica-alumina
with hydrogen (36) has been shown to reduce the concen-
tration of radical species by over an order of magnitude.
If increased methane selectivity was the result of a radical
mechanism catalyzed by electron acceptor sites, then in-
creasing the hydrogen pressure should reduce the yield of
methane. However, the opposite trend was observed.

CONCLUSIONS

High pressure hydrogen exhibits a significant role in cata-
lytic cracking at 370–400◦C. Kerosene conversion, selectiv-
ity to methane and C2 hydrocarbons increased as the hy-
drogen partial pressure was increased from 0.3 to 8.7 MPa.
Almost complete hydrogenation of olefins occurred. The
aromatics yield was also reduced at higher pressures but
not as dramatically as the yield of olefins.

Hydrogen served as a source of hydrides for olefins
through a carbenium ion-like transition state. This reduced
the interaction between olefins and acid sites which sup-
pressed carbenium ion cracking. Because carbenium ion
cracking is suppressed pristine Brønsted acid sites are able
to participate in carbonium ion cracking which leads to an
increase in the yield of C1–C3 products.

The ability of hydrogen to reduce the concentration of
electron acceptor sites suggests that high pressure hydro-
gen should suppress radical-type products; however, the op-
posite trend was observed which suggests that radical type
products, such as methane, are the result of carbonium ion
cracking.
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