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Hydrocracking of saturated hydrocarbons can proceed by
means of four distinctly different mechanisms. On bifunctional
catalysts comprising hydrogenation/dehydrogenation and
Bronsted acid sites alkenes and carbocations occur as inter-
mediates. The current mechanistic views of bifunctional hydro-
cracking of long-chain n-alkanes are discussed in detail with
emphasis on the now widely accepted concept of ideal hydro-
cracking. Other mechanisms are hydrogenolysis and Haag-
Dessau hydrocracking which proceed, respectively, on mono-
functional metallic and acidic catalysts. Even without a catalyst,
thermal hydrocracking occurs in chain reactions via radicals.
The chemistry of hydrocracking naphthenes on bifunctional
catalysts resembles that of alkanes. A peculiarity, however, is
the pronounced reluctance of cyclic carbenium ions to under-

1. Introduction

Hydrocracking denotes a stoichiometry in which one or more
carbon-carbon bonds in the reactant, typically a hydrocarbon,
are broken, and the free valencies thereby created are saturat-
ed by hydrogen. Hydrocracking can proceed by means of four
distinctly different mechanisms, depending on the nature of
the catalyst:

1) Bifunctional catalysts comprise a hydrogenation/dehydro-
genation component, often a noble metal, and a Brgnsted acid
component."™ The main function of the metal is to dehydro-
genate saturated reactant molecules to alkenes and to hydro-
genate olefinic intermediates desorbed from the acid sites.
There, skeletal rearrangements and carbon-carbon bond scis-
sions occur, probably via carbocations as reactive species. Mass
transfer between both types of sites is viewed to happen by
diffusion of alkenes.” Such a pathway will be referred to in
this article as bifunctional hydrocracking. A special case, which
will be discussed in some detail, is ideal hydrocracking.*®

2) Carbon-carbon bond cleavage followed by hydrogena-
tion of the fragments may also occur on metals, that is, mono-
functional catalysts. For such a hydrocracking mechanism the
term hydrogenolysis is customary.’~'?

3) The generic term for cracking on monofunctional acidic
catalysts is “catalytic cracking”. As shown by Haag and
Dessau*' and confirmed by others,"*" two mechanisms
must be discerned for catalytic cracking, viz. classical bimolecu-
lar cracking via carbenium ions and non-classical monomolecu-
lar cracking via carbonium ions. Under conditions where the
latter mechanism is operative (also called Haag-Dessau crack-
ing), molecular hydrogen can be activated on Brgnsted acid
sites, e.g., for hydrogenating ethene™® or hydrocracking of n-
heptane."™ We will refer to such a hydrocracking on mono-
functional acidic catalysts as Haag-Dessau hydrocracking.

4) Finally, even in the absence of a catalyst, thermal hydro-
cracking (or hydropyrolysis) can be achieved at temperatures
of 500 to 600°C and elevated hydrogen pressures.”” It pro-
ceeds through a chain reaction involving radicals as
intermediates.
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go endocyclic B-scissions. The effect manifests itself in the so-
called paring reaction, which, in turn, forms the basis for meas-
uring the Spaciousness Index for characterizing the effective
pore width of zeolitic catalysts. Hydrocracking on bifunctional
catalysts is among the very important processes in modern pe-
troleum refining. It is primarily used for converting heavy oils
into diesel and jet fuel. Besides, hydrocracking is appreciated
for its pronounced versatility: numerous process variants exist
which help to meet specific requirements in refineries or petro-
chemical plants. Two recent developments are briefly dis-
cussed in this review, viz. the conversion of surplus aromatics,
e.g., in pyrolysis gasoline, into a synthetic feedstock for steam
crackers, and quality enhancement of diesel fuel by selective
ring opening of polynuclear aromatics.

Hydrocracking on bifunctional catalysts is of prime impor-
tance in modern petroleum refining.?"*? With a worldwide
process capacity of 265x10°ta~', as of the end of the year
2010,% it is primarily operated for converting heavy vacuum
gas oil (VGO) into diesel and jet fuel, in some cases also gaso-
line, and appreciated by refiners for its flexibility and versatility.

Flexibility means the broad range of product yields that can
be achieved in an existing VGO hydrocracker,?? thereby ena-
bling a refinery to respond efficiently to fluctuations in the
market needs. Versatility refers to the numerous process var-
iants, each meeting specific requirements in an oil refinery or a
petrochemical complex. Examples are, beside the manufacture
of transportation fuels from VGO, mild hydrocracking of VGO
or distillation residues,”” for example for making high-quality
feedstocks to fluid catalytic cracking, dewaxing of lube oils or
middle distillates by shape-selective hydrocracking,”® the man-
ufacture of high-quality diesel fuel from Fischer-Tropsch wax
as the last process step in the gas-to-liquid route,”* or the
production of feedstocks to steam crackers for the manufac-
ture of light alkenes.” Finally, since bifunctional catalysts are
also used in the skeletal isomerization of light gasoline and
heavier petroleum fractions (dewaxing by isomerization) and in
reforming of heavy naphtha, the catalytic chemistry of these
refinery processes is closely related to that of bifunctional
hydrocracking.

The objectives of this review are threefold: First, the chemis-
try of bifunctional hydrocracking of long-chain n-alkanes will
be discussed with emphasis on the concept of ideal hydro-
cracking. Next, the fundamentals of probing the effective pore
widths of zeolites by a shape-selective test reaction, viz. hydro-
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cracking of butylcyclohexane, will be developed. Finally, two
relatively recent examples for the versatility of hydrocracking
will be briefly addressed, viz. hydrocracking of surplus aromat-
ics, e.g., in pyrolysis gasoline, into a synthetic steam cracker
feed consisting of ethane, propane, and n-butane and ring
opening of polynuclear aromatics for enhancement of the
quality of diesel fuel.

2. Ideal Hydrocracking of Long-Chain
n-Alkanes

Real feedstocks to industrial hydrocrackers are complex mix-
tures of individual hydrocarbons, viz. alkanes, naphthenes, and
aromatics. For mechanistic studies, such oils must be simulated
by model hydrocarbons, for instance an n-alkane. As will be
shown below, the chain length of such a model n-alkane must
not be too low to ensure that the results are meaningful for
hydrocracking of real oils.

2.1. Salient features of ideal hydrocracking

Hydrocracking on bifunctional catalysts is mechanistically relat-
ed to catalytic cracking on monofunctional acidic catalysts. In
particular, the key step of carbon-carbon bond cleavage in
both cases occurs while the hydrocarbon is adsorbed on an
acid site. On the other hand, there are pronounced differences
between both reactions, for example: i) hydrocracking occurs
under high hydrogen pressure, and the products are usually
fully saturated; i) hydrocracking often proceeds at tempera-
tures around 250°C, whereas much higher temperatures are
required for catalytic cracking; iii) there is usually no catalyst
deactivation in hydrocracking, whereas carbonaceous deposits
form during catalytic cracking which deactivate the catalyst;
iv) the cracked products formed from an n-alkane are branched
to a significantly higher extent in catalytic cracking than in hy-
drocracking and, especially, in ideal hydrocracking.
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Figure 1. Molar distributions of the cracked or hydrocracked products from
n-hexadecane, after Refs. [8,30]. Typical results for three catalysts with no
(Si0,-Al,05-Zr0,),?" a weak (sulfided Co-Mo-5/5i0,-Al,0,), and a strong (Pt/
Ca-Y zeolite)®® hydrogenation/dehydrogenation component are depicted for
approximately the same yield of cracked or hydrocracked products

(Y.~ 50%). S;* is the modified cracking or hydrocracking selectivity defined
as the molar amount of hydrocarbons with j carbon atoms formed divided
by the molar amount of n-hexadecane converted to cracked or hydro-
cracked products.

Another striking difference is seen from Figure 1 (note that,
throughout this article, i stands for the reactant or its carbon
number, while j is the carbon number of the cracked or hydro-
cracked products): hydrocracking on Pt/Ca-Y zeolite gives a
distribution curve which is fully symmetrical around j=i/2=8
and a X5/ of 200 %.

Both findings indicate a pure primary hydrocracking selectiv-
ity, i.e., one carbon-carbon bond in the reactant is cleaved,
whereupon the hydrocracked products are desorbed, before a
second carbon-carbon bond is broken. In other words, there
exists an efficient mechanism of desorption of the primary
products from the acid sites. Note also that neither C; (and C,s)
nor C, (and C,,) are formed. C; and C,; do occur in the prod-
uct, albeit in molar amounts that are much lower than those
of the C, to C,, fragments. The bell- (or volcano-) shaped
molar distribution curves with no C; and C, and little C; are all
salient features of ideal hydrocracking. Such curves are gener-
ally observed on bifunctional catalysts with a strong hydroge-
nation/dehydrogenation activity and sufficiently large pores,
i.e., in the absence of shape selectivity effects.

An entirely different distribution curve is obtained for cata-
lytic cracking on the monofunctional acidic catalyst at nearly
the same yield of cracked products: the vast majority of prod-
uct hydrocarbons are in the range from C; to C, i.e., extensive
secondary cracking of the primary fragments must have taken
place (also, some C; and C, fragments occur which could be
due to some superimposed thermal or Haag-Dessau>'¥
cracking at the high reaction temperatures required). Hydro-
cracking on the Co-Mo-5/Si0,-Al,0; catalyst with a weak hy-
drogenation/dehydrogenation component shows an inter-
mediate behavior between the extreme cases Pt/Ca-Y and
SiO,-Al,0,-Zr0..

Coonradt and Garwood were the first to fully recognize the
fundamental differences between catalytic cracking and hydro-
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cracking on catalysts with a strong hydrogenation/dehydro-
genation component.®? In fact, hydrocracking had long been
misunderstood as being merely a variant of catalytic cracking
with hydrogenation reactions superimposed. Coonradt and
Garwood also pointed out the wide span in types of products
attainable from one and the same feed on various bifunctional
catalysts.®? These differences do not only pertain to the
degree of secondary hydrocracking, but also to another selec-
tivity feature of high industrial relevance: Long-chain (i>8) n-
alkanes cannot be isomerized to a significant extent on mono-
functional acidic catalysts. By contrast, bifunctional catalysts
with a strong hydrogenation/dehydrogenation component
allow one to achieve very high selectivities of skeletal isomers
at low and moderate conversions.

A typical example is shown in Figure 2 in which n-tridecane
was converted on Pt/Ca-Y zeolite under a hydrogen pressure
of 4.0 MPa.®¥ Up to a conversion of approximately 40% at
230°C skeletal isomerization to iso-tridecanes is the sole reac-
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Figure 2. Isomerization and hydrocracking of n-tridecane on Pt/Ca-Y zeo-
lite.?¥ X and Y denote, respectively, the conversion and yield.

tion. It is only upon further raising the temperature and con-
version that hydrocracking starts. The yield of iso-tridecanes
then passes through a maximum, which is as high as 66%. As
the temperature and conversion are further increased, the
yield of iso-tridecanes rapidly falls to zero indicating that the
iso-tridecanes are more and more consumed by hydrocracking.
Figure 2 strongly suggests that skeletal isomerization and hy-
drocracking of the long-chain n-alkane are consecutive
reactions.

The term “ideal hydrocracking” was coined for catalytic sys-
tems, which allow one to convert an n-alkane (n-CH,;,,) with a
sufficiently high carbon number (i > 12), at will and simply by
varying the severity of the reaction, into skeletal isomers (iso-
CH,; 2 as shown in Figure 2), hydrocracked products CH,;.
(3<j<i—3) with a pure primary hydrocracking selectivity (see
Figure 1 for Pt/Ca-Y) or, eventually, hydrocracked products
with an ever more pronounced preponderance of the light
fragments.™@ It has been repeatedly demonstrated, e.g., for
the hydroconversion of n-hexadecane on Pt/Si0,-Al,05,%? of n-
dodecane on Pt/Ca-Y zeolite,”) or of n-dodecane on Pt/ultrasta-
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ble Y zeolite,®¥ that the characteristic bell-shaped S curves

hold for a very wide range of yields of hydrocracked products,
as long as these are below 100%. If non-symmetrical S
curves, i.e., more lighter hydrocarbons are desired, these can
easily be achieved with the same catalyst simply by increasing
the severity of hydrocracking beyond the point where Y,
reaches 100%. Ideal hydrocracking catalysts, therefore, enable
a maximal product flexibility in an existing industrial hydro-
cracker. This allows the refiner to run the plant with maximal
yield of diesel fuel, jet fuel, or gasoline, in response to the
needs of the market.?” A catalytic cracker (fluid catalytic crack-
ing, FCC), by contrast, inevitably and invariably produces light
gasoline hydrocarbons (see S* curve for SiO,-Al,05-ZrO, in
Figure 1) and does so without offering much product
flexibility.

The products of ideal hydrocracking of a long-chain n-alkane
consist again of alkanes in the carbon-number range of
3<j<i—3"7 Both n- and iso-alkanes are formed. Figure 3
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Figure 3. Ideal hydrocracking of n-alkanes n-CH,;,, with 7 <i<12. Content
of branched alkanes iso-CH,;, , with 4 <j<(j—3) in the hydrocracked
products.”

shows that i) branched alkanes dominate in all carbon number
fractions j, ii) the content of branched alkanes formed from a
given n-alkane reactant increases with increasing carbon
number j, but ii) the content of branched alkanes in a given
product fraction j is independent of the carbon number i of
the feed. iv) It is, furthermore, clearly seen that an exception
from ruleiii is the carbon number fraction j=i—3 formed by
splitting off propane. This particular fraction is unusually rich (
~90%) in branched alkanes. All these selectivity features hold
for a very broad range of yields of hydrocracked products up
to approximately 80% or more. In Figure 3, no discrimination
was made between jso-alkanes with one, two, or more branch-
es. More detailed distributions of the iso-alkanes formed from,
e.g., n-dodecane on Pt/Ca-Y zeolite have been published:"
The iso-alkanes consist mainly of monobranched isomers and
significantly smaller amounts of dibranched isomers, while tri-
branched isomers are absent. A deeper discussion of all these
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selectivity features of ideal hydrocracking has been conduct-
ed.?>3 They are consistent with skeletal isomerization preced-
ing carbon-carbon bond cleavage, as independently inferred
from the highly selective isomerization of n-CH,,., at low to
moderate conversion (see Figure 2).

Summing up, ideal hydrocracking

proceeds on bifunctional catalysts with a strong hydrogena-
tion/dehydrogenation component;

enables product selectivities in the conversion of model hy-
drocarbons or heavy oils that are farthest away from those
encountered in catalytic cracking on monofunctional acidic
catalysts;

offers an utmost degree of product flexibility in the conver-
sion of heavy oils;

allows skeletal isomerization of long-chain n-alkanes with
high selectivities and yields of iso-alkanes;

allows a pure primary hydrocracking selectivity of long-
chain alkanes with bell-shaped carbon-number distributions
of the hydrocracked products.

The concept of ideal hydrocracking is nowadays widely ac-
cepted,®®¥* 35 it helps rationalizing numerous features not
only of bifunctional hydrocracking, but also of catalytic crack-
ing and skeletal isomerization of hydrocarbons.

2.2. The mechanism of ideal hydrocracking

The classical mechanism for the conversion of an n-alkane on a
bifunctional catalyst is depicted in Figure 453244 The reac-
tant is dehydrogenated on the metal sites to the mixture of n-
alkenes, n-CH,,. These desorb from the metal sites and diffuse
to Brgnsted acid sites where they are protonated to the secon-
dary alkylcarbenium ions, n-CH,;.;*. Carbenium ions are reac-
tive intermediates which can undergo a number of conver-
sions, such as skeletal rearrangements and carbon-carbon
bond rupture. The latter is generally viewed to proceed
through p-scission which will be discussed in detail in Sec-
tion 2.3. The fragments of (3-scission are a smaller alkylcarbeni-

Metal sites Bronsted acid sites Metal sites
n-CHy.p
Al eH, e AR
o CHo, +
n-CH, = n-CHy.,
SH Cu»k»”ﬁu-k)
: Skeletal Secondary
. rearrangements  g.scission :
.@ H
il @ i @ - +
iso-CH, <=  iso-CHy., m, CHyu + = g’Hﬁl
i B-scission  CyHy,, *+H @ V206)
+ Hle- Hy ot T +2 Hle- 2H,
is0-CH,;., CHyp +
CipHagee

Figure 4. Classical mechanism of isomerization and hydrocracking of an n-
alkane on a bifunctional catalyst comprising metal sites for dehydrogena-
tion/hydrogenation and Brensted acid sites.3>4243
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um ion and an alkene. In the case of B-scission of n-CH,,.,* a
primary carbenium ion would be formed, which is energetically
unfavorable. The n-alkylcarbenium ions hence undergo skeletal
rearrangements exclusively, whereby monobranched alkylcar-
benium ions, iso-CH,,,,*, are formed. If there is an efficient
mechanism of desorption from the acid sites, monobranched
alkenes, iso-CH,,, are released and diffuse to metal sites where
they are hydrogenated to monobranched alkanes, iso-CH,;. ».
These are the primary products observed at low conversions.”
As the conversion is increased, consecutive reactions occur at
the acid sites, in particular, a second branching rearrangement
leading to dibranched iso-CH,;, ", which are again desorbed
as dibranched iso-alkenes and appear, upon hydrogenation at
the metal sites, in the product as dibranched iso-alkanes iso-
CH,;.,. Upon increasing the conversion further, tribranched al-
kylcarbenium ions form in a third rearrangement step at the
acid sites. As the rate of B-scission increases strongly with the
degree of branching, these tribranched cations iso-CH,;,," are
not desorbed, even not in ideal bifunctional catalysis, they
rather undergo f-scission into an alkylcarbenium ion CH,; ;"
and an alkene C;_jH,;_;. Neither C; nor C, hydrocarbons are
formed, because this would require the energetically very un-
favorable primary carbenium ions CH;* and C,Hs*, respective-
ly, as intermediates.

If the carbon number of the reactant is sufficiently high (i 2
12), the products of the primary f-scission can react further
into one of two directions (Figure 4): In case there is an effi-
cient mechanism of their desorption, they will be desorbed as
alkenes, which will be hydrogenated on the metal and appear
in the product as alkanes with a bell-shaped molar carbon
number distribution (Figure 1 for Pt/Ca-Y zeolite). This is the
case of ideal hydrocracking. Alternatively, if there is no rapid
desorption of the primary cracked products, the largest frag-
ments will undergo a secondary [-scission and appear in the
product mainly as light alkanes. The result is a non-symmetrical
molar carbon number distribution already at modest yields of
hydrocracked products (Figure 1 for Co-Mo-S/SiO,-Al,0;) In
the extreme case of catalytic cracking (Figure 1 for SiO,-Al,O;-
ZrQ,), desorption of the cracked products from the acid sites is
particularly slow and probably rate controlling, so high reac-
tion temperatures are required, and severe secondary cracking
occurs all the way down to C; to Cg fragments.

Ideal hydrocracking is, therefore, readily understood as a
special case of classical bifunctional catalysis with a rapid de-
sorption of the primary products formed at the acid sites. The
question then arises as to why the presence of a highly active
dehydrogenation/hydrogenation component can enhance the
rate of this desorption so markedly? According to Coonradt
and Garwood’s model,*? the decisive quantity is the steady-
state concentration of long-chain alkenes n-CH,; formed from
the reactant n-alkane. If there is a highly active dehydrogena-
tion/hydrogenation component, the steady-state concentration
of n-alkenes will essentially assume the equilibrium value, and
this is considered to be high enough for rapidly displacing the
alkylcarbenium ions from the acid sites through competitive
adsorption/desorption. In this case, the chemical steps at the
acid sites, i.e., skeletal rearrangements and [-scissions, are
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probably rate- and selectivity-controlling for the overall reac-
tion. This is the case of ideal bifunctional catalysis.

In a complex reaction network as shown in Figure 4, the de-
hydrogenation/hydrogenation  activity threshold, beyond
which ideal bifunctional catalysis is attained, depends on sev-
eral factors, inter alia on the concentration and strength of the
Bronsted acid sites and the length of the diffusion paths of the
olefinic intermediates, i.e., the average distance between both
types of catalytic sites.” As a brief notion of this situation it is
sometimes stated that, for ideal bifunctional catalysis to occur,
the two catalyst functions must be “in balance” %3

A characteristic feature of the classical bifunctional mecha-
nism sketched in Figure 4 is the mass transfer between both
types of catalytic sites by diffusion of alkenes. It should be
mentioned that precisely this feature has occasionally been
questioned. Using various arguments, some authors have in-
stead been advocating mechanistic models in which an impor-
tant role is ascribed to hydrogen spillover from the metal to
the acid sites. In these views, the essential, if not exclusive
locus of hydrocarbon conversion is believed to be an acid site,
and the spilt-over hydrogen coming from a metal site helps to
generate alkylcarbenium ions from the feed n-alkane, to
desorb the products of carbocation reactions from the acid
sites, and/or to avoid the build-up of carbonaceous deposits
with the concomitant catalyst deactivation. For example, a
model was advanced by Roessner and Roland™ and Roland
et al.*' in which two coexisting hydrogen species spill over to
the acid sites, of which one is a neutral hydrogen atom and
the other a positively charged ion. Modified spillover models
were proposed, inter alia, by Ebitani et al.*® and by Fujimoto’s
group-[47749]

In another approach based primarily on computational stud-
ies and put forward by Kazansky’s®°*? and van Santen’s®®
groups, the hydrocarbon adsorbates, e.g., on a zeolite surface,
were mainly described as alkoxide species with a considerable
degree of covalent bonding to the framework oxygens. In this
adsorbed state, hydrocarbon reactions like B-scissions were
proposed to occur in a concerted manner, thereby avoiding
the intermediacy of primary carbenium ions. Evidence against
such a mechanism has later been presented by Denayer
et al.® and Thibaut et al.,*>*® especially in cases where alka-
nes with long hydrocarbon chains were involved.

Independent evidence for the classical mechanism has been
presented by a direct observation of olefinic intermediates
(CGHy or C;_jHy; in Figure 4) leading to the hydrocracked
products CH,; ., and C;_jHy;_j,» respectively. This is difficult
because the equilibrium concentrations of alkenes ncy,/ney,
are very low at the low reaction temperatures (ca. 250 to
300°C) and high hydrogen pressures (typically around 2 to
5 MPa) applied in experimental studies of ideal hydrocracking.
In hydrocracking of n-dodecane on a Pd/Ca-Y zeolite, no al-
kenes at all were detected in the flame ionization detector of
the gas chromatograph at reaction temperatures between 300
and 400 °C, for which the yield of hydrocracked products was
100% (see Figure 5). Above 400°C alkenes appeared in con-
centrations that were of the same order of magnitude as the
calculated equilibrium values. The alkenes observed in this
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Figure 5. Experimental and equilibrium concentrations of alkenes CH,; (j=3,
4, and 5) in hydrocracking of n-dodecane on a Pd/Ca-Y zeolite catalyst.””

high-temperature region can be attributed to the establish-
ment of the alkenes/alkanes equilibria. Interestingly, light al-
kenes also appeared under conditions for which the yield of
hydrocracked products was below 100%, i.e., under conditions
where C;, alkanes were still present. At 250°C, for which the
yield of hydrocracked products was as low as 3.6%, i.e., more
than 96 % of the hydrocarbon mixture consisted of n-dodecane
and iso-dodecanes, the alkene concentrations were four to five
orders of magnitude higher than the equilibrium values. This
finding can only be understood, if the alkenes/alkanes equili-
bria of the hydrocracked products are assumed to be ap-
proached from the side of the alkenes, and this hydrogenation
appears to be impeded by the presence of large amounts of
n-dodecane and iso-dodecanes.””

2.3. Ideal bifunctional catalysis as a tool for studying carbo-
cation reactions

It is likely that, in ideal bifunctional catalysis, the chemical
steps at the acid sites, i.e., skeletal rearrangements and [3-scis-
sions of alkylcarbenium ions (cf. Figure 4), are rate- and selec-
tivity-controlling.” %% If so, measuring the detailed product
selectivities during the hydroconversion of alkanes, especially
of long-chain alkanes, on ideal bifunctional catalysts by means
of high-resolution capillary gas chromatography can furnish
much insight into the chemistry of alkylcarbenium ions. The in-
formation gained from such experiments may nicely supple-
ment the one obtained from studying carbocation reactions in
liquid superacids.

Before we discuss the mechanism of carbon-carbon bond
rupture of alkylcarbenium ions through [-scission, we will
throw a look at the skeletal rearrangements that precede f3-
scission (see Figure 4). It is customary and useful to distinguish
between type A and type B rearrangements. In type A rear-
rangements, the amount of branching in the carbenium ion re-
mains constant, just their positions change. In type B rear-
rangements, by contrast, the amount of branching increases or
decreases. Type A rearrangements were generally found to be
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much faster than those of type B."®**® Whereas type A rear-
rangements are generally viewed to occur through a sequence
of classical alkyl and hydride shifts, type B rearrangements are
believed to proceed via non-classical protonated cyclopro-
panes (PCPs). Evidence for the PCP mechanism emerged both
from the isomerization of n-pentane and *C-labelled n-butane
in HF-SbF.®*? and from the selectivities of isomerization of the
homologous n-alkanes with 8 to 15 carbon atoms on an ideal
bifunctional zeolite catalyst.””

A similar classification, which is also currently widely accept-
ed, has been introduced for B-scissions of alkylcarbenium ions
(Figure 6).°%? Type A B-scissions, so named because they are

sec. —> prim. @
Type D: - 7+ AN
yP RTNTER T orbidden” ¥
i26 TypeC: RJ\“AO\R T R«J@ r P
Q
T
[ R (P g
% i>7 TypeB; X 2% 2 u) R*J\ + g
8
2
R . tert. — sec. J )\
i27 TypeB,; Aoy ——————> 79+ -
i28 TypeA: RMR tert ;; tert RJ@\ + )\Rz

Figure 6. Classification of B-scission reactions of alkylcarbenium ions.”"2

by far the fastest, both start and end up in a tertiary carbeni-
um ion. For type A P-scissions to occur, at least eight carbon
atoms and three branchings in an a,y,y-arrangement are re-
quired. In type B f-scissions, a secondary carbenium ion reacts
to give a tertiary one (type B,) or vice versa (type B,). Type B,
and type B, B-scissions require a minimum of seven carbon
atoms and two branches arranged in the vy,y- and o,y-posi-
tions, respectively. Type C (-scissions start from a secondary
and give again a secondary carbenium ion. At least six carbon
atoms and one branching in the y-position are required. For
the sake of completeness, type D p-scissions should

J. Weitkamp

rtype A P-scission > rtype A rearrangement > rdesorption > rtype B rearrangement ~

rtype B f-scission ~ rtype B, p-scission > rtype C B-scission > rtype D f-scission

The mechanism of ideal hydrocracking of a long-chain n-
alkane can now be discussed in a much more detailed manner,
e.g., for n-decane as the reactant. Figure 7 is an enlarged view
of the left-hand half of Figure 4 and starts with a member of
the secondary decyl cations. Its type D f3-scission would lead
to a primary carbenium ion, which is forbidden at the mild re-
action conditions, in line with the total absence of methane
and ethane in the hydrocracked products.

The secondary decyl cation hence undergoes a type B rear-
rangement via protonated cyclopropanes. The resulting mono-
branched decyl cation can have three different fates: i) A de-
sorption followed by hydrogenation to a monobranched iso-
decane (see Figure 2 at mild conditions), ii) a second type B re-
arrangement to a dibranched decyl cation or iii) a type C 3-scis-
sion leading to unbranched fragments with 3 to i—3=7
carbon atoms. The dibranched decyl cations have essentially
the same options of consecutive reactions. Indeed, dibranched
iso-decanes appear in the product at enhanced conversions. In-
stead of being desorbed, they can be cleaved, but this time in
a type B f-scission leading to one branched and one un-
branched moiety with 3 to i—3=7 carbon atoms. If, however,
the dibranched decyl cations rearrange again, a tribranched
decyl cation forms which inevitably shows the very rapid
type A [-scission. This time, the fragments contain 4 to i—4=6
carbon atoms and are both branched.

Such a pathway by means of a triple type B rearrangement
followed by type A [-scissions accounts for the formation of C,
to C_, as the main hydrocracked products (Figure 1). More-
over, it explains the large amount of branched isomers in the
hydrocracked products from a long-chain n-alkane (Figure 3),
and it is consistent with the occurrence of monobranched and
dibranched isomers of the feed n-alkane in significant yields at
moderate conversions (Figure 2).

On the other hand, to account for the full spectrum of prod-
uct hydrocarbons, one has to allow for some type B -scissions

also be considered. They would start from a secon- ~ Metal sites Bronsted acid sites

dary carbenium ion and give a primary carbenium .

. . .. = Type D B-scissions

ion. Buchanan etal. extended this classification to  iso-CH,., NN
monobranched

type E p-scissions, which start from a primary and “Hy|]

+H,

Type B
rearrangements

lead to a tertiary carbenium ion or vice versa.” In P
. . . . . iso-CH,, = W Type C B-scissions C,to C,,
,
ideal hydrocracking Whlf:h typically occurs at mild -4 e s ,_p & TR Both fragments unbranched
temperatures of approximately 250°C, type D and . Type B
type E B-scissions probably do not play a role at all, : E rearrangements
due to the high energy content of the primary car- r-P /\M
i i i ) P Type B B-scissions C,to0 C,,
benium ions involved. is0-CH, ‘:6 ez, One fragment unbranched,
Note that the relative rates of B-scissions strongly d'l*brffc:led +H AB_ScissionSyp one fragment branched
decrease from type A to type D. Together with the i TypeB .
. : rearrangements
two types of rearrangement reactions and the de-  $0-CH...
X R . . dibranched Type AB-scissions ¢ 5,
sorption of carbenium ions as alkenes from the acid ""'4@ Both fragments branched

sites, the following qualitative order of decreasing
rates is likely to govern the chemistry of alkylcarbeni-
um ions:*”
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very rapid

Figure 7. Proposed pathway of ideal hydrocracking of a long-chain n-alkane n-CH,;. , on
a bifunctional catalyst.

ChemCatChem 2012, 4, 292 - 306


www.chemcatchem.org

Catalytic Hydrocracking

of dibranched carbenium ions and even some small contribu-
tion of type C B-scissions of monobranched carbenium ions,
beside the mainstream pathway by means of type A [3-scis-
sions of tribranched carbenium ions (Figure 7). The type B f3-
scissions are needed to explain the formation of some C; and
C,_; fragments (no C; can be formed by means of type A f3-
scissions). At the same time, invoking the occurrence of some
type B B-scissions gives a straightforward explanation for the
fact that the carbon number fraction C;,_; formed by abstrac-
tion of C; is unusually rich (=~90%, see Figure 3) in branched
alkanes. If, however, all C; were formed by type B (3-scissions of
dibranched carbenium ions, the content of branched alkanes
in the fraction C;_; would be expected to amount to 100% in-
stead of the measured 90%. This small remaining deviation is
readily accounted for by allowing some small contribution of
type C B-scissions of monobranched carbenium ions.

There is independent evidence for such a pathway of ideal
hydrocracking mainly by means of type A B-scissions of tri-
branched carbenium ions. These precursors of type A f-scis-
sions are relatively bulky species. Although they can be readily
formed inside the spacious pore system of zeolite Y, one would
expect their formation to be severely hindered under condi-
tions of shape-selective hydrocracking, e.g., in a catalyst based
on zeolite ZSM-5. If so, the main reaction path inside such a
catalyst would be through type B [-scissions, which start from
less bulky, dibranched precursors (Figure 7). This would be ex-
pected to have far-reaching repercussions on the nature of the
hydrocracked products. In Figure 8, the molar carbon number

100 T T T T 100 T T T T
0.5 wt.-% Pt/Ca-Y 0.5 wt.-% Pt/H-ZSM-5
2 i=n-CgHy, i=n-CoHy
- | T=280°C 1 | T=255°C )
3 80 X,=59 % 80 X,=61%
S Y, =9% Y,=10%
8
S 60 { 60} 1
~=
=
= 40 g 40 t ]
3
)
no20F {1 20F 1
*
(5]
0 T T 0 T r
2 4 6 8 2 4 6 8

Carbon number j of hydrocracked products

Figure 8. Carbon number distributions of the hydrocracked products from
n-nonane on bifunctional catalysts based on a large-pore (Pt/Ca-Y) and a
medium-pore (Pt/H-ZSM-5) zeolite."

distributions in hydrocracking of n-nonane on a large-pore Pt/
Ca-Y and a medium-pore Pt/ZSM-5 catalyst are compared at
equal conversion and yield of hydrocracked products.”

On Pt/H-ZSM-5, C; and C4 are no longer by-products occur-
ring in minor quantities, but are now main hydrocracked prod-
ucts, as one would expect in a route by means of type B 3-scis-
sions (see Figure 7). It is exactly the same mechanistic effect as
the one that is exploited in industrial fluid catalytic cracking,
when H-ZSM-5 is added as a co-catalyst to ultrastable zeolite Y
to enhance the yield of propene.
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Bearing in mind that type A and type B f-scissions of alkyl-
carbenium ions require at least eight and seven carbon atoms,
respectively, one would predict a pronounced dependence of
the rate of hydrocracking on the carbon number of the feed in
the range C; to Cg. Figure 9 shows the results of converting

100 pr T T T 100
0.27 wt.-%
Pd/H-Y
80 F T=290°C E 80
Py, = 2.0 MPa

[o2]
o

N
o

0,
yhydrocracked products / AJ

0.27 wt.-%

20 1 20 Pd/H-ZSM-5
T=300°C
Pu,= 2.0 MPa
0 —— 0 ——————r
5 6 7 8 9 10 5 6 7 8 9 10

Carbon number j of feed n-alkane

Figure 9. Yields of hydrocracked products from n-alkanes with five to ten
carbon atoms on a large-pore (left) and a medium-pore (right) zeolite cata-
lyst. For a given catalyst, the reaction conditions are identical for all six n-
alkane reactants.*¥

the pure n-alkanes with five to ten carbon atoms under identi-
cal conditions on a large-pore and a medium-pore zeolite cata-
lysts.® Plotted against the carbon number of the feed n-
alkane are the yields of hydrocracked products. The curve for
the shape-selective Pd/H-ZSM-5 catalyst shows a very steep
jump between n-hexane and n-heptane, in-line with the con-
jecture that type B f-scission is the predominating cracking
mechanism in this medium-pore zeolite. The curve for the
large-pore zeolite is less steep, but the essential result is that
the large jump now occurs between n-heptane and n-octane.
It should be mentioned that, in the early 1990s, Sie pro-
posed a modified mechanism for acid-catalyzed cracking of
carbon—carbon bonds.® Based on the now generally accepted
view that type B isomerizations proceed via non-classical pro-
tonated cyclopropanes, he suggested a route for cracking via
similar intermediates with cyclic structures and non-classical
bonds. However, even though almost 20 years elapsed since
the proposal of Sie’s mechanism, it has failed to receive wide-
spread acceptance, and has been recently severely questioned
by Berner and East on theoretical grounds.®™™ These same au-
thors also undertook ab initio molecular dynamics simulations
of cracking of alkylcarbenium ions, and their results seem to
give independent support for the classical mechanism outlined
in the present paper over Kazansky’'s/van Santen’s concerted
mechanism®® and Sie’s®’ non-classical mechanism."

3. Hydrocracking of Naphthenes

3.1. Low rates of f3-scissions of endocyclic carbon-carbon
bonds

Hydrocracking of naphthenes on bifunctional catalysts follows
reaction paths, which resemble those of alkanes. There is, how-
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ever, one significant difference: carbon-carbon bonds, that are
part of the naphthenic ring, show a remarkable reluctance to
undergo f-scission. This was nicely demonstrated by Brouwer
and Hogeveen®™ who studied the type A B-scissions of the ali-
phatic 2,4,4-trimethylpentyl cation and its alicyclic counterpart,
the 2,4,4-trimethylcyclopentyl cation in the superacid FSO;H-
SbF;-SO,CIF. Although the former cation underwent B-scission
readily at —73°C, the analogous naphthenic carbenium ion did
not react at all, even not at the much higher temperature of
0°C.

These same authors advanced a good explanation of the
effect (Figure 10):*%® |n the aliphatic carbenium ion, there is
free rotation around the a-bond, and in the most stable con-
formation the vacant p-orbital at the positively charged carbon
atom and the [-bond to be broken are ideally coplanar. Hence,

Aliphatic carbenium ions

Alicyclic carbenium ions

Figure 10. The role of orbital orientation for the easiness of 3-scissions of al-
kylcarbenium ions, after Brouwer and Hogeveen. '’

there is a very efficient orbital overlap in the transition state of
[-scission, and the reaction proceeds smoothly. A completely
different orbital orientation is encountered in the alicyclic car-
benium ion: Now, the B-bond forms part of a ring, and it is
fixed in a position perpendicular or near-perpendicular to the
vacant p-orbital. Hence, there is minimal orbital overlap in the
transition state, and 3-scission proceeds sluggishly, if at all. The
effect is expected to be more pronounced in five-membered
rings due to their planarity, but it is also present, maybe to a
lesser extent, in six-membered rings.

The low rate of cleavage of endocyclic carbon-carbon
bonds has strong repercussions on the course of hydroconver-
sion of naphthenes on bifunctional catalysts. For example, the
comparative hydroconversion of 2-methylheptane and ethylcy-
clohexane was studied on a Pd/La-Y zeolite in the temperature
range of 200 to 300°C." Both C; hydrocarbons were equally
reactive, and the alkane behaved essentially as shown for n-tri-
decane in Figure 2: Mono- and dibranched isomers (but no tri-
branched ones) were formed up to moderate conversions, at
elevated conversions hydrocracking occurred. The naphthene,
by contrast, did give large amounts of trimethylcyclopentanes,
and essentially no ring opening was observed up to very high
conversions above 95 %. This is a key result which supports the
pathway shown in Figure 7 by suggesting that tribranched al-
kylcarbenium ions are formed from an alkane feed at the acid
sites, but once formed they disappear by means of the very
fast type A B-scission. With a naphthenic feed, the tribranched
cycloalkylcarbenium ions do not undergo a rapid type A -scis-
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sion, instead they are desorbed from the acid sites and appear
in the product as tribranched isomers of the naphthenic ethyl-
cyclohexane feed.

3.2. The paring reaction

If the naphthenic model hydrocarbon contains a sufficiently
high number of carbon atoms (i>10), it still shows the same
reluctance to open the ring, but it can escape into another
type of reaction: The carbocations at the acid sites undergo a
series of skeletal type A and type B rearrangements (including
contractions and enlargements between six- and five-mem-
bered rings), until an o,y,y-tribranched structure is reached,
which can undergo the very rapid type A p-scission in the alkyl
side-chain. For C,, naphthenes, there are three such structures
which are depicted in Figure 11. Their type A [-scissions lead
to fragments, which, upon desorption from the acid sites and
hydrogenation at the metal sites, end up as iso-butane and
methylcyclopentane exclusively.

oo

Rapid skeletal rearrangementsﬂ lead to carbenium ions

which can undergo exocyclic type A B-scissions.

! } !
e

O<- L O

All these B-scissions ultimately give methylcyclopentane and iso-butane.

Figure 11. The paring reaction:7°’2 Hydrocracking of C,, naphthenes with
any arbitrary structure (five examples are shown) involves a series of skeletal
rearrangements until a carbon skeleton is reached which allows an exocyclic
type A B-scission. In all cases, hydrocracking leads to iso-butane and
methylcyclopentane.

In fact, the selective formation of iso-butane and methylcy-
clopentane in hydrocracking of C,, naphthenes with arbitrary
structure was discovered about 50 years ago by Chevron re-
searchers using a NiS/SiO,-Al,0, catalyst."®’" They coined the
term “paring reaction” which is meant to express that, with a
reactant like tetramethylcyclohexane, the tert.-butyl group is
by no means preformed; it rather appears that the methyl
groups are pared or peeled off and released as iso-butane,
while the naphthenic ring remains intact. Later, the same selec-
tivities were found in hydrocracking of C,, naphthenes using
bifunctional zeolite catalysts.**’? As shown in Figure 12, the
carbon number distribution of the hydrocracked products
from a C,, naphthene is M-shaped with pronounced maxima
at C, and G This is in sharp contrast to the bell-shaped
carbon number distribution obtained in ideal hydrocracking of
the n-alkane with the same carbon number which is also de-
picted in Figure 12.
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Figure 12. Carbon number distributions of the hydrocracked products from
n-decane (bell-type curve) and butylcyclohexane (M-type curve) on bifunc-
tional zeolite catalysts.**”%

Although iso-butane (ca. 95% of the C, fraction) and methyl-
cyclohexane (ca. 95% of the Cq fraction) are strongly dominat-
ing the hydrocracked products from butylcyclohexane, other
hydrocarbons are formed in small amounts as well. These are
mainly propane, n-butane, iso-pentane, cyclohexane and C, hy-
drocarbons. It has been shown®727 that the occurrence of
these minor by-products can be readily accounted for by in-
voking a small contribution of type B, possibly even a very
small contribution of type C -scissions in the alkyl side chains
of C,, cycloalkylcarbenium ions. This is in complete analogy to
the postulated mechanism of ideal hydrocracking of long-
chain n-alkanes (see Figure 7).

Summing up, the unifying mechanistic principle in bifunc-
tional hydrocracking of alkanes and naphthenes is their ten-
dency to undergo, as the main pathways, type A B-scissions of
tribranched alkylcarbenium ions and exocyclic type A [3-scis-
sions of tribranched cycloalkylcarbenium ions, respectively. It
should be stressed that alkanes with less than eight carbon
atoms and naphthenes with less than ten carbon atoms are ex-
cluded from these most favorable hydrocracking routes. They
hence escape into various other reactions and peculiar hydro-
cracking mechanisms, which must not be generalized to larger
hydrocarbons, as they occur in the feedstock to a real hydro-
cracker. We, therefore, recommend that, in model hydrocarbon
studies on catalytic hydrocracking, an alkane with i>8 or a
naphthene with i>10 be used, if the results are of interest in
the general context of hydrocracking heavy oils.

3.3. The Spaciousness Index

The tribranched precursors of type A B-scissions governing the
chemistry of hydrocracking are relatively bulky species which
can be readily accommodated inside the spacious pore system
of zeolite Y. In a shape-selective environment, however, for ex-
ample in the pores of zeolite ZSM-5, the spatially demanding
tribranched carbenium ions cannot be formed, with the conse-
quence that the mechanism escapes into type B and type C f3-
scissions, as already discussed in Section 2.3 (Figures 8 and 9)
for hydrocracking of n-alkanes. A similar shift in the mechanism
happens, if hydrocracking of a C,, naphthene is conducted in
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zeolite catalysts with decreasing pore width. As a conse-
quence, e.g., in hydrocracking of butylcyclohexane, iso-butane
and methylcyclopentane gradually lose their role as strongly
predominating product hydrocarbons and, concomitantly, the
selectivity shifts to other fragments. A careful scrutiny of the
selectivities of hydrocracking butylcyclohexane in a variety of
zeolite catalysts with known pore widths revealed that the
yield ratio of iso-butane and n-butane correlates well with the
pore width of the zeolite. As the numerical value of this yield
ratio increases with increasing space inside the pores, it was
named the “Spaciousness Index” (SI),7*74

Sl = Yiso—butane

Yn— butane

in hydrocracking of a C,, naphthene, preferentially butylcyclo-
hexane or pentylcyclopentane. Sl is measured on a Brgnsted
acid form of the zeolite modified with a small amount of a
noble metal, typically 0.1 to 0.5 wt.% of palladium or platinum.

In Figure 13 Sl values for a number of common zeolites are
given.”*"® Clearly, SI is most appropriate for characterizing the
pore width of 12-membered ring zeolites, for these the span
of Sl values ranges from ca. 3 to 21. It, hence, ideally supple-
ments similar indices, viz. the Constraint Index introduced by
Frilette et al.”” and the Refined or Modified Constraint Index
proposed by Martens et al.,”® which are suitable for probing
the pore width of 10-membered ring zeolites.

Sl =Y, 1Y

iso-butane n-butane
in hydrocracking of butylcyclohexane or pentylcyclopentane

0 I5 1]0 1|5 2|0
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Figure 13. Spaciousness Indices of various zeolites.”*7¢

The Spaciousness Index has proven to be useful for a
number of applications, for example for probing the pore
width of zeolites with unknown structure or for detecting the
effect of coke deposition during a catalytic reaction or any
other modification of the zeolite on the effective pore width. It
is easily determined and very user-friendly since i) there is no
catalyst deactivation during its determination, ii)a product
analysis for iso- and n-butane suffices, which is very easy and
can be completed quickly, and iii) Sl is, in a very broad range,
independent of the conversion of the C,, naphthene and the
yield of hydrocracked products. The last-mentioned feature is
particularly advantageous in the routine application, as there is
no prescribed conversion or yield to be attained in the catalyt-
ic experiment; hence, a tedious search for appropriate experi-
mental conditions is often superfluous. These and other fea-
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tures of the Spaciousness Index have been discussed in more
detail in the literature.”*&”

4. Hydrocracking of One-Ring Aromatics into a
Synthetic Steamcracker Feed

Aromatic hydrocarbons, preeminently benzene and para-
xylene, are important base chemicals used in numerous indus-
trial syntheses.®"” Moreover, even larger amounts of aromatics
are spent in motor gasoline where they are the main contribu-
tors to the required high octane numbers. On the other hand,
aromatics in gasoline can also bring about undesired effects.
For example, as their hydrogen content is low, their combus-
tion necessarily results in elevated carbon dioxide emissions
and, under certain engine conditions, their combustion can be
accompanied by the occurrence of the carcinogenic benzene
in the exhaust gas. The ecology-driven clean-fuel legislation
therefore aims, inter alia, at lowering the aromatics content of
gasoline. In 2005 the EU, for example, set the maximal aromat-
ics content of gasoline to 35 vol.%, and a further mandated re-
duction in the future cannot be excluded.

In such a case, the hydrocarbon markets may be faced with
a surplus of aromatics, and options have to be made available
to the refining and petrochemical industries for either cutting
down the production of aromatics or converting excess aro-
matics into valuable products. The two dominating processes
for producing aromatic hydrocarbons are catalytic reforming of
heavy gasoline and steam cracking of light naphtha (i.e., the
Cs and C, fraction from petroleum). The significance of catalyt-
ic reforming in modern petroleum refining is unlikely to de-
crease markedly, as it co-produces large amounts of hydrogen
in an environmentally friendly manner, and this hydrogen is in-
dispensable for the manufacture of ever cleaner fuels. The ob-
jective of steam cracking of light naphtha is to produce the
base chemicals ethene and propene, their combined vyields
being typically around 50%. Among the by-products are hy-
drogen (about 3%) and around 20 to 25 % of an aromatics-rich
fraction referred to as “pyrolysis gasoline”. Today, pyrolysis gas-
oline, after a selective hydrogenation, is mostly returned to a
refinery where it is blended into motor gasoline.

As an alternative, a new hydrocracking process has been en-
visaged, by which the aromatics-rich pyrolysis gasoline is selec-
tively hydrocracked into a mixture of ethane, propane, and n-
butane.®? These light alkanes are excellently suited for being
recycled into the steam cracker where they react in high yields
to ethene and propene. The net effect of such an operation
would be a noticeable saving of light naphtha for making the
same amount of ethene and propene.

Two process options have been identified for the new hy-
drocracking of pyrolysis gasoline:®" in the so-called one-stage
route, the aromatics-rich pyrolysis gasoline is directly convert-
ed with hydrogen on a bifunctional zeolite catalyst, such as
Pd/H-ZSM-5 at a temperature of ca. 400°C and a hydrogen
pressure of approximately 6.0 MPa. Under these conditions the
combined yields of ethane, propane and n-butane (“C, . -n-alka-
nes”) from various aromatic model hydrocarbons were found
to be between 70 and 95%.% In the two-stage route, the aro-
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matics in the pyrolysis gasoline are first hydrogenated to the
corresponding naphthenes on a conventional hydrogenation
catalyst. In a second stage, these naphthenes are hydrocracked
on a monofunctional acidic zeolite catalyst, again at about
400°C and a hydrogen pressure of 6.0 MPa.

The best suited zeolite for the second stage seems to be H-
ZSM-5.%% Typical results obtained on such a catalyst with
methylcyclohexane as model hydrocarbon are depicted in
Figure 14. It can be seen that at 400°C methylcylohexane is

100 — T T T
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Figure 14. Product yields in the hydrocracking of methylcyclohexane on zeo-
lite H-ZSM-5.%2"!

completely converted, namely into the desired C,,-n-alkanes
with propane as the main product, some 25% of iso-alkanes
(mostly iso-butane), and ca. 5% methane. Iso-alkanes are some-
what less desired than n-alkanes, as they tend to give lower
yields of alkenes in the steam cracker. Methane is a very unde-
sired product, because its formation consumes significant
amounts of hydrogen, and it is inert in the steam cracker.

The catalytic chemistry in the second process stage is partic-
ularly interesting. Under the typical reaction conditions, large
amounts of hydrogen (ca. 2 moles per mole of methylcyclo-
hexane fed) are incorporated into the hydrocracked prod-
ucts,® even though the catalyst does not contain a metal
component. At first glance, this capability of metal-free H-ZSM-
5 zeolite to activate molecular hydrogen may be astonishing,
but it is in agreement with a few literature reports on the use
of zeolite H-ZSM-5 as a catalyst in other hydrocarbon reactions
under similar reaction conditions."®'? In fact, using the so-
called “cracking mechanism ratio” (CMR) introduced by Wielers
et al.,®™ evidence has been obtained for a significant contribu-
tion of Haag-Dessau hydrocracking on zeolite H-ZSM-5 at T=
400 and Py, =6.0 MPa.®" Its salient feature is a direct attack of
the proton of the Brgnsted acid site on C-C or C-H o-
bonds."*"” It was fortuitously found that the highest contribu-
tion of Haag-Dessau hydrocracking and the highest yields of
the desired C,, -n-alkanes are achieved, if the H-ZSM-5 catalyst
is modified with ultra-low amounts of a noble metal, e.g., 10
to 100 wt.-ppm of palladium.®”
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Since the discovery of this new ring opening chemistry, a
number of groups have been looking at various aspects relat-
ed to the catalytic conversion of pyrolysis gasoline into a syn-
thetic steam cracker feed, either through the direct or the two-
stage route.®®*¥ |t remains to be seen, whether this catalytic
chemistry is getting economically viable, if and when a more
far-reaching reduction of the aromatics content in gasoline will
be mandated by legislation. In any event, the conversion of
surplus aromatics is an impressive example for the versatility
of catalytic hydrocracking, and the same holds true for another
potential application that is briefly discussed in the subsequent
Section.

5. Selective Ring Opening of Multi-Ring Naph-
thenes Derived from Polynuclear Aromatics

For various reasons, polynuclear aromatic hydrocarbons (PAHs)
are particularly undesired components of diesel fuel. They pos-
sess poor ignition properties in the engine and, corresponding-
ly, very low cetane numbers (CNs). Moreover, they contribute
to unfavorable cold-flow properties and a too high density of
the fuel. They are generally considered to be precursors in the
formation of soot and particular matter during the combus-
tion, and their low hydrogen content (ny/nc.< 1) brings about
relatively high carbon dioxide emissions per heating value.
With this in mind, the content of PAHs in diesel fuel has been
limited in many regions of the world, e.g., to 8 wt.% in the Eu-
ropean Union, and an even more stringent legislation is under
discussion. To meet the pertinent specifications, certain refinery
streams, which are notoriously rich in PAHs, such as the so-
called light cycle oil from fluid catalytic crackers or middle dis-
tillate fractions from cokers, can in some instances not fully be
blended into commercial diesel fuel.

One way for solving the problems created by PAHs in diesel
fuel consists in their hydrogenation to the corresponding
multi-ring naphthenes followed by their selective ring opening,
as shown in Figure 15 for the PAH naphthalene. Ring opening
is a special case of hydrocracking for which an endocyclic
carbon-carbon bond in a naphthene is to be broken. It is evi-
dent from Figure 15 that a mere ring hydrogenation of naph-

SIRED UNDESIRED

CmHzmv2
- H2 - Hz \/\)\/\/ = Y
—
CoHane

CN=136.MP = -43°C CN= 47; MP =-75°C CN = 50; MP = -90°C (m+n=10)

+3qu +3H21 é
\'(

Selective ring opemng retention of carbon number | Degradation |

Ring hydrogenation

+H,
—
+H,

CN=10; ‘MP = -36°C CN = 12; MP = -88°C The paring reaction
+2 qu

Hydrocracking

Figure 15. Reaction network for complete ring hydrogenation of a polynuc-
lear aromatic hydrocarbon into the corresponding multi-ring naphthene fol-
lowed by selective ring opening.””! CN: Cetane number; MP: Melting point.
The values for the cetane numbers were taken from Ref. [95].
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thalene to decalin brings about a significant improvement of
both the cetane number and the cold-flow properties (ex-
pressed in a simplified manner as the melting points of the
pure hydrocarbons), but the gain in cetane number is insuffi-
cient for the requirements of commercial diesel fuel (CN=50).
It is only after the opening of a single ring to alkylated one-
ring naphthenes or, even better, the opening of both rings to
open-chain decanes that the required cetane numbers and
cold-flow properties are reached. The reaction network finally
shows that the desired ring-opening products are intermedi-
ates which can undergo consecutive hydrocracking to alkanes
(see Section 2) or naphthenes (the paring reaction, see Sec-
tion 3) with less than 10 carbon atoms. This degradation of the
carbon number is highly undesired, since it is equivalent to a
loss of hydrocarbons in the boiling range of diesel fuel. The
terms “selective ring opening” or, synonymously, “selective hy-
drodecyclization” therefore refer to a ring opening reaction
under retention of the carbon number, and with as little as
possible hydrocracking to light hydrocarbons.

With the popularization of the diesel passenger car, since
about the year 2000, and the ever increasing consumption of
diesel fuel, a number of groups have initiated investigations
into the selective catalytic ring opening. Reviews covering this
work are available in the literature.*>*” For the most part, dec-
alin or tetralin were used as model hydrocarbons, and the cat-
alysts employed can be broadly classified into monofunctional
acidic zeolites, such as H-Y, H-Beta, and H-mordenite,®®**” and
bifunctional versions of the same zeolites modified with about
1 to 2wt.% of a noble metal, often platinum or iridi-
um.8191%4 The performance of monofunctional zeolites gen-
erally turned out to be unsatisfactory, since the maximal yields
of ring opening products were low (less than 20%), at elevated
conversions too high amounts of light hydrocarbons were
made, and the catalysts deactivated while on-stream, owing to
the build-up of carbonaceous deposits. Bifunctional zeolite cat-
alysts were more promising in that they did not deactivate,
and the maximal yields of ring opening products were higher
(up to ~30%, in one exceptional case a yield of ring opening
products as high as 60% has been claimed for decalin hydro-
conversion on Ir/H-Beta"™). The literature on hydrogenolytic
ring opening on noble metals is very scarce, but one report
deserves particular attention, as it provides a wealth of mecha-
nistic information concerning the hydrogenolysis of one- and
two-ring naphthenes on various noble metals, especially on
iridium.l'®

Although this first-generation literature on selective catalytic
ring opening has furnished a large body of relevant and most
interesting information, it has also left unanswered various im-
portant questions. For example, the ring opening products
from decalin or tetralin were usually reported to consist of C,,
naphthenes with a single ring."®'* By contrast, extremely
scant information is available concerning the formation or not
of open-chain decanes. In a few reports the occurrence of
decane isomers was qualitatively mentioned."® %% |n just
one paper quantitative yields of open-chain decanes formed in
the hydroconversion of decalin on a Ptlr/H-Y zeolite were
given: their maximum yield was reported to be 4%.% It was
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only very recently that improved analytical procedures for the
separation and identification of the multi-component reaction
products were described."™ Using these procedures it was
demonstrated that significantly higher yields of open-chain
decanes than previously reported can be achieved in the hy-
droconversion of decalin on typical bifunctional catalysts,
namely up to 12% on a highly lanthanum-exchanged Pt/La-X
zeolite catalyst."® Even much higher yields of open-chain dec-
anes between 30 and 40% were attained in the ring opening
of decalin on low-acidity bifunctional catalysts, such as Ir/Na,H-
Y and Pt/Na,H-Y zeolites (Yocps=31% and 39%, respective-
ly).l"% It was, moreover, shown recently that the quantitative
distribution of the hydrocracked products with one to nine
carbon atoms is a very valuable source of information concern-
ing the ring opening mechanisms that are operative on a
given catalyst. Figure 16 shows distribution curves obtained

100 . . . . . . :
—e— Insiica  T=270°C, Yo;=7% i=Decalin

4 TAmr PilaX T=250°C, Yo =28%
X 80 —-a— Rh/H-Beta T=228"°C, ch_: 49 % 1
<
°
% M-shaped II{”‘}\ I,-‘.\ Hammock-
&5 60 R i shaped
<
Z
3 40 J
1 ] WA ,
., 20p \ /i A
( L
[} TR . A

1 2 3 4 5 6 7 8 9
Carbon number j of hydrocracked products

Figure 16. Carbon number distributions of the hydrocracked products from
decalin on two bifunctional zeolite catalysts (Pt/La-X and Rh/H-Beta) and on
Ir/silica with a non-acidic support.""

for ring opening of decalin on two bifunctional zeolite cata-
lysts, viz. Pt/La-X and Rh/H-Beta, and one Ir/silica catalyst with
a non-acidic carrier. On the two former catalysts, M-type distri-
bution curves are found that are strong evidence for a cationic
hydrocracking mechanism resembling the one of the paring
reaction (Figure 12, right-hand part)."™ By contrast, a com-
pletely different curve with a strong preponderance of C, and
G, is found on Ir/silica. This curve, for which the term “ham-
mock-type” was coined,"" is indicative for a hydrogenolytic
mechanism on iridium. It remains to be seen to what extent
the ring opening catalysts can be improved in the years to
come. This is one of the key questions for the viability of a
commercial ring opening process for upgrading aromatics-rich
middle distillate streams into premium diesel fuel. Further-
more, ring opening of polynuclear aromatics is an excellent ex-
ample for the versatility of catalytic hydrocracking and its po-
tential for solving upcoming problems within the future fuels
and aromatics markets.
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Summary and Outlook

Hydrocracking is the generic term for hydrocarbon reactions in
which at least one carbon-carbon bond is broken and the free
valencies thereby formed are saturated by hydrogen. Such a
stoichiometry can be achieved by means of four fundamentally
different mechanisms the relative contributions of which
depend on the nature of the catalyst: Bifunctional hydrocrack-
ing proceeds on catalysts comprising both a hydrogenation/
dehydrogenation and a Brensted acid component. Alkenes
and carbocations are involved as intermediates. For hydro-
cracking on monofunctional metallic catalysts, the term hydro-
genolysis is customary. Likewise, hydrocracking on monofunc-
tional acidic catalysts can be achieved under certain reaction
conditions, we suggest the term Haag-Dessau hydrocracking
for the pertinent mechanism. Finally, thermal hydrocracking can
occur even without a catalyst at high temperatures and hydro-
gen pressures.

Much attention has been devoted in this review to the
mechanism of bifunctional hydrocracking because it is most
relevant for the industrial refinery process, which is used on a
large scale to convert heavy vacuum gas oil into high-quality
transportation fuels. Emphasis was placed in this discussion to
the now widely accepted concept of ideal hydrocracking of
long-chain n-alkanes. It proceeds on bifunctional catalysts with
a strong hydrogenation/dehydrogenation activity, typically
platinum or palladium. As salient features, it enables skeletal
isomerization of long-chain n-alkanes with high selectivities
and yields and primary hydrocracking selectivities with bell-
shaped carbon number distributions of the hydrocracked prod-
ucts. It appears that in ideal hydrocracking all elementary steps
at the metal sites, mass transfer of alkenes between both
types of catalytic sites, and desorption of carbenium ions from
the acid sites are fast compared to the chemical rearrange-
ment and f-scission steps of alkylcarbenium ions at the acid
sites. The latter are hence rate and selectivity controlling, and
measuring the detailed distributions of the isomerized and hy-
drocracked products may furnish a wealth of information con-
cerning the chemistry of carbocation reactions. Such studies
can nicely supplement results gained in the study of carbocat-
ion chemistry in liquid superacids. A long-chain n-alkylcarbeni-
um ion, for example, experiences three skeletal isomerizations,
and the triply branched iso-alkylcarbenium ion undergoes a
very rapid so-called type A (3-scission. Besides, there is a minor
contribution of type B and even type C (3-scissions of, respec-
tively, dibranched and monobranched iso-alkylcarbenium ions.

Bifunctional hydrocracking of naphthenes follows essentially
the same mechanistic pathways as alkanes. There is, however,
one important difference stemming from a pronounced reluc-
tance of cyclic carbenium ions to undergo cleavage of endocy-
clic carbon—carbon bonds: This mechanistic peculiarity brings
about drastic differences in the distribution of the hydro-
cracked products when using an alkane and a naphthene with
the same carbon number as reactants. The peculiar product
distributions obtained in hydrocracking of naphthenes have
been known since about 50 years under the term “paring reac-
tion”. More recently, it has been found that in hydrocracking of
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a C,, naphthene, such as butylcyclohexane, on bifunctional
zeolite catalysts, the selectivity is strongly influenced by its
pore width. Based on this finding, the Spaciousness Index has
been defined as the yield ratio of iso- and n-butane, which is
by now a valuable tool for characterizing the pore width of
nanoporous materials.

Besides its capability to produce clean, hydrogen-rich trans-
portation fuels from heavy oils, catalytic hydrocracking is ap-
preciated for its versatility. Even now, several process variants
are in operation, which meet specific requirements in an oil re-
fining or a petrochemical plant. Examples are mild hydrocrack-
ing of vacuum gas oil to be converted by fluid catalytic crack-
ing, dewaxing of lube oil by shape-selective hydrocracking, or
the conversion of Fischer-Tropsch wax into premium diesel
and jet fuel. Two more recent developments are briefly dis-
cussed in this article, viz. hydrocracking of surplus aromatics,
e.g., in pyrolysis gasoline, into a synthetic steam cracker feed
consisting of ethane, propane and n-butane, and selective ring
opening of polynuclear aromatics in diesel fuel. The former
process seems to be ready for industrial application, but the
hurdle to be overcome is probably the cost of the relatively
large amounts of hydrogen consumed. A further mandated re-
duction of the aromatics content in motor gasoline could,
however, change the situation and make the process economi-
cally more attractive. Particular mention deserves the second
stage of the two-stage route in which naphthenes are selec-
tively hydrocracked on a monofunctional shape-selective cata-
lyst, viz. H-ZSM-5.%% Mechanistically, this is one of the rare ex-
amples of Haag-Dessau hydrocracking, which clearly deserves
more intense research activities in the future. The field of selec-
tive ring opening of multi-ring naphthenes made by complete
hydrogenation of polynuclear aromatics appears to be less
mature, but worldwide efforts are being undertaken with the
aim of finding improved catalysts which enable enhanced
yields of ring opening products. The current state of the art
has been documented in the recent literature.* """ From a
mechanistic point of view, this ring opening catalysis is particu-
larly interesting, as it seems to involve elements of both bi-
functional hydrocracking and hydrogenolysis on metals.

Keywords: bifunctional catalysis - carbenium ions

hydrocracking - paring reaction - spaciousness index
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