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Abstract

Improving the selectivity of the transformation of heavy oils into valuable middle distillates represents one of the current challe
hydrocracking (HCK) catalysts. For that purpose, new insights are required for a better design of HCK catalysts. We choose the hyd
of phenanthrene as a model reaction in order to compare several mesoporous and microporous acid solids. Characterization o
of the solids reveals that there is no direct correlation between the HCK selectivity and the solids acidity. Moreover, combining th
of catalytic tests and force-field simulations, we are able to show that diffusional limitations can be ruled out and that the key phe
adversely affecting the selectivity is a too strong adsorption of isomerized products which favors overcracking. Below a steric
threshold, pore size controls energies by virtue of confinement effects. Optimal solid acid HCK catalysts should therefore be de
taking those effects into account.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

In the past 10 years, the growing demand for middle
tillates [1] combined with more stringent specifications c
cerning diesel cuts, in order to minimize the environm
tal impact of automotive fuels, has increased the importa
of the hydrotreating and hydrocracking processes in mo
refinery schemes. Thus, there is no doubt that hydrocr
ing processes will play a key role in producing high-qua
diesel fuels that will match future specifications.

High-pressure hydrocracking is a catalytic petrole
refining process that is applied to upgrade the hea
fractions, for instance, vacuum gas-oil obtained from
distillation of crude oils, into high-quality middle distillate
(kerosene, gas-oil). Hydrocracking plays a key role
petroleum refining since it is also used to upgrade s
of the products obtained from other processes, suc

* Corresponding author.
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coker gas oil, deasphalted oil, and fluid catalytic crack
(FCC) cycle oils. It is a process of considerable flexibi
allowing the conversion of a wide range of feedstocks
a variety of products. The products obtained are of h
quality. Nowadays the European demand for high-qua
middle distillates (low sulfur and aromatics contents a
high cetane number) is high and one important goal for
refining industry is to selectively transform heavy oils in
middle distillates.

Consequently it is of great interest to develop n
hydrocracking catalysts that can maximize the forma
of high-quality middle distillates. Hydrocracking occu
via a bifunctional scheme [2,3] and commonly involv
catalysts presenting acidic and hydrogenating functi
Schematically typical acidic supports used are amorph
silica-alumina, zeolites, and more especially Y and U
zeolites and fluorine-doped alumina [4,5], whereas
hydrogenating function consists of NiMo, CoMo, or Ni
sulfides and in some cases of noble metals.

Y zeolite-based catalysts are more active than amorph
based catalysts [6] and can operate at lower reaction
peratures, which favors the hydrogenation of the aroma
eserved.

http://www.elsevier.com/locate/jcat


E. Benazzi et al. / Journal of Catalysis 217 (2003) 376–387 377

f th
s ar
cat
of
g
tiv-
the

wl-
cu-
g o
sts

ack

les
iled
han
.
del
ith

ing
13].
of

orts
first
tion
enic

an-
MFI,
nd

ies,
an-
sity
H-Y
nal
s in
el
ith

ined
c-
ous
der
xane
ed

r)
re
cat-
d to
ion
e

an-
90)
mn
en

king

m-
b-
red

yst.
ith

one

b-
ina

onic

are
ese

ed
ar
mg

and
um
,
after
. In
tra

mic
-40

-ray
sured
r
-Y,
as
ata-
nd

-
t%)
present in the feed and increases the cetane number o
produced diesel. Nevertheless, Y zeolite-based catalyst
less selective to middle distillates than amorphous-based
alysts [7]. Therefore, in order to maximize the production
high-quality middle distillates it would be highly interestin
to design hydrocracking catalysts combining the good ac
ity of the zeolite-based catalysts and the selectivity of
amorphous silica-alumina.

In order to design better hydrocracking catalysts, kno
edge of the transformation of the different kinds of mole
les present in the industrial feedstocks and understandin
the phenomenon involved in the different type of cataly
are necessary.

Numerous studies have been devoted to the hydrocr
ing of model compounds like paraffins (n-C6 to n-C10) and
this is now well understood [8,9]. However, these molecu
do not fully represent heavy petroleum fractions and deta
studies on hydrocracking of larger molecules with more t
10 carbon atoms are rather rare in the literature [10–12]

Recently, we developed a new hydrocracking mo
reaction using a bulky molecule, the phenanthrene (w
3D characteristic dimensionsx = 11.1 Å, y = 7.5 Å, and
z = 3.4 Å), allowing a better description and understand
of phenomena involved in the hydrocracking processes [
In our previous works, we studied the hydrocracking
phenanthrene over platinum on various acidic supp
(silica-alumina and zeolites) and we showed that the
step in its transformation is a total hydrogenation reac
which leads to perhydrophenanthrene, a bulky napht
C14 compound (with 3D dimensions such asx = 11.4 Å,
y = 6.9 Å, andz = 5.1 Å) [14].

In the present work, we studied the catalytic perform
ces of Pt catalysts based on various acidic phases (H-
H-Beta, H-USY zeolites, amorphous silica-alumina, a
MCM-41), presenting different pore apertures, porosit
topologies, and acidities, for the hydrocracking of phen
trene at 6.0 MPa. The influence of the acid site den
and strength has also been studied in the case of the
H-β zeolites, and amorphous silica-aluminas. Our fi
objective is to compare these hydrocracking catalyst
term of activity and selectivity with respect to our mod
reaction and to correlate the catalytic performances w
solid properties.

2. Methods

2.1. Experiments

2.1.1. Model reaction
Phenanthrene used in the present study was obta

commercially and used without further purification. Hydro
racking reactions were performed in a fixed-bed continu
flow reactor equipped with liquid and gas collectors. In or
to be pumped, phenanthrene was dissolved in cyclohe
in the concentration of 4 wt%. Experiments were perform
e
e
-

f

-

,

under 60 bar total pressure (H2 partial pressure of 51 ba
and with a molar ratio H2/Hydrocarbon of 6. Reactions we
carried out at 573 and 603 K. Under these conditions, all
alysts are stable and the solvent transformation is limite
isomerization into methylcylopentane [13]. The convers
of phenanthrene was varied by modifying the contact timtc

between catalyst and hydrocarbon (tc = feed flow/catalyst
volume). Both liquid and gas products were analyzed qu
titatively by a gas chromatograph (Hewlett Packard 58
equipped with a 50-m-length PONA column. The colu
temperature was controlled at 313 K for 10 min and th
heated to 553 K at a heating rate of 2 K/min. Identification
of the products formed during phenanthrene hydrocrac
was performed by GC-MS analysis.

2.1.2. Catalysts
The 11 acid solids studied were 3 silica-alumina sa

ples with different silica contents, 30, 40, and 90 wt% o
tained from Condea, a MCM-41 mesoporous solid prepa
according to [15], 4 Y zeolite samples with Si/Al varying
from 5.7 to 73, and a ZSM-5 sample obtained from Zeol
Finally, twoβ zeolite samples were used: the first one, w
Si/Al = 10.5, was furnished by Zeolyst, and the second
was obtained by dealumination of the previousβ sample ac-
cording to [16]. The zeolitic bifunctional catalysts were o
tained by shaping the zeolites described above with alum
and by depositing Pt on the obtained supports by cati
exchange with NH4NO3 as competitor and Pt(NH3)4Cl2 as
platinum precursor.

The physico-chemical characteristics of these solids
described in Tables 1, 2, and 3 and the composition of th
catalysts is summarised in Table 4.

The acidity of the studied solids (Table 3) was prob
by 2,6-dimethylpyridine (lutidine), according to a simil
method as described in Refs. [17,18]. Samples of 20
were pressed into disks and introduced in the IR cell
then activated in situ by heating under dynamic vacu
(10−6 Torr) at 573 K for 18 h. After cooling to 423 K
lutidine was adsorbed and the spectra were recorded
2 h desorption at this temperature under dynamic vacuum
the study of the desorption of lutidine at 573 K, the spec
were recorded after only 1 h of desorption under dyna
vacuum. The spectra were recorded with a Nicolet FTS
FTIR spectrometer.

Pt content in each catalyst was determined using X
fluorescence analysis. The metal dispersions were mea
by H2 chemisorption and H2–O2 titration. Because of thei
strong acidity compared to amorphous silica-alumina, H
and H-β zeolites were diluted with inert alumina where
silica-alumina was used pure. Before the experiments, c
lysts were calcined in a stream of air at 693 K for 4 h a
then reduced under H2 flow at 723 K for 2 h. As a refer
ence which does not possess bifunctionality, a Pt (0.5 w
supported on Al2O3 catalyst was prepared.
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Table 1
Physico-chemical properties of the microporous solids (zeolites)

Acidic solids Bulk Si/Al Frameworka Unit cell Crystallinity Crystallite Pore BET Pore volume (cm3/g)

atomic Si/Al IV size (%) size opening (m2/g) Total Microb Mesoc

ratio (Å) (nm) (Å)

Y1 (HSZ350HUA)d 5.7 6.6 24.43 100 100 7.4 883 0.43 0.34 0.09
Y2 (CBV720)e 17.7 23 24.29 83 1000 7.4 892 0.43 0.32 0.11
Y3 (CBV780)e 38 – 24.22 71 id. 7.4 854 0.48 0.32 0.16
Y4 (CBV790)e 73 – 24.15 44 id. 7.4 793 0.47 0.28 0.19
β1 (CP811E.1)e 10.5 – – 100 15–50 6.4× 7.6 636 0.25 0.25 0
β2f 94 – – 100 id. 6.4× 7.6 733 0.25 0.25 0
ZSM-5 (CBV8020)e 37.3 – – – 300–1000 5.3× 5.6 410 – – 0

a Calculated by the Fichtner–Schmittler correlation.
b Microporous volume obtained by thet-plot method.
c Mesoporous volume calculatedVmeso= Vtot − Vmicro.
d Sample supplied by Tosoh.
e Samples supplied by Zeolyst.
f Obtained by acid leaching of sampleβ1 according to the method described in [16].

Table 2
Physico-chemical properties of the mesoporous solids (silica-alumina and MCM-41)

Acidic solids SiO2 (wt%) Al2O3 (wt%) Pore diametera (Å) BET (m2/g) Pore volumeb (cm3/g)

Silica-alumina 1 (Condea) 30 70 70–80 343 0.61
Silica-alumina 2 (Condea) 40 60 70–80 300 0.59
Silica-alumina 3 90 10 50 370 0.53
MCM-41c 87 13 30 657 1.55

a Pore diameter range determined by Hg porosimetry and N2 adsorption isotherm (BJH method).
b From N2 adsorption.
c Prepared according to [15].
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Table 3
Brønsted acidity of the acidic solids (arbitrary unit a.u.) as determined b
spectroscopy with adsorption–desorption of lutidine according to met
described in [17,18]

Samples Brønsted (a.u.)

423 K 573 K

H-Y1 25 17.7
H-Y2 9.8 5.7
H-Y3 2.0 1.4
H-Y4 0.6 0.3
H-β1 14.5 11.5
H-β2 9.9 8.8
Silica-alumina-1 2.0 0.3
Silica-alumina-2 3.7 0.6
Silica-alumina-3 2.3 0.4
MCM-41 2.7 0.4

2.2. Molecular simulation

For the simulation, we used two main approaches:
the one hand, we used the Sorption module to calcu
adsorption enthalpies and loadings at 573 K and 100
for the different relevant reactants and products in FA
BEA, and VFI ideal siliceous framework. VFI was chos
to mimic the larger pore structure (see next section). On
other hand, we used the Diffusion_Path module to estab
energy profiles of aromatic compounds along the diffus
path inside the BEA, FAU, and MFI channels. Sorption a
Table 4
Characteristics of the studied bifunctional catalysts

Catalysts Solid acid Pt content Pt content Pt
content in in the in the dispersio
extrudate catalyst zeolite (%)

(wt%) (wt%) (wt%)

Pt/H-Y1 2.5 0.18 7.1 60
Pt/H-Y2 2.5 0.10 4.5 56
Pt/H-Y3 5 0.17 3.3 85
Pt/H-Y4 5 0.17 3.4 83
Pt/H-β1 0.5 0.05 10 41
Pt/H-β2 2.5 0.16 6.6 53
Pt/H-ZSM-5 5 0.15 3 65
Pt/silica-alumina-1 100 0.60 – 43
Pt/silica-alumina-2 100 0.67 – 60
Pt/silica-alumina-3 100 0.91 – 55
Pt/MCM-41 20 0.67 – 72

Diffusion_Path are accessible through the Cerius2 (release
4.0) and InsightII (release 4.0.0P+) interfaces licensed b
Accelrys Inc. [19].

2.2.1. Force field
We treat the molecule-zeolite interaction at an ato

level assuming that we can neglect the precise elec
distribution for focusing on the main environmental eff
due to the different porous properties. For that purp
we used the Universal Force Field (UFF release 1.02
implemented in Cerius2 and InsightII according to Rape
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al. [19,20]. The potential energy of a molecule in the po
depends on its atomic coordinates and can be expre
as the sum of valence-bond terms and nonbond intera
terms. UFF is a purely diagonal and harmonic force fie
The van der Waals forces are described by a Lennard–J
interaction.

For the simulation of hydrocarbon adsorption, the zeo
framework is represented by a repeated unit cell with th
dimensional periodic boundary conditions. The van
Waals interactions are considered only in a sphere wi
a finite radius, called the cutoff radius using the long-ra
tail correction [21]. We verified the cutoff convergence w
respect to the energy for each zeolite.

2.2.2. Adsorption enthalpy calculations
We used the Grand Canonical Monte Carlo techniqu

investigate the adsorption configuration of aromatics ins
the pores, and to estimate the adsorption enthalpies
given temperature (T = 573 K) and pressure (P = 100 kPa),
consistent with the conditions of our catalytic experime
At high temperatures, hydrocarbon molecules are dis
uted over several sites within the zeolite framework; the
cation” becomes a probability distribution and energy
integral over all accessible sites. In the canonical ens
ble (µV T ), the Metropolis algorithm proceeds by sele
ing, displacing, inserting and deleting randomly a molec
The Metropolis scheme generates a Markov chain of st
which sample the equilibrium states of the system acc
ing to the Boltzmann probability distribution. The equili
rium is achieved whenT and µ of the compounds insid
the zeolite are equal to those of the free molecule in
gas phase. Depending on the system and on the hydr
bon, the number of search iterations varies between 106 and
5× 106 before reaching the convergence criterion on the
ergy (0.05 kcal/mol). The atoms of the zeolite framewo
are kept fixed and the molecules are supposed rigid. Thi
sumption is completely valid for the phenanthrene molec
For the other molecules (methylcyclopentanodecaline
methylcyclohexane),we checked our results by sampling
configurations of the adsorbed molecules with molecular
namics in the gas phase.

2.2.3. Diffusion path simulations
We determine the energy profiles along the diffus

path of relevant C14 compounds inside FAU, BEA, an
VFI frameworks. The diffusion path calculation is carri
out on zeolite supercells duplicating the unit cell along
diffusion axis so as to provide a sufficient length in orde
sample at least four periods of the energy profile [22]. T
initial pathway is assumed to be a straight line following
channel symmetry axis and connecting two positions loc
at the center of the pore. The hydrocarbon is forced to m
along this pathway by steps of dx = 0.01 Å. At each step, the
geometry of the hydrocarbon is optimized, allowing atom
displacements in a plane perpendicular to the initial pathw
while the zeolite framework is relaxed. This calculati
d

s

-

-

provides an energy profile along the diffusion pathw
This profile is used to estimate diffusion barriers, under
approximation that entropic contributions to the free ene
profile are negligible.

3. Results

3.1. Hydrogenation reaction

A preliminary study using the monofunctional cataly
Pt/Al2O3 showed the hydrogenation of phenanthrene
be fast and to achieve completion. In a large range
contact times (0.1 < tc(h) < 2), 100% of phenanthrene
converted into perhydrophenanthrene. No partially hyd
genated phenanthrene species such as dihydro-, tetrah
and octahydrophenanthrene were observed. Under t
conditions, platinum can be considered as a very strong
drogenating agent. This preliminary experiment indica
that in studies with Pt-bifunctional catalysts, we have
consider perhydrophenanthrene molecules as the rea
Consequently, conversion has been calculated from the
appearance of the six conformational isomers of pe
drophenanthrene [23]. Furthermore, no cracking prod
were observed for this monofunctional catalyst, allow
us to affirm that thermal cracking does not occur in
reaction temperature range. Finally, with this good hyd
genating function in relatively large quantities, the cataly
present a good metal/acid balance as described by Alvar
et al. [24]. In this situation, the quantity of the hydrogen
tion component is large enough for the reaction to dep
only on the acidic component of the support. This point
been checked in a previous work by studying catalysts w
different quantities of platinum [25].

3.2. Hydrocracking reaction

The model reaction was first studied with the silic
alumina-based catalysts. Hydrocracking of phenanthren
Pt/silica-alumina 1 (Tables 2–4) leads to more than
hundred products detected by gas chromatography a
sis (Fig. 1). Ensuing GC-MS analysis allows the class
cation of these products into three main families. The fi
one consists of molecules resulting from total hydrogena
of phenanthrene, globally denoted as the perhydrophe
threne molecules (Fig. 2a). This group is calledC14hydro
and is considered as the reactant group. The second fa
contains molecules still having 14 carbon atoms but pres
ing a mass spectrum showing the presence of one or
methylcyclopentyl saturated rings (Fig. 2b). We called th
compounds theC14isomgroup. Finally, the last family con
tains molecules having less than 14 carbon atoms an
sulting from a primary (methylcyclohexane, for example)
a secondary (propane or butane) cracking of species
14 carbon atoms:C14−. Another family of products, the
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Fig. 1. Chromatogram of liquid products of phenanthrene hydrocracking in the case of catalysts containing Y zeolite or silica-alumina.
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alkyl-adamantanes (C14adam), have been identified in liq
uid products (Fig. 2c). The formation of these molecu
during hydrocracking reactions is probably due to a se
of carbocationic rearrangements. According to Schneid
al. [26], perhydroaromatics having three rings and 12
more carbon atoms, undergo rearrangement to form va
types of derivatives in the presence of an aluminum ha
catalyst. The main products are hydrocarbons of the t
modynamically favored adamantane structure. However
cause of their lower concentrations, this parallel reaction
not be especially considered and theC14adamgroup will be
brought together with theC14isomproducts in order to form
a group of products having 14 carbon atoms products
calledC14prod.This group does not include theC14hydro
products which are considered as the reactants.

The evolution with contact time of products yields
573 K for the silica-alumina-based catalyst is represe
in Fig. 3. At this stage, it must be emphasized that si
lar trends are observed for the catalysts containing si
aluminas, MCM-41, or H-Y zeolites. For these cataly
we propose the apparent reaction pathway describe
Fig. 4. Isomerization products are primary products whe
cracked products appear to be secondary products. Cra
products are essentially 7 carbon atoms products
as methylcyclohexane, dimethylcyclopentane, or ethy
clopentane which can be also submitted to further cra
ing to give lighter products (mainly propane and butane)
pending on the operating conditions (reaction tempera
and contact time) and the catalyst type. It seems that the
tral ring is preferentially cracked. We have previously p
posed a mechanism in order to explain the obtained prod
distribution [13]. No cracked products with 10 carbon ato
were observed, which differs from the study of Haynes
al. [27]. In their work, hydrogenation of phenanthrene w
not achieved, so perhydrophenanthrene molecules wer
d

-

-

placed by partially hydrogenated phenanthrene. Thus
cracking of these molecules occurs in a different manne

In the case of catalysts containing H-Beta zeolite,
analysis of the reaction products has shown that bi
lohexyl-type compounds (such as ethylbicyclohexyl) a
alkylnaphtyl-type compounds were also formed. They
probably obtained from the transformation of the p
hydrophenanthrene molecules via isomerization and
opening reactions. The bicyclohexyl and alkylnaphtyl-ty
compounds possess 14 carbon atoms like perhydroph
threne products but present a higher molecular wei
194 g/mol (determined by mass spectrometry), compa
to 192 g/mol for the perhydrophenanthrene. The bicyc
hexyl and alkylnaphtyl-type compounds can be cracked a
isomerization reactions in order to lead to cracked prod
which are the same as those observed with the other
lysts.

Consequently, in order to take into account the part
lar behavior of the H-Beta zeolite catalysts, we defined
group of products having 14 carbon atoms asC14prod, in-
cluding theC14isomproducts, theC14adam, the bicyclo-
hexyl, and the alkylnaphtyl-type compounds. As in the c
of H-Y, MCM-41 and silicas-aluminas, theC14prodgroup
excludes theC14hydroproducts considered as reactants. T
second group,C14−, contains molecules having less th
14 carbon atoms and resulting from a primary (methy
clohexane, for example) or a secondary (propane or bu
cracking of species with 14 carbon atoms. With these de
itions of C14− andC14prod, similar trends as in Fig. 4, ar
observed for H-Beta catalysts.

In what follows, we compare the catalytic performan
on the basis of the selectivity in cracked products (C14−)
and products having 14 carbon atoms (C14prod) defined as
the yield in cracking orC14prodat a given conversion o
60 wt% (unless specified otherwise).
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Fig. 2. Mass spectra ofC14hydro(a),C14isom(b), andC14 adam(c) products.
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3.3. Effect of temperature on the reaction

Fig. 5 shows the yield inC14isom products versus
conversion for the silica-alumina-based catalyst for t
temperatures: 573 and 603 K. Again, similar results
observed for the other catalysts tested within our wo
It can be clearly seen that a temperature increase h
strong effect on yields. At 603 K, cracking reactions
favored to the detriment of isomerization reactions.
example, at a conversion level of 75%,C14isomyield is
48% at 573 K and 36% at 603 K. These results indicate
the comparison of catalytic performances between diffe
solids acid needs to be performed at the same temper
(a reaction temperature of 573 K was chosen for the w
follows). If it is not rigorously the case, the temperatu
effect could hide the effect of solid properties. The appa
activation energy for all catalysts was calculated to
between 25 and 30 kcal/mol, in agreement with literatur
values for hydroconversion of naphtenic feeds over Pt/solid
acid-based catalysts [28].
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Fig. 3. Reaction product yields:C14hydro(F), C14isom("), andC14−
(Q), as a function of contact time (T = 573 K, pressure= 6 MPa) over
Pt/silica-alumina-1.

3.4. Effect of acidity

In this work, the calculated activity is the number
moles of perhydrophenanthrene converted per hour an
gram of solid acid. That is to say that we have taken
account the zeolite content of the catalysts. In the cas
silica-alumina catalysts, the support totally contains sil
alumina and consequently no dilution factor is conside
We demonstrate here clearly that H-Y zeolite and Hβ

zeolite (i.e., large pore zeolite)-based catalysts are effe
in processing bulky molecules having dimensions of
same order as phenanthrene.

Experimentally, differences in activity were observ
during the hydrocracking of phenanthrene over the 10/
acidic solids studied in this work. The Pt/silica-aluminas,
Pt/MCM-41, and the Pt/highly dealuminated Y zeolite ex

Fig. 4. Proposed reaction pathway for phenanthrene hydrocracking
r

Fig. 5. C14 product yields (C14prod), (F) at 573 K, and (") at 603 K; and
cracking yields (C14−), (E) at 573 K, and (!) at 603 K, as a function o
phenanthrene conversion over the Pt/silica-alumina-1 catalyst.

hibit lower catalytic activities as illustrated by Fig. 6, whe
it appears that the catalytic activity is correlated to
number of Brønsted acid sites in the acidic solids determ
by infrared spectroscopy with adsorption–desorption
lutidine (see also Table 3).

It can be assumed that the activity differences obse
among zeolites and between silica-aluminas and zeo

Fig. 6. Catalytic activity atT = 573 K in phenanthrene conversio
(mol/(g h) × 10−2) as a function of acidity (arbritary unit as determin
by IR spectroscopy with adsorption–desorption of lutidine, see Table 3
(a) FAU and BEA catalysts, and (b) silica-aluminas and MCM-41.
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Fig. 7. C14 product yields (C14prod), (F) over Pt/H-β1, and (") over
Pt/H-β1+NH3; and cracking yields (C14−), (E) over Pt/H-β1, and
(!) over Pt/H-β1+NH3 as a function of phenanthrene conversion
T = 573 K.

mainly result from differences in both the number and
acid strength of acid sites. In order to investigate the effec
the acidity on selectivities, phenanthrene hydrocracking
performed on two Pt/H-β zeolites with Si/Al ratios of 10.5
and 94, corresponding to acidity indices ranging from
to 14.5 (Table 3). The textural analysis performed on th
two β zeolite samples did not reveal any detectable evolu
of the microporous and mesoporous volumes during
dealumination treatment. This indicates that no mesop
were created during dealumination. The twoβ zeolite
samples showed substantial differences in activity (Fig.
but not in selectivity. The absence of selectivity differen
indicates that all the rate-determining steps were influen
to the same extent upon variation of the acidity of theβ

zeolite samples [29]. In other words, this result indica
that the rates of the isomerization and the cracking s
were modified to the same extent when the acidity of thβ

zeolite varied, while maintaining the structure unchang
This result was confirmed by adding 30 wppm of anil
during the catalytic test. Aniline decomposes totally to g
NH3 and cyclohexane. The addition of NH3 (ex-aniline),
which inhibits the stronger acid sites of theβ zeolite, allows
a larger acidity range to be covered with indices vary
from 3.0 to 14.5. These experiments showed that the act
is correlated to the acidity, whereas the isomerization
cracking yields remained unchanged for a given convers
indicating that the selectivities are the same (Fig. 7). T
is in agreement with the previous observations made on
dealuminatedβ zeolite sample.

The phenanthrene hydrocracking test was also perfor
on three Pt/silica-aluminas with different silica-conten
from 30 to 90 wt% (Table 2) and presenting different ac
ties (Table 3). The three mesoporous silica-aluminas sam
showed differences in activity (Fig. 6b), but not in select
ity (Fig. 8). The Pt/MCM-41 catalyst presented the sam
Fig. 8. C14 product yields (C14prod), (F) over Pt/silica-alumina-1, (Q)
over Pt/silica-alumina-2, (") over Pt/silica-alumina-3; and cracking yield
(C14−), (E) over Pt/silica-alumina-1, (P) over Pt/silica-alumina-2, and
(!) over Pt/silica-alumina-3 as a function of phenanthrene conversio
T = 573 K.

catalytic behavior as the silica-alumina-2. As in the cas
β zeolite (microporous network), the absence of selecti
differences indicates that the rates of the isomerization
the cracking steps were modified to the same extent w
the acidity of the silica-alumina (mesoporous solids) var
with the silica content. Consequently from the results, it
pears that for a given microporous or mesoporous struc
the acidity does not influence the selectivity into isomeri
tion and cracking products.

In order to complete the study of the influence of acid
on selectivities, phenanthrene hydrocracking was also
formed on Pt/H-Y zeolite with Si/Al of 5.7, 17.7, 38, and
73, and differences in acidity which changes in index fr
0.6 to 25 as determined by IR spectroscopy with adsorpt
desorption of lutidine (Table 3). The four Y zeolite sa
ples showed substantial differences in activity correlate
the acidity (Fig. 6a), as expected. Nevertheless, contr
to the results obtained withβ zeolite and silica-alumina
samples, the Y zeolite samples also presented differe
in selectivities as reported in Fig. 9. Clearly theC14prod
selectivity increases with the Si/Al ratio of the Y zeolite.
The higherC14prodselectivity is obtained with the Y zeo
lite sample presenting the higher Si/Al ratio and the lower
acidity (H-Y4). These results are apparently in opposit
with the previous ones. However, the lutidine adsorptio
desorption experiment should be considered carefully
cause the temperature of desorption may depend not on
the strength of the acid site but also on the dispersive fo
contribution connected to pore size. This point will be d
cussed in the next paragraph.

Besides, we have to take into account that the Y s
ples with increasing Si/Al ratio are obtained by dealum
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Fig. 9. C14 product yields (C14prod), (2) over Pt/H-Y4, (") over
Pt/H-Y3, (Q) over Pt/H-Y2; and cracking yields (C14−), (1) over
Pt/H-Y4, (!) over Pt/H-Y3, and (P) over Pt/H-Y2.

nation treatments. These treatments lead to the form
of mesopores inside the crystals of the Y zeolite [30,3
The stronger dealumination treatments, which allow Y
olite samples with higher Si/Al ratios to be obtained, lead t
the formation of the higher mesoporous volume as show
Table 1. Concomitantly the size of the mesopores forme
also increased. The diameters of the mesopores varies f
range of 3–10 nm in the Y1 sample to a range of 3–60 nm
the Y4 sample, as determined by TEM. Consequently in
series of experiments concerning the Y zeolite samples
cannot consider that the textural properties of the Y zeo
remain unchanged while the Si/Al increases.

Finally, we can conclude that the selectivity in C14 prod-
ucts (C14prod) and consequently in isomerization produ
is not controlled by the acidity in the cases of theβ zeo-
lite, MCM-41, and silica-alumina-based catalysts. Howe
in the case of catalysts containing Y zeolite, the simulta
ous variation of two parameters (number of acid sites
textural characteristics) does not allow us to give a clear
clusion.

3.5. Effect of pore opening

In order to compare these catalysts in terms ofselectivity,
the variation of yields among the two families of produc
C14prodandC14−, with respect to reactant conversion w
studied. The results for Pt/H-β1, Pt/H-Y2, and Pt/silica-
alumina-1 catalysts are reported on Fig. 10. At 573 K,
classification obtained forC14prodselectivity is Pt/SiO2-
Al2O3(48.0%) > Pt/H-Y(38.0%) > Pt/H-β(28.5%) (in
brackets is indicated the maximum yield inC14prod). H-β
zeolite can be seen to be the most favorable structure
producing cracked products. The silica-alumina-based
alyst is the least active but exhibits the highest selecti
for the group of products including isomerized produ
a

Fig. 10. C14 product yields (C14prod), (2) over Pt/H-β1, (Q) over
Pt-H-Y2, (") over Pt/silica-alumina-1; and cracking yields (C14−), (1)
over Pt/H-β1, (P) over Pt/H-Y2, and (!) over Pt/silica-alumina-1 as a
function of phenanthrene conversion at 573 K.

theC14adam, the bicyclohexyl, and alkylnaphtyl-type com
pounds, that is, products having 14 carbon atoms with
loss of carbon atom compared to the reactant. When
pore aperture of the acidic solids increases, the selec
into products with 14 carbon atoms (C14prod) increases si
multaneously. In the case of the ZSM-5-based catalyst
phenanthrene conversion is limited to 30% at 573 K. T
C14prodyield is about 18%, while the cracking yield a
ready reaches 12%. At higher temperature (603 K), the
version can be increased up to 50%, but under these
ditions the reaction products are mainly cracked prod
(C14−) and products with 14 carbon atoms (C14prod)are
hardly detectable, whereas for H-Beta catalysts, theC14−
yields remains lower than 20% at 603 K (see Fig. 5). As
have shown in the previous paragraph that the selectivi
not governed by the acidity, such differences between c
talline and amorphous aluminosilicates should find an
planation in “structure” and pore size effects affecting eit
diffusion or adsorption properties.

In order to better understand these effects, we
carried out molecular simulations of the diffusion pro
erties for three relevant products, phenanthrene, pe
drophenantrene, and methylcyclopentanodecaline insid
olites FAU, BEA, and MFI, according to the approa
described under Methods. The results reported in Table
dicate that phenanthrene and perhydrophenanthrene, a
as the product methylcyclopentanodecaline, exhibit no
fusion limitations in the FAU and BEA frameworks. How
ever, it is clearly shown that for the MFI catalyst, the mo
cules involved in phenanthrene hydrocracking are subm
to high diffusion barriers (�E > 70 kcal/mol). From these
results, we can also assume that silica-aluminas pre
ing significantly larger pores than the microporous z
lites are also free of diffusion limitations. These resu
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Table 5
Diffusion barrier (kcal/mol) and periodicity of the diffusion pathway

Products\host structures FAU BEA MFI

Periodicity �E Periodicity �E Periodicity �E

Phenanthrene None 14 Yes 12 Yes 7
Perhydrophenanthrene None 20 None 30 Yes
Methylcyclopentanodecaline None 25 None 11 Yes 1
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, this
might explain to some extent why the catalytic performan
of MFI are rather low due to strong diffusion limitation
However, since activation energies are about the same
30 kcal/mol) for all catalysts including MFI based cataly
the diffusion is not the determining step. Moreover, dif
sion limitations cannot explain the selectivity differences
served among zeolite Y,β , or amorphous silica-aluminas.

Concerning the adsorption properties of molecules
volved in phenanthrene hydrocracking, simulations w
carried out at 573 K and with a hydrocarbon partial pr
sure of 100 kPa. The types of solids frameworks for t
study are FAU, BEA, MFI, and VFI. Our approach cann
be applied directly to amorphous silica-aluminas due to
fact that they do not have crystallographic structures. H
ever, in order to mimic a larger pore structure type such
found in silica-aluminas, we included the VFI zeolite, w
18 member-ring channels and a pore diameter of 12 Å
the set of considered solids. The data collected from
work concern the adsorption energy of intermediates m
cules and products involved in the phenanthrene hyd
racking, namely perhydrophenanthrene,methylcyclopen
odecaline, and methylcyclohexane. It is clear that the e
adsorption energies of olefins is made of a chemisorp
part and of a dispersive part. The contribution of the d
persive interactions is given by values in Table 6 where
sorption energies of lutidine reveal that this molecule is a
submitted to the confinement effect. According to1H NMR
experiments [32] carried out on FAU, MOR, and silic
aluminas, the strength of the Brønsted acid sites does no
pend on the solid. As a consequence, the variation in ads
tion energies should be mainly governed by the confinem
effect depending on the molecular volume and pore si
For these reasons, we think that the temperature of luti
desorption cannot be interpreted as a measure of the intr
Brønsted acid site strength but rather as a measure of
ber of acid sites. The results show first that for a given s
framework, the adsorption energy increases (in absolute
ues), when the molecular volume of the adsorbed mole
-
-

-

becomes larger. Simultaneously, for a given molecule (
hydrophenantrene or isomerized products), the adsorp
energy (in absolute values) increases when the void s
decreases:
∣
∣Eads(VFI)

∣
∣ <

∣
∣Eads(FAU)

∣
∣ <

∣
∣Eads(BEA)

∣
∣.

For smaller molecular volumes (methycyclohexane
propane), the adsorption energies are the highest in M
These trends are consistent with the confinement e
[33–36] and will be elaborated further in a future pap
Perhydrophenantrene and methylcyclopentenodecaline
sterically excluded from the MFI framework, whereas
methylcylohexane adsorption energy is stronger in MFI t
in BEA, FAU, or VFI. For propane and C7 compound,
the confinement effect leads to stronger adsorption ene
in MFI than in BEA due to the smaller MFI pore size
As a consequence, the C14 conversion should take plac
on the external surface of the MFI crystallites. The7
species formed should diffuse in the MFI framework wh
they would be further cracked due to the stabilizat
of molecules with smaller molecular volume. This wou
explain why large amounts of cracked products (includ
propane and butane) are observed experimentally.

As observed similarly by Corma et al. for then-heptane
hydrocracking, where the iC4 selectivity among C4 products
correlates well with the solid void spaces [37], we fi
that the selectivity in C14 products increases when the po
aperture and the void space available in the acidic so
are higher:β(25%) < Y(35%) < Si-Al (45%) at 60% of
conversion.

In order to make a link of the products selectivities w
the variation of adsorption energy of intermediary pro
ucts, we define more precisely the elementary steps o
phenantrene hydroconversion in Fig. 11. It can be seen
two reaction pathways are competing: path A, leading to
merized products; and path B, to cracked products. Sinc
Table 6, it is shown that for a given molecule, the adso
tion energy increases when the void space decreases
Table 6
Adsorption energies (kcal/mol)

Reaction products Eads(MFI) Eads(BEA) Eads(FAU) Eads(VFI)

Perhydrophenanthrene n.c.a −46.4 −36.5 −29.9
Methylcyclopentanodecaline n.c. −47.9 −40.9 −36.5
Methylcyclohexane −32.0 −29.8 −25.3 −23.6
Lutidine −29.5 −24.3 −20.5 −19.0
Propane −19.7 −14.7 −14.4 −8.6

a GCMC simulation results at 573 K and 100 kPa. (n.c. means that no adsorption is observed in MFI.)
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Fig. 11. Elementary steps of the phenanthrene hydrocracking highlighting the two competing pathways (A versus B) controlling the selectivity.
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means that the stabilization of isomerized product is hig
for solids exhibiting smaller void space. As a conseque
path A leading to the desorption and consequently to
production of isomerized products is disfavored when p
aperture is smaller. On the contrary, high adsorption ene
will favor path B and the formation of the cracking produc
Therefore, the selectivity in isomerized products is expe
to be improved with the most opened pore structure. Th
a rational explanation of our experimental observations.

In conclusion, the desorption of isomerized product
the key step allowing good selectivities into isomerizat
products to be obtained. The lower the adsorption en
of isomerization products, the higher the selectivity i
isomerized products. This conclusion is consistent with
results presented at the end of Section 3.4 showing
the selectivity in isomerized products increased with
dealumination extent of the Y zeolite. It can reasona
be assumed that the increase of the mesopores qu
present inside Y zeolite crystals leads to a decrease o
global average adsorption energy of the intermediary
bulky products involved in the phenanthrene hydrocrack
As a consequence, this favors the desorption of isomer
products and allows higher isomerization selectivities to
reached.

4. Conclusion

The effect of the porous structure and the acidity of
ferent acidic solids on the hydrocracking activity and se
tivities was investigated via the phenanthrene hydrocrac
reaction on Pt-based catalysts. Various microporous a
solids (H-Y, H-β , and H-MFI) and mesoporous solids (am
phous silica-aluminas, and MCM-41) presenting differ
acid site densities were used. The acidity effect was in
tigated usingβ zeolites and silica-aluminas having diffe
ent acid site densities. The results showed substantia
ferences in activity, which is correlated to acid site num
determined by IR spectroscopy with adsorption–desorp
of lutidine but not to selectivity.

The absence of selectivity differences with acidity m
ifications indicates that the rates of the isomerization
cracking steps were modified to a same extent. The cata
t

y

tests combined with molecular modeling showed that if
significant diffusional limitations are involved, the higher s
lectivity into isomers products is obtained with the aci
structures presenting the largest pore aperture corresp
ing to the lowest adsorption energy of the intermediary
bulky products involved in the hydrocracking of the phen
threne. In the case of Y zeolite-based samples with vari
Si/Al ratios, it has been shown that the observed incre
in isomerization selectivity is not due to an acidity effe
In line with the analysis proposed for the other solids,
increasing amount of mesopores inside the Y zeolite c
tals might contribute to the higher isomerization selec
ities. However, further investigations are required to p
cisely identify the origin of the selectivity. The catalys
devoted to the production of middle distillate should m
imize the secondary cracking reactions. Consequently
catalysts should be designed to present low adsorption
ergies of the desired products and, for that purpose, sh
exhibit an optimal confinement effect. We hope to addr
this optimization in a forthcoming paper.
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