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Abstract

The conversion of commercial heavy reformates under industrially relevant transalkylation conditions was studied over seven diff
zeolite catalysts with channel systems containing 10 MR, 12 MR, and 10+12 MR pores, by high-throughput experimentation (HTE). Zeol
were impregnated with seven different metals (Re, Pt, Mo, Ga, Ni, La, Bi). The reaction network for the global process was establi
the initial rates for primary reactions were estimated. It was found that zeolite pore size and geometry have a direct influence on de
and transalkylation of the different alkyl groups. The ethyl and propyl dealkylation rate increases, while the rate of alkyl group transa
decreases as the zeolite pore dimensions decrease. A multizeolitic catalyst has been designed to optimize the dealkylation of ethy
aromatics while producing the transalkylation of tri- and tetramethylbenzene with toluene/benzene in order to maximize xylene yi
during the processing of heavy reformate.
 2005 Elsevier Inc. All rights reserved.
Keywords:Xylenes; Transalkylation; Dealkylation; Zeolites; Heavy reformate; HTE
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1. Introduction

A very high range of consumer products, from solvent
fibers, films, and plastics, are based on BTX. Xylenes, e
cially the para-xylene isomer, are in great demand for t
manufacture of polyester monomers like terephthalic a
and dimethylterephthalate. BTX is produced by naphtha
forming and pyrolysis, in which the proportion of each a
matic is controlled thermodynamically. Therefore, there
a substantial mismatch between the market supply and
mand[1] for the different aromatics; that is, valuable xylen
are produced in lower amounts, whereas toluene, for w
the demand is low, is always produced in surplus.

In a typical aromatics complex process based on cata
reforming, toluene and heavy reformate are catalytic
* Corresponding author. Fax: +34 96 3877809.
E-mail address:acorma@itq.upv.es(A. Corma).
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converted in two different units with the aim of maximizin
xylene production. On the one hand, the disproportiona
unit typically uses toluene as feed and preferentially p
duces benzene and xylenes in similar proportions, permi
the selective production ofp-xylene. On the other hand, th
transalkylation unit treats feedstreams comprising mixtu
of toluene/benzene and heavy reformate(A10

+) in different
proportions and produces principally xylenes and, in lo
amounts, benzene and LPGs.

Transalkylation of methyl-aromatics to yield xylenes
carried out over bifunctional zeolitic catalysts under h
drogen pressure. Nickel impregnated with mordenite
exchanged over dealuminated mordenite is the most
ular catalyst and is used, for example, in the Tatoray[2,3]
and TransPlus[4] commercial processes. However, N

mordenite catalyst suffers from catalyst deactivation by cok-
ing and gives low conversion of ethyl- and propyl-aromatics
contained in heavy reformate. A tailor-made transalkylation

http://www.elsevier.com/locate/jcat
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Table 1
Metals used in zeolitic catalysts for different alkyl-aromatics conversion processes

Metal wt% Zeolite Method Feed H2/HC Pressure (bar) Temperature (◦C) WHSV (h−1) Reference

Pt 0.2 BEA Incipient wetness A9
+ + Tol 6 25 460 2.6 [29]

Pd 0.3 MOR Ion exchange A9
+ + Tol 2–5 13.6–27.2 290–425 1.4–4 [30]

Ni 1 MAZ Ion exchange A9
+ + Tol 3–12 20–45 330–500 0.5–4 [31–33]

Re 0.15 MOR Incipient wetness A9
+ + Tol 3–12 20–45 330–500 0.5–4 [34–36]

La 4 BEA Incipient wetness A9
+ + Tol – 17–51 400–650 0.1–30 [37]

Mo 2 BEA Incipient wetness A9
+ + Tol – 17–51 400–650 0.1–30 [37]

La + Mo 3.8/3 BEA Incipient wetness A9
+ + Tol – 17–51 400–650 0.1–30 [38]

Ga, Bi 1 MFI Incipient wetness A+ + Tol 0.25–5 3.4–34 400–500 1–10 [39]
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Ag, Bi, Cu, Pb 0.1–1 MOR Incipient wetness A9
+ + Tol

Cr, W, Co 0.2 MOR Incipient wetness A9
+

catalyst would be intended to (a) improve the global catal
activity, permitting an increase in heavy reformate conv
sion and xylenes production with the same facilities; (b)
crease the selectivity of the process by reducing the
concentration of by-products like naphthenes, ethylbenz
light products from cracking, and heavy alkyl-aromatics; a
(c) increase catalyst life, thus prolonging regeneration
cles. Targets (a) and (b) can be achieved by maximiza
of the dealkylation activity of ethyl- and propyl-aromati
and by balancing of the hydrogenation function of the m
component, and target (c) can be achieved by cessatio
the formation of heavy aromatics that block the pore s
tem and by rapid hydrogenation of the olefins produced
dealkylation and cracking.

As stated previously[5], zeolite topology plays an im
portant role on the activity of the different dealkylatio
and transalkylation reactions involved in the general re
tion scheme of the process. In addition, channel con
tivity and dimensions could restrict the formation of bul
transition states[6–8], influencing the deactivation/cokin
mechanisms and kinetics. Furthermore, the addition of
drogenating metals to the zeolites increases the catalys
but it could also influence the selectivity of the transalky
tion/dealkylation process. Tsai et al.[9] have discussed th
convenience of developing a metallic function that se
tively hydrogenates polyaromatics (naphthalenes[10,11]),
which are coke precursors, while minimizing benzene
drogenation. We show inTable 1a summary of differen
metals (Cu, Ni, Pt, Re, Pd, etc.) that can be used in
transalkylation and/or dealkylation of alkylaromatics.

In the present work, we studied the dealkylation-tran
kylation performance of different metal/zeolite cataly
with high-throughput experimentation (HTE) techniqu
A new catalyst system has been developed that improve
existing results for heavy reformate processing to maxim
xylene production.

1.1. Thermodynamic study

Since heavy reformate transalkylation is a thermodyn

ically controlled process, the final yield of xylenes and ben-
zene is limited by the reactor feed composition. Considering
the composition of the industrial feed employed here, we can
0 15–40 300–600 0.5–3 [40]
10–60 300–550 0.1–10 [41]

,

f

,

Fig. 1. Equilibrium composition of transalkylation products as a function
the content of heavy reformate in feed (mixed with toluene).

calculate (Fig. 1) the equilibrium composition as a functio
of the ratio of toluene to heavy reformate in feed. For t
calculation, we have made the following approximatio
only dealkylation and transalkylation reactions are occ
ring, and alkene and aromatic ring hydrogenation, nonse
tive cracking, dealkylation of methyl groups, and format
of polyaromatics like naphthalene or anthracene derivat
are not occurring.

These results show that ethyl- and propyl-aromatics
be fully dealkylated, producing benzene, toluene, xylen
and olefins as primary products. The yield of xylenes
thermodynamically controlled. For instance, for a reform
content of 50 wt% and 50% toluene, the xylene yield

38 wt%, and trimethylbenzene (TMB) conversion is about
64%, whereas the benzene and tetramethylbenzene (TeMB)
yields are 8.8 and 0.5%, respectively. The maximum yield of
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xylenes is achieved at∼ 75 wt% reformate and 25% toluen
However, in this situation the TeMB yield at equilibrium
as much as∼ 5%. Therefore, from a thermodynamic po
of view, the optimum reformate content is about 50%, si
the ratio of xylenes to TeMB in the products is maximize

2. Experimental

2.1. Reactants

Heavy reformate composition is given inTable 2. Toluene
(99.9%) was supplied by Scharlau, and H2 (99.99%) was
supplied by Linde.

Table 2
Composition of the commercial heavy reformate employed in the cata
testing

A8 m-, p-Xylene 0.00
o-Xylene 0.33

A9 i-Propylbenzene 1.64 C3-Bz 5.6
n-Propylbenzene 4.01
1,3,5-Trimethylbenzene 8.55 TMB 54.5
1,2,4-Trimethylbenzene 38.5
1,2,3-Trimethylbenzene 7.39
1-Methyl-3-ethylbenzene 18.5 ET 32.9
1-Methyl-4-ethylbenzene 7.39
1-Methyl-2-ethylbenzene 6.54
Indane 0.41
Indene 0.22

A10 1-Methyl-3-isopropylbenzene 0.44
1,3-Diethylbenzene 1.46
1-Methyl-3-n-propylbenzene 1.34
1,4-Dimethyl-2-ethylbenzene 0.38 EX 2.79
1,3-Dimethyl-4-ethylbenzene 0.41
1,2-Dimethyl-4-ethylbenzene 1.85
1,3-Dimethyl-2-rthylbenzene 0.04
1,2-Dimethyl-3-ethylbenzene 0.12
1,2,4,5-Tetramethylbenzene 0.12 TeMB 0.25
1,2,3,5-Tetramethylbenzene 0.13

1-Methylindane 0.05

Y FAU 12× 12 MR 14 0.233

a Pyridine desorption temperature.
talysis 232 (2005) 342–354

2.2. Catalyst preparation

Y, Beta, mordenite, and ZSM-5 zeolites were comm
cial samples supplied by PQ (CBV7020, CP811, CBV30
and CBV3020 products). Zeolite NU-87, IM-5, and ITQ-
were synthesized in our laboratory with the procedures
ported in[12–15]. Na-zeolites were converted into the ac
form by ion exchange with ammonium chloride for 2 h
80◦C and ulterior calcination at 580◦C for 5 h.Table 3gives
a summary of the characteristics of H-zeolites. The st
ture of IM-5 is not known, though it has been suggested[13]
that it could have a pore topology formed by either 10 M
crossing pores or 10 MR pores with lobes, and the pore
ameter should be close to but somewhat smaller than 5
NU-87 (NES structure) contains 12-MR cages with four
MR entrances forming channels[12]. Finally, ITQ-23 (CON
structure) has a three-dimensional pore system forme
10- and 12-MR pores[15].

The acid samples were impregnated with an aqueou
lution of corresponding metal precursor: HReO4 (Acros Or-
ganics, 76.5%), H2PtCl6 · 4.5H2O (Aldrich, 99.9%), (NH4)6
Mo7O24 · 4H2O (Merck, 99%), Ni(NO3)3 · 6H2O (Fluka,
99%), Ga(NO3)3 ·10H2O (Strem Chem, 99.99%), Bi(NO3)3 ·
5H2O (Merck, 99%), La(NO3)3 ·6H2O (Merck, 99%). Thus
all of the metals were incorporated to the zeolitic catalys
impregnation. After that, the samples were dried at 100◦C
overnight, calcined at 500◦C for 2 h, and pelleted. Finally
they were reduced in hydrogen flow at 450◦C for 1 h in
the catalytic testing rig. In the case of zeolite mixtures,
impregnated and calcined samples were mixed and m
together before pelleting.

2.3. Characterization

A Nicolet 710 FTIR spectrometer was used to follow t
pyridine adsorbed to the acid sites of the acid zeolites
cined at 500◦C for 2 h. To do this, self-supported wafe
with 10 mg/cm2 were pretreated overnight under vacuum
400◦C and cooled to room temperature. After acquisition

the spectrum in the OH stretching region, pyridine vapor (6.6

ed.

A11

+ Aromatics with more than ten C 0.02
kPa) was admitted to the cell until equilibrium was reach
The samples were then desorbed under vacuum (10−3 mbar)

Table 3
Composition and physico-chemical characterization of zeolitic samples

Zeolite Code Channels Si/Al Pore Volume

(cm3/g)

Acidity (µmolpyr/g)

Brönsted Lewis

250◦Ca 350◦Ca 250◦Ca 350◦Ca

ZSM-5 MFI 10× 10 MR 18 0.12 44 25 9 6
IM-5 – 10× 10 MR 15 0.13 29 17 7 6
Mordenite MOR 12 MR 18 0.15 79 37 25 24
NU-87 NES 10× 12 MR 16 0.16 70 48 26 24
ITQ-23 – 10× 12× 12 MR 15 0.18 49 29 37 31
Beta BEA 12× 12 MR 13 0.20 31 15 53 42
59 31 9 8
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at 250 and 350◦C with spectra acquisition at room tempe
ture after each desorption treatment. All of the spectra w
scaled according to the sample weight. Absorption co
cients calculated by Emeis[16] were used. The pore volum
and microporous surface area of the samples were obta
with an ASAP 2000 apparatus. Calculations were perform
by the method developed by De Boer et al.[17], with the use
of the N2 absorption isotherms at 77 K.

2.4. Catalytic studies

Catalytic work was carried out with a system[18,19]
of 16 continuous fixed-bed parallel microreactors (Spi
reactor). Each reactor is fed and the flow controlled
measured independently in each reactor, making it p
sible to operate in a wide range of contact times
hydrogen/hydrocarbon ratios. The liquid feed was co
posed of 50 wt% commercial heavy reformate (Table 2)
and 50 wt% toluene. The reproducibility of the syste
was checked against a reference catalyst supplied by
(Ni/mordenite/γ -Al2O3), which was introduced into one re
actor as the standard in each round of experiments.

The simultaneous catalytic experiments were carried
under the following conditions: 25 bar total pressure, 400◦C,
hydrogen/hydrocarbon ratio of 8.5 mol mol−1, reaction time
longer than 8 h, and the WHSV was varied from 0.8
800 h−1. The amount of catalyst (particle size 0.4–0.6 m
in each fixed-bed microreactor was 200 mg. Reaction p
ucts were analyzed on line with a gas chromatograph (
ian 3800GC) equipped with a diphenyldimethylpolysiloxa
capillary column. Conversion (X, %) of feed constituent
and yield (Y , %) of the different reaction products we
calculated with regard to their corresponding concentra
(wt%) in the feed or in the reaction products

Conversion of A= (([A]Feed− [A]Products
) × 100

)
/[A]Feed,

Yield of B = [B]Products.

3. Results and discussion

3.1. Reaction network

To establish the primary and secondary reactions
occur when heavy reformate is processed, the yield
the different products were obtained at different levels
conversion. We did this by reacting the commercial re
mate mixed with toluene at different space velocities (0
800 h−1) and using zeolite beta impregnated with 0.3 w
rhenium (Re/beta) as a catalyst (Fig. 2).

The results obtained at very short contact times (Table 4)
show that transalkylation products like the nondesired he

+
aromatics(A11 ), EB, or TeMB are formed preferentially in
the first part of the catalytic bed, whereas ethane is formed
only by dealkylation in very small amounts (0.01 wt% at
atalysis 232 (2005) 342–354 345

Fig. 2. Evolution of catalytic performance for Re/beta catalysts for a w
WHSV range (400◦C, H2/HC= 8.5, and TOS≈ 8 h).

WHSV 800 h−1). Therefore, the initial rate for transalkyla
tion of methyl, ethyl, and propyl groups should be high
than the rate for dealkylation. This is particularly true
ethyl groups. These results are in agreement with the for
studies on dealkylation/transalkylation with model reacta
such as ethylbenzene and ethyltoluene[5].

When the contact time is increased (up to WHSV≈
4 h−1), the yield of benzene and xylenes increases and

+
yield of unstable aromatics like EB and A11 is progres-
sively reduced by dealkylation of the alkyl groups (Fig. 2).
At higher contact times (WHSV lower than 3 h−1), the
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Table 4
Catalytic performance of Re/beta catalyst for short contact times (400◦C,
H2/HC= 8.5, and TOS≈ 8 h;X (%) conversion andY (wt%) yield)

WHSV (h−1)

800 400 128 64

XylenesY 2.3 4.7 8.1 13.5
BenzeneY 0.5 0.8 1.2 1.7
TMB X 2.6 14.0 17.1 25.4
ThaneY 0.01 0.04 0.06 0.12
EB Y 0.3 0.7 1.0 1.6
ET X 3.5 13.1 16.7 24.2
EX X −9.0 −13.8 −28.3 −51.3
A10 Y 3.7 3.7 4.4 5.2
A11

+ Y 0.47 0.80 1.26 1.75
C1 + C4

+ Y 0.22 0.40 0.63 1.15

Table 5
Summary of the main formation reactions of the principal products
served in the conversion of heavy reformate mixed with toluene

Xylenes formation
Tol + Tol → Bz+ Xyl
Tol + TMB → Xyl + Xyl
ET+ Tol → Xyl + EB
EX → Xyl + C2
TMB + TMB → TeMB+ Xyl

Benzene formation
Tol + Tol → Bz+ Xyl
C3-Bz→ Bz+ C3
Tol + TMB → Bz+ TeMB

Toluene formation
ET → Tol + C2
ET+ ET→ Tol + A11
C3-Bz→ Tol + C2
C3-Bz+ Tol → ET+ Tol

Ethylbenzene formation
ET+ Tol → EB+ Xyl
ET+ ET→ EB+ EX

Heavy products(A10
+) formation

Tol + ET→ Bz+ A10
ET+ ET→ Tol + A11
ET+ ET→ EB+ A10
Tol + TMB → Bz+ A10
TMB + TMB → Xyl + A10
ET+ TMB → Tol + A11
C3-Bz+ Tol → Bz+ A10

.

.

.

yield of cracking reactions increases, producing princip
ethane, propane, and butanes, and reducing a final yie
aromatic compounds, specially toluene, xylenes, and
zene. As a result, equilibrium composition (Fig. 1) is never
reached, because of the nonselective cracking reaction.

Taking into account the reaction network established
transalkylation/dealkylation of heavy reformate and p
ethylaromatics[5], the expected reactions occurring duri
the transalkylation of heavy reformate are summarized inTa-
ble 5, where primary reactions are classified, with the p
cipal reaction products taken into account.

3.2. Influence of zeolite structure on product distribution

Catalytic results at 400◦C and WHSV≈ 4 h−1 for the
different zeolites impregnated with rhenium (0.3 wt%) a
given inFig. 3. The results include conversion of toluene a
heavy reformate products and yield of xylenes, benzene
nondesired reaction products.

It can be seen there that medium pore zeolites (ZS

and IM-5) are the most active structures for the dealkylation
of ethyltoluene to form toluene and ethylene, which is to-
tally hydrogenated to ethane. The general trend observed in
talysis 232 (2005) 342–354

f

the ethyltoluene conversion is that the larger the pore siz
the zeolite, the lower the dealkylation activity is (Figs. 3C–
D). Thus, dealkylation is favored over transalkylation wh
the degree of confinement of the ET molecule inside
zeolite pore system is increased, which increases the
metrical restrictions to the formation of bulkier bimolecu
transition states that lead to transalkylation. This beha
can be further confirmed by observing (Fig. 3F) the conver-
sion of other alkyl-aromatics from reformate, such as e
ylxylenes (EX) and propyl-benzenes (C3-Bz). Furthermore
it can also be concluded that isopropyl dealkylation is fa
thann-propyl dealkylation, because of the formation of mo
stable secondary cation on the dealkylated propyl grou
isopropyl and the fact thatn-propylbenzene transalkylate
faster than cumene.

In the case of trimethylbenzene (TMB) conversi
(Fig. 3D), which involves methyl transalkylation reaction
the highest TMB conversion is achieved with tridirection
large-pore zeolites like beta or Y. TMB diffusion and t
formation of the bimolecular transition states required
transalkylation of the methyl group from TMB to toluen
is favored inside the large pores. Disproportionation of
molecules of TMB produces one molecule of xylene a
another of tetramethylbenzene (TeMB), which is the
product detected in similar amounts regardless of the
lite catalyst (Fig. 3E), indicating that this reaction shou
mainly occur on the external surface of the zeolite crys
lites.

Toluene is produced and consumed through differen
actions (Table 5), such as conversion through transalkylat
with TMB, formation through ET dealkylation, etc. Ther
fore, toluene conversion is higher for large-pore zeol
like Y or beta with high transalkylation activity and lo
dealkylation degree, whereas toluene formation is favo
in medium-pore zeolites such as ZSM-5 (Fig. 3F).

The yields of xylenes and benzene make it possibl
evaluate the catalyst activity for transalkylation of met
groups and dealkylation of reformate molecules (ET
EX). Table 5shows the main reactions involved in the fo
mation of xylenes, which are the most important factor in
transalkylation of toluene and TMB (principal constitue
of the feed). The lowest yield of xylenes (Fig. 3A) is ob-
tained with medium- and large-pore zeolites, and the hig
xylene yield was obtained with zeolites containing a com
nation of 10 MR and 12 MR or 8 MR and 12MR, like NU-8
or mordenite, respectively. In fact, the best-performing st
tures combine a high deethylation activity with a high tra
methylation activity (seeFig. 4). Xylene isomer distribution
was that corresponding to the thermodynamic equilibr
(24/53/24= para/meta/ortho) for all of the tested zeolites

Benzene is formed principally through the disprop
tionation of toluene and dealkylation of propyl-benzen
To a smaller extent, benzene can also be formed thro

transalkylation of the methyl group of toluene to an A9 mole-
cule (TMB or ET), yielding heavy products (A10) over acid
sites located on large intrazeolitic cages or at the external
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Fig. 3. Influence of the zeolite structure (Re 0.3%) on the catalytic con

Fig. 4. Dependence of xylenes yield on zeolite topology.

zeolite surface. The highest benzene yield is obtained
medium-pore zeolites (ZSM-5 and IM-5) and morden
and, with these zeolites, the xylenes produced via tolu
disproportionation comprise about 25% of the total xyle
obtained in the process.
Dealkylation of heavy reformate products containing
ethyl groups can be traced by observance of the ethane yield
Thus, ZSM-5 and IM-5 zeolites exhibit the highest ethane
on of heavy reformate (400◦C, WHSV= 4 h−1, H2/HC= 8.5, and TOS≈ 8 h).

yield, and this decreases with increasing pore size. Cons
ing the total number of ethyl groups in the feed (ET, EX, a
dEB≈ 18.6 wt%), the maximum yield of ethane obtained
ethyl dealkylation is 4.4 wt%. Ethane yield is due principa
to dealkylation reactions, but it can also be formed by cra
ing of naphthenes. Methane is produced in very low amo
(< 0.3%) in all cases, showing that hydrogenolysis is occ
ring to a very low extent. The yields of cracking produ
(propane and butanes) do not show any clear depend
on zeolite structure, with beta the highest yield. It is wo
noting that cracking products obtained with zeolite Y co
tained a significant amount of longer alkanes (pentanes
hexanes); these products were detected only in trace am
in the rest of zeolites. This probably occurs because of
faster diffusion of longer chain hydrocarbons through
larger pore of Y zeolite, with the corresponding lower r
of re-cracking. Catalytic cracking of aromatics should
quire in a first step the hydrogenation of the aromatic r
over metallic clusters, producing naphthenes, which rap
.
undergo cracking on the acid sites. Thus, cracking yield will
depend not only on the zeolite structure, but also on the na-
ture of the hydrogenating metallic particles, whose nature
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and size will be influenced by zeolite support properties
pore size, geometry, and acidity[20–22].

An important parameter in the catalytic evaluation
a transalkylation catalyst is the final content of ethylb
zene (EB) in the products, since the presence of EB in
p-xylene recovery unit strongly reduces the operating e
ciency, and this can create a bottleneck in the productio
xylenes in an industrial plant. The main reaction for the f
mation of EB from heavy reformate is the primary trans
of a methyl group from ethyltoluene to toluene (seeTable 5),
yielding one EB and one xylene molecule. Therefore, the
formation should be lower with zeolites with high dealky
tion activity and low transalkylation activity, that is, whe
the zeolite pore size is reduced. This dependence ca
observed inFig. 3A, which shows that ZSM-5 and IM-5
zeolites produce the lowest EB yield(< 0.2%) and zeolite
Y and beta produce the highest yields (1.8 and 1.2%
spectively) under the standard reaction conditions used
Hence, it can be concluded that the best solution for
ducing the final EB yield is to avoid transalkylation and
favor dealkylation from the beginning. This can be achie
with a catalyst that can induce the rapid dealkylation of
ethylaromatics (ET and EX), reducing in turn the ulter
undesired transalkylation of the methyl group from the et
toluene (seeScheme 1).

3.2.1. Formation of heavy aromatics
The formation of heavy aromatics (A10 and A11

+) gives
rise to progressive catalyst deactivation and reduces th
lectivity of the process. Aromatics fraction A10, composed
principally of EX and TeMB, is produced in lower amoun
over 10MR zeolites (seeFig. 3E), whereas the A10 yield in-
creases with increasing zeolite pore size. This can easi
explained by a consideration of the steric impediments to
formation of EX and the different biphenylic transition sta
inside the pores of ZSM-5 and IM-5 and the high dealky
tion activity shown by these zeolites.

The distribution of the different aromatics contained
the A10

+ fraction is shown in the chromatogram ofFig. 5. It

can be classified into three different groups: (i) naphthalene
derivatives (methyl-, dimethyl-, trimethylnaphthalene) com-
prising up to 70% of the A11

+ fraction; (ii) other polycyclic
1.

.

-

aromatics (PAH) like fluorenes, anthracenes, phenanthre
naphthacene, and pyrenes; and (iii) polyalkylbenzenes
cluding indanes, pentamethylbenzene, and ethylmethyl
zenes.

A11
+ polyalkylbenzenes can be formed directly by tra

alkylation of A9 molecules from the reformate feed [Eq.(1)].
Indeed, the primary products ethyltrimethylbenzene and
ethylmethylbenzene can be produced by transalkylatio
ET with TMB and by ET disproportionation

(1)A9 + A9 → A7 + A11.

As observed above for Re/beta catalyst, during the first
tact of the fresh feed with the catalyst, A11

+ is produced
principally by ethyl transalkylation. This is due to the fa
that the ethyl transalkylation rate is much higher than
dealkylation rate over large-pore zeolites[5]. These heavy
products can further undergo ring closing and aromat
tion [23,24] to preferentially form naphthalene derivativ
(seeScheme 2). This type of reaction is related to tho
occurring in reforming units at 440–500◦C, in which com-
parable hydrogen pressures and bifunctional catalysts
Al2O3–Cl/Pt–Re are used. The latter conversion of na
thalenic compounds to alkylbenzenes would involve hyd
genation and ring opening[25], but this reaction is not fa
vored under the transalkylation process conditions, and
concentration increases, therefore, through the catalyst
From this we can conclude again that to avoid A11

+ for-
mation by transalkylation and the subsequent formatio
very stable polycyclic aromatics, it is mandatory to deal
late very rapidly the ethyl groups in the feed. It is cle
that polycyclic aromatic compounds will occlude within t
zeolite pore system, resulting in coke deposits and, th
fore, in progressive catalyst deactivation. In addition, th
molecules can give us an idea of the polynuclear arom
(graphitic) nature of the coke deposited during the transa
lation process, in agreement with the results obtained
Magnoux et al.[26] during toluene disproportionation wit
H-USY zeolite. These authors found that the condensa
degree of the aromatic rings contained in the coke incre

with process temperature.

ITQ-23 has a unique structure that somehow promotes
the formation of polycyclic aromatics (PAHs). The analysis
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Fig. 5. GC-Analysis of the A11
+ fraction obtained by heavy reformate conversion over Re/ITQ-23 catalyst.
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of this fraction obtained with the different zeolites show
that A11

+ distribution does not have a strong depende
on zeolite structure (Fig. 3E); it could be only said that th
PAH percentage increases with decreasing pore size, w
means with increasing dealkylation activity. Y zeolite p
duces a significant amount of very heavy aromatics(A16

+)

such as pyrene and its derivatives, whereas the amou
A16

+ produced by the rest of zeolites is almost undetecta

3.2.2. Effect of contact time on zeolite selectivity
Fig. 6shows the evolution of the yields of different pro

ucts and conversion of TMB and ET with contact time
five different Re/zeolites. Zeolites NU-87 and ITQ-23 e
hibit high xylenes and benzene yield (Figs. 6A–B) even for
a contact time one-fourth as long as that in the standard

−1
(WHSV ≈ 4 h ). The two zeolites also show a similar evo-
lution for TMB and ET conversion and EB yield, whereas
the A11

+ yield obtained with ITQ-23 is much higher than
2.

f

t

that obtained with NU-87. ZSM-5 shows a very high E
conversion at WHSV≈ 16 h−1 (Fig. 6D). Because of this
very high dealkylation activity, this zeolite makes it pos
ble to maintain EB and A11

+ yield at low levels even during
the first steps of the reaction. The results at different c
tact times confirm and even make more clear the cata
behavior observed for each zeolite at WHSV≈ 4 h−1.

The evolution of the yield of unstable poly-alkylbenzen
is similar for all five zeolites (Fig. 6F), that is, it increase
rapidly at very low conversions and decreases at higher
versions. This behavior was previously observed for the c
version of pure EB over different zeolites[5], where unstable
diethylbenzene was quickly formed by ethyl transalkylat
and was subsequently converted by dealkylation at hig
conversions (at higher contact times). With heavy reform

as the feed, polyalkylbenzenes formed by ethyl and propyl
transalkylation are converted by dealkylation along the cata-
lyst bed, but other A11

+ products like methyl-naphthalenes



350 J.M. Serra et al. / Journal of Catalysis 232 (2005) 342–354
lite c

e in

by a

vy
ns
ase
tiva-
yl
e
ir-
kyl-

be-
,
to

eo-
lite
dif-

ze-
with
rge

its
the
le-
ro-
by

na-
ite,

nel
in-

imi-
B

is
and

um
,

Fig. 6. Evolution of catalytic performance for four different Re/zeo

are very stable and accumulate. This is especially visibl
the case of ITQ-23 (Fig. 6F), for which the yield of A11

+
reaches a maximum(∼ 3.3%) at WHSV≈ 16 h−1 and de-
creases very little, even if the contact time is increased
factor of 4.

Thus, in order to reduce the early formation of hea
products in the transalkylation unit, two different solutio
can be adopted: (i) avoid their formation with an incre
in shape-selectivity and external zeolite surface deac
tion; and (ii) perform a fast dealkylation of ethyl and prop
groups contained in the A9 feed, with an increase in th
dealkylation activity of the catalyst. In addition, it is des
able for the catalyst to be able to dealkylate heavy polyal
benzenes, making it possible to convert the A11

+ produced
during the early steps of the process.

Tetramethylbenzenes (TeMBs) do not show the same
havior as that exhibited by A11

+ products. For all zeolites
the TeMB yield increases for increasing contact time up
values close to the equilibrium, although medium-pore z
lites give some lower TeMB yield than the rest of the zeo
structures. Nevertheless, beta zeolite shows a slightly

ferent evolution with contact time; that is, the TeMB yield
reaches a maximum value for a short contact time and, af-
ter that, decreases up to values close to that obtained with
atalysts for a wide WHSV range (400◦C, H2/HC= 8.5, and TOS≈ 8 h).

the other zeolites. Indeed, the TeMB formation rate in
olite beta should be much higher than that observed
the other studied zeolites, because of its tridirectional la
pore system, which allows the diffusion of TMB and
disproportionation. Therefore, during the first steps of
reaction when TMB concentration is still very high, bimo
cular TMB disproportionation is favored in beta zeolite, p
ducing TeMB, which is subsequently converted mainly
transalkylation with toluene. Recently, the disproportio
tion of TMBs over large pore zeolites (mordenite, L zeol
and beta) has been thoroughly studied[27], with special at-
tention to the accessibility of the acid sites in the chan
systems and the rate of transport of the bulky molecules
volved.

Ethylbenzene is an unstable product that behaves s
larly to A11

+. Over all zeolites, a maximum yield of E
with contact time is observed, and the particular value
dependent on the zeolite structure. For instance, beta
ITQ-23 show a maximum yield of about 2% at WHSV≈ 16
and 64 h−1, respectively, whereas ZSM-5 shows a maxim
yield of 0.6% at WHSV≈ 64 h−1. In the first reaction steps

ET is converted by dealkylation and transalkylation (spe-
cially with toluene;Scheme 1) to produce xylenes and EB as
primary products. Subsequently, the EB produced is dealky-
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lated along the catalyst bed. Consequently, highly dealky
ing zeolites would reduce the final EB yield.

3.3. Influence of the metallic function

In this part of the work, the influence of the nature
the metal incorporated into the zeolite will be studied. Se
metals (Bi, Ga, La, Mo, Ni, Pt, Re) were impregnated i
six different zeolites, and they were tested together with p
tine H-zeolites for conversion of heavy reformate (Table 1).
The aim of this part of the work was to study the effect
each metal on the activity and selectivity of each zeolite
to select the best one to be used in a finally optimized c
lyst. Alario et al.[28] have shown that zeolites impregnat
with Ga(NO3)3 by the procedure used in the present w
give thin Ga platelets from 5 to 400 nm in average s
Hydrogen activation at 823 induces Ga migration into
zeolite micropores. In the case of our Ni- and Re-contain
samples, TEM shows that the metals are formed of prism
polydisperse particles embedded in the zeolite. Re appea
be more polydisperse (average size of 20 nm). An impor
fraction of the larger particles are on the zeolite surface
the case of Ni, particles with a diameter of∼ 2 nm were also
found.

Fig. 7shows the yield of benzene and xylenes, the con
sion of ET, and the yield of undesired products (EB, A11

+,
and cracking gases), with the 48 catalysts prepared. In

eral, the incorporation of the metal increases the yield of

Fig. 7. Catalytic performance of metal-zeolite catalyst series (400◦C, WHSV 4=
xylenes (13–31%), benzene (1–10%), EB (0–2.5%), A11

+ (0–6%), ET (15–100
atalysis 232 (2005) 342–354 351

o

-

to a smaller extent, Ga allow up to a 12% increase in
xylene yield, whereas Bi and La have little influence on
catalytic behavior of the zeolites. The incorporation of
produces an important increase in cracking yield (meth
and C3–C4), because of the improved hydrogenolysis a
aromatic ring hydrogenation activity of the Pt metallic clu
ters, which was rapidly followed by the acid cracking of t
naphthenes over Brønsted acid sites to yield light paraf
Even at 0.1 wt%, Pt shows a nonselective catalytic beha
that could be modified by treatments like sulfuration[9,34].
Saturates were detected in very low amounts(< 0.2%) for
all of the tested catalysts.

Re-, Mo-, and Pt-based catalysts show the highest dea
lation activity and achieve the highest ethyl- and prop
aromatics conversion, and the highest ET dealkylation r
where obtained when they impregnated into ZSM-5 z
lite. Mo and Re incorporated into NU-87 and morden
show the highest yield of xylenes and benzene, but also
high TMB conversion (transalkylation) and ET dealky
tion. Bismuth impregnated into NU-87 and mordenite sho
an unexpectedly high xylene yield together with a medi
dealkylation activity. Ni-impregnated zeolites exhibit a hi
dealkylation activity, slightly lower than that shown b
Re and Mo zeolites, and consequently they yield a hig
amount of EB and A11

+. In conclusion, the best performin
metal-zeolite combinations are Re and Mo with morde
and NU-87, with a high activity and a medium-high sele

+
tivity (low EB and A11 Y ), although the dealkylation ac-
for
xylenes obtained with all zeolites, and the order is Mo>

Re > Ni > Ga> Bi > La > Pt > none. Re, Mo, Ni, and,
tivity and selectivity are still lower than those observed
(Re/Mo/Ga/Ni)-ZSM-5 catalysts.
h−1, H2/HC = 8.5, and TOS≈ 8 h). Scale for each parameter (min–max):
%), C1–C3–C4 (0.5–17%).
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Table 6
Influence of Re content on Re-zeolite catalysts performance (400◦C,
H2/HC 8.5, and TOS≈ 8 h; X (%) conversion and Y (wt%) yield)

Beta WHSV 4 WHSV 22a WHSV 4 WHSV 4
0% Re 0.3% Rea 0.3% Re 1.0 % Re

XylenesY 18.1 18.1 27.7 26.2
BenzeneY 3.2 3.0 7.3 6.4
TolueneX 36.5 22.3 37.5 44.6
TMB X 33.1 38.3 60.6 61.3
ET X 38.2 39.5 82.3 84.5
C3-BX 84.3 77.3 96.9 98.5
EX X −22.4 −31.2 47.6 52.0
A10 Y 4.2 4.5 2.0 2.0
TeMB Y 1.15 1.20 0.98 0.92
A11

+ Y 1.5 1.2 0.2 0.2
EB Y 1.9 1.8 1.3 1.1
CH4 Y 0.01 0.01 0.2 3.5
EthaneY 0.2 0.4 3.2 4.2
C3 + C4

+ Y 1.2 3.5 10.2 13.8

a Interpolated from experimental data.

Although Re produces a large improvement in the c
alytic activity of zeolites, it has no apparent effect on
selectivity when compared at similar xylene yields (Ta-
ble 6). The only differences in selectivity can be seen
A11

+ yield, which is slightly higher for H-beta(∆ ≈ 0.3%),
whereas Re-beta (0.3%) shows a much higher yield(∆ ≈
2.3%) of cracking products (C3–C4), even when the con
tact time is about 5 times lower. Re incorporation stron
reduces the catalyst deactivation (seeFig. 8), since hydro-
genating metallic clusters rapidly hydrogenate the ole
formed during dealkylation, therefore reducing the carbo
ceous deposits formed by olefin polymerization and p
yaromatics condensation. This effect is particularly visi
for monodirectional 12MR zeolites like mordenite (Fig. 7).
When the Re content is increased from 0.3 to 1 wt% o
beta zeolite, there is a strong increase in cracking (3–
C4) and methane. Indeed, the samples containing 1
Re are already able to hydrogenate aromatic rings, and
napthenes formed can crack on the acidic sites of the ze
(Table 6).

3.4. Toward a rational design of the catalyst

Taking into account the process scheme established a
and the behaviors of the different zeolites and metals,
possible to design a transalkylation catalyst fromfirst prin-
ciples. Such a catalyst design would include the followi
functional components: (a) a highly active dealkylation fu
tion, to quickly remove the ethyl and propyl groups fro
reformate aromatics, and to dealkylate EB produced a
the reactor bed; (b) a transalkylation function, respons
for the formation of xylenes and benzene; and (c) a selec
hydrogenation function, to increase catalyst stability. Fr
our previous study, we thought that a multizeolitic syst

that combines ZSM-5 and beta zeolite, together with Re as
metal, should be a more appropriate catalyst than any of
the single zeolite systems presented before in the literature
talysis 232 (2005) 342–354

e

Fig. 8. Evolution with time on stream for the xylenes and benzene y
(wt%) for H-beta samples with different amounts of rhenium (400◦C,
H2/HC = 8.5, and WHSV= 4 h−1).

Fig. 9. Mixture design for the system ZSM-5/beta/rhenium.

Thus, we proceed to optimize the multizeolitic catalyst
cording to the experimental design shown inFig. 9.

The different catalyst formulations were randomly sy
thesized and tested for reformate transalkylation, to avoid
.

effect of lurking variables. This experimental design makes
it possible to obtain a general view of the influence of the dif-
ferent components on the catalyst performance and to iden-
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Fig. 10. Catalytic performance for the mixture design of the system

tify nonlinear interactions (synergy) between compone
Experimental results were fitted to a quadratic response
face, which will be employed as a prediction model for c
culating/interpolating catalyst compositions with optimiz
features.

Fig. 10 shows the response surface of the yield
xylenes, benzene, A11

+, and EB. Within the composition
considered in the design, a catalyst formulation (ZSM
40%, beta 60%, and Re 0.26%) was found to maxim
the yield of xylenes (34%). This catalyst increases
best yield obtained with NU-87- or mordenite-based ca
lysts in the previous sections and with the best-perform
heavy reformate dealkylation/transalkylation reference c
lysts.

Regarding the formation of benzene, two catalyst co
positions make it possible to maximize the benzene y
(∼ 8.4%); one is pure ZSM-5 zeolite, and the other is
mixed composition (around ZSM-5 50%, beta 50%, a
Re 0.4%), which is very similar to that which maximiz
the yields of xylenes. The EB yield is lower than 0.2%
ZSM-5-rich catalysts and for compositions located in
middle of the triangular design. For the catalyst compo
giving the maximum xylene yield, the EB yield is still ve
low (< 0.1%), especially when it is compared with the yie
obtained with reference catalysts like Ni-mordenite (∼ 2.1)
or Re-mordenite (∼ 0.8%). With respect to A11

+, the lowest
yields (0.5–0.8%) were obtained with Re- and ZSM-5-r

catalysts.

Additionally, the best composite catalyst found in this
work can process reformate feeds with higher contents of A9
M-5/beta/rhenium (400◦C, WHSV= 4 h−1, H2/HC = 8.5, and TOS≈ 8 h).

and A10
+, since the transalkylation (beta) and dealkylat

(ZSM-5) components showed a high activity and stabil
when tested for dealkylation of pure A9 aromatics likep-
ethyltoluene[5] and n-propylbenzene. Moreover, Re-be
component permitted dealkylation of heavy aromatics
EXs contained in A10

+.
The combination of both Re/zeolites makes it possibl

achieve much better results than those obtained by a co
eration of the sum of their individual components. Inde
taking into account the sum of the separated compon
(Re-ZSM-5 and Re-beta), the expected yield of A10

+ and
EB would be much higher, whereas the yield of xylen
would be much lower. Thus, we can say that a synerg
effect appears when the composite catalyst is used. Th
mainly due to the improvement in the performance (activ
and selectivity) of the beta zeolite due to the strong dealk
tion activity of Re-ZSM-5, which rapidly reduces the conte
of ethyl- and propyl-aromatics. Furthermore, the reduc
of the A10

+ concentration in the gas stream makes it poss
to improve the diffusion of lighter aromatics through the b
pore system, also increasing the concentration of the a
able toluene for the formation of xylenes by transalkylat
with TMB. The blocking of the pore system due to the sl
diffusion of A10

+ molecules produces a reduction in the d
fusion rate of the other aromatics like toluene and TM
decreasing the global rate of the desired transalkylation

actions. Therefore, the addition of the dealkylation function
increases the rate of formation of benzene and xylenes, but
also the catalyst stability.



of Ca

ion
uene
ture
of
ate

ium-
igh
n-

ver-
ts is
EB
rst

pect
e-

la-
the
ity
r-

y-
ds
still

this
is

tion
-

ed
).

pyl
in-
ion
ne
nd
ro-
m-

and
T)
nd

7–8

ing

k,

36

73

982)

991)

n-

e, S.
uth

den

, F.
ler-

Dor-

01),

0.
lysis

42

992)

79

, to

IFP.

83

11

tro-

tro-

xon

97
354 J.M. Serra et al. / Journal

4. Conclusions

The reaction network for the dealkylation transalkylat
process between commercial heavy reformate and tol
has been studied, and the influence of the zeolite struc
and the nature of the metal incorporated into the yield
xylenes and benzene, the conversion of heavy reform
and the yield of EB, heavy aromatics A11

+, and cracking
products has been determined. It is concluded that med
pore zeolites (ZSM-5) impregnated with Mo or Re give h
dealkylation activity of the ethyl- and propyl-aromatics co
tained in heavy reformate, but show moderate TMB con
sion and xylene yield. A valuable aspect of these catalys
the production of low levels of undesired products like
and A10

+. These have been found to be formed in the fi
reaction steps when the rate of transalkylation with res
to dealkylation, particularly for ethyl and propyl groups, b
comes higher.

Large-pore zeolites show high activity for transalky
tion, which favors the desired TMB conversion, and
formation of xylenes. However, their dealkylation activ
for propyl- and ethyl-aromatics is low. Zeolites with inte
crossing channels of 12MR+ 10MR and 12MR+ 8MR,
impregnated with Re, Mo, Ni, and Bi, combine high dealk
lation and transalkylation activities, resulting in high yiel
of xylenes. The only drawback of these catalysts is the
too high yield of undesired products (EB and A10

+) and the
possible deactivation problems.

A rational catalyst design has been carried out in
work, which involves a selective multizeolitic catalyst. Th
makes it possible to combine a very active transalkyla
function for producing xylenes (beta, NU-87, or MOR im
pregnated with Mo/Re/Bi), together with a highly enhanc
dealkylation function (ZSM-5 impregnated with Mo/Re
This dealkylation function removes the ethyl and pro
groups very quickly from heavy reformate compounds,
creasing the final performance of transalkylation funct
because of the following facts: (i) a larger amount of tolue
and benzene is available for transalkylation with TMB a
TeMB; (ii) a lower amount of EB and heavy aromatics is p
duced, increasing the selectivity; and (iii) catalyst life is i
proved because of the formation of a lower amount of A11

+.
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