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The effect of Y-zeolite acidity onm-xylene transformation reactions
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Abstract

m-Xylene transformation has been studied on as-prepared H-Y and a series of dealuminated Y-zeolite catalysts. The conversion ofm-xylene
was found to increase initially with acidity, however, decreases subsequently. It was proposed that the high concentration of acid sites in the
H-Y catalyst increases paring reaction, in addition to the well-known isomerization and disproportionation pathways. A significant decrease
in trimethyl-benzenes (TMBs) yields was observed with both reaction temperature and catalyst acidity. Thep-xylene/o-xylene (P/O) ratio
was found to be independent of zeolite acidity. A higher coke deposition was found in the transformation ofm-xylene over the parent H-Y as
compared to the highly dealuminated USY zeolite. The formation of benzene and C–C gases was found to be proportional to zeolite acid
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. Introduction

Xylenes are important starting materials for some indus-
rial processes like the production of synthetic fibers, plasti-
izers and resins. The major sources of these aromatic hydro-
arbons are naphtha reforming and pyrolysis gasoline, which
ave a higher ratio of low-valuedm-xylene. A convenient way

o upgrade the low-valuedm-xylene consists of its transfor-
ation too- andp-xylene. In this context, the transformation
f m-xylene has been studied over different types of zeolite
atalysts[1–8].

There is increasing interest in ultrastable Y-type zeolites
USY) for m-xylene transformation, partly because of their
ncreased chemical and thermal stability. Y-zeolite is made
ltrastable by the removal of aluminum from the framework.
he dealumination can be accomplished through the use of
team[9], acid leaching[10], or by chemical treatment with
exaflourosilicate or silicon tetrachloride[11–13]. However,

he most common procedure is hydrothermal treatment at el-

∗

evated temperatures under controlled atmosphere (stea
The resulting USY zeolite has modified framework Si/Al
tio, structure and acidity. It usually exhibits improved re
tivity, selectivity and coking behavior for a catalytic reacti
which is of great interest to the petroleum refining indus

m-Xylene isomerization (I) and/or disproportionation (
have been used to correlate the intrinsic properties of
lites[14], their diffusion characteristics[15], protonic acidity
[1,5], pore geometry and architecture[16]. Both the isomer
ization and disproportionation reactions were reported
catalyzed by Br̈onsted acid sites[1–6]. Disproportionation
being a bimolecular reaction, requires higher concentr
of acid sites[1,3,7]. However, these reactions do not prod
benzene and gases. Recently, Iliyas and Al-Khattaf[17,18]
studied the kinetics ofm-xylene transformation over FC
catalyst.

Paring reaction was first proposed by Sullivan et al.[19] for
the hydrocraking of hexamethylbenzene over a NiS-Al2O3-
SiO2 catalyst. It involves a sequence of reactions to ap
ently pare methyl groups from polymethylated aroma
The pared methyl groups join together to form longer
Corresponding author. Tel.: +966 3 860 1429; fax: +966 3 860 4234.

E-mail address:skhattaf@kfupm.edu.sa (S. Al-Khattaf). chains, and subsequently these chains split off to form low
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chain olefins without disrupting the parent aromatic ring.
Several researchers used the mechanism of paring reaction
to explain the distribution of products during the dispropor-
tionation of 1,2,4-trimethylbenzene[20], isomerization of
1-cyclohexyloctane mixed with dodecane[21], and forma-
tion of ethyltoluene during the isomerization of trimethyl-
benzenes[8]. Also, Tsai et al.[22] showed that trimethyl-
benzene (TMBs) can transform through paring reaction to
produce gases, benzene and toluene.

Several studies have been conducted on the effect of Y-
zeolite acid properties on isomerization and disproportiona-
tion ofm-xylene reactions[1,5,7]. However, studies correlat-
ing the intrinsic properties of Y-zeolite to other reaction path-
ways, apart from isomerization and disproportionation are
somewhat limited. Therefore, the present work discusses the
effect of acid properties of Y-zeolite on products selectivity
and various reaction pathways duringm-xylene transforma-
tion in a fluidized-bed reactor. Modified H-Y-zeolites using
systematic hydrothermal treatment to obtain varying concen-
tration of acid sites were employed for the study. Mechanisms
were proposed for the formation of the various products. Fur-
thermore, the stability and deactivation of the sites responsi-
ble for the proposed pathways were investigated for the H-Y
and the highly steamed USY zeolite.
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2.2. Materials

Commercial Y-zeolite with a Si/Al atomic ratio of 2.6
was provided by Tosoh Co. Japan. The as-synthesized Na-Y-
zeolite was ion exchanged with NH4NO3 to replace the Na
cation with NH4

+. Following this, NH3 was removed and the
H form of the zeolite was spray-dried using kaolin as the filler
and a silica sol as the binder (both materials were obtained
from Catalysts and Chemicals Industries Co., Japan). The re-
sulting 60�m catalyst particles contained: 30 wt.% zeolite,
50 wt.% kaolin, and 20 wt.% silica. The process of Na re-
moval was repeated for the pelletized catalyst. Following this,
the catalyst was calcined at 600◦C for 2 h. Finally, the flu-
idizable catalyst particles (60�m average size) were treated
with 100% steam at different temperatures and time to obtain
the dealuminated Y-zeolites. The steaming conditions of the
different USY zeolites are presented inTable 1.

2.3. Catalyst characterization

The BET surface area was measured according to the stan-
dard procedure ASTM D-3663 using Sorptomatic 1800 Carlo
Erba Strumentazione unit, Italy. The acid property of the cata-
lyst was characterized by NH3 temperature-programmed des-
orption (NH3-TPD). In all the experiments, 50 mg of sample
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. Experimental

.1. The riser simulator

All experimental runs were carried out in a riser simula
his reactor is a novel bench scale equipment with intern
ycle unit invented by de Lasa[23] to overcome the technic
roblems of the standard micro-activity test (MAT). The r
imulator is fast becoming a valuable experimental too
eaction evaluation involving model compounds[24,25]and
lso for testing and developing new fluidized catalytic cr

ng (FCC catalysts) for vacuum gas oil cracking[26,27]. The
iser simulator consists of two outer shells, the lower sec
nd the upper section, which allow one to load or to un

he catalyst easily. The reactor was designed in such a
hat an annular space is created between the outer port
he basket and the inner part of the reactor shell. A me
asket seals the two chambers with an impeller located
pper section. A packing gland assembly and a cooling ja
urrounding the shaft provide support for the impeller. U
otation of the shaft, gas is forced outward from the cent
he impeller toward the walls. This creates a lower pres
n the center region of the impeller, thus inducing flow of
pward through the catalyst chamber from the bottom o
eactor annular region where the pressure is slightly hi
he impeller provides a fluidized bed of catalyst parti
s well as intense gas mixing inside the reactor. A det
escription of various riser simulator components, sequ
f injection and sampling can be found in work by Krae

28].
as outgassed at 400C for 30 min in flowing He and the
ooled down to 150◦C. At that temperature, NH3 was ad
orbed on the sample by injecting pulses of 2�l/pulse. The
njection was repeated until the amount of NH3 detected wa
he same for the last two injections. After the adsorptio
H3 was saturated, the sample was flushed at 150◦C for 1 h
ith He to remove excess NH3, and then the temperatu
as programmed at 30◦C/min up to 1000◦C in flowing He
t 30 ml/min. Flame ionization detector was used to mo

he desorbed NH3.

.4. Procedure

An 80 mg of the catalyst sample was loaded into the
imulator basket. The system was then sealed and test
ny pressure leaks by monitoring the pressure changes
ystem. The reactor was heated to the desired reaction
erature. The vacuum box was also heated to around 2◦C
nd evacuated at around 0.5 psi to prevent any conden
f hydrocarbons inside the box. The heating of the riser s

able 1
hysico-chemical properties of the as-prepared H-Y and dealumina
eolites

Zeolite

H-Y USY-1 USY-2 USY-3 USY-4

teaming temperature (◦C) – 800 600 710 600
teaming time (h) – 6 5 3 2
verage crystal size (�m) 0.9 0.9 0.9 0.9 0.9
ET surface area (m2/g) 187 155 172 175 177
otal acidity (mmol/g) 0.545 0.033 0.1 0.14 0.2
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Fig. 1. Temperature programmed desorption of ammonia over the different
catalysts.

lator was conducted under continuous flow of inert gas (Ar),
and it usually takes few hours until thermal equilibrium is
finally attained. Before the initial experimental run, the cata-
lyst was activated for 15 min at 620◦C in a stream of Air. The
temperature controller was set to the desired reaction temper-
ature, and in the same manner, the timer was adjusted to the
desired reaction time. At this point the gas chromatograph is
started and set to the desired conditions.

Once the reactor and the gas chromatograph have reached
the desired operating conditions, them-xylene was injected
directly into the reactor via a loaded syringe. After the reac-
tion, the four-port valve opens immediately, ensuring that the
reaction has been terminated and the entire product stream
has been sent to gas chromatograph via a preheated vacuum
box chamber.

F ty at va
(

2.5. Analysis

The riser simulator operates in conjunction with a series
of sampling valves that allow, following a predetermined se-
quence, to inject reactants and withdraw products in short pe-
riods of time. The products were analyzed in Agilent 6890N
gas chromatograph equipped with a flame ionization detec-
tor and a capillary column INNOWAX, 60 m cross-linked
methyl silicone with an internal diameter of 0.32 mm. The
carbonaceous deposit on the catalysts was measured by car-
bon analyzer CS244 (Leco).

3. Results and discussion

3.1. Catalyst characterization

The physico-chemical properties of the catalysts are pre-
sented inTable 1. The NH3-TPD spectra of the parent H-Y
and the dealuminated Y-zeolites catalysts are shown inFig. 1,
while the amounts of desorbed NH3 (total acidity) are sum-
marized inTable 1. H-Y catalyst showed two main desorption
peaks at 265 and 390◦C and had a long tailing. The high tem-
perature (HT) peak, atT> 300◦C of TPD spectra of H-Y is
associated with water desorption as a result of dehydroxyla-
t to
l r
U reas-
i

3

to-
t
i rms
ig. 2. m-Xylene conversion over the different catalysts vs. total acidi
♦) USY-4.
rious reaction times at 450◦C: (�) USY-1, (�) USY-2 (©) USY-3, ( ) USY-4

ion of surface hydroxyl groups. The HT peak is shifted
ower temperature in USY-2 at 310◦C and is not distinct fo
SY-3 catalyst. The area of HT peak decreased with inc

ng steaming temperature.

.2. Products distribution

The degree ofm-xylene conversion as a function of
al number of acid sites were compared at 450◦C as shown
n Fig. 2. The activity of the catalysts measured in te
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Table 2
Coke deposited on the catalysts at various conditions

Temperature (oC) Conversion (%) Total coke
deposited (wt.%)

USY-1 H-Y USY-1 H-Y

400 2.2 4.0 0.044 0.63
4.45 9.83 0.035 1.00
5.1 13.11 0.039 1.30
8.5 19.744 0.059 1.66

450 3.92 6.4 0.065 0.67
9.1 11.11 0.051 1.17

11.2 14.81 0.050 1.44
13.3 20.88 0.041 1.72

500 8.17 6.3 0.041 0.59
13.2 11.4 0.046 1.09
15.5 15.1 0.075 1.35
20.7 20.5 0.056 1.77

of conversion increased with reaction time. Moreover, it
was noticed that conversion passed through a maximum for
all reaction times studied, with an initial increase below
0.11 mmol/g. However the conversion slightly decreased sub-
sequently. The initial increase in conversion with acidity can
be explained easily, since transformation ofm-xylene over
Y-zeolite is enhanced with total acidity[1–3]. However, the
subsequent decrease in conversion was due to the deactiva
tion of active sites needed in convertingm-xylene at higher
acidity. In addition,Fig. 2is explained according to the con-
cept of “next nearest neighbors” (NNN). It has been reported
that the isolated framework aluminum atoms (0-NNN) have
the strongest acidity[29,30]. Ino and Al-Khattaf[31] showed
that acidity is directly proportional to framework aluminum
atom.

Since the H-Y catalyst has the highest acidity, it has less
0-NNN sites and abundant 1,2,3,4-NNN sites. These sites
(1,2,3,4-NNN) have been reported to have high coke-making
and less cracking and isomerization tendency[31]. This was
further substantiated by the high coke yield measured over

he diffe

H-Y catalysts compared to USY-1, as shown inTable 2. On
the other hand, USY-2 and USY-3 with 0.1 and 0.14 mmol/g
acidity, respectively were expected to have the highest num-
ber of 0-NNN sites as shown in a previous study[31], which
explains their relatively higher conversion. Accordingly, the
lowest conversion ofm-xylene was obtained over highly dea-
luminated catalyst (USY-1). H-Y and USY-4 showed nearly
the same initial activity, but different product selectivity, as
shown inFig. 3.

The product distribution during the transformation ofm-
xylene (at 450◦C) over the parent and the dealuminated Y-
zeolites are compared inFig. 3 at constant conversion level
of 10%. The results show that toluene has the highest yield
over the catalysts, except with USY-1, which gave a slightly
lower yield of toluene than other products. The yields of
tetramethylbenzenes (TTMBs) seemed to be the lowest at
10% conversion. Furthermore, the yields ofp- ando-xylene
were closely identical over all the catalysts, with the highest
value being around 2.4% for each isomer over USY-1 cata-
lyst.

It is worth mentioning that TTMBs, benzene, and C2–C4
gases were not observed over USY-1 catalyst at all conver-
sion levels, and were formed with relatively low yields over
USY-3 catalyst. In contrast, significant amounts of benzene
and C2–C4 products were obtained over the parent H-Y as
c how-
e arly
a d by
t r H-
Y s
w sug-
g over,
t
g such
s

s re-
a

Fig. 3. Products distribution ofm-xylene transformation over t
-

rent catalysts at 10% conversion and 450◦C reaction temperature.

ompared to the dealuminated catalysts. H-Y catalyst,
ver, gave the lowest selectivity toward TMBs particul
t higher reaction temperatures. This is better depicte

he plot of product yields versus reaction temperature fo
catalyst (Fig. 4). Substantial drop in the yields of TMB
ere observed at higher reaction temperature. This drop
ests that TMBs undergoes secondary reactions. More

he simultaneous rise in the yields of benzene and C2–C4
ases indicates that they are probably the products of
econdary reactions.

Pamin et al.[5] and Sulikowski et al.[6] attributed the
econdary formation of benzene to simple dealkylation
ction. However, as observed by Roger et al.[20] methyl
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Fig. 4. Products yield vs. reaction temperature over H-Y catalyst at 10%m-xylene conversion.

groups do not dealkylate readily over acid catalysts. More-
over, this step needs hydrogen and forms methane, which was
not reported in these studies. On the other hand, Laforge et
al. [8] suggested that the produced benzene during the con-
version ofm-xylene over H-MCM-22 is likely the result of
the transalkylation betweenm-xylene and toluene. However,
when toluene andm-xylene were reacted under the condi-
tions of the present study, an appreciable amount of benzene
was not observed, and toluene was not converted. Moreover,
the steady increase in toluene yield with reaction time at all
reaction temperatures supports the fact that toluene does not
undergo secondary reaction. Thus, it can be concluded that
benzene is not formed from this route. Consequently, it is
possible that over highly acidic catalysts, an alternative path-
way, so-called paring reaction is initiated in addition to the
well-known isomerization and disproportionation pathways,
as shown by path 3 ofFig. 5.

Regarding paring reaction pathway, it is suggested that the
high concentration of acid sites on the parent H-Y (Fig. 1) and
the mildly dealuminated catalysts (USY-4) initiate the paring
reaction of the produced TMBs, according to the mechanism

paring

shown inFig. 5 [22]. A similar conclusion regarding the for-
mation of benzene via paring reaction was reported by Roger
et al.[20] in their study of 1,2,4-trimethylbenzene conversion
over H-ZSM5 zeolite. Moreover, since TMBs is formed via
disproportionation route of the three xylene isomers, which
suggests that they all undergo a similar paring reaction path-
way. Moreover, the surplus toluene observed in the present
study may have been formed from the alternate step of par-
ing reaction. In addition, due to the high coke formation over
H-Y, an appreciable amount of hydrogen will be formed as
a consequence. This might further lead to the formation of
gases and benzene via dealkylation.

3.3. Selectivity to different reaction pathways

The comparison of the product distribution over the dif-
ferent catalysts gives additional information about other pos-
sible reaction pathways in the course ofm-xylene transfor-
mation. As shown inFig. 5, m-xylene may undergo paring
reaction in addition to the isomerization and disproportion-
ation reactions over highly acidic zeolite catalyst. The se-
Fig. 5. Proposed overall reaction scheme and
 reaction mechanism duringm-xylene transformation.
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Fig. 6. Isomerization selectivity as a function ofm-xylene conversion at
450◦C.

lectivity of m-xylene along these reaction pathways reflects,
at least to a first approximation, the intrinsic properties of
the catalysts, particularly the strength and concentration of
acid sites. It may also provide indirect information on the
relative stability and deactivation of the sites responsible for
these reactions[1]. Thus, the selectivity ofm-xylene transfor-
mation toward isomerization, disproportionation and paring
pathways are plotted inFigs. 6–8, respectively at 450◦C, as
a function ofm-xylene. The highly dealuminated (USY-1)
catalyst showed the highest isomerization selectivity, which
is around 50% higher than the H-Y catalyst (Fig. 6). This re-
sult suggests that the low concentration of acid centers in the
USY-1 catalyzes above all, the isomerization reaction. This
is in agreement with the well-established fact that isomeriza-
tion being a monomolecular reaction requires lower acid site
density than bimolecular reactions.

Indeed it has been established that the increase in con-
centration of Br̈onsted sites facilitates disproportionation re-
action. Since disproportionation is a bimolecular reaction, it
requires higher amount of acid sites[7]. Based on this, the
H-Y catalyst should give the highest disproportionation se-
lectivity, since it has the highest concentration of Brönsted
acid sites. However,Fig. 7 shows that the moderately dea-
luminated catalysts (USY-2 and USY-3) appeared to be the
most active catalysts form-xylene disproportionation, with
s arent
H a-
b dis-
p reac-
t unt
o r, the
h de-
c d that
d ffect
t

c-
t ly
d tant

Fig. 7. Disproportionation selectivity as a function ofm-xylene conversion
at 450◦C.

with partially dealuminated catalysts, and decreases with the
parent H-Y catalyst. The increase in disproportionation se-
lectively over USY-1 is consistent with the measured negligi-
ble coke deposition over this catalyst. This may be attributed
to the fact that TMBs, which are intermediates for the for-
mation of coke precursors, did not undergo any appreciable
secondary transformation over USY-1 catalyst as shown in
Table 2. In contrast, the observed decrease in the dispropor-
tionation selectivity with reaction time over H-Y supports
earlier explanation regarding the selective deactivation of this
reaction pathway.

It can be noticed that the selectivity to paring reaction
differed significantly depending on the type of catalyst, as
shown inFig. 8. The highest selectivity to this reaction path-
way was observed over the parent H-Y catalyst, while USY-1
shows no selectivity towards paring pathway. In line with ear-
electivity values being about 1.45 times greater than p
-Y catalysts at 12%m-xylene conversion. This is prob
ly due to secondary transformation of TMBs, a major
roportionation product to coke precursors and paring

ion products, as evident from the relatively higher amo
f both secondary products over this catalyst. Moreove
igh coke formation over the H-Y catalyst results in the
rease in the density of these sites. Thus, it is conclude
isproportionation reaction is more sensitive to this e

han isomerization.
Furthermore,Fig. 7 shows that disproportionation sele

ivity increases withm-xylene conversion over the high
ealuminated catalyst (USY-1). However, it remains cons
 Fig. 8. Paring selectivity as a function ofm-xylene conversion at 450◦C.
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Fig. 9. D/I and P/O ratios vs. total acidity at 10%m-xylene conversion.

lier discussion, the high amount of acid sites of H-Y catalyst
resulted in its high selectivity toward paring pathway. On the
other hand, the decrease in the amount of acid centers with
increasing level of dealumination explains the lower selec-
tivity of the USY-zeolites toward this pathway, particularly
with highly dealuminated (USY-1) catalyst, which shows no
selectivity toward this reaction.

3.4. Influence of acidity

All catalysts exhibited a P/O ratio close to the thermody-
namic predicted value of 1.09[1]. This result confirmed the
absence of shape selectivity over the Y-zeolite used, since the
pore size of this zeolite is larger than the molecular diameter
of the bulkyo-xylene, and thus both isomers can move freely
within the pores of the zeolite.

The effect acidity on P/O and D/I ratio was investigated at
10% conversion, as presented inFig. 9. The data shows that
under the conditions of this study, alteration of total acidity
has no significant effect on P/O ratio. This result suggests that
P/O selectivity duringm-xylene transformation over large
pore zeolite, such as Y-zeolite is not affected either by acid
strength or acid site density. Thus, weak as well as strong acid
sites should give the same P/O ratio. As reported earlier, P/O
ratio is mainly a function of size of the pore channel, and as
s s and
d
c urve
w rlier
e and
d

3

om-
p s) de-
p e. In

order to study the extent of deactivation rate duringm-xylene
conversion, the amount of coke deposited on H-Y and the
highly dealuminated Y-zeolite (USY-1) were measured un-
der different reaction conditions. The catalysts were chosen
since they represent the most and least deactivated catalyst,
respectively.Table 2reveals that carbon deposition on both H-
Y and USY-1 catalysts increases withm-xylene conversion.
Similarly, the amount of coke deposited on H-Y catalyst in-
creases with reaction temperature, however, temperature has
only mild effect of coke deposition on USY-1 catalyst. Fur-
thermore, the data inTable 2show that at same conversion,
H-Y catalyst produces more coke than USY-1. For exam-
ple, at 500◦C and 20%m-xylene conversion H-Y produced
1.77 wt.% coke while USY-1 produced only 0.056 wt.%.

The more pronounced coke deposition measured over the
as prepared H-Y-zeolite as compared to USY-1 could be due
to its high acid site concentration. It has been reported that
coke is formed preferentially on the catalyst with high acid
density than on catalyst with low acid density[7]. It is also
probable that some of the expelled aluminium atoms which
remain in the non framework positions following the steam-
ing of Y-zeolite may inhibit the formation of the bulky in-
termediates during coke formation. Thus it contributes to the
low coking rate observed for the highly delaminated catalyst.

4

H-
Y ffer-
e tant
r ath-
w f
t ow-
e tion of
t ext
n

uch has been used as criteria in determining the shape
imensions of intracrystalline cavities of zeolites[15,16]. In
ontrast to P/O ratio, D/I ratio gave a volcano-shaped c
ith respect to change in acidity, in agreement with ea
xplanation regarding the dependence of isomerization
isproportionation reactions on acidity.

.5. Coke deposition

Zeolite deactivation during the conversion of organic c
ounds is mainly due to coke (carbonaceous compound
osition, which may cause site coverage or pore blockag
. Conclusions

The transformation ofm-xylene was investigated over
-zeolite and a series of USY-zeolites dealuminated to di
nt extent. It was found that zeolite acidity plays an impor
ole in the conversion, products selectivity and reaction p
ays during the transformation ofm-xylene. The activity o

he catalysts was found to increase initially with acidity, h
ver, decreases subsequently due to the rapid deactiva
he catalysts with higher total acidity. The concept of “n
earest neighbors” was used to explain this behavior.
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Paring reaction was proposed as a secondary reaction path-
way with m-xylene transformation over the as-prepared H-
Y-zeolite and the partially dealuminated USY catalysts. The
increase in the selectivity towards paring reaction with in-
crease zeolite acidity suggests that high concentration of acid
sites facilitates this reaction pathway. On other hand, the low
concentration of acid sites in USY-1 enhances isomerization
pathway. Benzene and gases formation can be used as an
indication for paring reaction.

The mild effect of acidity onp-xylene/o-xylene (P/O) ratio
confirms earlier findings in the literature that the pore diame-
ter of Y-zeolite is large enough, thus, allowing the xylenes to
move freely without shape selectivity. This is obvious from
the obtained P/O ratio, which corresponds to the thermo-
dynamic equilibrium value of 1.09. Higher coke deposition
was measured over H-Y as compared to the USY zeolites.
This could be related to its higher concentration of acid sites.
The higher coke yield of H-Y zeolite was accompanied with
higher benzene and gases and lower TMBs yields.
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