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erization reaction of ethylbenzene/xylenemixtures has been considered. Desilication was assessed through XR
XRD, FTIR, TEM, nitrogen adsorption/desorption, NH3-TPD,

29Si and 27Al MAS NMR analytical technique
Desilication was accompanied with the creation of super acid sites. There exists a limit (Si/Al molar ratio o
9.67) for keeping high crystallinity and obtaining improved catalytic performance. Desilication promotes ethy
benzene conversion by disproportionation and trans-alkylation reactions while the same reactions are limite
for the xylene isomers. The p-xylene approach to equilibrium improves by more than 7% at 400 °C and
WHSV of 2 h−1 for the optimum sample with respect to the parent zeolite. At the same conditions, the optimum
sample exhibits the maximum ethylbenzene conversion of 89%, i.e. more than 40% w.r.t. of the parent zeolit
However, the xylene yield decreases only 3%.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved
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1. Introduction

Industrial xylene isomerization units use raffinate feed that ma
contain an appreciable content of ethyl benzene. The raffinate originate
from a zeolite-based para xylene separation unit (like the Eluxyl proces
of Axens) with a common ethyl benzene concentration of 14 wt%
17 wt%. It is essential to minimize the ethyl benzene concentration i
the product of the isomerization unit mainly for preventing its accumu
lation in the separation–isomerization petrochemical complex [1]. Th
industrial practice is to use dual function catalysts including compo
nents of both acidic and metallic (mainly Pt) character. The acidic com
ponent is usually a zeolite/gamma alumina composite. The zeolites o
industrial practice include protonated ZSM-5 [2], ZSM-8, ZSM-11
ZSM-25, ZSM-39, and Mordenite [3]. Academic literature, howeve
suggests the use of TNU-9, SSZ3, EU-1 [4,5], ZSM-50 [6], NU-87 an
beta zeolites [7]. The use of platinum allows the implementation o
high hydrogen partial pressure to promote the ethylbenzene isomeriza
tion reaction by the production of C8 naphthenic intermediates [6
8–10].

There have been trials to improve the catalytic performance of th
main zeolitic component in order to increase ethylbenzene conversio
by using EUO type zeolites by controlled acid site location [11,12] o
modified ZSM-5 zeolites by inactivating the external surface throug
r
d

ring Society of China, and Chemical
silica chemical vapor deposition and 5,6-benzoquinoline adsorptio
[1]. The latter work used a realistic initial feed including xylene mixtur
and ethylbenzene at near industrial composition but reported
lower ethylbenzene conversion and para xylene approach to equilibrium
(p-xylene a.t.e.) along ca. 10% improvement in total xylene yield wit
respect to the parent zeolite. The authors of the latter work proposed t
add platinum metal to their modified ZSM-5 zeolite to enhance th
catalyst performance by inducing ethylbenzene isomerization [8,9]. It i
reminded that such investigations concerning the isomerization behavio
of zeolitic catalysts using ethylbenzene/xylenemixture as feed are scarc
and more elaboration is needed. As the main goal concerning industria
interest is to nearly eliminate ethylbenzene from the product whil
retaining a high p-xylene a.t.e. and yield, it seems that new efficien
techniques should be developed. The criteria considered for an efficien
catalyst are high p-xylene a.t.e., high xylene yield and high ethylbenzen
conversion.

The present work aims at realizing such an improvement using hig
alumina ZSM-5 zeolites obtained through desilication. Hierarchica
zeolites are gaining emerging interest both in the academy and industry
These fine-tuned structures may be synthesized by bottom-up or top
downprocedures [13] and actually tailored for achieving desired adsorp
tive [14,15] and catalytic [16,17] properties. Systematic desilication
dealumination or their combination is applied in the top-down route t
produce zeolites for specific applications.

The effect of ZSM-5 zeolite desilication on its catalytic behavio
for alkylation [18], FCC reactions [19], n-hexane cracking [20], an
Industry Press. All rights reserved.
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hydrocarbon abatement [21] reactions has been reported in the litera
ture. To the knowledge of the authors of this work, the study of th
desilication effect on xylene isomerization reactions is scarce and
limited to the work of Fernandez et al. [22]. They reported the effect o
desilication anddesilication/HCl post treatment on the o-xylene isomer
ization for ZSM-5 zeolites with Si/Almolar ratios larger than 33. The la
ter work was performed in the absence of ethylbenzene and the ZSM-
zeolite was not high alumina. They reported a reduction of p-xylene se
lectivity upon desilication. In addition, the pressure of the xylene fee
was 4.3 Torr, which is far more distant to the actual pressure in the in
dustrial scale (8–12 barg). The present work reports for the first tim
the effect of desilication on the isomerization reactions of ethylben
zene/xylene mixtures with initial compositions close to the fee
streams used in the industrial practice. The parent zeolite is considere
a high alumina zeolite itself and by desilication, the boundary of Si/A
molar ratio of 10 usually defined for ZSM-5 zeolites will be crosse
over. The desilication process is assessed by XRF, XRD, FTIR, TEM, nitro
gen adsorption/desorption, NH3-TPD, 29Si and 27Al MAS NMR analyse
The catalytic behavior for the isomerization reaction is investigated a
a function of temperature and WHSV. Based on the product analysi
the effect of desilication on the different possible reactions involved
discussed and an optimal treatment condition is presented.

2. Experimental

2.1. Catalyst preparation

H-ZSM-5 zeolite was purchased from the Pars Pigment and Catalys
Co., Iran. As claimed by the producer, the Si/Al molar ratio of the paren
zeolite is 18, and the Na2O content less than 0.08 wt%. The average par
ticle size of the protonated zeolite is ca. 500 nm.

Desilication of the initial zeolite powder was performed b
contacting 1 g of the powder with 15 g of NaOH solution of differen
initial molarities (0.1, 0.3, 0.5 and 0.7) for 1 h under gentle agitation a
75 °C. The final product was filtered out, washed with hot distille
water up to a pH close to 7, andfinally dried overnight at 110 °C. Proton
ation of the desilicated sampleswas performedby contacting themwit
1 mol·L−1 aqueous NH4Cl solution under agitation at 90 °C for 8 h, fi
tering/washing with distilled water, pre-drying at 110 °C and calcina
tion at 450 °C for 3 h.

2.2. Catalyst characterization

FTIR analysis of the parent and desilicated zeolite powders was per
formed using a Spectrum GX apparatus by diluting the powder in KB
pellets (b1 wt% zeolite content). A FEI Tecnai F20 instrument wa
used for TEM analysis.

NH3-TPD characterization was carried out using a Chemisorb 275
(Micromeritics) instrument. The sample was initially heated under
stream of helium gas (20·cm3 min−1) at 150 °C for 2 h to get rid o
any adsorbed entities. Still under the purge of helium gas, the sampl
was cooled down to 100 °C. Afterwards a gas stream (5mol% ammoni
and 95 mol% helium, 20·cm3 min−1) was passed over the sample fo
40 min at 100 °C. Then, pure helium gas was sent over the sample a
the same temperature to eliminate any physisorbed ammonia on th
sample and also any remaining ammonia gas in the tubing. In the las
stage, a helium stream with a flow rate of 40 cm3·min−1 was continu
ously fed to the sample while the latter was heated with a constan
heating rate of 10 °C·min−1 up to a temperature of 1000 °C.

Nitrogen adsorption/desorption isotherms were taken with a 3Fle
(Micromeritics) instrument. Initial degassing was performed by sub
jecting the sample at 250 °C for 2 h under vacuum.

27Al and 29SiMASNMR spectrawere obtained using a Bruker Avanc
III 400 WB instrument. Both 27Al and 29Si MAS NMR analyses wer
performed at a 10 kHz spinning frequency. One pulse 29Si solid stat
MAS NMR method was used. A 4 mm MAS BB/1H H4470 probe wa
implemented.

XRF analysis of the sampleswas performedwith a PW1480 (Philips
apparatus. XRD analysis was performed using a PW1800 (Philips
instrument.

2.3. Catalytic activity/selectivity tests

The isometric drawing of the catalytic isomerization system
shown in Fig. 1. The xylenemixture feed (0.1wt% toluene, 14.1wt% eth
ylbenzene, 3.7 wt% para xylene, 54.3 wt% meta xylene, 24.7 wt% orth
xylene and 3.1 wt% C8

+) is charged from the xylene mixture vesse
through a high pressure (max. 50 bar) liquid pump to line A. Hydroge
gas is fed from thehydrogenpressure cylinder through amassflow con
troller to a T-junction where a liquid/gas mixture formed. The latter
guided to the evaporator (a 0.5 inch stainless steel tube surrounded b
a temperature controlled electrical furnace) and afterwards to th
fixed bed reactor. The reactor is a stainless steel cylinder of an oute
diameter of 12.5 mm and an inner diameter of 10 mm. The reactor
charged with 2 g catalyst in each run. The temperature of the reacto
tube is controlled with a second electrical furnace surrounding it. Th
outlet gas temperature of the evaporator and the reactor bed centra
temperature are controlled using fixed and mobile temperatur
transducers. The reactor gas outlet stream passes through an initia
air-cooled coil condenser and enters a water cooled separator. Liqui
samples may be obtained by opening the ball valve under the separato
and discharging. The gas stream (mainly hydrogen and light hydrocar
bons), deprived from condensates, exits from the top of the separato
and enters the back pressure valve. The catalytic reaction system ha
been run at an operating pressure of 8 barg throughout the catalyti
runs. For each run, the system is leak-checked with high purity N2 ga
supplied by the N2 high pressure cylinder. Then, the catalyst is activate
by passing pure hydrogen at 300 °C for 90min. Afterwards, the pressur
of line A is set to 8 barg and the liquid xylene mixture is fed to the sys
tem. Usually the reaction system acquires stability (as far as the reacto
outlet stream composition determined by GC analysis is concerned
after 1.5 h.

Catalytic tests were taken for WHSV's of 2, 4, 6 and 8 h−1. Thre
average reaction temperatures of 380, 390 and 400 °C have bee
considered. The H2/hydrocarbon molar ratio was 4 throughout the ex
periments. GC analysis of the product samples was performed using
CP-3800 GC Agilent instrument with a CP-Wax 52 CB column.

The catalyst powderwas uni-axially pressed, crushed and sieved to
size between 100 and 150 μm for the catalytic tests.

3. Results and Discussion

3.1. Catalyst characterization

Table 1 lists the denomination of each protonated sample accordin
to the type of chemical treatment carried out. The same table brings th
chemical analysis of the different samples. Fig. 2 shows the Si/Al mola
ratio of the parent and desilicated samples as a function of NaOH solu
tionmolarity applied. It is observed that a distinct linear relationship ex
ists between the Si/Al molar ratio and the basic solution molarity
Accordingly, it may be stated that desilication aiming at a desired Si/A
ratio in the range of 6.2–17.9 can be performed with a high precisio
and in a controlledmanner. Nonetheless, the crystallinity of the sample
should be assessed a priori. Fig. 3a and b show the XRD patterns of th
protonated samples. It is clearly observed that high crystallinity is pre
served after desilication up to a NaOH solution molarity o
0.5 mol·L−1. It is observed that the DS4 sample has undergone appre
ciable amorphization.

Fig. 4 shows the FTIR spectra of the high crystallinity samples DS0 t
DS3. It is observed that increasing the extent of desilication from sampl
DS1 to DS3, the original peaks located at 1098.0 and 1227.0 cm−
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Fig. 1. Isometric drawing of the catalytic isomerization system used in this study.

Table 1
Denomination of the protonated samples and their XRF analysis (as wt%)

Sample NaOH molarity
/mol·L−1

SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO TiO2 MnO P2O5 S

DS0 0.0 88.81 4.21 0.05 0.19 0.03 0.03 0.03 0.045 0.013 0.009 0.008
DS1 0.1 87.12 4.42 0.16 0.14 2.26 0.01 0.03 0.033 0.004 0.006 0.007
DS2 0.3 87.39 5.61 0.19 0.02 0.04 0.02 0.02 0.034 0.006 0.006 0.006
DS3 0.5 84.26 7.39 0.23 0.06 0.13 0.01 0.03 0.063 0.006 0.005 0.005
DS4 0.7 77.26 10.52 0.41 0.09 0.39 0.02 0.05 0.097 0.005 0.006 0.006

Fig. 2. Si/Almolar ratio of the parent and desilicated zeolites as a function of NaOH solution
molarity.
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belonging to the parent H-ZSM-5 zeolite shift to smaller values (1083.
and 1219.0 cm−1, respectively). The peaks observed in the range o
1083.0–1098.0 cm−1 and 1219.5–1227.0 cm−1 are attributed to inter
nal asymmetric tetrahedral stretch vibration of Si–O or Al–O bond
[23]. It is presumed that the corresponding energy needed for inducin
stretch vibration of internal Si–O bonds exceeds that of Al–O bonds, du
to the lighter Al atom. Upon desilication, the content of Al–O bond
increases. Accordingly, it is expected that upon desilication, the corre
sponding peaks shift to the right, i.e. towards smaller wave number
(smaller energies). Such a relation between the Si/Al ratio and th
position of FTIR peaks has been reported in the past [23].

The relative integrated intensity of the broad peak in the region o
3000–3750 cm−1 (silanol groups of different kinds) remains approxi
mately constant upon desilication for the different samples. Howeve
sample DS2 shows an emerging peak at 3673 cm−1. The latter peak i
more pronounced in the spectrum of the DS3 sample. Such a peak ha
been observed by other researchers in the past [24] and is attribute
to the presence of Al–OH groups. The latter groups may belong to th
zeolite framework (tetrahedral) or might be of extra-framewor
character (octahedral). Their appearance is somehow acceptable, but
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Fig. 3. XRD diffractograms of the parent (a) and desilicated zeolites (b).

Fig. 4. FTIR spectra of the pa

Fig. 5.Nitrogen adsorption/desorption isotherms of different samples. Curves belonging to
sample DS0 are shown as not connected points.
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firm assignment of the Al atom coordination state needs auxiliary ana
ysis methods. This argument will be further treated in the MAS NM
analysis discussion.

Fig. 5 shows the adsorption/desorption isotherms of the differen
samples. A continuous and gradual increase of adsorption capacit
with increasing desilication extent is observed. A quantitative assess
ment of the results is presented in Table 2. The specific surface area o
the parent zeolite is 380.8 m2·g−1, which increases with the decreas
of Si/Al ratio up to 469.7 m2·g−1 for sample DS3. Further desilicatio
is accompanied with a substantial decrease of specific surface are
(sample DS4). A continuous increase of specific pore volume wit
desilication extent is observed. Interestingly, the pore volume of sampl
DS4 is about 2.4 fold that of the parent zeolite. Considering the calcula
ed specific micro and mesopore volumes, it is observed that for th
rent and desilicated zeolites.
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Table 2
Quantitative results obtained from the nitrogen adsorption/desorption isotherms of the protonated samples

Sample
Specific surface area
/m2·g−1

Micropore surface area
/m2·g−1

External surface area
/m2·g−1

Pore volume
/cm3·g−1

Micropore volume
/cm3·g−1

Mesopore volume
/cm3·g−1

Average diameter
/nm

DS0 380.8 358.2 22.7 0.214 0.152 0.062 2.25
DS1 388.4 355.9 32.5 0.234 0.152 0.082 2.41
DS2 464.0 349.9 114.1 0.342 0.146 0.196 2.95
DS3 469.7 310.3 159.4 0.529 0.131 0.399 4.51
DS4 340.4 204.5 136.0 0.608 0.090 0.518 7.15
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highly crystalline samples (DS0 to DS3), a constant increase o
mesopore volume from 0.0618 to 0.3985 cm3·g−1 occurs with increas
ing the extent of desilication. The micropore volume gradually de
creases from sample DS0 to DS3 and significantly from DS3 to DS4. O
the other hand, the same trend is observed for the micropore surfac
area. Accordingly, it may be stated that micropores are gradually elimi
nated upon desilication. This is accompaniedwith a continuous increas
of mesopore volume and mesopore surface area (the same table)
Sample DS4 is very different from the other ones, actually because it i
Fig. 6. TEM pictures of (a) DS0 (b) DS0
of very low crystallinity. The significant decrease of micropore volum
and surface area observed during the transition from DS3 to DS4 tes
tifies the collapse of the zeolite framework, previously observe
through XRD analysis.

A better understanding and visualization of porosity evolution ma
be gained resorting to the TEM pictures shown in Figs. 6a to 6e
Fig. 6a shows that the parent H-ZSM-5 zeolite particles consist o
inter-grown polycrystalline entities. Fig. 6b illustrates a high resolutio
picture of some exposed H-ZSM-5 crystallites. They appear almos
(c) DS1 (d) DS3 and (e) DS4 samples.
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Fig. 7. NH3-TPD analysis of the protonated samples.

Table 3
Quantitative assessment of the NH3-TPD spectra for the protonated parent and desilicated/p

Sample Weak acid site
temperature at
maximum intensity
/°C

Weak acid
site relative
intensity
/%

Medium acid site
temperature at
maximum intensity
/°C

Medium aci
site relative
intensity
/%

DS0 114 48 215 23
DS1 124 50 225 22
DS2 113 36 210 36
DS3 78 38 200 30
DS4 90 17 170 44
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transparent to the electron beam. Considering sample DS1 (Fig. 6c), it
observed that desilication has resulted in the creation of some inhomo
geneity within the crystals. Disordered zones of different intensity o
opacity are more pronounced in the case of sample DS3 (Fig. 6d). Th
observed inhomogeneity is the result of dissolution of the internal zeo
lite framework as a result of contact with NaOH solution. Sample DS
seems somehow spoiled out (Fig. 6e), and the high alkalinity employe
has also affected the outer edges and surfaces of the ZSM-5 crystal
making them unrecognizable as faceted crystals. These results corrobo
rate with the explanation of the nitrogen adsorption/desorption dat
concerning the creation of mesoporosity within the zeolite crystal
Based on Fig. 6e, the amorphization of the initial zeolite upon treatmen
with 0.7 mol·L−1 NaOH solution may be a result of the collapse of th
regular zeolite structure. Recall that sample DS4 showed substantial de
crease in specific surface area with respect to sample DS3 (Table 2).

The results of NH3-TPD analysis of the different protonated sample
are illustrated in Fig. 7. Table 3 lists the quantitative informatio
(deconvolution results) pertaining to the spectra shown in Fig. 7. Gener
ally, 4 types of acid sites could be discerned which are denominated a
weak (78 °C–114 °C), medium (170 °C–225 °C), strong (400 °C–440 °C
and super acid sites (670 °C–870 °C), based on the temperature rang
in which they appear. The parent protonated sample exhibits actuall
no significant amount of super acid sites and the relative amount of it
strong and medium acidity sites is not very different (23% and 28%, re
spectively). With the on-going desilication process (sample DS1), th
general trend of the desorption spectrum remains approximately intac
However, the pertaining temperature of the strong acid sites increase
from 415 to 430 °C. Further intensification of the desilication proces
(sample DS2), results in a total increase of the acid sites content (Fig. 7
and a clear increase in the relative amount of the super acid sites. The la
ter increase in the absolute and relative content of the super acid sites
accompanied with a slight lowering of their strength, as the peak max
mum temperature reduces from 870 to 790 °C. A significant increase i
the relative and absolute amount of the medium acid sites is also ob
served. Further desilication (sample DS3) results again in a clear increas
of total acidity and eruption of the peak belonging to the super acid site
The relative amount of the latter sites increases to a maximum valu
of 7%. Just considering the effect of Si/Al ratio for a highly crystallin
H-ZSM-5 zeolite, it is rational to expect an increase of total acidit
with decreasing the ratio [25]. Further desilication (sample DS4) result
in the decrease of the total acidity and pronounced broadening of th
peaks belonging to themedium, strong and super acid sites. Attributio
of a specific chemical species to what has been denominated as supe
acids is a difficult task at this stage and needs a complementary analys
like solid state NMR which follows.

Fig. 8a shows the 29Si MAS NMR spectra of the DS0, DS2 and DS
protonated samples. Increasing the extent of desilication from DS1 t
DS2 increases slightly the relative content of Si(1Al) (~−105). Furthe
desilication (sample DS3) results in a distinct increase of the Si(1A
species content. Generally, the trend observed with increasing the ex
tent of desilication is rational as Si–O bonds in Si–O–Si entities ar
more susceptible to chemical attack compared to the Si–O–Al one
This concept has been proposed in the past by several researchers an
rotonated samples

d Strong acid site
temperature at
maximum intensity /°C

Strong acid
site relative
intensity
/%

Super-acid site
temperature at
maximum intensity /°C

Super-acid
site relative
intensity
/%

415 28 870 1
430 27 870 1
440 25 790 4
440 24 765 7
400 34 670 4
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Fig. 8. 29Si MAS NMR (a) and 27Al MAS NMR (b) spectra of the different protonated samples.
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it is attributed to the negative charge imparted by the tetrahedral A
atoms to the Si–O bond resulting in partial Columbic repulsion of nega
tively charged hydroxyl groups [24,26]. Fig. 8b shows the 27AlMASNM
spectra of the samples DS0 to DS4. It is observed that the parent zeolit
contains a minor amount of octahedral extra-framework aluminum
species. The desilicated sample DS1 shows a slightly smaller extra
framework aluminum. Increasing the extent of desilication results in
slightly gradual increase of this species. Sample DS4 shows a rather dis
tinct increase of extra-framework aluminum, which may be attribute
to the destruction of the zeolitic framework and production of an amor
phous phase. Accordingly, it is deduced that upon desilication, som
aluminum atoms are also leached out of the zeolite framework. None
theless, it is presumed that not all of them can egress the tortuous zeo
lite labyrinth and remain as octahedral aluminumsiteswithin themicr
and mesopore channels of the desilicated sample. The increase of th
content of these species with the extent of desilication corroborate
with the NH3-TPD results and FTIR analysis. There exists a debate re
garding the distribution of the extracted Al atoms in the literature
Sadowska et al. [26] report no enrichment and Verboekend and Perez
Ramirez report an enrichment of external zeolite crystal surface in A
[27]. Such assessments rely on the core Si/Al ratio calculated based o
the 29Si and 27Al MAS NMR analysis results and need extra XPS analysi
However, Si/Al ratio calculation based onNMRanalysis has been report
ed to be prone to error due to partial amorphization of ZSM-5 crystal
during desilication [24]. Due to the strong interaction betwee
octahedral aluminum species and the Broensted acid sites (protons) de
tected upon NH3-TPD analysis, it seems mostly improbable that thes
aluminum species have enough mobility to diffuse out of the channel
in order to enrich the surface.

Based on the 27Al MAS NMR analysis, it may be stated that the supe
acid sites contain octahedral aluminum. Assignment of a specific chem
ical species like oxo-aluminum species ((AlO)n)+, as reported b
Ghasemian et al. [17] in the NH3-TPD spectrum in a temperatur
range of 700–750 °C for the clinoptilolite zeolite, is not possible at thi
stage.

3.2. Catalytic study of ethylbenzene/xylene mixture isomerization reaction

Fig. 9 shows the catalyst selectivity of the different samples for par
xylene in terms of approach to equilibrium (a.t.e.) according to th
following relation:

p−xylene a:t:e:selectivity ¼ Cpara xylene;product − Cpara xylene;feed

Cpara xylene;equilibrium Tð Þ− Cpara xylene;feed
� 100%

ð1

where C denotes the concentration of para xylene and T is the reactio
temperature. The equilibrium concentration of para xylene at the reac
tion temperature under consideration is calculated according to th
thermodynamic approach of Chirico and Steele [28].
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Fig. 9. p-xylene a.t.e. (a) as a function of kind of zeolite and reaction temperature for a WHSV of 2 h−1 and (b) as a function of WHSV and reaction temperature for sample DS3.
(pressure = 0.8 MPa).
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Considering sampleDS0, it is observed that, depending on the reactio
temperature, p-xylene a.t.e. lies between 69% to 76%. Generally, this valu
increases with increasing reaction temperature. Sample DS1 exhibits a
improved p-xylene a.t.e., which changes between 79% to 81% in the tem
perature span under consideration. Further desilication (sample DS2) re
sults in a slightly lower performance (p-xylene a.t.e. between 76% to 79%
However, sample DS2 shows a clear enhancement in p-xylene a.t.e. com
pared to the parent zeolite. Sample DS3 shows the highest enhancemen
of p-xylene a.t.e., its value ranging between 77% and 83%. Furthe
desilication (sample DS4) results in a drop of p-xylene a.t.e. Reca
that sample DS4 is highly amorphized. Summing up, it may be state
that desilication improves selectivity of the isomerization reactio
versus p-xylene for the high crystallinity samples.

It should be mentioned that, to the knowledge of the authors of th
present work, the only group that has reported the yield of para xylen
(as wt% of para xylene in the product), is that of Fernandez et al. [22
They reported a para xylene concentration in the product o
ca. 9.3 wt% for their parent and desilicated samples (WHSV = 4.1
4.9 h−1, 673 K, 4.3 Torr), respectively. This is while, in our case, th
para xylene concentration in the product is 19.32 wt%, for the DS3 sam
ple (WHSV = 4 h−1, 673 K, 0.8 MPa).

Ethylbenzene conversion is defined as below:

EBC ≡ 1−
Cethylbenzene;product

Cethylbenzene;feed

� �
� 100% ð2
Fig. 10. Ethylbenzene conversion (a) as a function of kind of zeolite and reaction temperature
(pressure = 0.8 MPa).
where Cethylbenzene is the concentration of ethylbenzene in wt%. Fig. 1
shows EBC as a function of the kind of catalyst, reaction temperatur
and WHSV. While the maximum conversion of ethylbenzene (EBc) o
the parent zeolite is ca. 53% (at 400 °C and WHSV = 2 h−1), all th
desilicated samples show a minimum conversion which is higher tha
53%. Sample DS1 is able to convert it up to 73% (again at 400 °C an
WHSV = 2 h−1). Sample DS2 exhibits an improved catalytic behavio
in this regard and shows a maximum conversion of 85% at the same re
action conditions. Further increasing the extent of desilication (sampl
DS3) results in a distinct improvement of the zeolite capacity i
converting ethylbenzene to ca. 90% at the same reaction condition
Sample DS4, however, shows an attenuated ethylbenzene conversio
respect to sample DS3.

The tendency of the different catalysts to produce aromati
compounds with more than 8 carbon atoms (C8

+) is shown i
Fig. 11, as a function of reaction temperature and WHSV. Th
parent zeolite itself results in a production of C8

+ hydrocarbon
in the range of 3 wt% to 4 wt%. Desilication results in an increas
of C8

+ concentration in the product. This value is maximal fo
sample DS4.

For the sake of place, we bring only the product concentrations o
benzene and toluene for a temperature of 390 °C in Table 4. It is ob
served that, compared to the parent zeolite, the desilicated samples re
sult in increased production of benzene and toluene. Fig. 12a and
shows the benzene and toluene yield as a function of WHSV at 390 °
for the different samples. (See Fig. 13.)
for aWHSVof 2 h−1 and (b) as a function ofWHSV and reaction temperature for sampleDS3.



-
.
1

e
t
1
t
d
,
e
d
n
e
e

e
f
-
-
r
f
l
-
n
l
e
t
r,
d
f
e
e
s
,
d
-
e
t
r
r
f
e.

Fig. 11. Concentration of C8+ compounds in the product (a) as a function of kind of zeolite and reaction temperature for a WHSV of 2 h−1 and (b) as a function of WHSV and reaction
temperature for sample DS3. (pressure = 0.8 MPa).

Table 4
Benzene and toluene product concentration as a function of kind of catalyst and at a reac-
tion temperature of 390 °C

HWSV /h−1 Benzene /wt% Toluene /wt%

DS0 DS1 DS2 DS3 DS4 DS0 DS1 DS2 DS3 DS4

2 0.07 4.18 4.81 4.53 4.81 1.4 5.04 7.17 4.72 7.17
4 0.07 4.24 4.65 4.71 4.65 1.5 5.05 6.68 4.7 6.68
6 0.06 3.79 4.48 4.98 4.48 1.7 4.6 6.39 4.7 6.39
8 0.06 3.22 4.35 4.43 4.35 1.9 4.14 6.08 4.6 6.08
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Fig. 13 shows the sum of xylene isomers mass percent in the prod
uct for the different catalysts as a function of temperature and WHSV
Considering the smallest WHSV (larger residence time) of 2 h−

and the highest temperature of 400 °C (largest reaction rate), th
performance of the different catalysts will be compared. The paren
zeolite results in a maximum xylene yield of 85%. Sample DS
shows a slightly smaller yield of 81% and sample DS2 a distinc
smaller one equal to 78%. Sample DS3 shows again an improve
yield of 82% and sample DS4, the lowest level of 78%. Accordingly
as far as the xylene yield is concerned, it may be stated that sampl
DS3 exhibits the best catalytic performance among the desilicate
zeolites. Considering p-xylene a.t.e. and ethylbenzene conversio
results discussed previously, it may be stated that the DS3 sampl
shows the best catalyst performance among the parent and all th
desilicated samples.
Fig. 12. Benzene (a) and toluene (b) yield as a fun
What follows is an explanation of catalytic test results based on th
previous discussions concerning the physico/chemical characteristics o
the desilicated zeolites and the known related catalytic reaction chem
istry. It has been proposed that isomerization of xylene isomers in pro
tonated MFI type zeolites proceeds mainly via an inter-molecula
mechanism due to steric hindrances preventing the production o
bulky tri-alkyl benzene molecules [29−31]. Accordingly, an initia
benzenium ion is produced by the transfer of a proton from the proton
ated zeolite to the initially neutral aromatic xylene ring. It was shown i
the previous paragraphs that desilication resulted in an increase of tota
acidity (mainly due to a lower Si/Al ratio) and, more interestingly, th
creation of very strong acidity (samples DS1 to DS3). This fact mos
probably promotes the isomerization-activity of the catalyst. Howeve
this is not enough for obtaining a higher para xylene selectivity. Base
on Table 2, desilication is also accompanied with the production o
mesoporosity and increase of the size of mesopores. The size of th
sinusoidal and straight channels of the parent ZSM-5 zeolite ar
(0.51 nm × 0.55 nm) and (0.54 nm × 0.56 nm ), respectively. This i
while the kinetic diameter of para, meta and ortho xylenes are 0.58
0.68 and 0.68 nm, respectively [32]. An important fact which shoul
be taken into consideration, is that upon desilication a series of inter
connected micropores and mesopores within each individual zeolit
crystalmay form [33,34]. This reduces the effective path for the reactan
and product molecules leading to an enhanced mass transport. In othe
terms, due to the smaller tortuosity (τ), larger voidage (ε), and large
diffusivity due to larger pores (D para xylene), the effective diffusivity o
para xylene increases significantly (D para xylene, effective = D para xylen
ction of WHSV at 390 °C for the different samples.
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Fig. 13. Xylene yield (a) as a function of kind of zeolite and reaction temperature for a WHSV of 2 h−1 and (b) as a function of WHSV and reaction temperature for sample DS3.
(pressure = 0.8 MPa).
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ε/τ). The diffusivity of meta and ortho xylenes within themodified zeo
lite channels is most probably still smaller than para xylene due to con
figuration (geometric) reasons. The net outcome is an enhance
production and selectivity of para xylene.

It was shown that desilication had a clear and positive effect i
lowering the ethylbenzene content in the product, crossing over th
thermodynamic limitation posed by themere C8H10 isomerization reac
tions. In other words, desilication induces other type of reactions fo
ethylbenzene conversion. Ethylbenzene isomerization reactions usuall
need a metallic catalyst like Pt, absent in our case. Other plausible reac
tions for ethylbenzene conversion are disproportionation and trans
alkylation reactions [35]. The former reaction results in the formatio
of bulky di-ethylbenzene molecules along benzene molecules. Th
trans-alkylation reactions may result in the production of bulky mole
cules like di-methyl–ethylbenzene and ethyl–methyl benzene, alon
the production of benzene and toluene molecules. Referring to Fig. 1
and Table 4, such reactions seem to be promoted through desilication
As mentioned earlier, desilication is accompanied with the creation o
extra internal volume and increase of pore size. Up to sample DS3, th
is also accompanied with an increased acidity (namely activity) of th
catalyst. Accordingly, steric hindrance for the production of the afore
said bulky molecules may be alleviated, eventually promoting intra
molecular mechanisms. Pore size increase also promotes the diffusivit
of bulky molecules. As a corollary, they gain a higher probability fo
egressing the porous labyrinth before undergoing subsequent decom
position reactions. In other words, our results show partial eliminatio
of restricted transition-state selectivity in favor of ethylbenzene conver
sion reactions.

Xylene disproportionation and trans-alkylation reactions result i
the lowering of xylene yield and therefore they are undesired. A
important point is that upon desilication, especially considering th
optimum sample DS3, the extent of these reactions due to the creatio
of new surface and larger pores isminimal. Xylene yield at the optimum
conditions of lowestWHSV (2 h−1) and reaction temperature of 400 °
for sample DS3 is only 3% smaller than that of the parent zeolite. In othe
words, the effect of desilication is mainly the enhancement of dispro
portionation and trans-alkylation reactions for ethylbenzene and no
for the xylene isomers, accordingly having only small effect on th
xylene yield. It should be added that the stronger acid sites create
through desilication also promote the disproportionation reaction
This is an important practical outcome. In industrial practice, high ethy
benzene conversion through reforming reactions (isomerization) tha
lead to its transformation into xylenes is usually limited and the tota
conversion of ethylbenzene hardly exceeds 30%. Therefore, the author
of this work propose the use of bifunctional catalysts comprehendin
desilicated H-ZSM-5 zeolite and a metal like Pt for isomerization units
4. Conclusions

High alumina ZSM-5 zeolite desilication (initial Si/Al ratio 18) coul
be performed successfully up to a Si/Al ratio of 9.67while keeping a hig
level of crystallinity. The increase of desilication extent was accompa
nied with the creation and gradual increase of the content of supe
acid sites. There exists a limit for the desilication treatment (Si/A
molar ratio of 9.67) for obtaining improved catalytic performanc
Desilication promotes ethylbenzene conversion by disproportionatio
and trans-alkylation reactions while the same reactions are limited fo
the xylene isomers. The para xylene approach to equilibrium improve
by more than 7% at 400 °C and aWHSV equal to 2 h−1 for the optimum
sample with respect to the parent zeolite. At the same conditions, th
optimum sample exhibited the maximum ethylbenzene conversion o
89%, i.e.more than 40%w.r.t. the parent zeolite. This is while the xylen
yield decreases only 3% at the same conditions. The procedure for th
synthesis of the hierarchical zeolite may be of high industrial impor
tance due to the high ethylbenzene conversion capacity.
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