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The hydroisomerization of ethylbenzene is an important industrial reaction to maximize the production of
xylenes, and in particular, para-xylene. Zeolite EU-1 (with EUO topology) is commercially utilized in a physical mixture with a metallic phase (Pt/Al2O3). Herein, we have developed a micro-mesoporous EUO zeolite
with a significant volume of intercrystalline mesoporosity to improve its catalytic performance in the industrial hydroisomerization of ethylbenzene. The use of a multivalent cationic surfactant as a capping agent
was ideal to prevent uniform crystal growth and their aggregation, and to ensure the potential industrial
applicability of the strategy. The corresponding mesoporosity and textural properties of nanosponge-like
EUO were tuned according to the amount of the capping agent. The catalytic performance reflected the
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remarkable impact of a large exposed surface area (up to 55%) and a high amount of easily accessible
Brønsted acid sites (up to 29%) in the EU-1 nanosponge on the catalytic yield. Our best catalyst revealed a
three-fold increase in the conversion of ethylbenzene with no detrimental effects on the attained hydroisomerization yield. This approach presents a potential industrial capability in a wide range of catalytic ap-
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plications as evidenced here in the hydroisomerization of ethylbenzene.

1. Introduction
In the petrochemical industry, the recovery of high-purity
para-xylene from the C8 aromatic cut has attracted growing
interest following the increased demand for the production of
pure terephthalate for use as a polyester precursor.1–4 The C8
aromatic cut is composed of the three xylenes close to thermodynamic equilibrium, and ethylbenzene with typical compositions depending on the source process.5 Similar boiling
points present a substantial limitation in appropriate yet remarkably expensive separation technologies, e.g., super fractionation methods or adsorption. Complete conversion of the
residual C8 aromatic fraction has therefore emerged as a key
point in modern integrated processes.3,6–8
Upon the separation of p-xylene, the depleted raffinate is
fed into an isomerization unit where the xylene thermodynamic equilibrium is re-established.9 Depending on the benzene market, ethylbenzene can be either hydroisomerized to
xylenes at the equilibrium limited rate, or hydrodealkylated
into benzene and ethane.6,10,11 The former is a bifunctional
process traditionally involving an intimate mixing of a zeolite
and Pt/Al2O3.12 The shape-selective nature of the applied

zeolite has been reported to play an essential role in the
product formation.11 Optimized formulations based on 12ring (12-R) mordenite and Pt/Al2O3 result in catalysts with
still non-negligible unwanted secondary reactions leading to
eventual pore blocking by coke formation.13–15 Despite the extensive number of attempts to improve ethylbenzene hydroisomerization by modification of zeolite properties, e.g., by
partial ionic exchange with sodium16 and post-synthesis
dealumination,17–19 gains in selectivity have remained
limited.
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Scheme 1 (a) SEM image and (b) corresponding schematic
representation of the compact agglomeration of small crystals in bulk
EU-1. Besides the microporous surface area, the zeolite crystals have
an exposed framework (including external surface, pore mouths and
exposed side pockets) accessible from the intercrystalline voids (c).
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Recently, higher isomer selectivity has been reported with
zeolites featuring non-intersecting 10-R channels.17,20,21 In
particular, the reported high shape-selectivity of EU-1 zeolite
(with EUO topology) possessing a tubular pore system along
[100] with deep side-12-R pockets in the [001] direction resulted
in its industrial application in the simultaneous hydroisomerization of xylenes and ethylbenzene.11,22,23 Notwithstanding the remarkable features of 10-R zeolites, fast coke deposition has been reported in ethylbenzene hydroconversion. It is
believed that sites located deeper in the EU-1 crystals do not
significantly contribute to this acid-catalyzed reaction, as they
are remarkably sensitive to deactivation by coke deposition.21
Instead, only a reduced fraction of more accessible protonic
sites, including acid centers located on the exposed surface of
crystals, in the pore mouths, and in the exposed side pockets
(see Scheme 1), can effectively participate in the reaction.
The present work was based on the assumption that increasing the number of highly accessible sites enhances the
catalyst effectiveness.5,11,12,21 With this purpose, the synthesis
of a micro-mesoporous EU-1 zeolite was attempted. Over the
years, exploratory work has led to the synthesis of hierarchical zeolites with improved accessibility using both top-down
(e.g., desilication or dealumination) and bottom-up approaches (e.g., templating methods).24–32 Herein, the synthesis procedure was, however, intended to primarily pave the
way to improve the catalytic performance of EU-1 in the
hydroisomerization of ethylbenzene, while guaranteeing its
potential industrial application.
Despite the increasing number of methods to synthesize
micro-mesoporous zeolites, the synthesis of hierarchical EU-1
zeolite has remained relatively unexplored with only a focus
on demetallation methods.33 Regardless, post-synthesis treatments often change the intrinsic chemical composition of
the zeolite, reduce the thermal and hydrothermal stability,
and loose a significant amount of Brønsted acid sites.29,34–36
Recently, Ryoo and coworkers reported the synthesis of FAU,
MOR, CHA, and MFI-type zeolite nanocrystals using multivalent cationic surfactants as efficient capping agents.37 The
crystal morphology of the mesoporous zeolites could be altered depending on the selected surfactant-based capping
agent. Whereas the effectiveness and versatility of the synthesis method remain to be investigated in more detail, the use
of a multivalent cationic surfactant as a capping agent was
considered ideal to prevent uniform crystal growth and their
aggregation, and to ensure the potential industrial applicability of the strategy. By a simple addition of a minor amount of
multiammonium surfactant into the conventional synthesis
gel (with the appropriate structure-directing agent), we prepared a series of mesoporous EUO samples exhibiting a
higher concentration of easily accessible acid sites.
Our work has introduced for the first time an investigation
of the capping effect in the formation of EUO-type zeolite
aiming to increase the number of highly accessible acid sites.
The resulting mesoporous zeolites were then tested in the
hydroisomerization of ethylbenzene and compared with the
bulk counterpart.
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2. Experimental
Bulk EU-1 zeolite, referred to here as B-EUO, was synthesized
following a published procedure.38 Hexamethonium bromide
(purchased from TCI) was used as the structure-directing
agent (SDA), sodium aluminate (50–56% Al2O3, 40–45%
Na2O, Sigma-Aldrich) as the aluminum source and Cab-O-Sil
M5 as the silica source. The synthesis gel with a molar composition of 60 SiO2 : 1 Al2O3 : 5 SDA : 10 Na2O : 3000 H2O was
heated with tumbling at 473 K for 60 h. The solid was filtered, washed with water, dried and finally calcined in air
flow at 823 K for 20 h. The calcined B-EUO was ionexchanged into the NH4+ form with 1 M NH4NO3 solution.
In the synthesis of mesoporous EUO, the multiammonium
surfactant C18H37–N+(CH3)2–C6H12–N+(CH3)2–C6H12–N+(CH3)2–C18H37,
here designated as C18–N3–C18, was added to the conventional synthesis as a capping agent. The multiammonium
surfactant was chosen based on a previously published
study.37 The resulting gel had a molar composition 60 SiO2 : x
Al2O3 : 5 SDA : y C18–N3–C18 : 10 Na2O : 3000 H2O with 5 wt% of
seeds relative to the silica source, where x = 1, 0.6, 0.43 and y
= 1.0 and 1.5. The gel was heated with tumbling at 423 K for
7–10 days. The final solids were treated in the same manner
as B-EUO. The bifunctional catalysts were prepared by milling
the zeolite samples with Pt/γ-Al2O3, in a corresponding 10 : 90
wt% proportion. The Pt content of the hydrogenating phase
was equal to 1.2 wt% to ensure an ideal bifunctional catalytic
behavior.17,21 High metal dispersion was corroborated
through the collected scanning transmission electron microscopy (STEM) images (Fig. S1, ESI†). The procedures of the
synthesis of the capping agent, B-EUO, mesoporous EUO materials, and Pt/Al2O3, and the multiple characterization techniques used in this work are detailed in the ESI.†
The hydroisomerization of ethylbenzene (Sigma-Aldrich,
99%) was conducted in a fixed bed stainless-steel vertical reactor at 683 K, 10 bar and a H2 : ethylbenzene molar ratio of
4. The bifunctional catalyst (1.0 g) with a particle size of
0.200 to 0.355 mm was loaded into the reactor and activated
in situ at 753 K for 4 h under H2 flow (5 K min−1, at 10 bar).
The reaction was carried out at decreasing weight hourly
space velocity (WHSV, g of ethylbenzene h−1 g−1) values by
changing the reactant flow. The obtained products were analyzed on-line by gas chromatography (GC, Agilent 7890 A)
with a flame ionization detector (FID) and using a CPChirasil-Dex CB capillary column (0.25 mm × 25 m).

3. Results and discussion
3.1 Chemical and structural characterization of mesoporous
EUO
For the synthesis of bulk EU-1, denoted as B-EUO, hexamethonium bromide was used as a conventional structuredirecting agent (SDA). The synthesis is reported to take less
than three days at temperatures 463–473 K.38,39 Due to the
limited thermal stability of C18–N3–C18 under strong basic
conditions, the synthesis temperature was decreased to 423 K
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when C18–N3–C18 was introduced. The reaction gel was
seeded with calcined B-EUO to offset the expected longer synthesis period at lower temperature. The syntheses were
performed at an Si/Al ratio of 30 as a typical reported value
for EUO zeolite, applied in the hydroisomerization of ethylbenzene, and later at increasing Si/Al ratio to evaluate the
synthesis of mesoporous EUO zeolites at varying aluminum
content (cf. ESI†).21,39
The synthesis procedure was initially performed only in
the presence of multiammonium surfactant C18–N3–C18, i.e.,
without hexamethonium bromide. Despite the long hydrothermal times herein applied, the synthesis failed, leading
only to a mostly amorphous phase. The result proved the incapability of C18–N3–C18 to direct the synthesis of EU-1 and
thus the need to introduce hexamethonium ions as an efficient SDA. Following the strategy of this work, the synthetic
gel typical for B-EUO was then enriched by adding C18–
N3–C18 in an amount of 1.0 or 1.5 mol. Depending on the
amount of the C18–N3–C18 capping agent used, the mesoporous zeolites were designated as C1.0-EUO and C1.5-EUO.
The powder XRD patterns of B-EUO and mesoporous samples
corresponded to a pure EUO topology (Fig. 1).38 According to
the elemental analysis of inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), the aluminum content in
the mesoporous EUO samples was slightly lower (Si/Al = 27)
in comparison with that in B-EUO (Si/Al = 21). Conversely,
the solid-state 27Al NMR spectra revealed a lower amount of
tetrahedrally coordinated aluminum in the zeolite framework
of B-EUO (88%) than in C1.0-EUO (98%) and C1.5-EUO (100%)
(Table 1).
Representative SEM images of B-EUO illustrated the presence of particles in a 2–4 μm size range. These EU-1 particles
are composed of compacted granular crystals of nano-size
proportions, ca. 50 nm (Fig. 2a). Despite the small size of the
zeolite crystals, typical massive agglomerates appeared to
have a relatively small part of the exposed framework (see
Scheme 1). SEM images showed dissimilar crystal nanomorphology in C1.0-EUO. Domains composed of smaller crystals and exhibiting surface breach-type cavities can be seen
next to bulky agglomerates typical for the conventional EU-1

Fig. 1 Powder XRD patterns of the bulk EUO (B-EUO) zeolite in
comparison with the samples prepared with different amounts of the
capping agent, 1.0 mol (C1.0-EUO) and 1.5 mol (C1.5-EUO).

This journal is © The Royal Society of Chemistry 2016

Paper

(see Fig. 2b). Accordingly, 1.0 mol of C18–N3–C18 would be insufficient to influence the crystal growth and their agglomeration in a homogeneous way. Conversely, C1.5-EUO predominantly displayed stacked flake-like particles, thin and
relatively smaller in size compared to its bulk counterpart
(Fig. 2c). The changes in the morphology were reflected in
the adsorption properties of the evaluated samples. Unlike
B-EUO characterized by a type I isotherm typical for microporous materials, both mesoporous EUO zeolites showed a distinctive hysteresis loop around 0.7 of relative pressures
(Fig. 3). The shallow hysteresis loop, indicating slit-shaped
mesoporous voids, highlighted the presence of intercrystalline mesopores due to the different aggregations of the
nanocrystals. Accordingly, despite similar micropore volumes
in all samples, the mesoporous EUO samples had significantly higher total pore volumes (up to ∼0.55 cm3 g−1, see
Table 1). The SBJH values in Table 1 represent the intercrystalline mesoporosity. The relatively low SBJH value found
with B-EUO crystals (12% of the total BET area) was in agreement with the compact aggregation of crystals into large domains (Scheme 1). Conversely, the presence of C18–N3–C18 is
believed to hinder the massive agglomeration of EU-1 crystals
and even participate in the decrease of the crystal size
(Fig. 2). This event resulted in an impressive boost of the SBJH
in the 43–55% portion range relative to the total BET area
(Table 1).
The acid site distribution was considered to be of primary
importance in the evaluation of the performance of our
micro-mesoporous EU-1 in the hydroisomerization of ethylbenzene. To characterize the acidity of all samples, we studied the adsorption of two basic probe molecules, pyridine
and 2,6-di-tert-butylpyridine (DTBPy), followed by FTIR. Due
to its kinetic diameter, the pyridine molecule can easily reach
all aluminum acid centers located both on the exposed surface and inside the micropores (for details see Fig. S3 and S4,
ESI†). Therefore, pyridine was used to determine the total
number of Brønsted acid centers (see Table S1, ESI†). The
bulky DTBPy molecule, on the other hand, is unable to penetrate the 10-R channels as consistently reported in the
literature.40–42 Hence, it interacts only with the Brønsted sites
located on the external surface and those located in the exposed pore mouths and 12-R side pockets. As expected, the
portion of the Brønsted acid sites located on the exposed surface distinctly increased following the order B-EUO (2%) <
C1.0-EUO (15%) < C1.5-EUO (29%) (Table 1). This tendency
further corroborates the sorption data where the relative portion of SBJH relative to the total BET area, as an indicator of
increasing interstitial mesoporosity (see Scheme 1), followed
the same order, B-EUO (12%) < C1.0-EUO (43%) < C1.5-EUO
(55%). We have hence assigned the changes in the catalytic
properties of the samples to their corresponding Brønsted
centers – their concentration and particularly their convenient location. On the contrary, the samples do not exhibit
significant change of the number of their Lewis acid sites
(92, 100, 87 μmol g−1 for B-EUO, C1.0-EUO, C1.5-EUO, respectively, see Table S1, ESI†). We assume that the Lewis sites do
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Table 1 Physical-chemical properties of B-EUO and the mesoporous EU-1 samples prepared with a surfactant-capping agent. Textural properties were
evaluated based on argon adsorption at 87 K. In SBJH the numbers in brackets represent the percentage portion from the SBET values
a

Sample

Y

B-EUO
C1.0-EUO
C1.5-EUO

—
1.0
1.5

Si/Al
(ICP)

AlIVb
(mol%)

SBET
(m2 g−1)

SBJH
(m2 g−1)

Vtotal
(cm3 g−1)

Vmicro
(cm3 g−1)

cext.acid sitesc
(μmol g−1)

External Brønsted acid
sitesd

21
27
27

88
98
100

366
398
461

44 (12%)
172 (43%)
255 (55%)

0.190
0.393
0.548

0.132
0.116
0.141

8
37
49

2%
15%
29%

Mol of the capping agent C18–N3–C18. b Measured by solid-state 27Al NMR. c Concentration of easily accessible Brønsted acid sites (located on
the external surface, in the pore mouths and in the exposed side pockets) determined by adsorption of 2,6-di-tert-butylpyridine (DTBPy) followed
by FTIR. d Calculated as cBrønstedĲDTBPy)/cBrønstedĲpyridine) × 100, where cBrønstedĲpyridine) represents the total number of Brønsted sites and
cBrønstedĲDTBPy) the Brønsted sites located on the external surface (see Table S1 in ESI for further details).

a

Fig. 2 SEM images of the B-EUO zeolite (a) and the mesoporous zeolites synthesized in the presence of C18–N3–C18, with 1.0 mol (b) and 1.5 mol (c).

not effect distinctly the coke formation as their concentrations differ by less than 8%.
The microporous network was assumed to be solely occupied by the hexamethonium bromide SDA. Conversely, the
C18–N3–C18 molecules were established to successfully act as
a capping agent in the synthesis of the mesoporous EU-1 zeolite. The ammonium groups of the C18–N3–C18 molecules are
believed to bind through electrostatic interactions to the crystal surface during the nucleation step. The assumption follows previous literature reports37 and is illustrated in the

ESI† of this contribution (Fig. S5, ESI†). The presence of two
or more ammonium head groups has been suggested to provide stronger electrostatic interaction in comparison with single cetyltrimethylammonium cations and hence considered
to be more effective as a capping agent.43–45 The long alkyl
chains present a hydrophobic barrier restricting the continuous, uniform crystal growth. In addition, the long C18 chains
are assumed to prevent the crystal agglomeration up to a certain extent, inducing the formation of mesoscale pores between the EUO crystals. Changing the amount of the applied
C18–N3–C18 surfactant further influenced the final morphology. Attempts to further increase the C18–N3–C18 content up
to y = 2.0 mol were ineffective in achieving a superior result
under the present synthesis conditions. Hence, using y = 1.5
mol of capping agent (C18–N3–C18) was found to be the most
convenient and effective procedure, resulting in small nanocrystals with flake-like domains exhibiting the highest BET
surface area (461 m2 g−1) with the highest proportion of SBJH
(55%), the largest total pore volume (0.548 cm3 g−1), and an
increased number of easily accessible Brønsted sites (29%).
The comparison with recently published results using postsynthesis treatments clearly shows the advantage of the
presented approach to improve the total pore volume and exposed surface without microporosity loss.38
3.2 Ethylbenzene hydroisomerization

Fig. 3 Adsorption–desorption isotherms of argon measured at 87 K on
B-EUO ( ), C1.0-EUO ( ), and C1.5-EUO ( ). Solid points denote
desorption.
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At the initial stage of the reaction, a rapid decrease of conversion with the time-on-stream (TOS) followed by a plateau
(stabilization) was witnessed. This trend was believed to reflect the fast deposition of coke in highly acidic EU-1 zeolites
and micropore obstruction.21 The deactivation is presumed
to occur in the micropore channels located deeper in the
crystals. The duration of the on-line GC analysis (ca. 50 min)
have, however, narrowed the possibility of a detailed analysis
of the required TOS to achieve stabilization. These values were
believed to remain under the first 2 h of reaction, as reproducible results illustrated for the bulk EU-1 sample (Fig. S6, ESI†).
For the micro-mesoporous EU-1 samples, analogous results
were attained. The catalytic activity was assessed at the end of
the catalytic test at a lower WHSV value (15 h−1). Our nanosponge EUO samples remained relatively insensitive to deactivation following the stabilization period (Table S2, ESI†).
Whereas the morphology and the size of the nanocrystals of
the micro-mesoporous EU-1 zeolite have been altered at varying
extent, the sensitivity to deactivation of each solid is believed
to remain rather similar. This is expected due to the bulky nature of the involved molecules and the narrowness of the pore
channels in EU-1, where coke formation largely occurs.
Following micropore obstruction, the hydroconversion of
ethylbenzene is assumed to be catalyzed solely by highly accessible active sites located closer to the crystal surface. The
catalytic performance of the zeolites was compared at decreasing WHSV values by simply decreasing the reactant flow.
The conversion of ethylbenzene is plotted for all catalysts as
a function of the contact time, taken as the reverse value of
the corresponding WHSV (Fig. 4a). The bifunctional catalysts
revealed increasing conversions with respect to the contact
time. With all EUO-type zeolites, the catalytic conversion was
shifted to higher values at iso-WHSV, following the order
C1.5-EUO > C1.0-EUO > B-EUO. The turnover frequencies
(TOF) for ethylbenzene hydroisomerization to xylenes, defined as the number of moles converted per mole of tetrahedral Al per hour, were further determined at a WHSV value of
10 h−1. TOF values (h−1) followed the order C1.5-EUO (519) ≫
C1.0-EUO (187) ≫ B-EUO (66).
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It is tempting to link the increased hydroisomerization activity per protonic site to the extended ratio of easily accessible Brønsted acid sites (see Table 1).46 Despite the small size
of EU-1 crystals, their cohesive aggregation in B-EUO was confirmed to result in a remarkably low number of easily accessible acid sites (only 2%, Table 1). The prominent increase in
the catalytic conversion of mesoporous EUO samples is
herein clearly demonstrated and reflects the purpose of the
present work. Results suggest, however, that the achieved
hydroisomerization activity does not depend exclusively on
the increased number of easily accessible Brønsted acid sites.
We believe that the varying nanomorphology of each EU-1
sample may play a key role in the corresponding acid accessibility (Fig. 2), further leading to different diffusion rates for
bulky nature species involved in the reaction. Moreover, part
of the generated intercrystalline voids might still be inaccessible and hence catalytically ineffective in the hydroisomerization of ethylbenzene. The enhanced catalytic activity was thus attributed to two main factors – the increased
number of highly accessible active sites and the faster molecular diffusion due to the auxiliary mesopore system generated in the extended number of intercrystalline voids.
The para-selectivity in the xylene isomer distribution was
evaluated against conversion (Fig. 4b). Generally, whereas the
content of p-xylene rapidly attains the thermodynamic equilibrium in the absence of steric constraints,47 the less bulky
isomer is preferred over o- and m-xylenes in the presence of
narrow 10-R channels (4.1 × 5.4 Å), reflecting the confinement effect.48 Herein, over B-EUO and with both mesoporous
samples already at ca. 20% of conversion, the xylene mixture
attains its thermodynamic equilibrium. This result further
corroborates previous claims that sterically constrained acid
sites located deeper in EU-1 crystals do not significantly contribute to the catalytic performance.21
In addition to the desired transformation of ethylbenzene
to xylene, all catalysts revealed a non-negligible formation of
side products. In particular, ethylbenzene dealkylation, disproportionation, transalkylation, and hydrocracking represent net xylene losses in the industrial process. Despite the

Fig. 4 (a) Ethylbenzene conversion plotted as a function of contact time (taken as the reverse of WHSV), (b) p-xylene content (mol%) against conversion, and (c) comparison of the hydroisomerization reaction yield against conversion over B-EUO ( ), C1.0-EUO ( ), and C1.5-EUO ( ).
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significant increase in the catalytic conversion, no detrimental effect was observed on the obtained hydroisomerization
yield with both mesoporous samples compared to their bulk
counterpart (Fig. 4c). High hydroisomerization yields, in accordance with previously published data suggesting that only
highly selective acid sites located close to the crystal surface
are involved, were consistently obtained.5 Such results were
further consistent with the values obtained for EU-1 samples
in the literature, which prove to be more valuable in the commercial application compared to reported MFI and MOR
based catalysts. Similarly, tests performed at varying space velocities confirmed that the yield of each reaction did not substantially change at the same degree of conversion (Fig. S7,
ESI†). Thus, our results confirm that our mesoporous EU-1
samples could attain a three-fold higher catalytic conversion
(in the case of C1.5-EUO) with equally high hydroisomerization yields.

Conclusions
Given its industrial relevance in the hydroisomerization of
ethylbenzene, EU-1 zeolite was herein synthesized as a micromesoporous nanosponge to improve the corresponding catalytic performance of the solid. The use of a multivalent
cationic surfactant (C18–N3–C18) as a capping agent was considered ideal to prevent uniform crystal growth and their aggregation, and to ensure the potential industrial applicability
of the strategy. The changes in the size and shape of the
small EU-1 crystals as well as in the overall morphology were
attributed to the strong binding effect of the surfactant molecules on the substrate surfaces. To the best of our knowledge,
this is the first work to optimize in detail the textural properties of a mesoporous EUO zeolite. As intended, the generation of a micro-mesoporous EU-1 zeolite with highly accessible acid sites and intercrystalline mesoporosity was reflected
in the remarkable improvement of the catalytic properties of
the solids in the hydroisomerization of ethylbenzene. Our
best catalyst (prepared with 1.5 mol of C18–N3–C18) revealed a
three-fold increase in conversion with no detrimental effect
on the obtained hydroisomerization yield, and represents an
outstanding result in the challenging industrial ethylbenzene
hydroisomerization. Based on these results, we further believe that our selected synthesis approach may emerge as a
scalable and versatile manufacturing method for introducing
an auxiliary mesoporous system in EU-1 commercial zeolite.
The increased exposed framework and total pore volume may
be of additional interest in fields where EU-1 already exhibits
high performance, such as the cracking of naphtha and the
methanol-to-hydrocarbon (MTH) reaction.49–51
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