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a b s t r a c t

Micro/mesoporous composite materials with different levels of micro- and mesoporosity were prepared
by recrystallization of mordenite in the presence of cethyltrimethylammonium bromide. The materi-
als were characterized by XRD, TEM, IR spectroscopy, nitrogen adsorption–desorption and NH3-TPD.
The results highlight that recrystallization in mild condition results in the creation of mesopores in the
zeolite crystals and their coating with thin films of mesoporous material. The increase of the degree of
eywords:
esoporous mordenite
icro–mesoporous composite materials
aphthalene alkylation with cyclohexene
lkylnaphthalenes

recrystallization leads first to the formation of composite materials MOR/MCM-41 and then to a complete
transformation of mordenite in MCM-41, followed by a gradual decrease of the amount and strength of
acid sites. Recrystallized materials display remarkably high activity, stability and selectivity in alkylation
of naphthalene with cyclohexene. The effect is due to the improved accessibility of active sites and eas-
ier transport of bulky molecules provided by mesopores. The best catalytic performance is achieved on
composite materials with intermediate degree of recrystallization. The yield of alkylnaphthalenes over

0%, w
these materials reaches 8

. Introduction

The rational design of zeolite catalysts requires a controlled tai-
oring of their pore architecture as well as the mastering of the
ature, strength and localization of their active sites in the porous
ystem. While the methods for tuning the nature and strength of the
ctive sites are well established, pore architecture and localization
f active sites is usually difficult to control.

For zeolite catalysts, it has been repeatedly demonstrated that
ass transfer limitations play an important role in many of their

ndustrial applications. Creation of mesoporosity can minimize or
ven cancel these limitations [1]. In the last few years, much effort
as dedicated to the development of the novel class of molecu-

ar sieves with bimodal micro–mesoporous structure [2–6]. These
aterials were expected to combine the advantages of both meso-

orous molecular sieves and zeolites, namely, improved transport

f bulky molecules with high zeolitic acidity and hydrothermal
tability.

Several approaches were used for the design of such materials.
first approach involves conventional dealumination procedures,
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E-mail address: iiivanova@phys.chem.msu.ru (I.I. Ivanova).
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hile the yield of monoalkylnaphthalenes is up to 58%.
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such as calcination, steaming, acid leaching or combined treat-
ments [7–9]. Another approach, widely applied recently, is based on
the opposite strategy of desilication by alkaline treatments [10,11].
Both procedures lead to creation of mesopores in zeolitic crystals.

In another methodology, matrix assisted synthesis, first
reported by Jacobsen et al. [12], a mesoporous carbon matrix is
impregnated with a reaction mixture for zeolite synthesis and the
crystals are grown around the carbon particles. The subsequent cal-
cination of the encapsulated carbon matrix leads to isolated large
zeolite crystals with a uniform mesopore system.

An alternative approach involves the synthesis of mesoporous
materials from tiny zeolitic species in two steps: (i) the preparation
of tiny zeolite seeds during a short hydrothermal step, (ii) their
assembly into mesoporous material during a second hydrothermal
reaction in the presence of surfactant [13,14].

The opposite strategy proposed by van Bekkum and co-workers
[15] and Kaliagine [16,17] is based on the transformation of pre-
assembled walls of mesoporous materials such as MCM-41 and
SBA-15 into zeolitic structures by post-assembly treatment with

a zeolite structure directing template. The walls of such materi-
als are indeed partially recrystallized into zeolite, as evidenced by
TEM images. A related approach, also adopted by Kaliagine and co-
workers [18], includes the coating of mesoporous materials with
nanozeolite seeds using very diluted clear zeolite gels.

dx.doi.org/10.1016/j.cattod.2010.11.091
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:iiivanova@phys.chem.msu.ru
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Table 1
Characteristics of parent and recrystallized mordenites.

Samples CNaOH (M) Na/Al Si/Al V (cm3/g) Vmic (cm3/g) Vmic/Va

MOR – >0.01 48 0.246 0.180 0.73
ReMOR-0.5 0.4 0.12 66 0.321 0.157 0.49
ReMOR-0.4 0.48 0.11 68 0.353 0.144 0.41
ReMOR-0.3 0.55 0.53 69 0.398 0.128 0.32
ReMOR-0.2 0.65 0.05 67 0.472 0.098 0.21
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dissolution in the stronger alkaline conditions. For example, sample
ReMOR-0.1 0.8 0.05 43 0.551 0.071 0.13
ReMOR-0.0 1.2 0.07 74 0.656 0.012 0.02

a Vmic/V-contribution of microporosity.

Another interesting procedure involves a partial dissolution
f zeolites in highly alkaline media, followed by recrystallization
nto a mesostructure [19–24]. The degree of recrystallization, the
atio of micro- and mesopores as well as structural and textu-
al characteristics of such materials is controlled by the alkalinity
f the reaction mixture. Catalysts derived from such composite
aterials show superior performances (activity, stability and selec-

ivity) with respect to both pure microporous and pure mesoporous
ounterparts in a number of catalytic reactions such as alkyla-
ion and disproportionation of aromatic compounds, cracking of
lkylaromatics, aromatization and hydroisomerization of alkanes
23].

This paper is devoted to the design of hierarchically structured
atalysts for the selective alkylation of naphthalene (N) with cyclo-
exene (CH) using the recrystallization strategy.

. Experimental

The parent dealuminated mordenite (MOR) used for recrys-
allization was supplied by Zeolyst (CBV90). The recrystallization
rocedure included two steps [22]: (i) first partial dissolution of
he zeolite in NaOH aqueous solution at room temperature, (ii)
hen hydrothermal treatment in the presence of cethyltrimethy-
ammonium bromide at 100 ◦C. A series of samples was prepared
y varying the NaOH concentration of step (i) as shown in Table 1.

The organic template was removed by calcination in a flow of
ry air at 550 ◦C for 24 h. The samples were then subjected to a two-
old ion exchange in aqueous solution of ammonium nitrate (0.1 M,
0 ml) and calcination in a dry air flow at 550 ◦C for 6 h. The char-
cteristics of the samples prepared are presented in Table 1. The
aterials obtained are denoted as ReMOR-0.5 – 0, where “ReMOR”

tands for recrystallized mordenite and the indexes 0.5 – 0 cor-
espond to the contribution of microporosity in the sample, i.e.
micro/V ratio shown in Table 1.

The chemical composition of the samples was determined by
tomic emission spectroscopy (AES). X-ray diffraction (XRD) pat-
erns were recorded using a Bruker D8 Advance diffractometer,
pplying CuK� radiation and operating at 40 kV and 20 mA. Crys-
allite sizes were calculated following the Williamson–Hall method
25]. The relative crystallinity of the samples was estimated from
he integrated intensity of the 10 most intense diffraction peaks
n the region 5–30 2�◦ using the parent dealuminated morden-
te (MOR) as reference for 100% crystallinity. Prior to be mounted
n the X-ray probe the samples were allowed to rehydrate under
mbient atmosphere, gently ground in a mortar to avoid particle
ggregation and precisely weighted.

Sorption–desorption isotherms of nitrogen were measured at
196 ◦C using an automated porosimeter (Micromeritics ASAP
000). Micropore volumes were determined using the t-plot

ethod. The total volume sorbed, (micropores, mesopores and on

he external surface) were calculated from the amount of nitro-
en adsorbed at relative pressure p/p0 of 0.95, before the onset of
nterparticle condensation.
ay 168 (2011) 133–139

Transmission electron microscopy images (TEM) were obtained
using a JEOL 1200 EX II electron microscope, operating at 100 kV.
Samples were placed on a microgrid carbon polymer supported
on a copper grid by depositing of few droplets of a suspension of
ground sample in ethanol on the grid, followed by drying at ambient
conditions.

The acidic properties were studied by temperature pro-
grammed desorption of ammonia (NH3-TPD) and IR-spectroscopy
of adsorbed probe molecules. NH3-TPD was performed in a home-
made set up equipped with TC detector. Prior to NH3 adsorption,
the samples were calcined in situ in a flow of dry air at 550 ◦C for 1 h
and, subsequently, in a flow of dry nitrogen for 1 h and cooled down
to ambient temperature. The NH3 adsorption was carried out dur-
ing 30 min, at ambient temperature in a flow of NH3 diluted with
N2 (1/1). Subsequently, the physically adsorbed NH3 was removed
in a flow of dry He at 100 ◦C for 1 h. Typical TPD experiments were
carried out in the temperature range of 20–780 ◦C in a flow of dry
He (30 ml/min). The rate of heating was 8 ◦C/min.

IR spectra were recorded with a Vector 22 (Bruker) equipped
by DTGS detector at 4 cm−1 optical resolution. Prior to the mea-
surements, the catalysts were pressed in self-supporting discs
(diameter: 1.6 cm, 10 mg/cm2) and activated at 450 ◦C (heating
rate 1 ◦C/min) for 6 h up to 10−6 Torr in the IR cell. Pyridine
(Py) and collidine (Coll) adsorption was performed at 200 ◦C.
After adsorption, the excess of probe molecules was evacuated.
The adsorption–evacuation was repeated several times until no
changes in the spectra were observed. Molar absorbance coeffi-
cients for probe molecules were used as described in Ref. [26]. More
general description of the use of probe molecules to characterise
active sites is described in Ref. [27].

Catalytic experiments were performed in a continuous flow
fixed bed reactor system. The reaction conditions, optimized in
a previous study [28], were as follows: T = 160 ◦C, P = 10 atm,
WHSVN = 0.5 h−1 and molar ratio CH:N:N2 = 1:1:10. The reaction
was carried out in the presence of decaline, acting as a solvent. The
analysis of the gaseous products was performed on a KCl/Al2O3
capillary column (80 m × 0.22 mm), while liquid products were
analyzed using 50 m capillary column SE-30.

3. Results and discussion

3.1. Structure and texture of recrystallized zeolites

The tuning of structural and textural characteristics of the mate-
rials during recrystallization was achieved by varying the degree
of alkalinity, previously shown to be the most important parame-
ter [19,21,22]. By variation of NaOH concentration in the range of
0.4–1.6 M, a series of materials with different levels of mesoporosity
was obtained as shown in Table 1 (samples ReMOR-0.5–0).

The N2 adsorption–desorption isotherms of the resulting mate-
rials (Fig. 1) show that recrystallized mordenites exhibit sharp steps
at p/p0 ∼ 0.42, corresponding to the existence of uniform meso-
porosity. Mesopore formation results in a significant increase of
the pore volumes upon recrystallization (Table 1). According to the
BJH analysis, the average size of the mesopores is about 30 Å.

The X-ray diffraction patterns do not show the presence of
any new signals in the XRD-spectra after recrystallization, at least
in 5–40 2�◦ region (Fig. 2). However, the intensity of the peaks
decreases with the recrystallization degree, indicating that a part of
the zeolite phase is irreversibly destroyed and/or transformed after
ReMOR-0.0 contains only trace amounts of mordenite according to
XRD-data.

More detailed information is obtained by the analysis of line
broadening according to the Williamson-Hall method and calcula-
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Fig. 1. Nitrogen adsorption–desorption isotherms obtained at −196 ◦C over parent
mordenite and recrystallized materials.
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ig. 2. Wide angle range XRD-patterns of parent mordenite and recrystallized mate-
ials.
ion of crystallinity degree of the modified samples relative to that
f the parent MOR. The small width of XRD-lines for H/ReMOR-
.5–0.3 samples points to rather large (higher than ∼ 100 nm)
rystallite sizes (Fig. 3). For the H/ReMOR-0.2 and H/ReMOR-0.1
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Fig. 4. Small angle XRD-patterns of parent mordenite and recrystallized materials.

samples, the crystallite size is decreasing slightly to ∼80 nm with
the severity of dissolution.

The relative crystallinity increases slightly for the samples
obtained after recrystallization under moderate alkalinity (Fig. 3).
This unusual effect is likely to be due to the dissolution of some
amorphous phase contained in the parent dealuminated morden-
ite and/or to the recovery of some zeolitic mordenite phase due
to the healing of defects in the zeolite framework under alka-
line conditions. Further increase of the alkalinity leads to a loss
of crystallinity, indicating a higher degree of transformation of the
mordenite phase.

The investigation of the structure of the mesoporous phase was
carried out by small angle X-ray diffraction. A series of characteris-
tic peaks on the XRD patterns indicates the presence of hexagonal
MCM-41 phase with a cell parameter of 39.4 Å (Fig. 4). Their inten-
sity is the higher at higher recrystallization degrees, indicating a
larger content of MCM-41 phase in the composite materials.

Further insight on the relative localization of the zeolitic and
the mesoporous phases is provided by transmission electron
microscopy (Fig. 5). The results reveal that three different types of
materials are formed depending on the degree of recrystallization:

• under mild alkaline conditions (ReMOR-0.5, ReMOR-0.4), recrys-
tallization results in the creation of mesopores in mordenite
crystals and the coating of zeolite crystals with a thin film of worm
like mesoporous material (Fig. 5a);

• the increase of the degree of recrystallization (ReMOR-0.3,
ReMOR-0.2) leads to the formation of composite MOR/MCM-41
materials consisting of two co-crystallized phases (Fig. 5b);

• deep recrystallization (ReMOR-0.1, ReMOR-0) results in the com-
plete transformation of mordenite into MCM-41 containing only
few small zeolite fragments (Fig. 5c).

3.2. Acidic properties

The acidity of the recrystallized materials has been studied
by NH3-TPD and IR spectroscopy of adsorbed pyridine and col-
lidine. The former method provides information on the number
and strength of the acid sites, while the latter gives information on

the nature of acid sites and their accessibility. Collidine has been
used previously to characterise accessibility in hierarchical zeolites,
because it can partly penetrate in the pores of the zeolites. It is very
sensitive to the creation of mesopores, as shown in Ref. [26].
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Fig. 5. TEM images of ReMOR-0.5

The TPD spectra for the samples ReMOR-0.5 to ReMOR-0.1 con-
ist of two peaks with maxima at ca. 150 and 450 ◦C, as in the case of
arent mordenite (Fig. 6), however their intensity is modified. The

ntensity of the low-temperature peak decreases significantly even
or the samples with low recrystallization degree. This is probably
ue to a faster desorption of the physisorbed ammonia due to the
ormation of mesopores.

The analysis of the high temperature peak suggests that ReMOR-
.5 and ReMOR-0.4 materials exhibit a strong acidity, the amount
f strong acid sites on these samples being even higher than that of
he parent mordenite. This result is consistent with the XRD data
howing a higher degree of crystallinity for the mildly recrystallized
aterials and would be in line with the healing of some defects

resent in the parent dealuminated mordenite. Samples ReMOR-
.3 to ReMOR-0.1 also show strong acid sites, but their amount

s lower than in the parent sample and decrease gradually with
he degree of recrystallization. The TPD profile for a fully recrystal-
ized mordenite (H/ReMOR-0.) is quite different: the contributions
f weak and strong sites decrease significantly while the amount
f sites with medium acid strength (with a maximum desorption
emperature of 350 ◦C) increases (Fig. 6). Such a NH3-TPD profile
sually corresponds to that of Al-MCM-41 type materials.
Fig. 7 illustrates the IR-spectra of the OH-stretching region for
he starting and the recrystallized mordenites. The nature of the
H-groups in recrystallized samples is similar to that of the par-
nt mordenite. Silanol groups (3744, 3731 cm−1), extra framework
lOH-groups (between 3700 and 3650 cm−1), isolated (3609 cm−1)
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Fig. 6. NH3 TPD spectra of parent mordenite and recrystallized materials.
eMOR-0.3 (b) and ReMOR-0.1 (c).

Brønsted acid sites and silanol nests [29] – or more probably
OH-groups interacting with extra framework aluminum species
(3520 cm−1) are observed for all the samples studied.

The starting mordenite contains a small amount of silanol
groups. The amount of silanols increases upon recrystallization,
pointing to the breaking of Al–OH–Si and Si–O–Si bonds in alkaline
media.

The intensity of the Brønsted acid sites decreases especially for
the samples at high recrystallization degrees. This is in good agree-
ment with adsorption measurements, which show the decrease of
the microporous volume upon recrystallization. It is interesting to
note, that the intensity of the band at 3609 cm−1 is not zero for fully
recrystallized sample – H/ReMOR-0. The preservation of Brønsted
acidity in this material can be due to the presence of small domains
of the mordenite type, inside the mesostructure. This can have a
positive effect, not only on acidity but also on the thermal and
hydrothermal stability of the mesoporous material.

A quantitative analysis of the Brønsted acid sites accessibility
to different probe molecules (pyridine and the bulkier collidine)
as a function of recrystallization degree is presented in Fig. 8.
The amount of Brønsted acid sites accessible to pyridine does
not change significantly upon recrystallization at mild conditions
(H/ReMOR-0.5–0.3) but decreases significantly for the samples
with high recrystallization degrees (H/ReMOR-0.2–0.0). The colli-

dine adsorption results differ from those obtained for pyridine. The
accessibility of Brønsted acid sites to collidine on partially recrys-
tallized materials (H/ReMOR-0.5–0.3) is always higher than on the
parent mordenite.
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ig. 8. Concentration of Brønsted acid sites accessible for pyridine and collidine over
arent mordenite and recrystallized materials.

The increase in accessibility is well quantified by the ACI (acces-
ibility index) [26], which increases linearly from 0.5 (50% of
ccessible sites) for the parent to 1 for the highest degree of
ecrystallization (Fig. 9). The improved acid site accessibility can
e attributed to the generation of mesopores in mordenite crys-
als, although the loss of the zeolitic crystalline phase leads to a
ecrease of the total amount of acid sites. The density of Lewis
cid sites, as measured with pyridines and with CO, also increases
pon recrystallization; this may well have an effect on the catalytic
erformances as it was reported recently [30].

NH3-TPD and FTIR of adsorbed pyridine and collidine all point to
he following changes in acidic properties upon recrystallization:

Vmic/V = 0.4–0.5: the acidity is mostly due to Brønsted acid sites,
their amount increases slightly, their acidic strength does not
change, while their accessibility to bulky molecules such as col-
lidine increases with respect to the starting mordenite.

Vmic/V = 0.3–0.2: the contribution of Lewis acid sites (measured
by pyridine), and silanol groups increases, the total amount of
acid sites slightly decreases, the acid sites does not change while
their accessibility is further improved.

ig. 9. Accessibility index (ACI) over parent mordenite and recrystallized materials.
C6C6C6

Fig. 10. Main reaction pathways observed during cyclohexene and naphthalene
conversion over mordenites.

– Vmic/V < 0.1: the total number of acid sites decreases while all
sites become accessible (strong Brønsted sites disappear, acid-
ity is mostly due to Lewis sites as shown by pyridine and CO
adsorption).

3.3. Catalytic properties

The products of the conversion of cyclohexene and naphthalene
over the parent and recrystallized mordenites indicate that besides
the formation of the target cyclohexylnaphthalene (CHN) molecule,
secondary alkylation takes place leading to dicyclohexylnaphtha-
lene (DCHN) and two parallel reaction pathways of cyclohexene
conversion occur (Fig. 10):

• isomerization and hydrogenation leading to methylcy-
clopentenes, methylcyclopentane and cyclohexane;

• oligomerization leading to C12 and C18 aliphatic compounds
(Alph C12 and Alph C18) and cracking of the oligomers resulting
in Alph C7–11 fraction.

The catalytic data observed over the parent and recrystal-

lized mordenites are compared in Table 2 and Figs. 10 and 11.
All micro–mesoporous catalysts display improved performances
(activity and selectivity) with respect to the parent mordenite,
although the catalytic properties are strongly dependent on the
recrystallization degree.

Table 2
Alkylation of naphthalene with cyclohexene over parent and recrystallized mor-
denites (T = 160 ◦C, P = 10 atm, WHSVN = 0.5 h−1, molar ration of CH:N:N2 = 1:1:10,
TOS = 3 h).

Catalyst MOR Re-MOR

0.5 0.4 0.3 0.2 0.1 0

Cyclohexene conversion, % 55 73 89 98 100 100 100
Naphthalene conversion, % 10 19 24 31 37 39 48
Product distribution, mol.%

Methylcyclopentene 20 5 4 1 0 4 3
Methylcyclopentane 1 1 2 2 2 2 3
Cyclohexane 3 5 5 5 5 0 0
Alph C7–C11 2 3 2 3 1 1 1
Alph C12 39 35 26 13 6 6 3
Alph C18 2 3 6 6 6 7 4
Cyclohexylnaphthalene 32 43 47 55 58 55 48
Dicyclohexylnaphthalene 1 5 8 15 22 24 37
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Fig. 12. The yields of mono- and disubstituted naphthalenes obtained during naph-
thalene cyclohexylation over parent and recrystallized mordenites as a function
ig. 11. Catalytic activity of parent and recrystallized mordenites in naphtha-
ene cyclohexylation as a function of Vmic/V ratio. Reaction conditions: T = 160 ◦C,
= 10 atm, WHSVN = 0.5 h−1, molar ration of CH:N:N2 = 1:1:10, TOS = 3 h.

The parent mordenite shows the lowest conversions of naphtha-
ene and cyclohexene, which are noticeably different and reach 10%
nd 55%, respectively (Table 2). The main products over this catalyst
re C12 oligomers (Fig. 11). The alkylation selectivity reaches only
3%, monoalkylation being predominant. The low alkylation selec-
ivity and high CHN/DCHN ratio points to a strong steric hindrance
or the formation of bulky alkylnaphthalenes inside the morden-
te micropores. Thus, naphthalene alkylation takes place mostly
n the external surface and at the pore mouths of the mordenite
rystals, whereas oligomerization takes place on both the internal
nd external surfaces. A significant difference of acid sites con-
entration on the external and internal surfaces could explain the
harp difference in conversions of the two reactants and the higher
ligomerization selectivity.

After the recrystallization in mild conditions (sample ReMOR-
.5 Table 2, Fig. 11), the naphthalene conversion increases by a
actor of two, leading to higher alkylate yield. The sharp increase of
lkylation selectivity is accompanied by a decrease of the methyl-
ylopentenes selectivity, whereas the oligomerization selectivity
oes not change significantly. Thus, the selectivity increase over
eMOR-0.5 is most probably due to an increase of naphthalene
lkylation with methylcylopentenes, but not to the suppression of
ligomerization.

Further recrystallization (samples ReMOR-0.4 and ReMOR-0.3)
esulting in higher mesoporosity, leads to a further increase
f naphthalene and cyclohexene conversions (Fig. 11). At
micro/V = 0.3, the cyclohexene conversion reaches 100%, whereas
aphthalene conversion increases almost linearly with the ACI

ndex. Starting from H/ReMOR-0.4, the increase in alkylation selec-
ivity can be attributed to the suppression of oligomerization. Thus,
electivity to oligomers starts to decrease, whereas selectivity to
somerization products remains constant at Vmic/V higher than 0.4
Fig. 11). The increase of alkylation at the expense of oligomer-
zation can be accounted for by the easier transport of bulky
aphthalene molecules provided by the mesopores.

Over the samples with high recrystallization degree, alkylnaph-
halenes selectivity reaches 80–85%, while oligomers selectivity
oes not exceed 10–15% (Table 2). The alkylnaphthalenes produc-
ion levels off for samples ReMOR-0.2 to ReMOR-0. On the contrary,
electivity to mono- and disubstituted alkylation products varies
onsiderably (Table 2): while the amount of monosubstituted prod-
cts starts to decrease on the catalysts with high recrystallization
egrees, the contribution of dialkylnaphthalenes increases contin-
ally.
The monoalkylnaphthalenes and dialkylnaphthalenes yields
ver recrystallized mordenites are compared in Fig. 12. The
ighest monoalkylnaphthalenes yield is reached over composite
icro–mesoporous material ReMOR-0.2. Increasing the recrys-
of Vmic/V ratio. Reaction conditions: T = 160 ◦C, P = 10 atm, WHSVN = 0.5 h−1, molar
ration of CH:N:N2 = 1:1:10, TOS = 3 h.

tallization degree results in higher contribution of disubstituted
products at the expense of monoalkylnaphthalenes.

In summary, the catalytic data highlight that micro/mesoporous
materials prepared by mordenite recrystallization exhibit
improved catalytic performances with respect to the parent mor-
denite. The best catalytic performance is achieved over composite
micro–mesoporous materials with intermediate degree of recrys-
tallization. The alkylnaphthalenes and monoalkylnaphthalenes
yields over these catalysts reach 80% and 58%, respectively.

4. Conclusions

(1) Micro/mesoporous composite materials with different levels of
micro- and mesoporosity were prepared by recrystallization of
mordenite using a two-step procedure including (i) its partial
destruction in a NaOH aqueous solution and (ii) its hydrother-
mal treatment in the presence of cethyltrimethylammonium
bromide. It is demonstrated that the relative levels of micro-
and mesoporosity can be tuned easily by adjusting the NaOH
concentration in the first step.

(2) The investigation of the structural, textural and acidic proper-
ties of the materials obtained points to the following changes
occurring during recrystallization:
– recrystallization in mild conditions results in the creation of

mesopores in zeolitic crystals but does not affect significantly
the amount and strength of the acid sites;

– the increase of the degree of recrystallization leads first to
partial, and then to complete transformation of morden-
ite into MCM-41 accompanied by a gradual decrease of the
amount and strength of the acid sites, while their accessibility
increases drastically.

(3) Micro/mesoporous materials obtained by recrystallization of
mordenite show superior catalytic performances (activity, sta-
bility and selectivity) in the alkylation of naphthalene with
cyclohexene due to an improved accessibility of their active
sites and an easier transport of bulky molecules provided
by mesopores. The best catalytic performance is achieved
with composite micro–mesoporous materials possessing an

intermediate degree of recrystallization. The yield of alkylnaph-
thalenes over these materials reaches 80%, while the yield of
monoalkylnaphthalenes is up to 58%.
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