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Abstract—Approaches to the synthesis of hierarchical MWW zeolites by the pillaring, delaminating, and
recrystallization methods are surveyed and systematized. The influence of the characteristic features of the
micro—mesoporous structure of MWW on their physicochemical and catalytic properties has been assessed.
The results of investigation of the catalytic activity and selectivity of hierarchical MWW zeolites in petro-

chemical processes are discussed.
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Hierarchical zeolites are a new class of molecular
sieve materials characterized by the presence of pores
of various diameters in their structure. The creation of
a mesopore system in microporous zeolites leads to an
increase in the accessibility of active sites within the
channels and to elimination of diffusional limitations,
thereby increasing their activity and on-stream stabil-
ity. Thus, there are good prospects for the use of
microporous zeolites in deep oil refining, as well as in
the creation of new petrochemical and organic syn-
thesis processes. Zeolite MCM-22 (Mobil Composi-
tion Materials) developed in 1990 by Mobil (structural
type MWW) has a unique porous structure that differs
from the structure of other zeolites by three-dimen-
sional organization by stacking of microporous layers
of a 2.5 nm thickness.

Currently, MWW zeolites are almost the only avail-
able layered structures characterized by high alumi-
num content, which is crucial for their high activity in
catalytic processes. This zeolite has found widespread
application as an acid component of catalysts for ben-
zene alkylation with lower olefins [1—3]. Today, the
MWW zeolite family continues to be under the close
attention of researchers from various scientific groups
and schools as the most interesting object from the sci-
entific and practical point of view for obtaining hierar-
chical zeolite materials.

Various methods and approaches to the fabrication
of micro—mesoporous (hierarchical) materials based
on MWW zeolite have been the subject matter of many
studies in recent decades; their results have been sur-
veyed in reviews [4—7].

There have been also studies on the use of these
materials in various catalytic processes. The catalytic
properties of hierarchical MWW zeolites were tested in

alkylation [8—13], acylation [14, 15], isomerization
and hydroisomerization [16, 17], cracking [18—21],
hydrogenation [20], dehydrogenation [22, 23], oligo-
merization [24, 25], and alkene oxidation [26—28]
reactions. In 2012, Diaz [5] published a review on the
catalytic application of pillared and delaminated
materials based on MWW. However, that review has
little coverage of petrochemical processes; in addition,
many new publications on the use of hierarchical
MWW zeolites (HZ-MWW) in various catalytic pro-
cesses have appeared over the past five years.

The aim of this paper is to systematize and analyze
approaches to and methods for the synthesis of hierar-
chical MWW zeolites, as well as to survey their appli-
cation in petrochemical processes.

SYNTHESIS OF MICRO—MESOPOROUS
ZEOLITES BASED ON MWW

Traditionally, MWW zeolite is produced by hydro-
thermal synthesis at a temperature of 150°C using
reaction mixtures with SiO, source (silica sol, silica
gel, aerosil), sodium aluminate, sodium hydroxide,
and the hexamethyleneimine (HMI) directing agent
[29]. Immediately after hydrothermal synthesis, flat
oval crystals of zeolite MWW with a size of 2 X 5 um
and a thickness of 150—300 nm appear as plate aggre-
gates of nanoscale layers of 2.5 nm in thickness sepa-
rated by HMI molecules and linked with one another
by hydrogen bonds between the silanol groups of adja-
cent layers (scheme). Such a material is commonly
called precursor for obtaining MWW with an hierar-
chical structure; hereinafter, it will be referred to as
LP-MWW (layered MWW precursor).

In the course of calcination to remove the directing
agent, hydrogen bonds are destroyed; as a result, due to
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Table 1. Methods and conditions for preparing hierarchical MWW zeolites

Modification conditions
Modification —
method | number mOdlfyH.lg agent . starting material|  7,°C T,h medium Ret.
of steps | and technological operations
Silanization 1 Vapor deposition 100 20 Acidic | [9, 33]
Diethoxydimethylsilane LP-MWW
(CH;),Si(OC,Hj), or dichlorodi-
methylsilane Cl,Si(CH;),
2 Drying Unspecified| Unspecified
Delamina- 1 Swelling [34]
tion Aqueous solution of LP-MWW 80 16 Alkaline
(C;6H33)(CH3);NBr mixture
with (CsH,),NOH
2 Sonication—50 W, 40 kHz, 1 h
3 Centrifugation, 10000 rpm Room Acidic
4 Drying 60 12
Pillaring 1 Swelling
Aqueous solution of LP- MWW Room 16 Alkaline | [35]
(Cy¢H33)(CH;3);NBr mixture
with (C;H;),NOH
Aqueous solution of LP- MWW Room 12 Alkaline |[36]
(C,6H33)(CH3);NCI mixture
with (CH;),NOH
Aqueous solution of Wet precipitate | 100 96 Alkaline |[37]
(C6H33)(CH;);NOH after LP-
MWW washing
2 Ultrasonic treatment, 2 h [35,
37]
3 Centrifugation at 10000 rpm and washing, at least [35]
10 cycles
4 Pillaring
Si(OC,Hs5), Washed delam-| 80 25 Argon
inated MWW
5 Drying Pillared MWW 40 6 Nitrogen
6 Calcining Dry pillared 450 6 Nitrogen
MWW
Recrystalli- 1 Hydrothermal treatment
zation Aqueous solution of MWW zeolite 100 24 Alkaline |[13,
(C;6H33)(CHj3);NBr mixture free of directing followed by |16]
with NaOH agent adjustingto
pH 8.5
Aqueous solution of LP-MWW 100 72 Neutral
(CsH33)(CH3)3NBr mixture
with silica sol
2 Filtering, washing
3 Drying, calcining

the formation of siloxane bonds and the “crosslinking”  the first type is formed by a system of zigzag channels, the
of the nanolayers, a “hard crystal” is formed (designated  size of which is limited by ten-membered silicon—oxygen
MCM-22 in the scheme). The microporous MWW rings to be about 0.55 nm, and the second type is associ-
structure of MCM-22 is comprised of two types of pores:  ated with 0.7 X 1.8 nm cavities (supercages).
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In 1993—1994, Mobil Oil designed and patented a
method for increasing the interlayer spacing in MWW
zeolite by swelling with the use of surfactants followed
by intercalation of an inorganic pillaring agent [30,
31]. The method was called pillaring. A few years later,
a team of Spanish scientists led by Prof. A. Corma
extended the possibilities of the method, supplement-
ing it with the stage of ultrasonic treatment [32].
Under ultrasonic wave irradiation, the MWW layers
were disordered to form the micro—mesoporous “card
house” structure.

Mesopores located between MWW layers provided
maximal accessibility to hemicages on the surface of zeo-
lite layers. The works performed have given a strong
impetus to research in the synthesis of hierarchical
MWW zeolites and investigation of their properties.

To date, several routes for preparing HZ-MWW have
been formed as presented in the scheme. All of them
involve the use of LP-MWW as a starting material.

817

Postsynthetic treatments of LP-MWW suggest
physical or chemical procedures detailed below.

The physical procedures include calcinlation to
make the MWW layers crosslinked as a result of dehy-
dration. The resulting MWW zeolite (MCM-22) is a
semifinished product for preparing recrystallized
micro—mesoporous zeolite materials.

The chemical modification of LP-MWW can
include direct silanization of MWW zeolite with orga-
nosilicon compounds to form bridges that expand the
space between MWW layers and prop the layers apart.
The second method of chemical modification involves
the replacement of HMI molecules by cationic surfac-
tant (for example, cetyltrimethylammonium bromide
CTMAB) molecules and the formation of oriented
surfactant layers in the zeolite interlayer space
(scheme). The resulting MWW—-CTMAB material is a
precursor for subsequent delaminating procedures (to
obtain ITQ-2 material) or for pillaring (to obtain
MCM-36 zeolite).

Calcination
Silanization
__ b 00 ¢4
o7 0
Me— Si—Me
\ 1 ’
~.0 .-
Layered
precursor
LP-MWW Swelling

Pillaring

Delamination

*‘%
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At

MWW-CTMAB

MCM-36

Scheme of postsynthetic treatments for preparation of hierarchical MWW zeolites.

PETROLEUM CHEMISTRY Vol.58 No.10 2018



818

SHKUROPATOV et al.

Table 2. Properties of hierarchical MWW zeolites obtained by different methods, before and after modification

Si0,/Al,03, mol/mol Surface area, m?/g
Modification Ref
method before after before after et.
modification modification modification modification
Silanization 66 79 622 674 [38]
Delamination 26 20 - >700 [32, 16]
Pillaring 62 44 400—500 800—950 [37]
Recrystallization 26 29 520 855 [13]

Table 1 specifies the conditions of procedures for
preparing HZ-MWW by various methods, and Table 2
shows the chemical composition and characteristics of
the porous structure of HZ-MWW.

Silanization of the LP-MWW is carried out in a
vapor-phase treatment mode. The high volatility of
alkylated and chlorinated silane derivatives renders
them able to react with the zeolite at a sufficiently low
temperature of 100°C. In the interlayer space, the
silane derivatives are oxidized via the reaction:
C1,Si(CH,), + 30, — SiO, + 2HCI1 + 2CO, + 2H,0.
The hydrochloric acid formed partially dealuminates
LP-MWW; as a result, the SiO,/Al,O; ratio increases
from 66 to 79 (Table 2). The resulting highly dispersed
silica is located in the interlayer space, preventing the
collapse of the layers and facilitating the preparation of
a material with a more developed surface; by this mod-
ification, the surface area will increase from 622 to
674 m?/g. The increase in the surface area is due to a
change in the diameter of micropores as a result of the
modification. As shown by the micropore size distri-
bution curves calculated from argon adsorption iso-
therms, along with pores of a 5.5 A size, the silanized
MWW zeolite have pores with a size of 7 A, which can
be due only to the intercalation of silica particles in the
interlayer space [39].

According to the data reported in [39], the presence
of highly dispersed SiO, fragments stabilized the
MWW structure, as followed from the results of X-ray
diffraction analysis, which revealed a shift of the dif-
fraction maxima to larger 20 angles in the calcined
LP-MWW compared to the initial one. The shift of the
diffraction maxima confirmed the fact that calcina-
tion of LP-MWW leads to changes in the crystal struc-
ture of the starting material. Silanization of LP-MWW
using diethoxydimethylsilane followed by calcination
did not alter the positions of the diffraction maxima of
LP-MWW, thereby giving indirect evidence for the
stabilization of the crystal structure [39].

Delamination of MWW zeolite is carried out with
the aim of disordering the MWW layers and obtaining
an openwork structure in which the MWW layers are
randomly oriented with respect to each other and form
a porous card-house type system. To carry out delam-
ination, the following steps are successively under-
taken: LP-MWW swelling by introducing a surfactant

into the interlayer space (the procedure is carried out
in an alkaline medium created by adding tetraalkylam-
monium hydroxides into the system (Table 1)); ultra-
sonication of an LP-MWW suspension in an alkaline
surfactant solution to obtain HZ-MWW, isolation of
HZ-MWW (ITQ-2) from the suspension by the
reduction of pH value of alkaline suspension to 2 with
concentrated hydrochloric acid followed by centrifu-
gation; and drying HZ-MWW under mild conditions.

A comparison of high-resolution TEM images of
the precursor material LP-MWW and the solid phase
isolated after the swelling process confirm the increase
in the interlayer spacing. The HZ-MWW isolated after
the sonication step is randomly oriented MWW
monolayers with a thickness of 1.3 nm [32]. This
material has an exceptionally developed outer surface
of 550 [18] to 700 [32] m?/g according to data of differ-
ent authors.

The characteristics of the porous structure of the
MWW  zeolite and the delaminated HZ-MWW
obtained from the same precursor LP-MWW
(Table 3) show that the delamination process is
accompanied by degradation of the microporous
structure [18]. This is indicated by a significant
decrease in the micropore surface and micropore vol-
ume (Table 3). The deterioration of crystallinity in
delaminated materials is confirmed by a decrease in
the intensity of reflections on the diffraction patterns
of MWW materials isolated after individual steps of the
delamination process (Fig. 1).

Differences in the chemical composition between
the initial and delaminated materials (Table 2),
namely, a decrease in the SiO,/Al,O; molar ratio from
26 to 20, can be associated with silicon leaching during
the initial steps of the process.

Pillaring of LP-MWW includes the steps required
for the delamination process, followed by treatment of
the material with a silicon-containing compound, for
example, tetraethoxysilane Si(OC,Hs),, and calcina-
tion. It has been shown [33—35] that the list of com-
pounds necessary for carrying out the swelling step
can be extended by varying combinations of surfac-
tants and quaternary alkylammonium hydroxides
(Table 1). The alkaline medium and the elevated tem-
perature (80°C) of the reaction mixture exert a
PETROLEUM CHEMISTRY  Vol. 58
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Table 3. Porous structure characteristics of zeolite MWW
and HZ-MWW obtained using the delamination method
(Si0,/A1,05 = 19) [18]

Sample S micro» Souterr Vmicro’ V;
m?/g m¥/g | cmi/g | cm’/g
MWW 352 117 0.16 0.28
HZ-MWW 153 551 0.07 0.63

destructive effect on the zeolite structure during swell-
ing, which leads to a decrease in the Si/Al ratio, so it
was suggested in [40] to swell samples at room tem-
perature. As a result of that study, it was found that dis-
solving the silica contained in the zeolite structure
leads to the formation of mesopores during swelling, in
addition to those created by pillaring. The average
pore diameter decreases from 2.7 nm to 1.8 nm as the
swelling temperature decreases from 80 to 25°C. The
sample treated at 80°C has a random structure,
whereas the sample treated at 25°C demonstrates a
more ordered structure. Thus, lowering the swelling
temperature leads to retaining the microporous struc-
ture of the layers in pillared zeolites and a slight
increase in temperature will make it possible to control
the degree of degradation of the zeolite structure.

A crucial parameter for conducting the pillaring
process is the degree of washing to remove excess sur-
factant solution. It was shown that the number of
washing cycles should be at least 10, but the best results
were achieved with 40 cycles. In addition, an inert
medium is necessary for effective modification, which
is achieved by creating an argon atmosphere above the
liquid layer during the course of pillaring (see Table 1).
Such energy- and resource-intensive modifying con-
ditions make the pillaring process unpromising for
application at an industrial scale.

The essence of the recrystallization method consists
in the degradation of zeolite, followed by the assembly

M HZ-MWW
- (ITQ-2)
\L\.M

LP-MWW

Sonication

Swelling

5 10 15

20 25 30 35 40
20, deg
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of the resulting fragments in the presence of a surfac-
tant [41]. Typically, the destruction of the zeolite is
carried out in an alkaline medium, the use of which
results in partial or complete degradation of the zeolite
structure as a result of desilication. The next step
involves assembling the zeolite fragments, formed as a
result of degradation, into a mesoporous phase which,
depending on the degree of zeolite degradation, can
cover the surface of zeolite crystals, enter the zeolite—
mesoporous phase composite, or completely replace
the zeolite.

It should be outlined that despite the simplicity and
effectiveness of the recrystallization method, the
number of publications devoted to the synthesis and
study of the properties of recrystallized MWW zeolites
has been extremely limited to date. Meanwhile, the
simplicity and mild conditions of the technological
operations used in [13, 16], namely, the hydrothermal
treatment at 100°C, separation of the solid phase by
filtration followed by drying and calcining demon-
strate the promise of this method for the production of
HZ-MWW. Note that the recrystallization process
leads to the smallest changes in the chemical compo-
sition of the initial precursor (see Table 2).

Figure 2 presents low-temperature nitrogen
adsorption isotherms for HZ-MWW samples obtained
using delaminating (Fig. 2a), pillaring (Fig. 2b), and
recrystallizing (Fig. 2c) methods. The isotherm for the
initial MWW zeolite is of the Langmuir type, it con-
sists of a segment up to p/p, = 0.01 corresponding to
micropore filling and a horizontal portion. For the
hierarchical samples, the isotherms have a slope, with
the sorbed volume of the HZ-MWW obtained by
delaminating (Fig. 2a) and pillaring (Fig. 2b) mono-
tonically increasing with increasing p/p,, thereby indi-
cating that these samples contain mesopores with a
broad size distribution. The recrystallized samples are
characterized by a rise in the curve at p/p, = 0.3—0.4
(Fig. 2¢), which indicates the formation of mesopores

MWW
(MCM-22)

Calcination J}w
_— | f MH—N\—P”.,._'

5 10 15

20 25 30 35 40
20, deg

Fig. 1. Change in the crystal structure of a layered precursor during the course of delamination and calcination procedures:
LP-MWW is the layer precursor, SP-MWW is the layered precursor after swelling, HZ-MWW is the hierarchical zeolite
material, MWW is the microporous material after calcination of LP-MWW [18].
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820 SHKUROPATOV et al.
Table 4. Properties of nanoscale MWW zeolites synthesized by the dual-template method
Si0,/Al,03, mol/mol Characteristics of porous structure
N S ddi . Re-
0. econd directing agent In reaction I seolite Sicror | Souters | Vimieros Y, |ference
mixture m?/g m?/g | cm’/g |cm’/g

1 Dimethyloctadecyl(3-trimethoxysilylpro- 32 38 184 122 0.13 0.44 (9]

pyl) ammonium chloride (60% solution

in methanol)
la* — 32 38 332 54 0.15 0.23
2 |N-Hexadecyl- N'-methyl-1,4-diazabicy- | Unspecified | Unspecified 240 301 0.12 2.06 |[43]

clo[2.2.2]octane**
2a* — Unspecified | Unspecified 350 145 0.15 0.99
3 |Adamantane derivative*** Ada-i-16, 38 32 — 513 0.13 1.01 |[42]

where i =4, 5, or 6 is the number of linker

methyl groups
3a — Unspecified | Unspecified — 121 0.14 0.29

* Characteristics of the MWW zeolite synthesized as a referenfe sample in the work.
Br I
Linkeri=4,5,6
A
14 | A
ok T+\/\/\lll+/\/C14H21
N J < y
Y M
Template head Hydrophobic tail
k ok Xk

of a certain size (about 30 A). A comparison of the iso-
therms in Fig. 2 and the surface area values presented
for these materials in Table 2 shows that materials with
similar porous-structure characteristics can be
obtained using different methods.

A special group of studies on the synthesis of HZ-
MWW is made by those published in 2015—2016 and
devoted to dual-template synthesis [9, 42, 43]. The
main approach in dual-template synthesis is associ-
ated with the introduction of a second structure-
directing agent, usually a high-molecular-weight
organic compound, into the reaction mixture crystal-
lizing into zeolite MWW (Table 4). The presence of
one or more functional amino groups in the “head” of
the directing agent impart to these compounds the
capability of chemical interaction with MWW layers,
and the presence of an inert hydrocarbon “tail” in the
form of long alkyl radicals interferes with the interac-
tion of the layers; as a result, the hierarchical structure
is formed already at the stage of hydrothermal crystal-
lization without using energy- and material-intensive
procedures of postsynthetic modification (Table 1).

According to the results of investigation of the porous
structure of HZ-MWW (obtained by dual templating)
and HZ-MWW (synthesized as reference samples), as
given in Table 4, the dual-template method makes it pos-
sible to increase the external surface of the zeolite mate-
rial by a factor of 2.5—4. When N-hexadecyl- V'-methyl-
1,4-diazabicyclo[2.2.2]octane was used as the second
structure-directing agent, the amount of mono- and bil-
amellar particles made 70% of the total mass of the HZ-
MWW solid phase [43].

According to Margarit et al. [42], the use of the
adamantane derivative made it possible to obtain
exclusively monolamellar zeolite particles, since the
experimentally obtained value of the external surface area
of 513 m?/g (Table 4) corresponds to the maximum pos-
sible value of the external surface area of 517 m?/g found
as a result of calculations. It should be noted that in the
HZ-MWW obtained by dual templating, the microp-
ore volume is 0.13—0.14 cm?®/g, which is twice the vol-
ume of micropores in the HZ-MWW prepared by delam-
ination (Table 3). Thus, the dual-template method
ensures the preparation of high-quality HZ-MWW.

PETROLEUM CHEMISTRY  Vol. 58
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Table 5. Catalytic properties of HZ-MWW
Reaction Zeolite Si/Al Conditions Process characteristics Reference
Alkylation of ben- | MWW 19—25 | Benzene/propyl- | Propylene conversion 35—99.7%, selec- | [8, 9]
zene with propyl- ene ratio 3.5—6, tivity for isopropylbenzene 60—84.8%
ene HZ-MWW/D  [23.7-25|3.0=3.5 MPa, 90— | propylene conversion 95—99.6%, selec-
140°C tivity for isopropylbenzene 80—86.9%
HZ-MWW/P 21.5 Propylene conversion 90%, selectivity for
isopropylbenzene 90%
Alkylation of ben- | MWW 13.9 | Benzene/olefins Conversion 99.01—98.03%, selectivity for | [10]
zene with pro- ratio 2/1, 3.5 MPa, |isopropylbenzene 35.59%, selectivity for
pene—butene 200°C isobutylbenzene 36.61%
mixture HZ-MWW/Des 8.6 Conversion 97.99—97.20%, selectivity for
isopropylbenzene 45.67%, selectivity for
isobutylbenzene 42.76%
Alkylation of tolu- | MWW 50 Microreactor, Toluene conversion 13.7—30.2%, selectiv-| [11]
ene with methanol 225—-400°C ity for xylenes 67.4—
81.1%,
selectivity for trimethylbenzenes 18.9—
32.6%
HZ-MWW/P 50 Toluene conversion 7.3—12.1%, selectivity
for xylenes 86.7—90.3%,
selectivity for trimethylbenzenes 9.7—
13.3%
Alkylation of Mww 50 Biphenyl/propyl- | Biphenyl conversion ~4%, selectivity for |[12]
biphenyl with pro- ene ratio 4, biphe- |isopropylbiphenyl 82.0%,
pylene HZ-MWW/D 50  |nylfeed rate Biphenyl conversion ~4%, selectivity for
1.96 mol/h, 250°C | jsopropylbiphenyl 89.8%
Alkylation of phe- | MWW 50 145°C, tert-buta- | Conversion 94.0%, selectivity for 2,4-di- | [13]
nol with zert-buta- nol/phenol 2.5, tert-butylphenol 30.6%
nol HZ-MWW/R 50 |feed space velocity | Conversion 93.3%, selectivity for 2,4-di-
2.2h7! tert-butylphenol 53.9%
Acylation of MWW 11.0 [ 110°C, 1.0 MPa, Conversion 51.4%, selectivity for [14]
anisole feed space velocity | methoxyacetophenone 47.3%
HZ-MWW/R 10.6 |10.2h7! Conversion 88.5%
Acylation of furan | MWW 13.8 | 60°C, stirring k (mmol/(min g)) 14.3 [15]
HZ-MWW/Des 14.9 k (mmol/(min g)) 178.8
Cracking of triiso- | MWW 15 Microreactor, Conversion 51%; selectivity for benzene | [18]
propylbenzene 350°C 8%, for isopropylbenzene 27%, for diiso-
propylbenzene 65%
HZ-MWW/D 15 Conversion 66%; selectivity for benzene
10%, for isopropylbenzene 38%, for diiso-
propylbenzene 52%
Cracking of MWW 15 Microreactor, Conversion 70% [18]
cumene HZ-MWW/D 15 |350°C Conversion 46%
Cracking of n-dec- | MWW 12 500°C, cata- k285! [19]
ane HZ-MWW/D 12 lyst/feedstock 0.3— k195!
0.8 (w/w)
Mild hydrocrack- | Ni—Mo—HZ- 50 3.0 MPa, 350— Conversion ~55%; selectivity for C;—C, |[20]
ing of light frac- | MWW/D 450°C, feed space | 14.1%, for naphtha 34.3%, for middle dis-
tions velocity 2 h™! tillates 51.6%
PETROLEUM CHEMISTRY Vol.58 No. 10 2018
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Reaction Zeolite Si/Al Conditions Process characteristics Reference
Cracking of tetralin| MWW 15 0.1 MPa, 450°C Selectivity for benzene 13.4%, ole- [21]
fin/naphthenes—aromatics 28.9%, selec-
tivity for naphthalene 17.1%
HZ-MWW/D 15 Selectivity for benzene 15.2%, ole-
fin/naphthenes—aromatics 25.%, selec-
tivity for naphthalene 18.8%
Cracking of decalinl MWW 15 0.1 MPa, 450°C Selectivity for propylene 16.3%, for C, [21]
fraction 30.3%
HZ-MWW/D 15 Selectivity for propylene 17.1%, for C,
fraction 30.6%
Hydroisomeriza- | Ni-MWW 13.1 |0.5MPa, H,/C, Conversion 20.1%, selectivity [16]
tion of heptane 19.6, 240°C for iso-C5 78.35%
Ni—HZ- 13.1 Conversion 15.6%, selectivity
MWW/R for iso-C; 82.20%
Hydrogenation of | Pt—HZ- 50 10% naphthalenein | ¢ 1.82 x 1074 (s g D [20]
naphthalene MWW/D n-decane, 5.0 MPa,
275°C, stirring
1000 rpm
Dehydrogenation | Ga—MWW 20 600°C, C3Hg/CO, | Conversion 20.6%, selectivity for CsHg | [22]
of propane 2.5/5.0,0.1 MPa |64.1%
Ga—HZ- 20 Conversion 14.5—19.7%, selectivity for
MWW/D C;H¢ 73.7-84.5%
Dehydrogenation | MWW 15 70°C, feed rate Keracking 3-3 (mol (mol HY s~ Tbar "), |[[23]
ofsobutane 1070107 (MOl Of |y penaion 29 (mol (mol HYY !5 bar™)
HZ-MWW/P 50 |alkaneg™'s™h ke 42 (mol vl ] 1
cracking 4-2 (MO (mol H")™'s7 bar™),
kdehydrogenation 4.2 (m01 (mOI H+)_l S_l bar_l)
Oligomerization of | Ni-MWW 14 4.0 MPa, Output 1.1-2.5 (gpro4/8cath), selectivity [24, 25]
ethylene 70—150°C, stirring | for Ce—Cy 17—-18%
Ni—HZ- 2 | 1000rpm Output 1046 (2,,00/2cxch), selectivity for
MWW/P C¢—Cs 14—40%
Oxidation of hex- | Ti-MWW 44*  160°C, 0.1 MPa, Conversion 26.2—58.7%, selectivity for [26, 27]
ene-1 H,0, hexene oxide 96—99.5%
Ti—HZ-MWW/S| 49* Conversion 29.5%, selectivity for hexene |[26]
oxide 99%
Oxidation of cyclo-| Ti-MWW 44* |60°C, 0.1 MPa, Conversion 12.7%, selectivity for cyclo- | [26]
hexene H,0, hexene oxide 62%
Ti—HZ-MWW/S| 49%* Conversion 20.3%, selectivity for cyclo-
hexene oxide 71%
Epoxidation of Au—Ti—-MWW  |45—-160*| 200°C, 0.1 MPa, |Conversion 0.6—2.1%, selectivity 33.3— | [28]
propylene feed rate 63.1%
Au-Ti—HZ- 30—94* | 7000 cm?/(h g.,,) | Conversion 0.6—1.6%, selectivity 41.4—
MWW/P 94.5%
* Si/Ti.
PETROLEUM CHEMISTRY  Vol. 58 No. 10 2018
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Fig. 2. Low-temperature nitrogen adsorption—desorption isotherms on (/) MZ-MWW and (2) HZ-MWW prepared using
(a) delaminating [44], (b) pillaring [16], and (c) recrystallization [13] methods.

CATALYTIC PROPERTIES
OF HIERARCHICAL MWW

Hierarchical zeolites have a more open structure
compared to the MWW zeolite, which facilitates the
elimination of diffusional limitations for reactant and
product molecules within the zeolite crystal and
increases the accessibility of acid sites, leading to an
enhancement of the activity and selectivity of such cat-
alysts in reactions involving large molecules. On the
other hand, the choice of the HZ-MWW synthesis
procedure leads to a change in the strength and num-
ber of acid sites. Therefore, hierarchical zeolites
appear to be more active catalysts than their micropo-
rous precursors in reactions involving weak acid sites
and bulky reactant molecules, whereas the activity of
HZ-MWW having less strong centers is lower than that
of strongly acidic zeolites in processes where strong
acid sites are needed. The catalytic properties of HZ-
MWW in the petrochemical processes are system-
atized in Table 5. Hierarchical MWW zeolites pre-
pared by pillaring, delamination, silanization, desili-
cation and recrystallization are designated HZ-
MWW/P, HZ-MWW/D, HZ-MWW/S, HZ-
MWW/Des, and HZ-MWW/R, respectively in the
table.

Alkylation processes. The activity of HZ-MWW
was studied in the alkylation of benzene with alkenes
[8—10], biphenyl with propylene [12], toluene with
methanol [11], and phenol with z-butanol [13]. Corma
et al. [46] suggested that the reaction of benzene
alkylation with olefins is catalyzed by Brensted acid
sites located on the external surface of the zeolite [46].
Comparison of the activity of zeolites MWW and HZ -
MWW/D in the reaction of liquid-phase alkylation of
benzene with propylene showed that the activity of the
hierarchical zeolite at 90°C and a pressure of 3.0 MPa
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is higher than that of MWW (99.0 and 95.6%, respec-
tively). This difference was explained by the fact that
HZ-MWW/D has a significantly higher surface area
than MCM-22 and, accordingly, more acid sites
located on the external surface [8]. By means of the
TPD-NH; [8] and IR-Py [12] techniques, it was
found that the concentration of strong acid sites in
HZ-MWW/D is lower than in MCM-22, which
results in a higher selectivity of the micro—meso-
porous catalyst for monoalkylated products and a
lower selectivity of the formation of products of deeper
alkylation [8, 12]. Similar results were obtained by Liu
et al. [10], who studied the process of benzene alkyla-
tion with a mixture of C; and C, alkenes. Thus, due to
the optimal acidity and hierarchical structure, hierar-
chical MWW zeolites are more active and selective
catalysts for cumene synthesis compared to MWW
[45].

The creation of mesopores in MWW in the case of
toluene alkylation with methanol leads to an increase
in the selectivity for xylenes and a decrease in the
selectivity for trimethylbenzenes, with the proportion
of the ortho-isomer in xylenes substantially increasing.
In contrast to HZ-MWW/P, about 70% p-xylene
of the total xylenes is formed by alkylation over
MCM-22, which is explained by the fact that the for-
mation of the p-isomer mainly occurs in 10-mem-
bered ring channels and 12-membered ring cavities
located inside the MCM-22 crystal, in which the for-
mation of the o- and m-isomers and polyalkylated
compounds is limited [11]. At the same time, the com-
parison of the catalytic characteristics of MCM-22
and HZ-MWW/P zeolites showed that the toluene
conversion on HZ-MWW/P is lower, a difference that
is associated by the authors with a smaller amount of
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acid sites in the latter because of the blocking of acid
sites on the surface by silica bridges.

Song et al. [13] showed that a material with an hier-
archical structure prepared using the recrystallization
method exhibits high activity in the phenol alkylation
reaction with fert-butanol. With close phenol conver-
sion values of 94.0 and 93.3% for MWW and HZ-
MWW/R, respectively, the selectivity for disubstituted
2,4-di-tert-butylphenol was 30.6 and 53.9 mol %,
respectively, which is due to the removal of diffusional
constraints for large organic molecules in the porous
HZ-MWW structure. In contrast to Song et al. [13],
Meloni and co-workers [32] found that the presence of
mesopores in HZ-MWW obtained by pillaring and
delamination did not significantly influence the cata-
lytic activity in the alkylation reaction of phenol with
tert-butanol. It is believed that this can be due to a
change in the acid properties of the samples during the
preparation of hierarchical zeolites [33].

The creation of a hierarchical structure in MWW
has an effect on the on-stream stability of the catalysts.
Tempelman et al. [9] explained an increase in the on-
stream stability of delaminated MWW in the liquid-
phase alkylation of benzene with propylene by greater
accessibility of Brgnsted acid sites. Corma et al. [47]
revealed that MWW with a hierarchical structure
obtained by pillaring is less resistant to deactivation in
benzene alkylation with propylene, a fact that cor-
relates with the low content of Brgnsted acid sites in
the sample. In contrast to Corma et al [47], Dumitriu
et al. [11] found that HZ-MWW/P operated stably
over the time on stream. Diaz et al. [33] noted that
HZ-MWW prepared by pillaring or delamination are
resistant to deactivation, unlike MCM-22, which
activity is markedly reduced in alkylation of phenol
with fert-butanol over time.

Acylation processes. The catalytic properties of
HZ-MWW prepared by desilication using the treat-
ment of MWW zeolite in an alkali solution were stud-
ied in the acylation of anisole [14] and furan [15] with
acetic anhydride. The creation of mesopores, elimina-
tion of diffusional limitations, enhancement of the
access to active sites, and an increase in the density of
acid sites led to an increase in the conversion of anisole
by more than a factor of 1.7 and in the furan acylation
rate by a factor of 12.5 over HZ-MWW compared to
MWW.

Cracking of hydrocarbons. Hierarchical zeolites
MWW are effective catalysts for the cracking of large
molecules. Studies of HZ-MWW in the cracking of
triisopropylbenzene [18, 19], n-decane [19], cumene
[18], tetralin, and decalin [21] and hydrocracking of
light gas oil fractions [20] made it possible to deter-
mine the effect of the porous structure on the catalyst
activity. The delamination procedure increases the
accessibility of acid sites for large molecules, but it
simultaneously decreases the strength of acid sites
[47], the detriment caused by the harsh conditions
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necessary for preparing HZ-MWW/D [41]. There-
fore, HZ-MWW/D activity in the cracking of small
molecules, such as n-decane [19] and cumene [18],
which can freely pass through ten-membered channels
but require strong acid sites for their conversion, is
lower than for MWW. Comparison of the activity of
the microporous and the hierarchical zeolite in the
cracking reaction of larger molecules, such as triiso-
propylbenzene [18, 19], tetralin, and decalin [21], has
shown that the presence of mesopores significantly
increases the activity of the catalyst, since the creation
of the hierarchical structure increases the accessibility
of active sites and eliminates diffusional limitations.

Isomerization of n-alkanes. Kollar et al. [16] stud-
ied the effect of the hierarchical structure of bifunc-
tional Ni-loaded zeolite on the catalytic characteris-
tics in the hydroisomerization of n-heptane. Compar-
ison of the catalytic and physicochemical
characteristics showed that the desired isomerization
reactions occur in 10-membered ring channels. It was
found that isomers with higher branching are pro-
duced on hierarchical zeolites than on the micropo-
rous ones due to the presence of larger pores. The pas-
sage through the internal 10-membered channels in
the zeolite takes a longer time than the residence time
at the external acid sites, which could lead to a greater
contribution of cracking to side processes. However,
the amount of cracking products is almost the same in
the cases of microporous and hierarchical zeolites,
thereby indicating that the heptane cracking reaction
occurs on identical acid sites located on the external
surface of the materials.

Hydrogenation and dehydrogenation processes.
Hierarchical zeolites are active in the dehydrogenation
of light alkanes [22, 23] and in the hydrogenation of
naphthalene [20]. The effect of the acidity and poros-
ity of the MWW structure on propane dehydrogena-
tion was studied in [22]. The catalysts were prepared
by depositing Ga,O; onto MCM-22 and HZ-
MWW/D. The acid and porosity characteristics of
HZ-MWW/D were tuned by varying the sonication
time from 1 to 4 h. A more open structure, a larger spe-
cific surface area, and a lower concentration of strong
acid sites made Ga/HZ-MWW/D more stable and
more selective for propylene relative to the Ga/ MWW
catalyst.

Oligomerization of ethylene. Nickel-loaded MCM-
22 and HZ-MWW/P were prepared by ion exchange
and studied in the ethylene oligomerization reaction.
The Ni—-HZ-MWW/P catalyst exhibited higher cata-
Iytic activity and selectivity for C—C; olefins than Ni-
MCM-22, a difference that is explained by greater
accessibility of active sites and a lower amount of acid
sites in the catalyst with the hierarchical structure. An
increase in the nickel loading and elevation of the
reaction temperature enhance the activity of the cata-
lyst and promote an increase in the proportion of C4—
C; oligomers in the products [24, 25].
PETROLEUM CHEMISTRY  Vol. 58
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Oxidation of alkenes. Hierarchical titanosilicates
with the MWW structure are active in the oxidation of
hexene-1 and cyclohexene in the presence of H,O,
[26, 27], and Au-modified Ti-HZ-MWW mediate
the epoxidation of propylene [28]. The introduction of
asilanol dimer into the titanosilicate structure resulted
in a more selective (99 versus 96%) catalyst with a
hierarchical structure for the hexene-1 oxidation reac-
tion, although it was less active (conversion of 29.5
versus 54.2%). The use of a catalyst with a hierarchical
structure in the cyclohexene oxidation reaction leads
to an increase in conversion from 12.7 to 20.3% and
the selectivity for cyclohexene oxide from 62 to 71%.
Xu et al. [26] believe that the cyclohexene oxidation
reaction proceeds predominantly on the external sur-
face at acid sites located in large hemicages. This fea-
ture is due to the fact that cyclohexene experiences dif-
ficulties in diffusion in narrow sinusoidal MWW chan-
nels, since its molecular size is 5.0 A, which is
comparable to the size of the 10-memberred MWW
channels. The creation of mesopores in MWW facili-
tates the access of substrate molecules to the active
sites, thereby leading to an enhancement of the activity
of HZ-MWW.

CONCLUSIONS

The analysis of the literature on the synthesis of
hierarchical zeolites of the MWW structure has shown
that pillaring, delamination, and recrystallization are
effective techniques of creating a mesopore system in
MWW crystals, with recrystallization being the only
method that makes it possible to obtain samples with a
unimodal size distribution of mesopores. Recrystalli-
zation is also the simplest and most effective way of
synthesizing micro—mesoporous materials. The anal-
ysis of published data on the catalytic properties of
hierarchical MWW zeolites structure has shown that
they are promising catalysts for various petrochemical
processes. These prospects concern to a greater extent
the processes of alkylation of benzene with olefins and
phenol with fert-butanol, as well as cracking of triiso-
propylbenzene.
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