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Advances in microwave assisted synthesis of ordered mesoporous materials
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Abstract: Mesoporous materials with uniform pores and high specific areas are used in many fields including catalysts, separation
and adsorbents, etc. In order to find faster and more economical synthesis routes, the use of microwave heating was deeply studied.
Compared to the hydrothermal method, microwave energy can heat the samples to crystallization temperature rapidly and uniformly
result in homogeneous nucleation and shorten crystallization time. The basic principles of microwave assisted synthesis and
advantages of microwave heating, and the obtained progress concerning ordered mesoporous materials through microwave synthesis

were summarized.
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1 Introduction

Mesoporous materials with uniform pores and high
specific areas are given great attention from material
researchers because of their potential applications
including catalysts[1—2], separation and adsorption for
large organic molecules[3], and guest-host chemical
supporters[4], etc.

The pioneer work on the synthesis of mesoporous
materials can be traced to 1992[5]. During the past 20
years, mesoporous molecular sieves were developed
rapidly. Mesoporous materials are divided into two
categories which are silicon-based and non-siliceous
mesoporous materials. And silicon-based mesoporous
materials (or called mesoporous silicates) are divided
into pure silicate and modified ones. Pure silicate
materials include MCM, SBA, HMS, MSU, and so on,
while modified silicates include ones doped with metal
ions (such as doped with Al, Ti, V, Mn, Fe, B, Cu, Co,
etc) and organic molecules modified ones (such
as chloride-trimethoxysilane, mercaptopropyl trime-
thoxysilane, sulfonic acid, etc).
mesoporous materials include transition metal oxides
(such as zirconia, titanium dioxide, tin oxide, manganese
oxide, niobium oxide, tantalum oxide, etc) and

Non-siliceous

non-metallic oxides (such as phosphate, sulfate and
mesoporous carbon). The traditional synthesis method of
mesoporous molecular sieves is hydrothermal synthesis,
the general process of which is a certain amount of
surfactants, and acid or alkali are added to compose
mixed aqueous. Next, inorganic sources are added to
generate a water gel, and then heated in the autoclave at
a certain temperature to crystallize, and after filtering,
washing, drying, calcination or extraction to remove the
template agent. Finally, ordered mesoporous materials
are obtained. However, there are some disadvantages of
time consuming and energy dissipation.

Microwaves have been wused to synthesize
mesoporous materials for several years. So, ordered
mesoporous silicas (OMSs) with some good qualities
have been prepared by using microwave-assisted
synthesis nowadays (in Table 1). Compared with the
traditional hydrothermal method, microwave-assisted
synthesis method has some advantages of fast response
rate (in Table 2), low energy consumption [9, 21] and the
product of uniform size[6, 8, 22]. Thus it attracts extra
attention.

This present review attempts to summarize the
obtained progress in ordered mesoporous materials
through microwave synthesis. At beginning, there is a
brief introduction of microwave assisted synthesis. The
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Table 1 Conditions of microwave synthesis of ordered mesoporous materials
Synthesis Microwave
Sample Parameter Ref.
Chemical material Condition oven type
Microwave heating at 120 for
MTAB, 10 min (480 W), then heating at MDS-2000 1020 mz/g,
MCM-41 ) T ) 3 [6]
NaOH 100 for 30 min (60 W), dried in air  (CEM Corporation) 0.745 cm’/g
at 100  for 10 h
Sodium silicate, Under  microwave  hydrothermal
SBA-15 - - [7]
P123 conditions at 373 K for 120 min
Microwave heating at 40—150 for 567,429 m%/g,
F127, ) MAR-5 3
SBA-16 ) 30-120 min ) 0.56-0.59cm’/g, [8]
Na,S105-9H,0 (CEM Corporation)
0.05—0.5nm
Microwave heating 100 for 1-2 h, 1104 m%g,
TMAOH, MOS-2000 3
Cr-MCM-41 630 W ) 0.82 cm’/g, [1]
CTABr (CEM Corporation)
2.4 nm
Microwave heating 150  for 1-2 h, 1079 m%/g,
Et OH, MOS-2000 3
Cr-MCM-48 630 W ) 0.86 cm’/g, [1]
CTABr (CEM Corporation)
2.6 nm
Na,Si03-9H,0, Heated at 100 for 2.5 h, dried at 746—1 189 mz/g,
Co-MCM-41 CoCly'6H,0, 120 for24h,220W NN-S 570 MFS 0.75-1.02 cm’/g,  [9]
CTAB 3.71-3.94 nm
Sn doped TiCl,,SnCly,
) - - 20 nm
mesoporous urea, active
TiO, Carbon [10]
Sonicating for 30 min, exposed for )
C-FDU-15, ) ) 32.8-70.2 m7/g,
Pt/C 60 s, dried at 353 K for overnight, LG MG-502 [4]
CTAB 4.0-5.0 nm
700 W
Stirred at 40 for 1 h, microwave 426-761 mz/g,
P123, ) ) MARS-5 5
NH2pr-SBA-15 heating at 100 for 2 h, dried at ) 0.79-1.22 ecm’/g, [11]
APTES (CEM Corporation)
60 ,300W 6.4-10.8 nm
P123, Stirred at 60 for 1 h, microwave 323-896 mz/g,
) ) MARS-5 s
Cl pr-SBA-15 F127, heating at 100 for 2 h, dried at ) 0.207-0.834 cm’/g, [12]
(CEM Corporation)
CPTS 80 ,300W 3.7-8.6 nm
700 m?/g,
P123, R
PMO BTEE Stirred at 100 for 1 h CEM Corporation 0.68 cm’/g, [13]
13.2 nm
720-940 m%/g,
P123, ) ) 5
Nb-PMO BTEE Stirred at 100 for 1h CEM Corporation 0.93-1.08 cm’/g, [13]
12.0-13.6 nm
Stirred at 40 for 2—24 h, dried at 1 027-1220 mz/g,
P123, MARS-5 3
Ethane-silica 80 ,300W —-1.5cm’/g, [14]
BTSE (CEM Corporation)
—8 nm
Stirred at 40 for 46 h, dried at 960—1 040 m*/g,
] . P123, MARS-5 5
Disulfide-silica 80 ,300W 1.14-1.32 cm’/g, [14]
BTSE (CEM Corporation)

7.7-8.4 nm
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Table 2 Synthesis time under microwave irradiation and
conventional method

Synthesis time/h
Sample Microwave Conventional

irradiation method

MCM—41 1[6] 7[15]
MCM—48 1-2[16] 6[11]
SBA-15 2[7] 24[18]
SBA-16 2[8] 5[19]
Cr—-MCM—41 2[1] 12[1]
Cr—-MCM—48 2[1] 24[1]
Zr—-SBA-15 2[1] 40[20]

basic physical principles and advantages of microwave
heating are then discussed. Furthermore, so far some
literatures on the microwave synthesis of ordered
mesoporous materials are summarized. Finally, an
outlook on the future development of ordered
mesoporous materials is given.

After several years of microwave research,
microwave-assisted synthesis has become a highly useful
technique, and some review articles were published
[23, 31]. Mingos have given a thorough explanation of
the microwave heating theory[30]. NUCHTER et al[26]
have given a technology overview mostly on reaction
engineering in microwave field. We will describe briefly
microwave heating in the below.

Microwaves with wavelengths between 0.01 and
1 m are operated in a frequency range between 0.3 and
30 GHz. All the reported microwave experiments are
conducted at 2 450 MHz. One of the reasons is that the
microwave energy absorption by liquid water is maximal
near to this frequency. Another one is that 2450 MHz
magnetrons are most available in the commercial
microwave equipments. Interaction of dielectric
materials with microwaves is due to a net polarization of
the substance. There are several mechanisms that are
responsible for this, including electronic,
molecular (dipole) and interfacial (space-charge)
polarization. In the presence of an oscillating field,
dipolar molecules try to orient themselves or be in phase
with the field. However, their motion is restricted by
resisting forces (inter-particle interaction and electric
resistance), which restrict their motion and generate heat.

Compared with conventional heating, microwave
heating has these advantages for chemical synthesis. The
introduction of microwave energy into a chemical
reaction can lead to much higher heating rates. The
microwave energy is introduced without direct contact
between the energy source and the reacting chemicals. It
is volumetric heating with no wall or heat diffusion
effects. It can realize selective heating.

ionic,

2 Microwave synthesis of ordered meso-
porous materials

Since the synthesis of MCM—41 by Mobil, ordered
mesoporous materials have evoked extensive research
interests. They exhibit tunable pore size, well-defined
pore arrangement, relatively large specific surface area,
large pore volume, and so on. So, we introduce some
cases on microwave synthesis.

2.1 Microwave synthesis of mesoporous silicates

MCM—41 is a new type of uni-dimensional regular
array with hexagonal channels, highly ordering, uniform
pore size ranging among 2—20 nm and large specific
surface area. The synthesis of MCM—41 is characterized
by the largest template, which is different from the
synthesis of the traditional molecule sieve using a single
organic molecule or metal ions as template agents.

In 1996, WU et al[32] investigated thermal stable
molecular sieve MCM-41 with hexagonal channels in a
temperature-controlled microwave oven from aged
precursor gels within about 1 h. Silica ester was used as
silica source, and cetyl trimethy ammoniumbromide
(CTABT) as the template. It is indicated that microwave
irradiation may make the synthesis more quickly and
convenient.

After two years, mesoporous material MCM—41
was obtained by microwave treatment of precursor gel at
100—-120 for 1h or less. In addition to shorten
synthesis time, microwave irradiation provided a way to
control its crystallinity and morphology, especially the
addition of a small amount of ethylene glycol (EG) in
synthetic mixture, as shown in Fig.1[6].

MCM-48 with Ia3d cubic structure contains two
sets of three-dimensional pore systems which are
separated but mutually entangling. Compared with the
one- dimensional pore MCM-41 system, its structure is
more beneficial to the proliferation of reactants, the
movement of which is not obstructed. MCM-48 was first
synthesized in polypropylene bottles under ambient
pressure using the microwave hydrothermal method in
2005. The final molar fraction of the synthesis mixture
was TEOS 1%, CTABr 0.15%, NaOH 0.5%, and H,O
80%. The final gel was divided in two parts and poured
in Teflon autoclaves for microwave heating. The gel was
allowed to heat at 100 for 1 and 2 h. However, from
Fig.1, it is clear that there is structural disorder. Besides
MCM-48, a mesoporous wormhole like structure
coexists. This is reflected in the lowering of surface area
and pore volume compared with MCM-48 materials
prepared by conventional method [16].

Another kind of ordered mesoporous material
SBA-15 is a very promising material with highly ordered
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Fig.1 SEM images of MCM-41 molecular sieves prepared by hydrothermal heating (a) and microwave induced heating with ethylene
glycol (EG) content of 0 (b), 2% (c) and 4% (d)[21]

hexagonal pore structure. The diameter is 5-50 nm
which is tunable. And pore wall thickness (typically 3—9
nm) makes the material good hydrothermal stability. In
2006, microwave technology made a temperature
programmed microwave-assisted synthesis (TPMS) of
ordered mesoporous silicas available. This work took
advantage of the existing capabilities of modern
microwave systems to program the temperature and time.
The major advantage is the feasibility of temperature and
time programming, which had been demonstrated by the
synthesis of one of the most popular SBA-15 over an
unprecedented temperature range from 40 to 200
These SBA-15 samples exhibited better thermal stability.
This study show that the simplicity and capability of
temperature and time programming in TPMS allowed
one not only to tune the adsorption and structural
properties of OMSs, but also to easily screen a wide
range of conditions in order to optimize and scale up
their preparation, as well as to significantly reduce the
synthesis time from days to hours[7].

Then, SBA-16 materials with a rhombdodecahedral
or decaoctahedral shape were synthesized under
microwave irradiation within 2 h using sodium silicate as
silica source and a tri-block copolymer F127 as structure
directing agent in 2004. The stirring time and reaction
temperature governed the structure of the product and the
reaction time influencing the particle size and
morphology. The optimal conditions for highly
crystallinity SBA-16 at stirring time of 30 min and
microwave irradiation at 100 for 120 min were
established. The results show that microwave irradiation
time is important for the well-defined morphology of
SBA-16 without changing mesostructures|8].

In particular, in 2004, ordered mesoporous silicas
FDU-1 with large cage-like pores, synthesized by using
tri-block copolymer EO3yBO4;,EQO;9 as a template were
hydrothermally treated in a microwave oven at 100
for different times. The best sample was obtained after
the microwave treatment of 60 min, which was reflected
by narrow pore size distribution, uniform pore size
entrances and thick mesopore walls. Longer time
microwave treatment increased the nonuniformity of the
pore entrance sizes by changing the hysteresis loops of
nitrogen adsorption isotherms[33].

2.2 Microwave synthesis of metal-doped mesoporous

silicates

These metal-doped mesoporous materials have
often been doped with heteroatoms and the intention of
developing materials that exhibit the required activity
and selectivity for specific catalytic reactions. The
chromium-doped mesoporous materials Cr--MCM-41 and
Cr-MCM-48 were prepared by microwave-assisted
synthesis. They were completed within 1-2 h, whereas
the conventional hydrothermal method took at least
12-24h for completion. These XRD patterns show
evidently that the reflections are more developed for the
samples obtained by microwave-assisted synthesis with
higher long-range ordering than for those from
hydrothermal synthesis as shown in Fig.2. The
parameters values, such as Sgpr(Bsunauer-Emmett-Teller
surface area), Vppmu(Barrett-Joyner-Halendal pore
volume) and  dppu(Barrett-Joyner-Halendal — pore
diameter), were in good agreement with those of typical
ordered mesoporous materials (shown in Table 3)[1].

Mesoporous Co-MCM-41 with different amounts of
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Table 3 Characterization of Cr--MCM-41 and Cr-MCM-48 by chemical analysis and N, adsorption [1]

Entry . Specific surface area,  Specific surface volume, Pore size,
Sample Cr content/%  n(Si)/n(Cr) ) 1 3

No. Sger/(m™g ) Vpg/(em™g ) dp pyu/nm
1 MCM—-41(M) - - 1196 0.98 2.2
2 MCM-43(M) - - 1295 1.03 2.3
3 Cr—-MCM—41(H) 2.05 48.2 1097 0.82 2.4
4 Cr—MCM—41(M) 2.00 49.2 1104 0.82 2.5
5 Cr—-MCM—48(H) 1.98 48.9 1128 0.84 2.4
6 Cr-MCM-48(M) 1.92 49.7 1079 0.86 2.6

H: hydrothermal treatment; M: microwave treatment

Cr-MCM-48(H)

Cr-MCM-48(M)

TTT

Cr-MCM-41(H)
Cr-MCM-41(M)
2 4 6 8

20/(%)

Fig.2 XRD patterns of Cr-MCM-41 and Cr-MCM-48 obtained
by microwave (M) and conventional hydrothermal (H)
synthesist!

cobalt was synthesized by the microwave-assisted
synthesis method. The show that
synthesized materials have typical mesoporous structure
of MCM-41. Also, specific surface area and pore volume

results these

decreased with the amount of cobalt added increasing,
and mesoporous ordering also decreased. When the
molar ratio of SiO, and CoO in the starting material is
1.0:0.05, mesoporous ordering of Co-MCM-41 was the
best among all the contents. On the other hand, thermal
and hydrothermal tests show that Co-MCM-41 after
calcination at 750
at 100 for 5 d still existed in mesostructure. However,
mesoporous framework was entirely damaged after
for 3 h[9].

The mesoporous Zr-SBA-15 has
considerable because Zr

for 3 h or hydrothermal treatment

calcination at 850
received
attention, incorporated
mesoporous materials are not only good catalysts[2, 34],
but also suitable catalyst supports[35], even acidic solid
catalysts by sulfation[11, 36-39]. Recently, several novel

routes have been developed for direct synthesis of

Zr-SBA-15 or sulfated Zr-SBA-15[22, 11, 40]. For
example, NEWALKAR et al[23]
synthesis of Zr-SBA-15 under microwave irradiation.
Zr-SBA-15 with different mole ratios of Si and Zr were
successfully synthesized at 100
hydrothermal conditions within about 2 h. The analysis
confirmed that, the structure, high surface area and
uniform pore size distribution are maintained in the
crystallized samples with n(Si)/n(Zr) of 20.

reported direct

under microwave

2.3 Microwave synthesis of non-siliceous mesoporous
materials

Since self-synthesized mesoporous TiO, was
reported by ZHANG et al[41], the research progress of
non-siliceous mesoporous materials have been made, and
a variety of new synthetic materials constantly appeared.
From the synthetic point of view, because of
non-siliceous material with different chemical properties,
there is an inevitable requirement for researchers to
develop many appropriate synthesis methods. Especially,
some groups have researched the synthesis of
non-siliceous system specifically.

In recent years, mesoporous titanium dioxide have
attracted great interest of many researcher for their
peculiar properties, such as large specific surface areas,
superior photocatalytic activities and chemical stabilities.
Titanium dioxide (TiO,) is regarded as the best
photocatalyst for environmental remediation. The
synthesis of pure mesoporous TiO, and its modification
have been reviewed in this paper. TiCl; and SnCly were
used as raw materials, urea as precipitator, active carbon
as template and soluble starch as anti-agglomerating
reagent. Thus, Sn doped mesoporous TiO, was
synthesized under the microwave. The TEM image of the
sample is shown in Fig.3. From Fig.3, the particle was in
spherical shape and the average diameter was 20 nm.
Then, the highest photocatalytic efficiency can be
obtained when the content of Sn was 10 % (molar
fraction), and the decolorization rate of navy blue dye
could be as high as 100% after being illuminated by

sunlight for 70 min [41].
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Fig.3 TEM images of Sn doped mesoporous TiO,*!

Another  non-siliceous material

mesoporous carbon exhibits a higher electrocatalytic

mesoporous

activity for methanol electrooxidation and controlled
particle sizes as catalyst supports. In 2007, mesoporous
carbon with ordered hexagonal structure derived from
the co-assembly of tri-block copolymer F127 and resol
was employed as the carbon support of Pt catalysts.
Structural characterizations revealed that the mesoporous
carbon exhibited large surface area and uniform
mesopores. The Pt nanoparticles supported on the novel
mesoporous carbon were synthesized by microwave-
assisted synthesis process. Besides, CTAB was expected
to improve the wet ability of carbon support as well as
the dispersion of Pt nanoparticles. The Pt nanoparticles
were uniform in size and highly dispersed on the
mesoporous carbon supports [4].

2.4 Microwave synthesis of organically modified
mesoporous silicates
Organically modified mesoporous silicates are
widely used at separation, catalysis, and so on. Because
of non-existence of higher chemical reactivity inherent, it
For the
realization of potential applications of organosilicas,

greatly limited its practical applications.

scientists have employed organically modification to
improve its hydrothermal stability and chemical
reactivity. So, many researchers attempt to synthesize
them under the microwave irradiation.

SU et al[l0]. synthesized directly

functionalized SBA-15 from the

amino
hydrolysis and

co-condensation of aminopropyltriethoxysilane (APTES)
and sodium silicate under a strong acidic condition by
using microwave. The amino functionalized SBA-15
catalysts had very short channels in the range of
200-300 nm perpendicular to the hexagonal platelet
morphologies. And they greatly improved catalytic
activities over the typical SBA-15 having long channels.
Obviously, the easy diffusion and rapid mass transfer of
substrate into the short channel mesopores have a
dramatic effect on the significant improvement in the
catalytic activities.

Later, the chloropropyl functionalized mesoporous
silicas with various mesostructural phases of hexagonal
poémm, cubic la-3d, and cubic Im3m in the presence of
P123  (EO5PO-EQOy) and F127 (EO;osPO7EO )
tri-block copolymers as structure directing agents under
acidic conditions were synthesized directly. The
mesostructural phases of these mesoporous silicas were
closely related to the amount of CPTS when P123 was
used as structure directing agent.
mesostructure of SBA-15 was obtained at low
concentration of CPTS (n(Cl)/n(Si)=0.05). On the other
hand, the amount of CPTS did not alter the

mesostructure of the materials templated by F127

A hexagonal

structure directing agent. In this way, mesoporous
materials with an Im3m cubic phase of SBA-16 could be
synthesized with molar ratios of Cl and Si as high as 0.2.
The successful assembly of highly ordered chloropropyl
functionalized mesoporous silicas was contingent upon
the successful formation of chloropropyl-silicate-block
And the formation of block
copolymer was dependent on the addition sequence of
acid catalyst and CPTS. The
hydrophobic chloropropyl moiety of CPTS controlled the

copolymer micelle.
the silica source,

overall growth of ordered silica mesostructures [12].

Besides, mesoporous silicas with organic groups
and niobium species were prepared at the same year. The
new materials were synthesized by self-assembly of
bridged silsesquioxane precursor containing ethane-
bridging group using nonionic template Pluronic123 as a
structure-directing agent under microwave irradiation.
The mixture of P123, BTEE, ammonium trisoxalate
complex of niobium (V) in HCI and H,O was transferred
into microwave reaction vessel (10 cm®) and treated in
the CEM microwave system under stirring at 100 for
lh. It was indicated that microwave allowed the
hydrothermal treatment time to reduce from 20 to 1 h
while maintaining the mesoporous ordering. Above all,
the microwave-assisted synthesis method could be
attributed to the long-range regularity of Nb-PMO rods
because of using microwave heating [13].
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Fig.4 TEM images of ethane-containing PMO(Sample ES-24) 1*6)

In 2009, ethane and disulfide-bridged periodic

mesoporous organosilicas were synthesized under
microwave conditions. These materials were obtained by
co-condensation of 1, 2-bis(triethoxysilyl) ethane and
bis(triethoxysilylpropyl) disulfide
precursors and P123 tri-block copolymer template under
weakly acidic conditions. The samples have the specific
surface area, single-point pore volume and pore size of
960-1 220m%/g, 1.14-1.56cm’/g, and 7.1-8.4 nm,
respectively. TEM images(in Fig.4) show the domains of

hexagonally ordered mesopores

organosilica

in these samples,
although this ordering was much less pronounced as in

the case of purely siliceous SBA-15[14].

3 Formation mechanism of mesoporous
materials under microwave irradiation

Microwave heating may reduce synthesis time. It is
generally explained by the rapid heat-up of the sample
and a better heat transfer which results in rapid and
sufficient heating of the synthesis mixture [42]. The
effects of the electromagnetic wave causing ion
oscillation and water dipole rotation on crystallization
mechanism may be different from those of conventional
heating. However, the formation mechanism of MCM-41
under microwave heating is apparently identical to that
of conventional heating, since physical properties of
MCM-41 prepared by microwave method are different
from that under reaction conditions. It seems that
microwave heating not only increases the rate of
crystallization, but also directs the crystallization
mechanism.  An between
conventional and microwave heating is the enhancement
of the Brownian motion and the rotation dynamics of the
water molecules[43]. In the case of the rotational motion,

essential  difference

more hydrogen bonds of water molecules are destroyed,
producing active water molecules. The active water
molecules have a higher potential to dissolve gel because
the lone pairs and OH groups of the active water

molecules are available to block gel bond[43].
Furthermore, PARK et al[6] found that even though
water has higher dielectric constant than that of glycol,
the utilization of microwave energy on the crystallinity
and morphology of MCM-41 is more effective in the
presence of glycol. And absorbing microwave energy
generally depends on the dissipation factor of the sample.
In the SAPO
(silicoalumino-phosphate molecular sieve)—11, it was

microwave synthesis of
found that the rate of heating primarily influenced the
nucleation time of microwave and conventional heating.
A more uniform morphology and narrower size
distribution were formed using microwave heating
compared to conventional heating. This suggests that
rapid and even nucleation is the enhancement mechanism
[21].

In addition, it is generally accepted that polar
solvents and ionic species are the major microwave
absorbers and the heat releases from chemical reactions.
The formation mechanism of the mesostructured
materials with non-ionic templates is generally addressed
with the assembly of the mesostructured silica organized
by the charge-associated EO units of F127 and cationic
silica species in acid media [44—45]. In this way, ionic
species accumulated at the interface influence greatly
microwave irradiation. In order to support this
explanation, HWANG et al[8], attempted to synthesize
SBA-16 wusing tetraorthosilicate (TEOS) instead of
sodium metasilicate as silicate source under microwave
irradiation.

4 QOutlook

Because of excellent performances, mesoporous
materials are widely used. Mesoporous materials have
potential uses in the separation and purification of
biological industry,
environment, energy, new materials, and so on. As a

materials, chemical catalysis,

result, mesoporoas materials are expected to be more
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practical to meet more need.

The precise control of structure and pore diameter
in these materials were studied, so that the systems are
virtually tunable for a desired application and an
unparalleled ability in the synthesis of materials. From
the application point of view, how to improve the
performance and function of the mesoporous materials is
an important direction of development.

However, non-thermal effects of microwave theory
and interpretation of microwave promote agent
crystallization in a chemical reaction are not perfect and
should be further studied.
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