Korean J. Chem. Eng., 21(6), 1224-1230 (2004)
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Abstract—Microwave-hydrothermd processes for the synthesis of mesoporous silica were investigated with different
pathways and mixture conditions at 373 K, and the corresponding structures to the hydrotherma method were syn-
thesized within a very short crystallization time. 2-D hexagonally ordered arrays of MCM-41 materials via the direct
dectrogtatic assembly pathway of S'1~ and mediated templating pathways of S"X1" with CTAB were synthesized, and
cubic mesophase of MCM-48 was aso prepared within 2 hrs of microwave hegating without adding alcohol. Nonionic
surfactants with ethylene oxide (EO) moiety as structure-directing agents were used for the preparation of ordered array
of hexagonal or cubic mesostructured silica via the charge matching principle of (S’H*)(X1%). Although the detailed
roles of microwaves may differ for each process, microwaves accelerate the formation of multiply charged silicate
oligomers, initiating mesophase assembly. Therefore, the use of microwave radiation can transfer energy uniformly
and quickly, and complete the syntheses of mesostructured materials within a short time.
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INTRODUCTION

Ordered arrays of mesoporous structures templated from a sdf-
organized mesodtructure formed by intermolecular interactions be-
tween inorganic subgtances and surfactant molecules have received
great atention in fields of shape-sdective catdysis, sorption of large
inorganic molecules, guest-host chemistry, and chromatographic
separation. Mesoporous structures of surfactant-templated molecu-
lar materids[Kresge et d., 1992] have been contralled within arange
of 2-50 nm, such as the M41S family (MCM-41, MCM-48, and
MCM-50) [Beck & d., 1992] and other mesoporous materias [Bag-
show et d., 1995; Tanev and Pinnavaia, 1995; Ryoo & d., 1996,
Zhao et d., 1998; Goltner et d., 1999]. However, the sdif-organiza
tion process driven by ionic interactions between surfactant micelles
and inorganic precursors via 0l-gdl reaction requires a prolonged
reaction time, generaly 1-3days

For a rgpid and uniform energy supply, a microwave-asisted
hydrothermd autoclave hegting can be gpplied for the synthesis of
mesoporous materids by subdituting a conventional autod ave heat-
ing, asin organic [Beck et d., 1992; Park et d., 19983, b] and inor-
ganic synthesis [Ryoo and Kim, 1995; Edler and White, 1995]. Park
et d. prepared MCM-41, which has hexagond arrangement of uni-
dimengond mesopores, asit was crydalized within ashort period
[Mingos and Baghurgt, 1990; Mingos, 1994], while the autoclave
hydrothermal heating of a precursor gd took severd daysat 100°C,
or there was a prolonged reection time a room temperature [Min-
gos, 1993; Rheo et d., 1999]. A SBA-15 mesoporous molecular
sSeve was synthesized by the microwave radiation method within
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2hours [Zheo ¢ d., 1998; Newaker et d., 2000; Newaker and
Kormarneni, 2001], and further zirconium- [Newaker et d., 20014]
and titanium-subdtituted SBA-15 [Newaker et d., 2001b], and the
indusons of metd and semiconductor clugers into mesoporous
hogts [Belhekar et d., 2000; Zhang et d., 2001; Tian et d., 2003;
Chung & d., 2004] were investigated. In fact, the microwave-asssed
process may be anew pathway to provide heat uniformly and quick-
ly for the synthesis of a surfactant-templated mesoporous molecu-
lar Seve

In this paper, we report a microwave radiation method for the
synthesis of mesoporous dlica with different pathways and mix-
ture conditions & 373K and the corresponding ructures formed
in avery short crygtdlization time. We studied the microwave-as-
sgted hydrotherma synthesis process of ordered mesoporous mate-
rids asit offers many digtinct advantages over autoclave synthes's
routes. Severd microwave-assiged hydrotherma routes are exam-
ined via a direct dectrodatic assembly pathway of S'1- and medi-
ated templating pathway of SXI* or (SH)(X'I"). Here, Sis sur-
fectant, | is an inorganic phase, and X~ is a mediating ion such as
C, Br [Huo & d., 1994]. Cationic and nonionic surfactants are
used as sructure-directing agents within the charge matching prin-
dplesin besic and adidic media[Roh et d., 1997; Song et d., 2002).
The compodtion of reactant gd mixtures and microwave hegting
time a 2.45 GHz were varied in order to optimize the crygdlinity
of slica

EXPERIMENTAL SECTION

1. Materials and Synthesis

Tetraethyl orthodlicate (S(OC,Hs),, TEOS, from Janssen, 98%)
was usad as a dlica source. For cationic surfectant, catyltrimethy-
lammonium bromide, (CTAB, from Aldrich) was used without fur-
ther purification. Nonionic surfactants, induding polyoxyethyleng(10)
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cetyl ether, (CEO,, Brij56®); polyoxyethylene(10) searyl ether,
(CsEO,, Brij76®); polyoxyethylene(20) and dleyl ether, (CigHxEOx,
Brij98®), were used asreceived from Aldrich and Sgma

Microwave-assigted reactions were performed by using an
MARSS (CEM Corp., Mathews, NC) microwave digegtion sys-
tem with 2.45 GHz of microwave frequency. This system operates
a amaximum power of 1.2 KW, which can be controlled from O
to 100% by both pressure and temperature up to amaximum of 350
ps and 513 K, respectively. The percent power of microwave was
programmed in percent increments to contral the rate of heeting. A
fiber optic probe with a phosphor sensor was used for temperature
control of the microwave oven.

Inatypicd preparaion, known amounts of surfactants and addi-
tives (NaOH or HCI) were dissolved in deionized water with tir-
ring for severd hours until the surfactants were completdly dis-
s0lved, and then TEOS was added to the solution dropwisdly. Then
the reactant gel mixture was gtirred for 20 min & room temperature
and trandferred into a Teflon PFA vessal of 100 ml sedled with an
Ultem polyetherimide container. The vessel was subjected to a mi-
crowave-hydrothermd environment for crystalization under satic
conditions a 373 K. The molar compositions of gd mixture and
crydlization time were varied to determine the optimum conditions
for ordered mesophases. The solid products were filtered, washed
with didilled weter, and dried at 60 °C, and then clcined in air et a
rate of 1 °C/min, reaching a maximum of 550 °C, for 8 hoursto re-
move surfactants.

2. Analyses

Powder X-ray diffraction (XRD) petternswere obtained on aRiga:
ku DIMAX-III diffractometer using CuK, rediation (A=1.54178 A).
Data was collected in a continuous scan mode with a 0.01° sam-
pling from 1.2 to 8 of 26 and 1°/min scan rate. Tube voltage was
40KV and tube current was 45 mA. The N, adsorption-desorption
isotherms of the samples were obtained with an ASAP-2000 volu-
metric adsorption andyzer (Micromeritics, Norcross, GA) usng
nitrogen adsorbed a 77 K. The samples were degassed a 150°C
overnight in the vacuum line and the pore structure deta wes ana:
lyzed by the Barrett-Joyner-Haenda (BJH) method using the Hal-
sy equation for multilayer thickness.

RESULTS AND DISCUSSION

1. The Effect of Microwave at Basic and Acidic Conditions

The gd mixtures of badc and acid conditions were exposed under
amicrowave of 2.45 Ghz and 1.2 Kw source and assumed dielec-
tricdly and uniformly heated [Gabrid et d., 1997]. The samples
were selected as wdl-established mesoporous silicas with 2-dimen-
sond (2-D) hexagondly ordered arrays of gpproximately cylindri-
cd pores (herein referred to as MCM-41 type maerids) [Kreege
etd., 1992, Beck et d., 1992], which could be obtained under both
badic conditions by a sdf-assembly of anionic slicatesand cationic
surfactant molecules (S'17). This can dso be derived under acidic
conditions mediated by counterions of opposite charge to that of a
surfactant head group (SX717).

The sol mixtures of abasc condition were exposed under micro-
wave & 373K for hours and the molar ratios for hexagond meso-
porous slica M41S in a basic condition (Case 1) were as follows
1.0TEOS: 0.24NaOH : 0.14CTAB : 120H,0. Fg. 1 showsthe pow-

o
o
—

Intensity (a.u.)

T T T T T T T T T
2 3 4 5 6 7 8

2 0 (degrees)

Fig. 1. XRD patternsof mesoporousslica (calcined) prepared from
reaction mixtures of composition 1ITEOS: 0.24NaOH :
0.14CTAB : 120H,0 under different microwave-hydrother-
mal reaction timesof (a) 1 hr, (b) 2hrs and (c) 3hrsat 373
K. Sample (d) isfor highly ordered MCM-41 by the auto-
clave method.

der X-ray diffraction petterns (PXRD) of cacdined mesoporoussilica
prepared by CTAB in abasic condition with different reaction time
for (@) 1hr, (b) 2hr, and () 3hr. Sample (d) is for highly ordered
MCM-41 by the autodave hesting method with the addition of acetic
acid inreactant gel [Mingos, 1993]. The X-ray paterns of mesopo-
rous slica synthesized under microwave trestment for 1 hr exhibit
three well-resolved pesks. The pesk of (100) isacharacterigtic of a
2-D hexagond porous gtructure with d,,=3.79 nm (unit cdl param-
eter, 8,=4.38 nm), but the (110) diffraction line becomes unclear as
the time increases when compared with highly ordered MCM-41
(d). The BET surface area and the average pore diameter as deter-
mined from the desorption branches (BJH method) for the ssmple
(a) are 1,148 mr/g and 2.60 nm, respectivedly, which are compara-
ble with thase of highly ordered MCM-41 [Ryoo and Kim, 1995].
However, the distinct order on the mesoscopic scale characterized
by three pesks was dightly decreased as the microwave rediation
time extended to 2 hrs. This indicates that the reaction time under
given microwave should be less than 1 hr. However, it is not clear
whether the rapid hegting affects the process of molecular reection
and assembly or mesogtructure.

In generd, the anionic Slicate speciesin abasic CTAB solution
is nuclested within avery short time, gpproximately 1-10 min under
microwave radiation [Mingos and Baghurst, 1990], while the me-
soscopic long-range order on the sdf-organization of surfactant-
dlicate compositesis developed within 1 hr via strong dectrodtatic
wurfactant-slicate interaction (S'17). After 2-3hrs of radidion, the
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mesodructure of slicawas gpparently transformed into a disordered
network sructure of short wormlike channels designated as KIT-1
[Ryoo et d., 1996]. Therefore, it is conduded that the microwave
trestment at the basc condition for MCM-41 acclerdtes the rate
of converson to form a nucleation and mesodructure within one
hour, but thet the long irradiation reduces the crystdlinity of hexag-
ond arays. Continuous and longer microwave trestment would
cause the metastable mesophase of S'1” to collgpse into disordered
channels and form a findly amorphous gructure in the synthetic
mixture. However, the microwave irradiation may giveriseto sev-
erd negative effects such as the possible decompostion of surfac-
tant complex or precursor gd Sructure or the depolymerization of
the formed silicate framework.

The acidic pathway of an SX™I" mesodtructure templating route
for MCM-41 [Huo & d., 19944] was ds0 tested with the micro-
wave irradigtion while maintaining the charge dendty matching
principles. Here, S’ is the dkyltrimethyl ammonium cation, X is
the compensating anion of acid suchas Cl™ and Br, and I isaposi-
tively charged slica precursor. The molar ratios of precursors are
asfallows ITEOS: 6.0HCI : 0.18CTAB : 130H,0 (Ca=e 1). Fig. 2
shows the powder XRD patterns of calcined mesoporous silica pre-
pared with CTAB in an acidic condition with different microwave-
hydrothermd reection times of (8) 1 hr, (b) 2hrs and (c) 3hrs &
373K. The best dructurd ordering of a mesophase was obtained
a the molar ratio of HCI/TEOS=6.0in previous Sudy [Song et d..,
2002).

The synthess of MCM-41 in an acidic condiition is generdly pro-
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Fig. 2. XRD patternsof mesoporousslica (calcined) prepared from
reaction mixtures of composition ITEOS: 6.0HCI : 0.18
CTAB : 130H,0 under different microwave-hydrothermal
reaction timesof (@) L hr, (b) 2hrs and (c) 3hrsat 373K.
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cessed & room temperature when dkyltrimethyl ammonium sdt is
used as atemplating agent in an acidic medium because the ther-
md energy has a negative effect on the formation of ordered array
[Huo e d., 19944 b; Setoguchi et d., 1999; Kim et ., 2000]. Sur-
prisingly, however, Fig. 2 shows that a hexagond mesogructure
with d,,=3.11 nm (the unit cal parameter, 8,=3.59 nm) could be
obtained after irradiation for 3hrsat 373 K. The sructurd ordering
was ddlayed compared with the case (1) of the basic condition and
improved as the microwave radiaion time increased up to 3 hr. The
N, adsorption-desorption isotherm for sample (¢) (not shown here)
istype IV without hysteresis and shows a well-defined gep in the
adsorption and desorption curves. The BET surfece area and the
B average pore diameter for sample (¢) are 1,461 mf/g and 2.65
nm, repectively, which is condgtent with those of MCM-41 [Huo
et d., 19944). Counterion-mediated charge coupling between CTAB
and dlicate (S"X°I") isknown to govern the templating mechanism
in an acidic medium. However, it reguires a prolonged time to form
the cooperative organization of CTAB-glicate hybrids under an acid-
ic condiition, because the interaction between surfactant and hydro-
lyzed product of slicateisreatively week.
2. Alcohaol-free Synthesis of MCM-48 with CTAB

Owing to its three-dimengona pore gtructure, the cubic meso-
phase, MCM-48 (Ia3d) may be of more interest than the hexago-
nd phese of MCM-41 [Krege & d., 1992; Beck et d., 1992; Zheo
and Gdldfarb, 1995; Fyfeand Fu, 1995, Kimet d., 1998; Xu et d.,
1998; Schumeacher et d., 1999; Sayari, 2000; Kaneda, 2002]. With
amost no exception, it was found thet the preparation of MCM-48

Intensity (a.u.)
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Fig. 3. XRD patternsof mesoporousslica (calcined) prepared from
reaction mixtures of compostion ITEOS: 0.5NaOH : 0.80
CTAB : 65H,0 under different microwave-hydrothermal
reaction timesof (@) Lhr (b) 2hrsand (c) 3hrsat 373K.
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dlica reguires the use of ethanadl ether as additive or from tetrar
ethyl orthoslicate with long synthesistime, Snce ethandl is blieved
to prevent the growth of cylindrica micdles, a necessary protocol
for the formation of MCM-41 [Huo et d., 1996].

The microwave radiation method, however, may not require the
addition of ethanol for MCM-48 because both contribute the same
effect for sructure forming. The reectant gel mixture was prepared
with the following compasition: 1.0 TEOS: 0.5NaOH : 0.8CTAB :
65H,0 (Case 111). Before the addition of TEOS, the surfactant solu-
tion was heated to 60 °C for 2 hrs and then cooled dowly to room
temperature. After addition of TEOS, the gl mixture was stirred
vigoroudy for 30 min and then trandferred into a Teflon vessd, which
was subjected to a microwave-hydrotherma environment for crys-
tadlizetion at 373K.

The powder X-day diffraction petterns of cacined mesoporous
dlicawith different reactiontimes of (8) 1 hr, (b) 2 hrs and () 3hrs
are shown in Fig. 3. As seen in this figure, the cooperative organi-
zation of cubic (Ia3d) mesophase was obsarved after 2 hrs of micro-
wave radiation time with d,;=3.25 nm, but further increase in the
reection time resulted in loss of intensity and peek resolution. Here,
the addition of ethandl in a reectant gel mixture has a negative ef-
fect on the formation of ordered cubic mesostructure. The BET sur-
face areaand the BJH desorption average pore diameter for ssmple
(b) were measured as 1,250 /g and 2.84 nm, respectively. There-
fore, it is concluded that the microwave-hydrotherma process re-
aulted in MCM-48 sructure without ethanol during a greetly re-
duced synthesistime.
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Fig. 4. XRD patternsof mesoporousslica (calcined) prepared from
reaction mixtures of composition ITEOS: 3.5HCI : 0.14
CEOy: 130H,0 under different microwave-hydrother-
mal reaction timesof (a) Lhr (b) 2hrsand (c) 3hrs.

3. Mesoporous Silica with Nonionic Surfactants

Severd nonionic surfactants with EO based hydrophilic group
were used as sructure-directing agents of mesoporous silica under
microwave radiation. Fig. 4 showsthe powder XRD patterns of cal-
cined mesoporous silica prepared in the presence of oligomeric non-
ionic surfactant spedies, C,EO,, with different microwave rediation
times a 373 K. The molar ratios of the synthetic precursors were
asfolows 1.0 TEOS: 35HCI : 0.14C,(EO,, : 130H,0 (Case IV),
and the best order on the mesoscopic scae was obtained a 2 hrs of
microwave radigtion time (sample (b)). The XRD pattern of sam-
ple (b) shows evidence of three reflections characterigtic of a 2-D
hexagond porous gructure (P6nm) with dip,=4.29 nm (unit cell
parameter, 3,=4.95 nm), which is comparable with previous reports
[Zheo et d., 1998; Blin and Su, 2001; Song et d., 2002]. The BET
urface areaand the BJH desorption average pore diameter for sam-
ple (b) were measured as 1,125 n/g and 2.46 nm, respectively.

Fg.5 shows the XRD patterns of cdcined mesoporous slica
prepared in the presence of C,,EO,, surfactant with different micro-
wave-hydrothermd hegting times a 373 K. The representative gel
compastion was ITEOS: 5,0HCI : 0.14C:EO,, : 130H,0 (Cese V).
Aswas observed in Hg. 4, the best dructura ordering of mesophase
was exhibited after 2 hrs of microwave radiation. The XRD pat-
tern of sample (b) shows three dear reflections which can be in-
dexed with (100), (110), and (200) planes on a hexagond unit cdl
with d,,=4.72 nm (a,=5.45 nm). The N, adsorption-desorption iso-
therm of this materid presented in Fig. 6 isatype IV according to
the dasdfication of Brunauer, Deming, Deming and Teller (BDDT)
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Fig. 5. XRD patternsof mesoporousslica (calcined) prepared from
reaction mixtures of composition ITEOS: 5.0HCI : 0.14
CEOy,: 130H,0 under different microwave-hydrothermal
reaction timesof (@) Lhr (b) 2hrsand (c) 3hrsat 373K.
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Fig. 6. Nitrogen adsor ption-desor ption isotherm plotsfor calcined
mesoporous slica prepared with nonionic surfactant, Ciq-
EO,, under microwave-hydrothermal condition for 2hrs
at 373 K. Inset: the corresponding pore-size distribution
curve obtained by BJH analysis.

[Brunauer et d., 1940], and shows virtudly no hyseress. Thisin-
dicates that there are no pore-blocking effects from narrow pores
during desorption, but that awell-defined step develops in adsorp-
tion and desorption curves between partia pressure PR, of 0.2-0.4.

In the inset of Fg. 6, the BJH pore Sze didribution caculated
from a desorption branch, is shown with a narrow Sze digtribution.
Such a desorption behavior is indicetive of filling framework-con-
fined mesopores with an average BJH pore diameter of 3.0nm, and
aBET surface area of 1,018 n/g. Ordered mesoporous silica can
a0 gynthesize with CgH4EOQ,, nonionic surfactant by microwave
hydrothermd heeting at 373K within a very short synthesis time
of 2hrs. The materid prepared with CgH.EO,, has uniform pore
dimensions with N, BET surface area of 956 m?/g and BJH aver-
age pore diameter of 267 nm.

Table 1 summarizes the physcochemica properties of mesopo-
rous slica prepared under microwave-hydrotherma hegting with
different cationic and nonionic surfactants A fine mesogtructure
was rapidly formed et a basic condition of Case |, but a high pore
mesodructure was dowly condructed a an adidic condition of Case
[1. In case 1, the cubic structure was found without alcohal. There-

fore, the microwave energy speeds up the formation of intermedi-
ates of surfactant and silica precursors, and their assembly for tem-
plates, but their detaled mechanisms may not be changed. For non-
ionic surfactant, the increase of chain length from C16 (Case VI)
to C18 (Case V) increases the d-gpacing and pore volume, but the
increase of EO length from 10 (Case V) to 20 (Case V1) reducesthe
pore volume but not d-spacing. For the former of carbon chain, the
microgtructure would be represented by the change of chain length
but not affected by microwave heating. For the latter of EO chain,
however, the d-gpacing and pore volume changes opposite indicating
that intermediate structures forms different thickness of EO layers
with slica precursors and water molecules influenced by micro-
wave hedting.

Didectric hegting of water supplies the reguired energies of proper
gepsand created by the interaction of the dipole moment of mole-
culeswith the high frequency dectromagnetic radiation (2.45 GHz)
[Gabrid e d., 1997]. In addition, the enhanced Brownian motion
and the rotationd dynamics of the water molecules [Jansen et d.,
1992] may intervene in the mechanism of microgructure forma
tion in variable stages of each process. In fact, hydrogen bridges of
water molecules may be destroyed under microwave hesting, re-
aulting in so-called active water molecules. Active weter molecules
have ahigher potentid and energy compared to the hydrogen-bonded
date of water molecules and gdl because the lone pairs of OH groups
are avalable to bresk gd bonding. Thisenvironment provides more
opportunity for the rapid formations of multiply charged slicate
dligomers such as doublethree ring (D3R) or double four-ring (D4R)
species, which can be used to initiate mesophase assembly accder-
ating the interaction between surfactants and hydrolyzed products
of slicate at the interface [Firouzi et d., 1995]. Therefore, it is be-
lieved that microwave hegting not only adds hest energy, but dso
dfectsthe initid sage of the mesophase formation, snce continu-
ous and longer microwave trestment causes the metastable meso-
phase to collgpse into disordered channds and findly form an amor-
phous gtructure.

CONCLUSIONS

Mesoporous silicaof MCM-41 viaS'T™ and SXT™ synthetic routes
was synthesized within 2 hrs under microwave-hydrotherma con-
ditionsat 373 K. The effects of microwave irrediation differ depend-
ing on different processes such as the formation of a precursor com-
plex or sef-organization. The cubic mesophase, MCM-48, was dso
synthesized successfully by usng microwave method within ca
2hrsa 373 K without the addition of ethanal, but prolonged micro-
wave radiaion had a negative effect on the structura ordering, re-

Table 1. Physicochemical properties of mesoporoussilica prepared usng CTAB and nonionic alkyl poly(ethylene oxide) surfactants under

microwave-hydrothermal condition at 373K

Case & Surfactant  Condition Mesophase dspacing (nm) BET surfacearea(m?g) Poresize(nm)  Pore volume (cm®g)
Case| CTAB Basic Hexagona 3.79 1148 2.60 0.98
Casell CTAB Acidic Hexagonal 31 1461 2.65 1.01
Caselll CTAB Basic Cubic 3.25 1250 2.84 1.22
Case |V CEO,, Acidic Hexagonal 4.29 1125 2.46 0.49
CaseV C4EO,, Acidic Hexagonal 472 1018 3.00 0.88
Case VI CH:EO, Acidic Cubic 4.88 956 267 0.45
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aulting in disordered network sructure condsting of short worm-
like channds. Severd nonionic surfactants such as CcEO,,, CsEO,,
and CzHEO,, were used as structure-directing agents via (SH*)
(X71I") synthetic route under microwave radiation. The ordered me-
sophases were synthesized successully within very short crystalli-
zation time. In addition to the uniform and fast didectric heeting of
water, the microwave attivates water molecules resulting in the rgp-
id formation of multiply charged dlicate oligomers While this ac-
cderates the sdlf-assembly of glicate-surfactant hybrid, continuous
and longer microwave trestment destebilizes the mesogtructure and
sdf-organization resulting in metastable mesophase.
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