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Method 

Abstract-Both powder-type and fitm-type mesoporous silica materials have been prepared by using a sol-gel pro- 
cess in highly acidic, solvent-iich and mild conditions by solvent evaporation method. Powder raesoporous silica 
which has hexagonal arrays was well synthesized within only 10 minutes, and mesoporous film was formed on 
the glass plate within only several seconds by supramolecnlar interactions between the silicate species and surfac- 
tant-teraplates. In particular, the synthesis time was very short compared with that of hydrothemlal synthesis owing 
to the solvent evaporation. This method has some characteristics different fi-ora the hydi-othelmal method such as 
the following. There is no precipitation because particles do not form in the solution before solvent evaporation, 
bulk powder is rigid, whereas that of hydrothermal synthesis is very soft, and mesoporous materials are synthe- 
sized in acidic condition. Solvent evaporation method for the synthesis of raesoporous materials is promising 
because the method is very simple and tirae-saving. 
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INTRODUCTION 

Large pore-size molecular sieves are much in demand for reac- 
tions or separations involving large molecules [Es~rmann et al., 
1991]. Since the MCM (Mobil's Composition of Matter) series 
was invented by Mobil Corporation scientists in 1992 [Kresge 
et al., 1992; Beck et al., 1992], surfactant-templated synthetic 
procedures have been extended to include a wide range of com- 
positions, and a variety of conditions have been developed for 
exploiting the stmclJare-directing functions of electrostatic, hy- 
drogen-bonding, and van der Waals interactions associated with 
amphiphilic molecules [Huo et al., 1994a, b; Stucky et al., 1997; 
Sayari, 1996]. Mesoporous molecular sieves, of which the pore 
size could be tailored accurately in the range of 2-10 nm by 
preparation conditions or postsynthesis treatments, could encap- 
sulate the heavier feeds which could not get into the micro- 
pores. One of the members of M41S called MCM-41 shows a 
hexagonal array of uniform mesopores which depends on the 
template and synthesis conditions employed Usually MCM-41 is 
prepared hydrothermally at 100 ~ for several days in the basic 
condition [Kresge et al., 1992; Beck et al., 1992; Stucky et al., 
1997; Sayari, 1996; Ryoo et al., 1997a; Kim and Woo, 1997]. 
Recently, attention has been paid to the utilization of micro- 
wave heating technique in the field of mesoporous materials [Wu 
and Bern, 1996; Park et al., 1998a, b]. MCM-41 is obtained by 
microwave treatment of precursor gel at 100-120 ~ for 1 h or 
less, a very short period of time compared with the hydrother- 
real method [Park et al., 1998a, b]. 

Stucky et al. presented four pathways to the synthesis of meso- 
slructured s~arfactant-inorganic biphase arrays [Stucky et al., 1997]. 
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The first way involves the direct co-condensation of anionic in- 
organic species with a cationic surfactant (S+I). The base-syn- 
thesis of MCM-41 and MCM-48 forms prototypic examples. 
The second way involves cooperative condensation of cationic 
inorganic species with an anionic surfactant (S I+). The exam- 
ples of this way are periodic tubular non-silica structures such 
as iron oxide, lead oxide, and aluminum oxide. The third and 
the fourth way involve condensation of ionic inorganic species 
in the presence of similarly charged surfactant molecules. These 
pathways are mediated by counterions of opposite charge to 
that of the surfactant head groups. In the case that the medi- 
ailed ions are cations (S-M+I-), the formed materials are zinc 
oxide in the base condition. If the mediated ions are anions 
(S+M-Y), then the prepared materials are acid-synthesized M41S 
or zincphosphate [Huo et al., 1994a, b; Stucky et al., 1997]. 

Thin films of surfactant-templated mesolmrous materials could 
find applications in membrane-based separations, selective cat- 
alysis and sensors. Above the CMC (critical micelle concentra- 
tion) of a bulk silica-surfactant solution, films of mesophases 
with hexagonally packed one-dimensional channels can be form- 
ed at solid-liquid and liquid-vapour interfaces [Yang et al., 1996a, 
b]. Lu et al. reported film formation during the last few sec- 
onds of film deposition through surfactant enrichment by sol- 
vent evaporation to exceed CMC even though the initial sur- 
factant concentration was under the CMC [Lu et al., 1997]. Ryoo 
et al. prepared mesoporous silica films and plates using azeo- 
tropic mLxture of ethanol and n-hexane [Ryoo et al., 1997b]. Bru- 
insma et al. synthesized mesoporous silica in the form of spun 
fibers and spray-dried hollow spheres by solvent evaporation 
[Batinsma et al., 1997]. Ogawa and Kikuchi preFared self-stand- 
ing ~ansparent films of silica-surfactant mescstructured materials 
using supramolecular assemblies of surfactants to template the 
reactions of inorganic species [Ogawa and Kikuchi, 1998]. 
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In this study, mesoporous materials were prepared in acidic 
condition by solvent evaporation method which accelerates su- 
pramolecular interactions involving condensation of cationic in- 
organic species in the presence of similarly charged surfactant 
molecules which are mediated by counterions (Cr  or B r )  of  
opposite charge to that of  the surfactant head groups. Hexago- 
nal arrayed powders were successfully synthesized in acidic 
and thermally mild conditions within l0 minutes. Mesoporous 
films were also formed on the glass plate in a similar condi- 
tion but the formation time was about several seconds. Solvent 
evaporation method can be used as a promising tool for the 
preparation of mesoporous materials because of many advan- 
tages such as the following. Synthesis time is very short, the 
solvent which is employed can be recovered by evaporation, 
and the synthesis condition is mild. 

E X P E R I M E N T A L  

1. Bulk Synthesis and Film Formation of  Mesoporous Mate- 
rials 

The synthesis procedure of  mesoporous powders and films 
is depicted in Fig. 1. TEOS (Tetraethylorthosilicate, Aldrich, 
98 %) was employed as a silica source. Ethanol (Merck, 99 
%), methanol (Merck, 99 %) and MEK (Methylethylketone, Al- 
drich, 99 %) were used as solvent. CTAB (CH3(CH2)IsN+(CH03- 
B r )  was used as surfactant-template. Precursor solutions were 
prepared by addition of cationic surfactant, CTAB, to polymer- 
ic silica sols. TEOS, solvent, distilled water and HCI (mol ra- 
tios : 1 : 3 : 8 : 5,10 ~) were refluxed at 60 ~ for 90 min. And 
then the sols were diluted with solvent at a ratio of  1 : 3. Final- 
ly, CTAB was added in quantities corresponding to the con- 
centration range of 0.06-0.12 M. This solution was evacuat- 
ed at 60 ~ for the bulk synthesis. Films were deposited on the 
glass plate by dip-coating. Prepared powders were calcined at 

550 ~ for 6 hr. Mesoporous films were calcined at 400 ~ for 
10 min. The heating rate was controlled to 1 ~ because 
the mesoporous structure should be protected from collapsing 
by the rapid change of temperature. 
2. Characterizat ion of Mesoporous  Powders  and Films 

Synthesized mesoporous materials were characterized by FT- 
IR (Nicolet). Bulk powders were directly pelletized, and the 
mesoporous films were rubbed by knife to be pelletized after 
being mixed with dry KBr. In order to identify the mesostmc- 
tare, the prepared mesoporous samples were analysed by X- 
ray diffraction (XRD). The unit used was an X-ray diffracto- 
meter (Rigaku 2155D6, Ni-filtered C u K a  radiation with A- 
1.5418 A, ). The specific surface areas and mesopore volumes 
were determined by nitrogen physisorption with the BET sorp- 
tion analyser (Micromeritics ASAP 2400). The morphology of 
the samples was examined with an SEM (Scanning electron 
microscope, 20 kV, Jeol JEM-300). TGA profile was obtained 
by IGA (Intelligent gravlmetric analyser, Hiden analytical) sys- 
tem. 

R E S U L T S  A N D  D I S C U S S I O N  

By solvent evaporation method, both mesoporous powders 
and films were prepared and characterized. Powder samples 
ground by mortax and film samples rubbed by knife were mix- 
ed with dry I~d3r to be pelletized for FT-IR analysis. FT-IR 
spectra are shown in Fig. 2. In the case of  bulk synthesis of  
powder, the intensities of  two Si-O-Si asymmetric stretching 
vibration bands appearing at 1,230 cm ] and 1,080 cm ' were 
significantly changed upon calcination. While the peak at 1,230 
cm ' was decreased after calcination, the peak at 1,080 c m  ~ 
was increased after calcination. The changes observed in the 
Si-O-Si region after calcination ate due to irreversible silicate 
polymerization and reflect irreversible transformations in the 
silicate structure [Calabro et al., 1996]. So after calcination, the 

Refluxing at 60~ for 90 min 

TEOS, Solvent, H20, and HCI 

( mol ratio 1 " 3 �9 8 ' 5"10 2 )  

1 

Stirring at 25 ~ for 15 min 

[ Aging at 50 ~ for 15 min 
I i 

i 

I Diluting 1 �9 3 with Solvent 

Adding CTAB 

Bulk Synthesis i Film Formation 
i 

(at 60 ~ evacuation) I (Dip coating at RT) 

Fig. 1. A typical procedure for the synthesis of mesoporous sil- 
ica by solvent evaporation method. 
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Fig. 2. FT-IR spectra of mesoporous silica ; solvent : ethanol ; 

C,=0.10 M (a) bulk, as-synthesized (b) bulk, calcined 
(c) film, as-synthesized (d) film, calcined (e) MCM-41, 
calcined. 
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spectrum of  bulk synthesized powder became similar to that 
of  MCM-41 reference, (e), which was prepared in the basic 
condition. In the case of  film formation, there was no signif- 
icant change in the peak intensity after calcination. 

The XRD patterns of  bulk powders are illustrated in Fig. 3. 
And those obtained on silicate/surfactant films grown at the air- 
water interface are shown in Fig. 4. In both cases ethanol was 
used as solvent. In Fig. 5, the XRD patterns of  the samples 
with respect to various solvents are described. According to Fig. 
3, in the bulk synthesis, mesophases axe confirmed from the 
XRD patterns. As the initial surfactaJat concentration increas- 
ed, the maximum peak intensity was found when the initial 
surfactant concentration was 0.10 M. The intensities of  the cal- 
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Fig. 3. XRD patterns of  mesoporous silica with initial surfac- 
tant concentration ; solvent : ethanol ; bulk synthesis (a) 
as-synthesized (b) calcined. 
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Fig. 4. XRD patterns of  mesoporous silica with initial surfac- 
tant concentration ; solvent: ethanol ; fdm synthesis (a) 
as-synthesized (b) calcined. 

cined samples were higher than those of  the as-synthesized 
ones, and the powder patterns showed (100), (110) and (200) 
reflections corresponding to a hexagonal structure after calci- 
nation. (110) and (200) reflection patterns are apparent if the 
scales of  intensities are magnified to about 5 times. The in- 
crease in peak intensity after calcination is due to condensa- 
tions of  mesophases. The d-spacing values of  as-synthesized 
samples are about 40 • ,  and the values are changed to about 
30 A after calcination. This results are due to the fact that there 
are condensations of  mesophases in the calcination process. 
These results indicate that the structure is not so strong be- 
cause mesophases are formed very rapidly. This result of  cal- 
cination shrinkage is in good agreement with that of spun fibers 
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Fig. 5. XRD patterns of mesoporous silica with change of sol- 

vent ; Co=0.10 M ; as-synthesized (a) bulk synthesis (b) 
film synthesis. 

synthesized by Bruinsma et al. According to the result of  Bru- 
insma et al., 9 A, shrinkage was observed after calcination [Bru 
insma et al., 1997]. The XRD patterns of  the films are signifi- 
cantly different from those of bulk materials. As shown in Fig. 
4(a), very sharp diffraction peaks with d values of  about 4 nm, 
which accompanied second-order reflections, were observed in 
the XRD patterns of  the as-synthesized products, indicating that 
the films possess periodic mesostructures over the initial con- 
centration of 0.08 M. So, the structures were broken during the 
calcination process, as aye shown in Fig. 4(b). I f  the initial sur- 
factant concentration was 0.06 M, mesophases still existed after 
calcination. Thus, it is suspected that mesophases change to 
lamellar phases with increasing the initial surfactant concentra- 
tion. And the change point is between 0.08 and 0.10 M. A- 

ccording to Fig. 5, among three different solvents, alcohols 
such as methanol and ethanol effectively form bulk mesopo- 
rous materials, but MEK forms bulk materials of  mesophases 
which have low quality. In the film formation, alcohols form 
lamellar phases. 

Mesoporous powders have a BET surface area of about 1,600 
m2/g and a narrow pore-size distribution around 16 A ,  when 
Co was 0.10 M and the solvent was ethanol. The high value 
of  surface area is similar to that of  hollow spheres produc- 
ed by spray drying, which was prepared by Bruinsma et al. 
[Bruinsma et al., 1997]. Bruinsma et al. obtained the data of  
BET surface area with change of surfactant/silicate ratio, and 
the highest surface area (1,770 m2/g) was achieved at the high- 
est surfactant concentration (surfactant/silicate mole ratio-0.28) 
[Bruinsma et al., 1997]. The pore size distribution curve de- 
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Fig. 6. BET data of mesoporous silica ; solvent : ethanol ; Co = 

0.10 M ; bulk synthesis (a) N2 adsorption-desorption iso- 
therms;  pretreated at 300 ~ (b) Pore size distribu- 
tion curve obtained by the BJH analysis. 
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picted in Fig. 6 has been obtained using the BJH (Barrett-Joy- 
ner-Halenda) method with N2 adsorption isotherm. The adsorp- 
tion-desorption isotherms show no hysteresis within the resolu- 
tion of the equipment, indicating that the pores are unconstrict- 
ed. Similar results can be seen from the other groups' data [Ryoo 
et al., 1997; Bruinsma et al., 1997]. The wall thickness was 
19A which was calculated as: 2xd(100)/.f3-pore size. The 
thickness is similar to that of hydrothermal synthesis. So, after 
calcination, the wall becomes rather stable. 

Fig. 7 shows the SEM images obtained for the mesoporous 
silica materials. Fig. 7(a) was obtained from calcined powders 
of bulk synthesis when Co was 0.10 M and ethanol was used 
as the solvent. Almost all particle sizes are over 10 ~m, and 
the bigger ones are over 200 ~m. The sizes are irregular and 
very large compared with those of hydrothermal synthesis. Cal- 
cined powders are very rigid compared with hydrothermally 
synthesized MCM-41. The reason that the particle size pre- 
pared by solvent evaporation is bigger is as follows. The con- 
dition of synthesis is not water-rich but solvent-rich, and there 
is no precipitation before evaporation. During solvent evapora- 
tion, rapid arrays of inorganic species and organic surfactants 
result in rapid precipitation of the particle which is very rigid. 
Fig. 7(b) was obtained from calcined mesoporous film when 
Co was 0.06 M and the solvent was ethanol. The film depos- 

Fig. 7. SEM images of mesoporous silica; solvent: ethanol (a) 
C0=0.10 M, bulk, calcined (b) Co=0.06 M, film, calcined. 

(b) 

.-? 

0 

._~ 

(a) 

Synthesis of Mesoporous Silica in Acidic Condition by Solvent Evaporation Method 

1 0 0  200 300 400  500 

Temperature (~ 
Fig. 8. Simultaneous thermal analysis of as-synthesized meso- 

porous silica, (a) TGA and (b) DTA ; solvent : ethanol ; 
C0=0.10 M ; bulk. 

ited on the glass plate is transparent, which is like the result 
of Ryoo et al. [Ryoo et al., 1997b]. 

TGA and DTA of as-synthesized power samples prepared 
with the condition that Co was 0.10 M and ethanol was em- 
ployed as solvent is illustrated in Fig. 8. This sample shows sim- 
ilar decomposition behavior with three distinct stages of weight 
loss. A first step up to 180 ~ a second on between 180 and 
240 ~ and finally a third from 240 to 500 ~ are clearly visi- 
ble in the TGA diagram. The endothermic weight loss is due 
to the desorption of water. The second one, exothermic in na- 
ture, indicates the combustion and decomposition of the organ- 
ic surfactants in air during the calcination. The third stage is 
related to water losses via condensation of silanol groups to 
form siloxane bonds and continuing loss of residual hydrocar- 
bon. This result is similar to that of hydrothermally synthesiz- 
ed MCM-41, which is in good agreement with that of Stucky's 
group [Huo et al., 1994b]. 

According to the above results, it is assumed that the reac- 
tion of the micelle formation during the solvent evaporation 
proceeds as follows. At the refluxing step as is shown in Fig. 
1, silicate oligomers are formed, and then CTAB is added to 
the solvent-rich solution where silicate oligomers are formed. 
As solvent evaporates, concentration of surfactant varies from 
initial surfactant concentration, Co (<< CMC) to C exceeding 
CMC. At CMC spherical micelle is formed, and above CMC 
rod-like micelle is made. It is confirmed that forced evacua- 
tion is necessary to form the mesopores of powders. But in 
the case of film formation, films were prepared at 1 atm, 20 
~ without forced evacuation. So, it is suspected that solvent 
evaporation accelerates the interactions between inorganic sili- 
cates and organic surfactants. During the solvent evaporation, 
mesophases are formed by supramolecular self-assembly of or- 
ganic-inorganic layer. Both in the bulk synthesis and the film 
formation, the solvent played an important role in the forma- 
tion of mesophases. Without a solvent dilution step in the pro- 
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cedure mesophases did not appear. It is assumed that meso- 
phase formation needs energy and energy is obtained by sol- 
vent evaporation. Furthermore, the energy of bulk synthesis is 
bigger than that of film formation. Bulk formation of powder 
needs forced evacuation in order to form mesophases by eva- 
porating solvent, but in the case of film formation mesophases 
are formed without mechanical evacuation. The pathway to the 
synthesis of mesos~ructured surfactant-inorganic arrays involves 
condensation of cationic surfactant molecules with identically 
charged inorganic species because the preparation is done at 
acidic condition. This pathway is mediated by anionic ions of 
surfactant head groups (Br)  or chlorine anion from HC1 solu- 
tion (S+M-I + where M- Br- or C1-). 

The significant difference between bulk synthesis and film 
formation is attributed to the important difference in the pre- 
paration condition. The available time for the formation of me- 
sophases is very short in the case of film formation (a few 
seconds), but is relatively long in the case of bulk synthesis 
(about 10 minutes). Short timescales significantly reduce the 
time available for aggregation, gelation, and aging compared 
with powder synthesis. Bfinker et al. anticipated several con- 
sequences of the short timescale of the film deposition pro- 
cesses. There is little time available for reacting species to fred 
low energy configurations, for the particles to order and for 
condensation reactions to occur. Thus the dominant aggrega- 
tive process responsible for network formation may change from 
reaction-limited to transport-lirnited [Brinker et al., 1995; Nishida 
et al., 1995]. 

CONCLUSIONS 

The solvent evaporation method proved to be able to syn- 
thesize mesoporous materials both in bulk and film form. Me- 
soporous powders were successfully prelmred with d-slmce value 
of (100)=30.6A, (110)=17.6 A,  (200)=15.6A and (100) intern 
sity of 13,000 cps within 10 minutes. Mesoporous film was 
formed on the glass plate, and the phases were changed with 
respect to initial surfactant concentration, Q. Enhancement in 
the rate of mesophase formation is ascribed to the driving force 
induced by the evaporation of solvent through controlling sur- 
factant concentration exceeding CMC (Critical micelle concen- 
tration). Even if Co is beyond the CMC, micelles are formed 
on account of the preferential evaporation of the solvent. So 
finally rodlike micelles are formed and then mesophases are 
formed. I>,tring evaporation, the role of solvent is to acceler- 
ate the supramolecular interactions between surfactant and sili- 
cate cation mediated with anion dissolved in the solvent. In 
the synthesis of powders, forced evacuation was indispensable 
to the formation of mesophases. The available time for the for- 
marion of mesophases is important. In bulk synthesis, the avail- 
able time is sufficient to form the mesophases, but in the 
case of film formation, the available time is little for the parti- 
cles to order. Non-covalent interactions, especially H-bonding, 
play an important role in the crystallization of mesoporous ma- 
terials through the arrangement of surfactant-silicate assembly 
(e. g. alcoholic solvents such as methanol and ethanol). 
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