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Abstract In the presence of a high TMOS concentration,
mono-dispersed mesoporous pure silica spheres with dif-
ferent pore sizes were successfully synthesized using
C1sTMACI, C4,TMACI, and C|,TMACI as templates in a
methanol-water system, whereas they could not be
obtained using C;(TMACI. The standard deviation of the
particle size prepared with high TMOS concentrations was
approximately 10%. Mono-dispersed mesoporous Al-con-
taining spheres could also be synthesized using NaAlO, as
an aluminum source from starting synthesis mixtures with
a TMOS/AI ratio of more than 10, but not with a TMOS/Al
ratio of less than 8. It was found that the particle size and
standard deviation of mono-dispersed mesoporous alumi-
num-containing spheres depended on the TMOS/AI ratio.

Introduction

Controlling the morphology of mesoporous materials is very
important for certain applications and so these materials have
been produced in the form of fibers [1-3], rods [4, 5], and
spheres [6—15]. Of these morphologies, spheres are very
promising for use as reactors, columns [16—19], cosmetics
[20], or fixed and fluidized beds. The synthesis of mono-
dispersed silica spheres has attracted much attention since
they were first synthesized by Stober and Fink in 1968 [21].
The synthesis of mono-dispersed mesoporous silica spheres
was then studied by modifying Stober’s procedure with the
addition of alkyl-amine as a template [6, 11, 22, 23].
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Recently, mono-dispersed mesoporous silica spheres have
been synthesized in the low silica concentration using an
alcohol-water system [24—26]. However, when the synthesis
was carried out in the presence of low silica concentration,
the product yield was very low and a lot of pollutant wastes
were formed compared with the synthesis using the precursor
solution with high silica concentration.

In addition, the incorporation of heteroatoms in the
framework of mesoporous materials by isomorphous sub-
stitution is widely employed for designing catalytic sites
and improving their hydrothermal stability [27, 28]. Of
these metal-substituted mesoporous materials, aluminum
(Al)-containing materials have been employed for acid
catalyzed alkylation/acylations of aromatics, hydroiso-
merization, and cracking reactions of bulky molecules [28].
Although the synthesis of mesoporous Al-containing silica
spheres with the particle size of 30-50 um has been
reported[29], the standard deviation has not been measured
(seems to be larger than 20%), and to the best of our
knowledge no one has yet reported the synthesis of mono-
dispersed mesoporous Al-containing silica spheres with
different Si/Al ratio.

Therefore, to obtain mono-dispersed mesoporous silica
spheres with a high yield, we have investigated various
synthesis conditions in the presence of high TMOS con-
centration using a methanol-water system with different
surfactants. Moreover, we have attempted to synthesize
mono-dispersed mesoporous Al-containing silica spheres
with different Si/Al ratio.

Experimental

The starting synthesis mixture for mono-dispersed meso-
porous silica spheres with different surfactants was prepared
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as follows. Surfactant C,TMACI (C,TMACI, C,TMACI,
C,TMACI, or C;(TMACI) was dissolved in 160 g of water/
methanol solution with different weight ratios, and then
TMOS was added at room temperature. After stirring for
30 min, 1 M NaOH solution or a solution obtained by dis-
solving NaAlO,in 1 M NaOH solution was added to obtain a
starting synthesis mixture. This starting synthesis mixture
was stirred at room temperature for 8 h to prepare pure
mesoporous silica and then aged overnight under a static
condition, or for 24 h to obtain mesoporous Al-containing
silica. The white solid product obtained was centrifuged,
filtered, washed thoroughly with deionized water, dried
overnight at room temperature, and calcined at 550 °C for
6 h.

XRD patterns were collected with a powder X-ray dif-
fractometer. The bulk chemical compositions were mea-
sured by ICP-OES. The morphology was observed with a
scanning electron microscope (SEM). Nitrogen adsorption/
desorption isotherms at —196 °C were obtained using a
conventional volumetric apparatus. The pore size distri-
bution was calculated from desorption branch of nitrogen
isotherms using the Broekhoff de Boer (BdB) method [30]
with the conventional Dollimore-Heal algorithm. The 2’Al
MAS NMR spectra of mono-dispersed mesoporous
Al-containing spheres calcined at 550 °C were recorded
using a 7-mm diameter zirconia rotor on a Bruker Biospin
ADVANCE 400 system at 104.2 MHz.

Results and discussion
Mono-dispersed mesoporous pure silica spheres

First, we investigated the effect of various synthesis con-
ditions such as NaOH and surfactant concentration on the
formation of mono-dispersed mesoporous silica spheres in
the presence of high TMOS concentration using a metha-
nol-water system. The results are given in Table 1, and
some SEM images of particles are shown in Fig. 1. When
the TMOS concentration was increased (Samples 1 and 2),
the particle size slightly increased and the pore volume
decreased, whereas the pore diameter was almost constant.
Therefore, the increase in the particle size is mainly caused
by the increase of the wall thickness of the silica frame-
work. When the NaOH concentration was increased
(Samples 2 and 3), the particle size remained almost
unchanged. When the surfactant concentration was
increased (Samples 3-6), the particle size decreased sig-
nificantly, but the particle size was unaffected when the
concentration was increased further (Samples 6 and 7). The
reduction in the particle size may be due to the increase in
solution viscosity with the increase in surfactant concen-
tration, resulting in the generation of more nuclei as

@ Springer

previously reported [26]. In addition, the standard devia-
tion of mono-dispersed pure silica spheres (Sample 2 or 3)
was about 10% even when we used a relatively high sur-
factant concentration, regardless of the TMOS and NaOH
concentrations, whereas the standard deviation was more
than 20% when the surfactant concentration was increased
further.

Next, with a high TMOS concentration, we attempted to
synthesize mono-dispersed pure silica spheres with a high
yield, and to investigate the effect of the weight ratio of
water/methanol on the formation of mono-dispersed pure
silica spheres. The results are also given in Table 1, and a
SEM image is shown in Fig. 1. As shown in Table 1,
mono-dispersed pure silica spheres could be obtained even
at a high TMOS concentration (Sample 8), and the standard
deviation was about 10%, showing a better value in com-
parison with the reported work [25]. When we employed
C,6TMACI as a surfactant, we found that when the TMOS
concentration was high, mono-dispersed pure silica spheres
could only be obtained when the MeOH/(H,O + MeOH)
ratio was between 0.45 and 0.50 (Samples 8 and 10). This
result indicates that when the TMOS concentration was
very high, the range of the MeOH/(H,O + MeOH) ratio
for preparing mono-dispersed pure silica spheres was very
narrow, unlike that obtained with a relatively low TMOS
concentration [25]. In addition, the particle size decreased
with decreases in the MeOH/(H,O + MeOH) ratio.

Then, in the presence of a high TMOS concentration,
mono-dispersed pure silica spheres with different pore sizes
were synthesized using different surfactants, namely
C4,TMACI, C;,TMACI, and C,(TMACI, and the effect of
the MeOH/(H,O + MeOH) ratio on the formation of mono-
dispersed pure silica spheres was also investigated. The
results are listed in Table 1, and SEM images are shown in
Fig. I. With a high TMOS concentration, and when
C4TMACI and C,TMACI were employed as surfactants,
the range of the MeOH/(H,O + MeOH) ratio for preparing
mono-dispersed pure silica spheres was also rather narrow.
In addition, the optimum MeOH/(H,O + MeOH) ratio for
obtaining mono-dispersed pure silica spheres decreased with
a decrease in the number n in C,,TMACIL. When C,;TMACI
was employed as a surfactant, mono-dispersed pure silica
spheres could not be obtained in the presence of a high
TMOS concentration even when the MeOH/(H,O + MeOH)
ratio was changed, because more species were present when
the C;(TMACI concentration was high, which led to the
reaction occurring quickly.

The XRD patterns of calcined mono-dispersed pure
silica spheres are shown in Fig. 2A. All the patterns had
three well-resolved peaks for the (100), (110), and (200)
planes, indicating mesoporous hexagonal regularity. As
shown in Fig. 2A, the d (100) values decreased with a
decrease in n in C,TMACI. In addition the XRD pattern
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Fig. 1 SEM images of various
mono-dispersed mesoporous
pure silica spheres. Samples:
(a) 1, (b) 8, (¢) 10, (d) 13,

(e) 17, () 21

(Fig. 2A(b, c)) of mono-dispersed pure silica spheres syn-
thesized with a high TMOS concentration was the same as
the XRD pattern (Fig. 2A(a)) obtained in the presence of a
low TMOS concentration. Figure 2B shows the nitrogen
adsorption/desorption isotherms obtained for the mono-
dispersed pure silica spheres. The isotherms were similar to
type IV in the IUPAC classification [31], clearly indicating
that they have a mesoporous structure. Although there was
almost no difference in pore size, the specific surface area
and pore volume were dependent on the NaOH/TMOS
ratio (Samples 1 and 2), and increased with an increase in
the NaOH/TMOS ratio. Even for the mono-dispersed pure
silica spheres obtained at a high TMOS concentration
(Fig. 2B(b, ¢)) there was no difference in the shape of the
nitrogen adsorption/desorption isotherms compared with
those of the sample (Fig. 2B(a)) in that they had a high
specific surface area and a large pore volume. In addition,
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the specific surface area, pore volume, and pore size
decreased with decreases in n in C,TMACI. The pore size
of mono-dispersed mesoporous silica spheres can be con-
trolled by using C,TMACI] with different alkyl-chain
lengths even from a thick starting solution.

Mono-dispersed mesoporous Al-containing silica
spheres

To obtain mono-dispersed mesoporous Al-containing spheres,
we attempted to incorporate aluminum into a mesoporous
siliceous framework using NaAlO, as an aluminum source.
The results are listed in Table 2, and some SEM images of
particles are shown in Fig. 3. The Si/Al ratio in the resulting
mono-dispersed mesoporous Al-containing silica spheres
was measured with the ICP-OES analysis technique. We
found that the Si/Al ratio in the product agreed with the
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Fig. 2 A XRD patterns and
B nitrogen adsorption— (A (100) (@) B)
desorption isotherms of various (110)
mono-dispersed mesoporous 00)
pure silica spheres. Samples:
(@) 1, (b) 8, (o) 10, (d) 13, bt
(e) 17, () 21 35 45 55 65
. () /ﬁ
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2 theta (degrees) P/P,
Table 2 Synthesis and characterization of mesoporous Al-containing silica spheres with C;¢TMACI
Sample no. Synthesis conditions Product
NaOH/TMOS TMOS/Al  Si/Al  Shape of  Average particle Standard BET Pore volume Pore size
particles®  size (pm) deviation (%) (m2 gf') (cm3 gfl) (nm)
24 0.037 8.0 - S - - 1142.9 0.48 2.25
25 0.075 8.0 - IS - - 1209.8 0.50 2.14
26 0.075 10.0 103 MDS 0.92 35.6 1305.7 0.55 2.39
27 0.075 13.3 13.6  MDS 0.69 229 1313.5 0.57 2.46
28 0.075 20.0 21.1  MDS 0.51 20.4 1186.5 0.61 2.56
29 0.075 30.0 31.0 MDS 0.42 10.1 1190.9 0.61 2.56
30 0.075 40.0 48.6 MDS 0.54 9.3 1087.6 0.57 2.58
31 0.075 50.0 57.5 MDS 0.54 9.5 1089.6 0.59 2.66

MeOH/(MeOH+-H,0) (Wt/Wt) = 0.5, C;cTMACI/TMOS = 0.362

4 MDS Mono-dispersed sphere, S sphere, I irregular, IS irregular and sphere

TMOS/AL ratio in the starting synthesis mixtures when the
TMOS/Al ratio was less than 30. However, there was a slight
difference in the Si/Al ratio between the product and the
starting synthesis mixtures when the ratio was more than 30.
Although mono-dispersed mesoporous Al-containing silica
spheres could be obtained when the TMOS/ALI ratios in the
starting mixtures were more than 10, they could not be
obtained when the TMOS/Al ratio was less than 8 even if the
NaOH/TMOS ratio was changed (Samples 24, 25). This

indicates that the formation of mono-dispersed mesoporous
Al-containing silica spheres is closely related to the TMOS/
Alratio, namely the TMOS/Al ratio affected the morphology
of the obtained mesoporous Al-containing silica.

The XRD patterns of calcined mono-dispersed meso-
porous Al-containing silica spheres are shown in Fig. 4A.
All the patterns had three well-resolved peaks for the (100),
(110), and (200) planes, regardless of aluminum incorpo-
ration, indicating mesoporous hexagonal regularity. In
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Fig. 3 SEM images of various
mono-dispersed mesoporous
silica spheres containing
aluminum. Samples: (a) 25,
(b) 26, (¢) 29, (d) 31

Fig. 4 A XRD patterns and

B nitrogen adsorption—
desorption isotherms of various
mono-dispersed mesoporous
Al-containing silica spheres.
Samples: (a) 25, (b) 26, (c) 29,
(@ 31
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addition, the d (100) values decreased with decreases in the
TMOS/Al ratio, indicating that aluminum was incorporated
into the mesoporous framework, which resulted in a
reduction in the distance between pore centers [32].
Figure 4B shows the nitrogen adsorption/desorption iso-
therms of the obtained mono-dispersed mesoporous
Al-containing silica spheres. The isotherms were similar to
type IV in the IUPAC classification [31], indicating clearly
that the spheres have a mesoporous structure. As shown in
Table 2, it is very clear that all the Al-containing samples
had a higher specific surface area and a larger pore volume
than the pure silica sample. When the TMOS/Al ratio in the
starting synthesis mixtures was more than 20, the pore size
of the Al-containing samples was almost the same as that
of the siliceous sample, whereas it was smaller when the
TMOS/ALI ratio in the starting synthesis mixtures was from
10 to 20, indicating a decrease in the structure ordering
compared with the siliceous sample.

As shown in Table 2, we found that the particles size
was greatly affected by the TMOS/ALI ratio in the starting
synthesis mixtures. Although the particle sizes of the
mesoporous Al-containing samples were smaller than those
of the pure silica samples, perhaps owing to the fact that
more nuclei are generated when the aluminum species was
present in starting synthesis mixtures, the particle size
obtained from the starting synthesis mixtures with a
TMOS/Al ratio of 30 was the smallest. When the TMOS/ALl
ratio in the starting synthesis mixtures was more than or
less than 30, the particle size increased with increases or
decreases in the TMOS /Al ratio. As shown in Table 2, it is
very interesting to note that the standard deviation was also
influenced by the TMOS/ALI ratio in the starting synthesis
mixtures. The standard deviation was approximately 10%
when the particles were obtained from starting synthesis
mixtures with a TMOS/ALI ratio of more than 30, whereas it
was more than 20% when they were obtained from mix-
tures with a TMOS/ALI ratio of less than 30.

Conclusion

Mono-dispersed mesoporous pure silica spheres with a
high yield could be obtained successfully using different
surfactants. We found that in the presence of a high TMOS
concentration, the optimum MeOH/(H,O + MeOH) ratio
for obtaining the mono-dispersed pure silica spheres was
very narrow and depended on the carbon chain length of
the template surfactant. When aluminum was incorporated
in a mesoporous siliceous framework, mono-dispersed
mesoporous Al-containing spheres could only be obtained
from starting synthesis mixtures with a TMOS/AI ratio of
more than 10, and the particle sizes were smaller than those

of pure silica samples. In addition, the particle sizes and
standard deviations of the mesoporous Al-containing
samples depended on the TMOS/AL ratio.

References

1. Yang P, Zhao D, Chemlka BF, Stucky GD (1998) Chem Mater
10:2033
2. Bruinsma PJ, Kim AY, Liu J, Baskaran S (1997) Chem Mater
9:2507
3. Sayari A, Jaroniec M, Pinnvaia TJ (eds) (2000) Nanoporous
materials II: studies in surface science and catalysis, vol 129.
Elsevier, Amsterdam, p 7
4. Shio S, Kimura A, Yamaguchi M, Yoshida K, Kuroda K (1998)
Chem Commun 2461
5. Kosuge K, Sato T, Kikukawa N, Takemori M (2004) Chem Mater
16:899
6. Qi L, Ma J, Cheng H, Zhao Z (2000) Stud Surf Sci Catal 129:37
7. Blin JL, Leonard A, Su BL (2001) Chem Mater 10:3772
8. Yang H, Vovk G, Coombs N, Sokolov I, Ozin GA (1998) J Mater
Chem 8:743
9. Boissiere C, Lee A, Mansouri AE, Larbot A, Prouzet E (1999)
Chem Commun 2047
10. Schumacher K, Grun M, Unger KK (1999) Microporous Meso-
porous Mater 27:201
11. Grun M, Lauer I, Unger KK (1999) Adv Mater 9:254
12. Lu Y, Fan H, Stump A, Ward TL, Rieker T, Brinker CJ (1999)
Nature 398:223
13. Schacht S, Huo Q, Voigt-Martin IG, Stucky GD, Schuth F (1996)
Science 273:768
14. Fowler CE, Khushalani D, Mann S (2001) Chem Commun 2028
15. Kosuge K, Singh PS (2001) Microporous Mesoporous Mater 44—
45:139
16. Boissiere C, Kummel M, Persin M, Larbot A, Prouzet E (2001)
Adv Funct Mater 11:129
17. Gallis KW, Araujo JT, Duff KJ, Moore JG, Landry CC (1999)
Adv Mater 11:1452
18. Kurganov A, Unger KK, Issaeva T (1996) J Chromatogr A
753:177
19. Nassivera T, Eklund AG, Landry CC (2002) J Chromatogr A
973:97
20. Lee M-H, Oh S-G, Moon S-K, Bae S-Y (2001) J Colloid Interface
Sci 83:240
21. Stober W, Fink A (1968) J Colloid Interface Sci 26:62
22. Grun M, Buchel G, Kumar D, Schumacher K, Bidlingmajer B,
Unger KK (2000) Stud Surf Sci Catal 128:155
23. Schumacher K, Renker S, Unger KK, Ulrich R, Chesne AD,
Spiess HW, Wiesner U (2000) Stud Surf Sci Catal 129:1
24. Yano K, Fukushima Y (2003) J Mater Chem 13:2577
25. Yano K, Fukushima Y (2004) J Mater Chem 14:1579
26. Yamada Y, Yano K (2006) Microporous Mesoporous Mater
93:190
27. Sayali A (1996) Chem Mater 8:1840
28. Corma A (1997) Chem Rev 97:2373
29. Kosuge K, Singh PS (2001) Chem Mater 13:2476
30. Broekhoff JCP, de Boer JH (1968) J Catal 10:377
31. Gregg SJ, Sing KSW (1982) Adsorption surface area and
porosity. Academic Press, New York
32. Shen S-C, Kawi S (1999) J Phys Chem B 103:8870

@ Springer



	Synthesis and characterization of mono-dispersed mesoporous spheres
	Abstract
	Introduction
	Experimental
	Results and discussion
	Mono-dispersed mesoporous pure silica spheres
	Mono-dispersed mesoporous Al-containing silica spheres

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


