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In this paper, highly ordered, extremely hydrothermal stable SBA-15/Al-SBA-15 has been synthesized
using mixed surfactants (triblock copolymer, P123, and semifluorinated surfactant, FSO-100) as a template
at a high aging temperature (14080 °C) with the assistance of NaCl. Thus - synthesized SBA-15
maintained the well-resolved SXRD patterns and high surface area, large pore size, and high pore volume
after being hydrothermally treated at 100 for 300 h or 60C0°C for 6 h, whereas less-ordered SBA-15
was synthesized at such high temperatures without the addition of NaCl. Furthermore, highly hydrothermal
stable Al-SBA-15 has been synthesized with tetrahedral Al totally incorporated in the framework.

Introduction also exhibited remarkable hydrothermal stabilitj?and the
addition of inorganic salts (such as KCI, NaCl) during the

Since the discovery of M41S by Mobil's scientists in ) )
19921 ordered mesoporous silicate materials have attracted29'"d Process or post-hydrothermal treatment also effectively

S - s
considerable attention for their potential applications, such improved the hydrothermal stability in boiling wafér:

as catalysts, catalyst supports, adsorbents, and so on. To dat xtensive studies have demonstrated that increasing the
a series of o’rdered mesoporou,s silica (MA],SSBA“ MSU 4 ickness and condensation of the mesoporous walls are

HMSS etc.) has been successfully synthesized. However,EﬁeCtlve strategies for enhancing the hydrothermal stability.

these materials have not been widely used in industry because SBA-15, @ mesoporous silica, was synthesized by the
of their relatively poor hydrothermal stability and the lack c0@ssembly of triblock copolymer P123 (EPOrEOz) and
of acidity or redox properties. tetraethyl orthosilicate (TEOS) in acidic conditions. It has a

To improve the hydrothermal stability of the mesoporous larger pore diameter, thick pore wall, and relatively high

materials, several approaches have been employed, includingYdrothermal stability and shows great advantages in ap-
the post-treatment with organosilahieincorporation of plications. But its hydrothermal stability is still unsatisfactory.

heteroatoms by doping or post-graftifiggpH adjustingt In general, increasing the agin_g temperature Wo_uld be a_good
assembly of zeolite precursdfst2 carbon propping? and way to enhance fche hy_droly5|s and condensation of S|_I|_con
the addition of salt415The post-treatment of MCM-41 with precursors and finally improve the hydrothermal stability.
methylchlorosilane has been used just at the discovery Of.However, the thermal stability of hydrocarbon surfactants

the M41S family® the assembly of preformed zeolite seed is so low that the increased aging temperature may cause a
distortion of the micelle and impact the ordering of the
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grafting or doping (one-pot synthesis). In the one-pot 48 h. The following steps are the same as those described in the
synthesis of Al-SBA-15, the low synthetic pH value is not synthesis of highly ordered hydrothermal stable SBA-15.
favored for the incorporation of Al atoms in the framework, Hydrothermal Stability Evaluation. The hydrothermal stability
and thus the “pH-adjusting” method was developed to was investigated by treating SBA-15 and AI-SBA-15 in a closed
incorporate much higher Al content in SBA-15To further ~ bottle at 100°C for 300 h under static conditions.

increase the hydrothermal stability of thus synthesized Al-  The high-temperature hydrothermal stability was tested by
SBA-15. the use of mixed surfactants of fluorocarbon and treating the sample at 60C for 6 h in aflow of nitrogen saturated
hydrocarbon surfactant may be a good method, but theWith Water vapor at 100C. -

hydrophobicity of fluorocarbon surfactant prevents Al atoms  Characterization. Small-angle X-ray diffraction patterns (SXRD)
from going into the framework® Semifluorinated surfactant were recorded ‘.N't.h a Rigaku .D/ max-2550VB/EC diffractometer
FSO-100 (CHCRy){(EO)0) is a polyether surfactant and has using Cu K, radiation. Transmission electron microscope (TEM)

. .. images were obtained with TECNAI 20S-TWIN. Nitrogen sorption
been used as a template to synthesize meSOporousz%'l'ca isotherms were measured at 77 K with a Micromeritics ASAP 2010

(JLU-14, 15) and enhance the ordering by using an organic sorption analyzer. Before the measurements, the samples were
agent?! But thus synthesized JLU-14, 15 has a smaller pore outgassed at 30T in a vacuum for 6 h. The BrumaueEmmett-
size (similar to MCM-41) and poor hydrothermal stability Teller (BET) method was utilized to calculate the specific surface
(similar to SBA-15). areas. The pore size distributions were derived from the desorption
hydrothermal stability, we have used the mixtures of semi- Méthod. The total pore volumé/)) was estimated at a relative
fluorinated surfactant (FSO-100) and hydrocarbon surfactantPressure of 0.975. The ratios of Si/Al and remaining chioride were
(P123) to synthesize SBA-15 under the assistance of NaCIdmeIrmllned by energy-dispersive X-ray spectroscopy (EBX.

) . ... MAS NMR spectra were recorded on a Bruker DRX-400 spec-
at high aging temperatures. Furthermore, Al-SBA-15 with

| ; " trometer equipped with a magic angle spin probe at room temper-
4-coordinated states and high hydrothermal stability has alsoay,re, NH—TPD measurements were carried out in a flow reactor.

been successfully synthesized by the pH-adjusting method.Ammonia was introduced by a Nstream containing 10 vol %
ammonia at 100C. The physically adsorbed NHvas removed

Experimental Section by purging it with a nitrogen flow at 10€C until the baseline was
flat. The reactor temperature was then raised at a rate 6C10
Chemicals. Pluronic Triblock copolymer P123 (MW= 5800, min.

EOG,0PO,0EO,) and semifluorinated surfactant (FSO-100, 3CF
(CF,)4(EO)g) were purchased from Aldrich and DuPont, respec-
tively. Tetraethyl orthosilicate (TEOS), NaAjChydrochloric acid,
ethanol, and sodium chloride were obtained from Shanghai Chemi-  Highly Ordered, Hydrothermal Stable SBA-15. The
cal Co. All chemicals were used as received without further synthesis was done in a 1.0 M HCI solution and the mixture
purification. _ of triblock copolymer P123 and semifluorinated surfactant

Synthesis of Highly Ordered Hydrothermal Stable SBA-15.  £50.100 was taken as the template. Semifluorinated sur-
In a typical synthesis, 1.74 g of P123, 1.20 g of FSO-100, and factant FSO-100 is com : :

’ ) - posed of the hydrophobic fluorinated

2.92 g of NaCl were dissolved in 100 mL of a 1.0 M HCI aqueous hydrocarbon chain and the hydrophilic polyethylene oxides

solution, and 5.6 mL of TEOS was then added under stirring. After block h . iallv simil h ftriblock
further stirring at 40°C for 30 h, the mixture (with a molar ocks, whose structure Is partially similar to that of tribloc

composition of 0.012:0.068:1:2:4:214 P123:FSO-100:TEOS:NaCl: COPolymer P123. Therefore, semifluorinated surfactant FSO-
HCI:H,0) was transferred into an Teflon-lined autoclave for further 100 and triblock copolymer P123 could form a stable mixed

condensation at various temperatures (1480 °C) for 48 h. The micelle in a broad range. In our case (the mass ratio of P123/
products were collected by filtration, washed with deionized water FSO-100 is 1.45), the mixed micelle can be easily achieved
and then ethanol, and dried at 13D overnight. The as-synthesized  at room temperature. Surface tension measurements revealed
materials were calcined in air at 55C for 5 h toremove the that only one break point existed on the curve, suggesting
template. Samples without the addition of NaCl were also synthe- that they formed a mixed micelle rather than separate
sized with a similar procedure. micelles. After calcination, both surfactants decomposed
Synthesis of a Highly Hydrothermal Stable AI-SBA-15bya  completely, and the EDX measurements revealed that no
pH-Adjusting Method. A required amount of NaAl® was detectable chlorine remained in the calcined products, which

dissolved in 30 mL b1 M HCI aqueous SO'”t'on. "fmd added to the indicated the complete elimination of chloride upon washing
prehydrolyzed silicate sol (the same composition as that above,and calcination

stirring at 40°C for 6 h after adding TEOS). After further stirring

Results and Discussion

at 40°C for 24 h, the mixture was aged at 100 for 48 h and _Figure 1A shows the SXRD patterns of SBA-15 synthe-
then cooled to room temperature; the pH was adjusted to 5 usingSized at 160°C with and without the addition of NaCl. It
ammonia (28%), and the mixture was finally aged at 160for clearly shows that the addition of NaCl remarkably enhances

the ordering of the mesostructures; this phenomenon has been
(18) Wu, S.; Han, Y.; Zou, Y.: Song, J.; Zhao, L.: Di, Y.; Liu, S.; Xiao, F. ~found and discussed befo#&?2® Figure 1B gives the SXRD

Chem. Mater2004 16, 486. o patterns of SBA-15 synthesized at various aging temperatures
(19) Han, Y. Synthesis and Characterization of Hydrothermal Stable .
Mesoporous Silica. Ph.D. Dissertation, Jilin University, Changchun, IN the presence of NaCl- It clearly shows & well-resolved
China. peaks that can be indexed as (100), (110), (200), and (210)
(20) Meng, X.; Di, Y.; Zhao, L.; Jiang, D.; Li, S.; Xiao, Ehem. Mater.
2004 16, 5518.
(21) Di, Y.; Meng, X.; Li, S.; Xiao, F.Microporous Mesoporous Mater. (22) Yu, C,; Tian, B.; Fan, J.; Stucky, G. D.; Zhao, D.Am. Chem. Soc.
2005 82, 121. 2002 124, 4556.
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A condensation step at the relative pressuf@)pange of 0.6-

0.8, which confirms that they are typical ordered mesoporous

% % materials with large uniform pore size. With the increase in

g 8 the aging temperature, the relative pressure of capillary

= - = condensation is slightly shifted toward a lower value,
A ToETaa indicating a decrease in pore size as shown in the corre-

. . i , , : . : sponding pore size distribution. Meanwhile, it is worthy to
o233 48 o2 48 note that all the samples have relatively low surface area;

2 Theta(degree) 2 Theta(degree) this may be due to the lack of the micropores in the walls

Figure 1. (A) SXRD patterns of SBA-15 synthesized at 18D with and ; ; ; ;

without NaCl, (B) SXRD of SBA-15 synthesized with the addition of NaCl and h_|gh_den5|ty of thick Wa”S’. WhICh are caused by the
at different temperatures (14080 °C). combination of salt effect and high aging temperature. But

the surface area of samples synthesized with FSO-100 is
diffractions associated with tigmmhexagonal symmetry  larger than the that of samples with fluorocarbdrydro-
at the aging temperature of 14Q. This is an indication of ~ carbon surfactarif;'’because FSO-100 is more hydrophilic
a good long-range hexagonal ordering. But at the higher than FC-4 and the latter has nearly no micropores.
aging temperature (180C), the higher-order reflections Figure 4A is the SXRD patterns of SBA-15 after being
((110), (200)) became weaker, indicating the lesser orderingtreated in boiling water for 300 h. Three main peaks, indexed
of the mesostructures, but they are still good enough. Thisas (100), (110), and (200) reflections of the mesostructures,
may be due to the lower stability of the template (P123), are obvious. And there were no significant changesén 2
and TG/DTA measurements (unshown here) confirmed it. positions, peak intensities, and linewidths compared with
The weight loss decreased and the exothermic peak shiftecthose of calcined SBA-15, indicating that the highly ordered
to higher temperatures (187, 220, 248, and ZZ%or normal mesostructures were still maintained after hydrothermal
SBA-15 and SBA-15 aging at 140, 160, and 180, treatment. The SXRD patterns of steam-treated SBA-15 (600
respectively) with increasing aging temperature, which finally °C, 6 h) synthesized at different temperatures are displayed
led to the lesser ordering of the mesostructures at high agingin Figure 4B. The patterns also show a very intense (100)
temperature. Itis also interesting to note that with the increasediffraction peak and two additional higher-order peaks, which
in the aging temperature, the diffraction intensity decreasesmeans that the mesostructures weren’t destroyed even under
slightly and the peak positions shift a little bit. The latter is such severe conditions. These results demonstrate that the
attributed to the nearly complete dehydration of the EO synthesized samples have remarkable hydrothermal stability.
chains at higher aging temperature, so the unit-cell parameter After being treated in boiling water or steamed, the
is similar at high aging temperatures. The peak position samples still exhibit type IV isotherms (Figure 5, left), except
shifted slightly to lower angles when the aging temperature for the sample aged at 18 and steam-treated for 6 h;
increased from 140 to 16WC, which is in accord with the  there is just a little distortion of the hysteretic loops,
previous results synthesized at relatively low temperatires. yalidating a good maintenance of the mesostructures. From
But when the aging temperature increased further (from 160 the pore size distribution (Figure 5, right), we can find that
to 180°C), the reflection positions shifted to higher angles, the samples after treatment possess a slightly broadened pore
indicating the shrinkage of the unit cells, which is due to sjze distribution, especially for the sample aged at 180
the high condensation of the framework and similar to Xiao’s and steam-treated for 6 h. The latter could be attributed to
work.t’ the fewer micropores and the lesser-ordering in the original

The high ordering of the mesostructures synthesized abovesample. Zhart§ found that the microporosity of the meso-
can be further confirmed by TEM analysis. The TEM images  structured silica SBA-15 is a very important factor for the
of SBA-15 synthesized at different temperatures are given hydrothermal stability. According to the data presented in
in Figure 2. All of them show highly ordered hexagonal Taple 1, the treated samples maintained most of the BET
arrays of the mesopores with large uniform pore size. Judgingsurface area and pore volume. For example, the treated
from the dark contrast in the TEM images, the distance sample synthesized at 1860 maintained 74% of the specific
between mesopores is estimated to beTaim, in good  surface area and 80% of the pore volume. All of the results
agreement with the value measured from SXRD. Further- fyrther demonstrate that the samples (except the one aged
more, the relatively thicker mesoporous walls, which are at 180°C) have good mesostructural ordering and remarkable
responsible for the high hydrothermal stability, are obvious. hydrothermal stability.

Figure 3 depicts the Nadsorptior-desorption isotherms Hydrothermal Stable Al-SBA-15 Synthesized by the
and the corresponding pore size distributions of the Calcmede-Adjusting Method at High Temperature. Al-SBA-15
samples. The structural properties of the samples are sumy,a¢ synthesized in a 1.0 M HCI solution, using TEOS and
marized in Table 1. It can be seen from Figure 3 that all NaAlO, as the precursors and mixed surfactants as the
samples exhibit type IV isotherms with a typical capillary template. First, the mixture was aged at 1D for 48 h;

the pH was then adjusted to 5 with ammonia, and the mixture
(23) E%ditigrzn K.; Alfredsson, V.; Kallrot, NJ. Am. Chem. So@003 was finally aged at 166C for 2 days.
(24) Lee, B, Lu, D.; Kondo, J. N.; Domen, K. Am. Chem. So2002 Figure 6 shows the XRD patterns of Al-SBA-15 and the
124, 11256, corresponding hydrothermally treated samples. All of the

(25) Wang, Y.; Zibrowius, B.; Yang, C.; Spliethoff, B.; SthuF.Chem. A
Commun2004 46. SXRD patterns show three well-resolved peaks, indicating
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Figure 3. N, adsorptior-desorption isotherms (left column) and the Figure 4. SXRD patterns of SBA-15 after being (A) treated in boiling
corresponding pore size distribution (right column) of calcined SBA-15. water for 300 h or (B) steamed at 660G for 6 h.

000

that the samples exhibit good long-range 2D hexagonal porev,,_,1 6

ordering and high hydrothermal stability. The well-ordered § ** [kw

hexagonal arrays can be easily seen from the TEM images2 6%; 180°C-Z3000 B

displayed in Figure 7. g 00" 160°C-Z300h 52_ 160°C-2300n
The porosity of Al-SBA-15 and the hydrothermal treated & ,0]~“~"7a0%czs00n s 140°G.2300h

samples were measured by Bbrption. Figure 8 gives the ¢ — o

N, adsorption-desorption isotherms and the corresponding 00 02 04 06 08 10 0 20 40 60

pore size distribution. The isotherms are typical type IV with 000, treer® ©f) 8 Pore e lnm

a H, hysteretic loop and all the samples display a narrow §800_ N

pore size distribution, which won't be affected by even the §eoo 8. steamina 8 s 180°C; steaming 6 h
hydrothermal treatment. The specific structural parameters € S N S

are given in Table 2. It can be seen that there is only a 3.2% § ] 160°C; steaming gy 2. [0 2 eeanno o
decrease in BET surface area after treatment in boiling water = 200407, steaming ¢ ° N 140°C; steaming 6 h

and a 15.2% decrease qftgr steam treatment. It is notable eo'(;‘ IR S = - A
that the AI-SBA-15 exhibits much better hydrothermal Relative pressure (P / P,) Pore size / nm

stability than SBA-15 synthesized at high temperature. Figure 5. N, adsorptior-desorption isotherms (left column) and corre-

It is reported by Wu and his co-workéfshat mesoporous  sponding pore size distribution (right column) of SBA-15 hydrothermal
silica SBA-15 high heteroatom content can be easily treated in boiling water for 300 h and steamed at 600or 6 h.
synthesized by the pH-adjusting method. However, in our
study, there is only partial Al incorporated into the products. form and incorporate it into the framework. TR&I MAS
Compared with the initial Si/Al ratio of 5, the EDX analysis NMR spectrum given in Figure 9 shows that there is a sharp
shows that the final Si/Al ratio of the calcined sample is 30, resonance peak at 53 ppm, which is assigned to 4-coordinated
indicating that most of the Al was leached out during Al species in its framework. Beside this peak, there are no
filtration. This may be due to the relatively low pH value, signals related to other Al species. It is clear that all of the
which is not high enough to lead all &l species into oxo Al atoms incorporated in the sample are located at 4-coor-

Table 1. Structural Properties of the Calcined and Hydrothermally Treated Sample3

sample 100 (NM) ap(nm) Sser(Mm?gY) Dp (nm) W (nm) Vo (cmPg?) Vm (cm3 g1 Sset reduced (%)

S—140 10.2 11.8 438 7.4 4.4 0.983 0.015

S—140-H 10.4 12.0 320 7.5 4.5 0.848 0.012 26.9
S—140-600 9.7 11.2 298 6.5 4.7 0.738 0.006 32.0
S—160 10.4 11.9 422 7.3 4.6 0.941 0.013

S—-160-H 10.5 12.1 312 7.5 4.6 0.832 0.009 26.0
S—160-600 9.9 11.4 313 7.3 4.1 0.764 0.007 25.8
S—-180 10.0 115 377 6.8 4.7 0.851 0.006

S—180-H 10.1 11.7 294 7.6 4.1 0.797 0.011 22.0
S—180-600 10.0 115 243 7.8 14.F 45 0.821 0.001 35.5

23y = Cell dimension;D, = pore diameterW = pore wall thicknessV, = total pore volumeP Pores come from the aggregation of particles (void
space).
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Figure 6. SXRD patterns of Al-SBA-15, treated in boiling water for 300
h, steamed at (600C) for 6 h.

Figure 7. TEM images of AI-SBA-15 in the direction along (left) and
perpendicular (right) to the pore axis.
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Figure 8. N adsorptior-desorption isotherms (left column) and the
corresponding pore size distribution (right column) of AI-SBA-15. As-
calcined, treated in boiling water for 300 h, or steamed at 8G0
for 6 h.

dinated sites. At these conditions (180, 48 h; pH 5, 160

°C, 48 h), with the decrease in the initial molar ratio of Al/
Si (1/20), the molar ratio in the product was still close to
1/30, indicating that the amount of Al incorporated in the
framework is related to the pH value. With the increase in
the pH value (e.g., pH 7), a higher Al/Si ratio could be
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Figure 9. 27Al MAS NMR spectrum of calcined Al-SBA-15.
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Figure 10. NH3—TPD of Al-SBA-15 synthesized with an extended second
aging time.

100 200

than that of zeolite but is strong enough for some catalytic
reactions that only need a medium acid strength.

It is shown in this work that both the ordering and the
hydrothermal stability of mesoporous materials have been
significantly enhanced by increasing the aging temperature,
and by the addition of inorganic salt. Pluronics show an
anomalous temperature behavior; a rise in temperature can
lead to phase separation, and this phenomenon happens easily
in the mixed system under high temperature. Additional NaCl
can create a nonpolar environment in the solution by
dehydrating the polyethylene units. This nonpolar circum-
stance may favor the formation of stable mixed micelles and
local arrays, which could finally induce the ordered arrange-
ment. In addition, the salt could increase the interaction
between surfactant headgroups and the silicon precursor by
additive electrolyte effec® resulting in an enhanced self-
assembly action.

Conclusion

achieved, but the ordering of the mesostructures decreased
in our case and other species, such as the 6-coordinated Al, In conclusion, highly ordered and highly hydrothermal

appeared.
The NH;—TPD profile of Al-SBA-15 is displayed in
Figure 10; it exhibits two peaks at 200 and 376,

stable mesoporous silica SBA-15 has been synthesized in a
simple one-step procedure using mixed surfactants as
template under the assistance of NaCl. After being treated

respectively. The first peak corresponds to the weak acid in boiling water for 300 h or steamed at 600 for 6 h, the

sites, and the broad peak at 376 suggests that the Al-

mesostructures obviously haven’t changed in ordering, and

SBA-15 possesses a large amount of medium acid sitesthey’ve maintained a 70% excess of the BET surface area

Generally speaking, the acidity of AI-SBA-15 is still weaker

and 80% excess of the pore volume. As-synthesized Al-

Table 2. Structural Properties of Calcined and Treated Samples of Al-SBA-15

sample d100 (NM) ap (hm) Sser(Mm?gY) Dp (nm) W (nm) Vp (cmPg™?) Vm (cmig™Y) Sset reduced (%)
S 10.6 11.8 440 7.5 4.4 0.975 0.023

S—H 10.5 12.1 426 7.5 4.6 0.936 0.019 3.2
S—600 10.2 11.2 373 7.5 4.7 0.870 0.015 15.2

aap = Cell dimension;D, = pore diameterW = pore wall thicknessy, =

total pore volume.
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substituted SBA-15 exhibits more excellent hydrothermal This method may be extended to fabricate many other
stability and a large number of medium acid sites. Such materials.
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