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Improving the Hydrothermal Stability of Mesoporous Silica SBA-15
by Pre-treatment with (NH,),SiFs
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Abstract: The hydrothermal stability of the mesoporous silica material SBA-15 was improved by a pre-treatment of 5 mol% ammonium
hexafluorosilicate solution with 1 mol% SiO, ratio of (NH4),SiFs and SBA-15. The modified SBA-15 kept its ordered meso-structure well
even when kept under boiling water for 14 d or 100 % H,O stream at 800 °C for 12 h, and still had BET surface areas as high as 310 and 213
m’/g, respectively, after these treatments. The possible reasons for the stabilization were that the surface defects of SBA-15 were partially
repaired by silicon insertion and some silicon hydroxyls were replaced by F~ ions. Larger amounts of ammonium hexafluorosilicate did not
give more stabilization.
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Fig. 1. XRD patterns of SBA-15 and S-0.01 samples treated under

boiling water for different time.
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Fig. 2. N, adsorption-desorption isotherms of SBA-15 and S-0.01
samples treated under boiling water for different time.
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Table 1 Pore structural parameters of SBA-15 and S-0.01 samples
after treatment with boiling water for different time

Sample ABET/(mz/g) Amm/(mz/g) V/(cm?/, 2) Vi/(cm?/ g) D/nm
SBA-15 644 80 0.98 0.03 8.5
SBA-15-7 176 22 0.52 0.008 54
SBA-15-14 107 18 0.33 0.007 5.5
S-0.01 424 55 0.78 0.02 7.7
S-0.01-7 375 53 0.81 0.02 7.7
S-0.01-14 310 44 0.72 0.02 7.8
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Fig. 3. SEM images of SBA-15 and S-0.01 samples after treatment with boiling water for different time.
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Fig. 4. TEM images of SBA-15 and S-0.01 samples after treatment with boiling water for different time.
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Fig. 5. SAXS patterns of S-0.01 samples treated with 100% H,O
stream at 800 °C for different time.
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Fig. 6. N, adsorption-desorption isotherms of S-0.01 samples treated
with 100% H,O stream at 800 °C for different time.

S-0.01-800-3

S-0.01-800-24

7 800°C K#AAIERFE A E/F S-0.01 # Ay TEM BB
I
Fig. 7. TEM images of S-0.01 samples treated with 100% H,O

stream at 800 °C for different time.
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Fig. 8. BET surface areas as a function of the hydrothermal treat-
ment time with 100% H,O stream at 800 °C.
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Table 2 BET surface areas of samples modified by the various
amounts of (NH,4),SiFs and NH,F after treatment with boiling water for
different time

Sample Aper/(m*/g)

0d 7d 14d
S-0.01 424 375 310
S-0.02 406 271 220
S-0.04 472 275 247
S-0.08 413 165 181
S-0.12 419 357 326
F-0.01 416 321 293
F-0.02 424 280 255
F-0.04 402 210 222
F-0.08 378 268 176
F-0.12 377 116 142

F-X denotes that the number of F~ ions from NH,F was the same as
that from (NHy),SiFs with the amount of X.
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Fig. 9. FT-IR spectra of the hydroxyl region of the SBA-15, S-X, and

F-X series samples.
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Fig. 10. *Si NMR spectra of SBA-15, S-0.01, and F-0.01 samples.
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Proposed mechanism showing the interaction between (NH,4),SiFs and SBA-15 zeolite.
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Since its discovery in 1998, SBA-15 has attracted con-
siderable attention as a potential catalyst support, adsorbent,
hydrogen storage, and drug delivery media, and as a hard
template for other nanostructure materials [1-10] because of
its remarkably high thermal stability and variable pore size.
However, the material has not been widely used in industry
because of its relatively poor hydrothermal stability [11].
Under some extreme reaction conditions, such as the pres-
ence of steam at high temperature used for the regeneration
of catalysts, it cannot maintain its meso-structure well
enough. Therefore, there has been much work on the im-
provement of the hydrothermal stability of SBA-15 by
various methods [12-16].

Many approaches have been employed, such as the thick-
ening of the mesoporous wall by the addition of inorganic
salts (such as KCl, NaCl, NaF, EDTA, etc.) during the
preparation or by pre-hydrothermal treatment [17,18], pro-
moting the degree of silica condensation in the pore walls by
pH adjustment, secondary crystallization, and the incorpora-
tion of heteroatoms into the framework [19-26], and re-
moving surface Si—-OH groups by silylation and F~ ions
[27,28]. These methods were successful for the synthesis of
mesoporous SBA-15 material with good hydrothermal sta-
bility, but some of the methods were complex and their
conditions were difficult to control, and some had high en-
ergy and time consumption. Therefore, it is urgent and
challenging to develop a simple, facile, and cheap method to
improve the hydrothermal stability of SBA-15 for practical
applications.

Ammonium fluorosilicate ((NHy),SiFs) is a commonly
used reagent in the dealumination of HY and HZSM-5 zeo-
lites. The crystal defects of zeolites can be repaired by it by a
successful incorporation of silicon to make the microporous
framework of the zeolite stable in the process of dealumina-
tion. By using this feature, the surface defects of SBA-15 can
be repaired as was done in zeolites. Also, surface Si—-OH
groups can be exchanged by F~ ions from the decomposition
of ammonium fluorosilicate to form a hydrophobic surface,
which can reduce the etching action of H,O. Therefore, a
potential approach to improve the hydrothermal stability of
SBA-15 is by pre-treatment with (NHy),SiF.

In this work, calcined SBA-15 was treated with various
amounts of (NH,4),SiFg solution. The hydrothermal stability
of the modified samples was investigated under boiling water
or 100% H,O stream at 800 °C for different time. The stabi-
lization mechanism of (NH,),SiFs was discussed based on

characterization data from X-ray diffraction (XRD), N,
absorption, *’Si NMR, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and Fourier
transform infrared spectroscopy (FT-IR).

1 Experimental
1.1 Synthesis of samples

SBA-15 was synthesized first according to the procedure
in Ref. [3]. A typical synthesis procedure was as follows.
Triblock copolymer Pluronic (P123, EO,,PO7EO,, M, =
5800, Aldrich, 20.0 g) was dissolved in 750 ml of 2 mol/L
HCI solution at 38 °C. Then, tetraethyl orthosilicate (TEOS,
42.0 g) was added into the solution and hydrolyzed at 38 °C
for 20 h under vigorous stirring. The mixture was transferred
into a Teflon vessel, sealed, and heated at 100 °C for 48 h.
The filtrated solid was washed, dried at 100 °C for 4 h, and
calcined at 550 °C in air for 5 h to get the white powder
SBA-15.

The calcined SBA-15 (10 g) was dispersed in 300 ml of
0.3 mol/L NH,Ac solution. A measured amount of
(NH,4),SiF or NH,F solution (5 mol%) was dropwise added
under stirring at 60 °C. After 1 h, the filtrated solid was
washed twice and dried at 100 °C for 4 h. The samples
modified by (NH,),SiF¢ were named as S-X, where X denoted
the SiO, ratio of (NH,),SiFsto SBA-15. The samples modi-
fied by NH,F were named as F-X, where X here denoted that
the number of F~ ions from NH,F was the same as that from
(NHy),SiF¢ with the amount of X.

1.2 Evaluation of hydrothermal stability

SBA-15 samples were put in sealed Teflon vessels with
some water, and heated at 100 °C for 7 d and 14 d, respec-
tively. They were named as S-X-7 and S-X-14 for SBA-15
modified by (NH,),SiFs, and as SBA-15-7 and SBA-15-14
for unmodified SBA-15.

The S-0.01 sample was treated in a tube furnace under
100% H,0 stream at 800 °C for 3, 6, 12, and 24 h. They were
named as S-0.01-800-¢z, where ¢ means the time of the
hydrothermal treatment.

1.3 Characterization of samples

XRD patterns were recorded on a German Bruker D4
X-ray diffractometer with Ni-filtered Cu K|, radiation (40 kV,
40 mA). Nitrogen adsorption-desorption isotherms were
measured at —196 °C with a Micromeritics Tristar 3020
analyzer. The Brunauer-Emmett-Teller (BET) method was
utilized to calculate the specific surface area, and the pore
volume and pore size distributions were derived from the
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adsorption branches of the isotherms using the Bar-
rett-Joyner-Halenda (BJH) model. SEM was conducted on a
Philip XL 30 electron microscope operated at 20 kV. TEM
images were obtained with a JEOL 2011 microscope oper-
ated at 200 kV. *’Si NMR spectra were recorded with a
Bruker DSX-300 spectrometer. FT-IR spectra were recorded
on a Nicolet FT-IR Avater 360. All samples were pre-treated
at 450 °C in the vaccum of 1.0 x 10~*Pa for 5 h.

2 Results and discussion
2.1 Hydrothermal stability under boiling water

The XRD result (Fig. 1) from the unmodified SBA-15
sample exhibited three well resolved peaks at 260= 0.90° and
1.5°~2.0°, corresponding to the (100), (110), and (200) dif-
fraction peaks, which are the characteristics of the ordered
structure of the 2D hexagonal space group (p6mm). After
treatment under boiling water for 7 d, only the (100) dif-
fraction peak appeared. The other peaks, (110) and (200),
have disappeared. This result implied that the 2D hexagonal
ordered structure of SBA-15 was partly destroyed. The (100)
diffraction peak also disappeared after 14 d, suggesting that
the ordered mesoporous structure had been lost.

For the modified S-0.01 sample, the (100), (110), and (200)
diffraction peaks remained after treatment under boiling
water for 7 d, implying that the order structure was main-
tained. The angles were shifted to higher 26 values, which
indicated a slight shrinkage of the cell dimension. Even after
14 d, the diffraction peaks were still visible. This result in-
dicated that the hydrothermal stability of SBA-15 was im-
proved by treating with (NH,4),SiFs solution.

Figure 2 shows that the unmodified SBA-15 has a typical
Type IV isotherm comprising a H1-type hysteresis loop with
parallel adsorption and desorption. After treatment under
boiling water for 7 and 14 d, the H1-type hysteresis loop,
which reflects the presence of regular arrays of the cylin-
drical pore structure of SBA-15, had disappeared completely.
The surface area (see Table 1) also decreased from 644 to 176
and then to 107 m%/g, and the mean pore size was reduced
from 8.5 nm to 5.5 nm.

The S-0.01 sample exhibited the same H1-type hysteresis
loop as the unmodified SBA-15 sample. This suggested that
the treatment with the amount of (NH,),SiFs used did not
change the ordered structure of SBA-15. The surface area
became smaller (424 m*/g) than that of unmodified SBA-15,
and the mean pore size was decreased to 7.7 nm from 8.5 nm.
In the XRD result, both the (100) diffraction peaks of S-0.01
and unmodified SBA-15 samples had the same 260 values
(0.9%), suggesting they had the same unit cell parameters.
Therefore, the smaller mean pore size of the S-0.01 sample
implied that the S-0.01 sample had thicker mesoporous wall

after treatment with (NH,),SiFs. This probably resulted from
the deposition of some SiO, on the wall. The deposition may
have blocked some of the micropores of SBA-15 so that the
surface area of the S-0.01 sample was decreased.

After treatment with boiling water, the S-0.01-7 sample
still showed the H1-type hysteresis loop. Its surface area was
as high as 375 m%/g, which was only a decrease of 49 m*/g
compared with that before the treatment with boiling water.
For the S-0.01-14 sample, the Hl-type hysteresis loop
showed some deformation. In the range of p/p, from 0.65 to
0.75, the adsorbed volume showed a sudden step, which, like
the H1-type hysteresis loop, suggested the S-0.01-14 sample
still contained some ordered mesoporous structure. The
closed point of the hysteresis loop appeared at the higher
relative pressure of p/p, = 1.0, suggesting some mesopores
were destroyed to form larger pores, but its surface area was
as high as 310 m’/g, which was higher than that of the
SBA-15-14 sample. The result, consistent with the XRD data,
indicated clearly that SBA-15 modified with (NH,4),SiF¢ had
a higher hydrothermal stability.

The S-0.01-7 and S-0.01-14 samples have the same mean
pore size as the S-0.01 sample, but all the (100), (110), and
(200) diffraction peaks were shifted to higher 260 values
compared to the S-0.01 sample. This meant that the
mesopore walls of the S-0.01 sample were shrunk by the
treatment under boiling water.

The SEM images (Fig. 3) showed that the SBA-15 sample
had a ropelike morphology, and was made up of bundles of
ropes. After treatment with boiling water, the bundles of
ropes in the SBA-15-7 sample became loose. This phe-
nomenon was more obvious in the SBA-15-14 sample. For
the S-0.01 sample, the bundles were maintained as tightly as
before the treatment under boiling water. No loosening oc-
curred in the S-0.01-7 and S-0.01-14 samples, which showed
the stabilization effect of (NHy),SiFg on the structure of the
SBA-15 material.

The TEM images (Fig. 4) showed that the structure of the
SBA-15 sample became disordered gradually with increas-
ing treatment time under boiling water. After 14 d, no order
structure was observed in the SBA-15-14 sample. The S-0.01
sample held its ordered structure well during the treatment
under boiling water. Even after 14 d, the S-0.01-14 sample
still exhibited excellent order. This was in good agreement
with the above XRD and nitrogen absorption results and
SEM images.

2.2 Hydrothermal stability under 100% H,O stream at
800 °C

For further investigating the stabilization effect of
(NH,),SiFg, the S-0.01 sample was hydrothermally treated
under 100% H,O stream at 800 °C for different time.
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The SAXS pattern (Fig. 5) and N, adsorption isotherms
(Fig. 6) showed that sample S-0.01-800-12 gave well re-
solved (100), (110), and (200) diffraction peaks and a dis-
torted H1-type hysteresis loop. Its ordered mesopores were
seen clearly in the TEM images (Fig. 7). All these results
indicated that the S-0.01 sample maintained the ordered
mesoporous structure well under 100 % H,O stream at 800
°C for 12 h. However, after 24 h, no pores were observed in
the S-0.01-800-24 sample, suggesting the porous structure
was destroyed completely.

When the SBA-15 sample was hydrothermally treated
under 100% H,O stream at 800 °C, its surface area declined
rapidly with time for times less than 6 h. Then the curve
flattened out (Fig. 8). This meant that unmodified SBA-15
was unstable. Its order structure was destroyed within 6 h
under 100% H,O stream at 800 °C. In contrast, the surface
area of the S-0.01 sample decreased slowly and linearly with
time. Its initial surface area was lower than that of SBA-15,
but this became higher than that of SBA-15 sample after 3 h.
This meant that the pre-treatment with (NH,),SiF4 prevented
the structure from collapsing as fast in SBA-15. The slow
damage of the ordered structure was one of the important
reasons for why the modified SBA-15 has a higher hydro-
thermal stability.

2.3 The influence of the amount of (NH,),SiF¢ used

The question was: since some (NH,),SiFs (1% SiO, of
SBA-15) had an obvious stabilization on the hydrothermal
stability of the SBA-15 material, would more (NH,),SiFs
strengthen the effect? Table 2 clearly shows that the initial
surface areas of the samples from S-0.01 to S-0.12, which
were modified with various amounts of (NH,),SiFg, de-
creased to ~420 m’/g, suggesting that the amount of
(NH,),SiF4 used has little influence on the initial surface area
of the modified samples. When they were treated with boil-
ing water for 7 and 14 d, the surface areas decreased with
increasing amounts of (NH,),SiF¢ used, rather than an in-
crease as we had expected. This indicated that more
(NH,),SiFg cannot promote the stabilization effect further.
On the contrary, it was harmful because more F~ ions can
increase their etching of the framework of SBA-15. Only
sample S-0.12, for which the most amount of (NH,),SiFs was
used, showed promoted stability: its specific surface area
remained as high as 357 and 326 m?/g, respectively, after it
was treated with boiling water for 7 and 14 d. This different
influence of the (NH,4),SiF¢s amount on the hydrothermal
stability of SBA-15 can be explained by the following stabi-
lization mechanism of (NH,),SiFs.

2.4 The influence of F ions

Some F ions were introduced during the modification
with (NH,),SiFs. What influence on the hydrothermal sta-
bility of SBA-15 did they have?

Table 2 shows the BET surface areas of the F-X series
samples, which were modified with NH4F. These were
around 420 mz/g, which were much lower than that of the
SBA-15 material (644 m’/ g). This meant that F~ ions can etch
the framework of SBA-15 and destroy it. The etching func-
tion of the F~ ions was also a main reason for the surface area
decrease of the S-X series samples.

Sample F-0.01 has a similar initial surface area as sample
S-0.01. After it was treated with boiling water for 7 and 14 d,
its surface area dropped to 321 and 293 m*/g, respectively.
These were lower than that of the corresponding sample
S-0.01 (375 and 310 m%/g), but were obviously higher than
that of SBA-15 (176 and 107 m*/g). This suggested that F~
ions can improve the hydrothermal stability of SBA-15. The
action of F~ ions on other ordered mesoporous silicas has
been reported [29-31]. It is considered to mainly result from
the exchange of surface Si-OH groups by F~ ions. Si-F bonds
have high hydrophobicity and resistance to water erosion. Xu
et al. [32] confirmed by '’F NMR that this exchange of
Si—-OH groups and F~ ions existed in a AIMCM-41
mesoporous material modified with NH4F.

As compared with sample F-0.01, sample S-0.01 showed
better hydrothermal stability. This implied that the function
of Si insertion, as well as the hydrophobization of F~ ions,
also has an important contribution in promoting the stability.

After the treatment with 100% H,O stream for 7 or 14 d,
the surface areas of the F-X series samples decreased with
increasing amount of NH,F, indicating that more NH,F did
not benefit the stabilization. This phenomenon was also
found in the S-X series samples, except for the S-0.12 sample,
in which (NH,),SiFs amount reached 12% SiO,, which
showed a promoted stabilization, unlike the F-0.12 sample.
This difference resulted from the unusual stabilization
mechanism of (NH,),SiFs and NH,F.

2.5 Stabilization mechanism of (NH,),SiF

When SBA-15 was modified with (NH,),SiFs and NH,F,
respectively, the hydroxyl peak intensity of samples S-X and
F-X at3734 cm ™' decreased slightly, and that at 3667 cm™'
increased a little, resulting in the hydroxyl peak widening
(Fig. 9). Xiao et al [33] suggested that the change to the peak
at 3667 cm ' was because the silicon hydroxyl peak was
affected by the hydrogen bond of nearby groups in the
MCM-41 material. In the S-X and F-X series samples, the
surface Si—OH groups have been exchanged by F ions. The
negative charge of F~ ions is greater than that of OH ions, so
the strengthening of the hydrogen-bond interaction made the
peak at 3667 cm™' increase slightly in intensity.
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The similar hydroxyl spectra of the S-X and F-X series
samples indicated that F~ ions from (NH,),SiFs and NH,F
have the same effect on the SBA-15 surface. As mentioned
above, F ions can react with Si—OH to form Si—F. If this was
so, the hydroxyl peak intensities of the S-X and F-X samples
should decrease gradually with the increase of F~ ions.
However, Fig. 9 shows they were not reduced. This was due
to two possibilities: (1) The F~ ions here were introduced by a
pre-treatment, and they only react with and replace surface
hydroxyl groups, but did not infiltrate into the inner wall of
SBA-15. Since the amount of hydroxyl groups on the surface
of SBA-15 was much less than that in the bulk, the hydroxyl
spectra were little influenced by F ions introduced in the
pre-treatment; (2) F~ ions can etch the framework of SBA-15
to form a new Q’ (Si(0Si);OH) structure (see *’Si NMR
results below). This counteracted the replacement effect of F~
ions.

Figure 10 shows > Si NMR spectra of the SBA-15, $-0.01,
and F-0.01 samples. Two peaks centered at 6 = —101 and
—110 were observed. These were attributed to silicon atoms
with three siloxane bonds and one silanol group, Q® and with
four siloxane bonds, Si(OSi), (Q*), respectively [34]. The
ratios of Q3/Q4 were 4.7%, 15.7%, and 19.8%, respectively.
It is clear that the peak intensity of the Q’ peak increased
when the SBA-15 material was modified with (NH,),SiFs
and NH,F. This result suggested that F~ ions not only re-
placed surface hydroxyl groups to form a hydrophobic sur-
face, but also etched the framework of SBA-15 to form the
Q’ structure from Q”.

The Q3/Q4 ratios of the S-0.01 and F-0.01 samples were
such that the value of the former was 15.7%, and less than the
19.8% of the latter although the amounts of F~ ions intro-
duced were the same. This indicated clearly that some Si
atoms have been inserted into the surface defects of the
SBA-15 material to form the Si(OSi), structure from the
Si(OSi);0H structure when SBA-15 was modified with
(NH,),SiFs. This result proved that ammonium fluorosilicate
was an effective reagent to supply Si and repair the surface
defects of SBA-15.

The stabilization mechanism of (NH,),SiFs on the hydro-
thermal stability of SBA-15 is shown in Scheme 1.

There are some terminal hydroxyl groups and crystal de-
fects on the surface of the SBA-15 sample. When SBA-15
was treated with some (NH,),SiF¢ (1% SiO,, Scheme 1(a)),
Si atoms can insert into the surface defects and repair them.
F~ ions here have two effects: first, the replacing of surface
hydroxyl groups to form a hydrophobic surface, and second,
the etching of the framework to form new Q’ crystal defects.
With increasing (NHy),SiFs amount (1%—-12% SiO,, Scheme

1(b)), since surface defects have already been occupied by Si
atoms, the extra Si cannot penetrate into the bulk phase to
repair defects there because of steric hindrance. These extra
Si atoms do not improve the crystal structure and enhance the
hydrothermal stability of SBA-15. To the contrary, intro-
ducing more (NH,),SiFs will increase the F~ ion concentra-
tion, which would aggravate the etching effect of F~ ions and
produce more unsaturated coordination Q’ structure. Thus,
the hydrothermal stability would not be as good as that
achieved when modified with a small amount of (NH,),SiFs.
With a further increase of the (NH,),SiFs amount (> 12%
Si0,, Scheme 1(c)), since a large amount of SiO, was de-
posited on the wall of SBA-15 to form a dense SiO, protec-
tive film, which can prevent the steam from eroding the wall
of the SBA-15 material, the hydrothermal stability of
SBA-15 was improved.

From the above mechanism, the stabilization by
(NHy),SiF¢ on the hydrothermal stability of SBA-15 depends
on the optimization of positive factors, such as silicon inser-
tion and surface hydrophobicity of F~ ions, and the negative
factor of F~ ion etching. Enhancing the positive factors and
weakening the negative factor would benefit the stabilization
effect of (NH,),SiF, but the F/Si ratio in the (NH,),SiFy
molecule is fixed. When more Si sources are introduced,
more F~ ions must also be introduced. This is one of the main
problems of this method.

Only a small amount of (NH,),SiFs (~1% SiO,) has a very
good effect on improving the hydrothermal stability of
SBA-15. This method is simple, facile and cheap as com-
pared with other methods. Furthermore, the chemical prop-
erties and catalytic performance are not changed by this
modification because no heteroatoms were introduced into
the SBA-15 material.

3 Conclusions

A SBA-15 material modified by a small amount of
(NH,),SiF¢ (1% SiO, of SBA-15) exhibited excellent and
improved hydrothermal stability. It kept the ordered
mesoporous structure very well when treated under boiling
water for 14 d or 100% stream at 800 °C for 12 h. The BET
surface areas were as high as 310 and 213 mz/g, after these
respective treatments, and much higher than that of unmodi-
fied SBA-15 sample after the same treatments. This method
is simple and cheap, has low energy consumption and does
not change the chemical properties of SBA-15.
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