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Small angle X-ray scattering experiments have been performed to study the microstructure of mesoporous silica

materials prepared by condensation of tetraethylorthosilicate using non-ionic alkylpolyethyleneoxide (AEQOg) and ionic
cetyltrimethylammonium bromide (CTAB) surfactant as templates. It is the pores within the nanometre range that

produce the main scattering. The scattering of the pure silica systems obey Porod’s law. The scattering of the systems
with templates remaining in the pores show positive deviations from Porod’s law. This may be because the templates
produce some additional scattering background and then make the scattering of pores distorted. The results show that
the full removal of templates from the pores of the materials by Soxhlet extraction is very easy for AEOg, but it is
difficult for CTAB. The positive deviation correction is also performed.
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I. INTRODUCTION

Mesoporous silica materials formed by the con-
densation of silica oligomers around self-assembled
surfactant micelle templates have recently attracted
much interest owing to their potential for use in cat-
alytic or adsorbent applications.l! 3! Structural char-
acterization of these materials is therefore of funda-
mental importance. Commonly, the pore structure
of porous silica is measured by gas adsorption and
transmission electron microscopy (TEM), but these
techniques cannot ‘see’ the closed pores and the pores
filled with a certain medium such as templates. Small
angle X-ray scattering (SAXS) does not suffer from
this restriction, since it arises from spatial fluctua-
tions of the electronic density within the material.
Thus, SAXS has been used in the study of porous sil-
ica materials.[>*4 Unfortunately, no information con-
cerning the scattering by templates within the ma-
terials has been found. In fact, templates might ex-
ert some influence on the physical and chemical prop-
erties of the materials, though the influence and the

acting mechanism remain equivocal until now. There-
fore, this paper mainly aims at an understanding of
the scattering phenomena caused by the templates
in porous materials and the corresponding structural
characteristics of mesoporous silica materials with or
without templates, respectively.

I. EXPERIMENTAL DETAILS

Mesoporous silica were prepared by an im-
proved synthesis strategy using tetraethoxysilane
(TEOS) as precursor and non-ionic alkylpolyethyle-
CH;3(CH,),(OCHyCH»)9OH (AEQg) or
cetyltrimethylammonium bromide C16H33N(CH3)3Br
(CTAB) surfactant as templates.®) The surfactant ex-
tractions were performed by Soxhlet extraction with
ethanol for 24h, and then the final solids were filtered,
washed with distilled water and dried at 100°C in
air. Some samples were calcined at 550°C at heating
rate of 1°C/min. The resultants are listed in Table 1,
where the template/silica molar ratios for all samples

neoxide

are the same.
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Table 1. SAXS results of the mesoporous silica.

Sample Template Extraction Calcination Slope of In[¢®J(q)] vs. ¢2 Average pore radius
temperature/°C in high angle range of gyration/nm
GZ1 AEQg No +0.257 1.79
GZ2 AEQg Yes 0 1.65
GZ3 AEQg No 550 0 1.64
GZ4 CTAB No +1.872 2.01
GZ5 CTAB Yes 4-0.805 1.50
GZ6 CTAB No 550 0 1.32

SAXS experiments were performed using syn-
chrotron radiation as an X-ray source with a long-slit
collimation system at the Beijing Synchrotron Radia-
tion Facility. The incident X-ray wavelength A was
0.154nm, and the scattering angle 26 was approxi-
mately 0°-3°, the scattering vector was denoted as
g, g=4msind/X. The scattered X-ray intensities were
recorded using imaging plate technology. The air scat-
tering and the absorption of the sample were cor-
rected.

II. RESULTS AND DISCUSSION

X-ray diffraction (XRD) measurements have in-
dicated that all samples in Table 1 are in the amor-
phous state. Ny adsorption at 77K with ASAP2000
and high-resolution TEM (HRTEM) measurements
have illustrated that all the samples are of mesoporous
structure.

SAXS data analysis was directly based on slit-
A Porod plot (see Fig.1),
ie. In[g®J(q)]-¢> curve, 58 is used to determine

smeared intensities J(q).

whether the scattering system is ideal or not. The
results are given in Table 1. The average pore radii
of gyration obtained with SAXS (after correction of
deviations from Porod’s law) also show that the pores
are nanometre-sized (see Table 1), which give rise to
the SAXS.

positive deviation

InK’

/

no deviation

Ln(q3J(q)]

Fig.1. Porod plots and deviation correction.

It is very interesting that two types of Porod
curves appear, i.e. no deviation and positive devia-
tion from Porod’s law (see Fig.2). This suggests that
structural differences exist between these materials.
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Fig.2. Porod plots of mesoporous silica.

According to Porod’s law, for an ideal two-phase
structure having sharply defined phase boundaries,
the asymptotic behaviour of the intensity curve was
found to bel®!

limJ(q) = K'/¢°, (1)

where K’ is a Porod constant. Formula (1) means that
the slope of the In[¢®.J(g)]-¢? curve in the high ¢ range
is close to zero. The slopes of In[g®J(q)]-¢* curves in
the high-angle range of samples GZ2, GZ3 and GZ6
are equal to 0 (see Table 1) and agree with Porod’s
law, indicating that they are of ideal two-phase struc-
tures, i.e. the respective electron density in the silicate
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skeletons and the pores is homogeneous. This may
be attributed to the full removal of the templates.
Fourier-transform infrared ray (FT-IR) experiments
have not found the information of the templates.

In contrast, GZ1, GZ4 and GZ5 show positive de-
viations from Porod’s law. This suggests that nonideal
two-phase structures are presented, as the templates
are located in the pores or channels and then produce
a kind of electron density micro-fluctuations within
the pores, which gives rise to some additional scatter-
ing. The In[q3J(g)]-¢* curve showing a positive devia-
tion might be fitted by using the following formulaltfl

In[¢*J(q)] = InK' + o?¢?, (2)

where o is a parameter in relation to the size of
the electron density micro-inhomogeneity within any
phase in the system. GZ4 shows a higher slope
than GZ1, implying that the electron density micro-
fluctuation by CTAB is stronger than that by AEQ,.
This is reasonable if the difference of two templates
is considered. AEQy is a kind of non-ionic template,
and CTAB is an ionic-type template. The chemical
bonds between CTAB and the matrix are, of course,
stronger than the molecular forces between AEQg and
the matrix.

Both GZ2 and GZ3 obey Porod’s law, and this
suggests that AEQg could be fully removed by both
Soxhlet extraction with ethanol and calcination at
a certain temperature. In contrast, GZ5 shows a
positive deviation from Porod’s law, but its slope is
smaller than that of GZ4. This indicates that CTAB
can only be partially removed by Soxhlet extraction
with ethanol. This agrees with that from their FT-
IR spectra.® The result also comes from the stronger
chemical force between CTAB and the silica matrix.

However, CTAB could be fully removed by calcination
at a certain temperature, and then GZ6 obeys Porod’s
law. Thus, SAXS is capable of determining whether
the templates are fully removed.

On the other hand, the existence of template re-
sults in the scattering from the distorted pore (i.e. neg-
ative or positive deviation). It is, therefore, necessary
to correct the deviation first before the study of the
pore structure. From Fig.1 and formulae (1) and (2),
the following relation can be derived for the positive
deviation correction:

J(q) = ¢ *exp{In[¢® Jons(q)] + 0 ¢*}, 3)

where the original scattering intensity is labelled as

Jos(q)-
corrected, regardless of the causes leading to the devi-

Then, a positive deviation could be easily

ation, and the structure of the main scattering matter
(such as the pores in a porous material) can be anal-
ysed after the deviation is corrected. The deviation
correction method does not need the SAXS measure-
ment up to a very high angle. It can be completed in
one SAXS experiment. By using this method, Porod’s
law is satisfied and the structural parameters of pores
can be obtained. Table 2 shows the average pore sizes
(i-e. average diameters of pores if they are supposed
to be spherical) of two typical samples derived from
SAXS and N, adsorption. For the ideal two-phase
structure of GZ2, the result from SAXS is close to
that from Ns adsorption. For positive-deviated struc-
ture of GZ1, the result from SAXS, in which the pos-
itive deviation has been corrected, is larger than that
from Ny adsorption. This might be due to the effect
that the residual template CTAB in the pores could,
to some extent, prevent the No molecules from coming
into the pores.

Table 2. Average pore sizes obtained from SAXS and Ny adsorption.

Sample Average pore size obtained from SAXS/nm Average pore size obtained from N3 adsorption/nm
GZ1 4.63 2.39
GZ2 4.07 3.89

IV. CONCLUSION

SAXS is a powerful tool for studying the mi-
crostructure of mesoporous silica materials prepared
by one-pot template-directed synthesis methodology.
The pores of a nanometre size can induce small angle
X-ray scattering. The scattering data of pure silica
system obey Porod’s law. Full removal by Soxhlet ex-

traction is easy for non-ionic template AEQg, but it is
difficult for ionic template CTAB. The templates re-
maining in the channels of the materials produce the
additional scattering background and then lead to a
positive deviation from Porod’s law. The structural
characteristics of the pores can be deduced from the
data in which the deviation from Porod’s law has been
corrected.
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