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In this study, we provide a strategy to control morphology as well as physical and chemical property of mesoporous
composites materials (MCM). SEM, TEM, XRD and nitrogen adsorption-desorption measurements were used to
characterize the morphology and physical and chemical performance of MCM. Low surfactant concentration results in
fabrication microspheres with 5 gm in average diameter and smooth surface. Long ultrasonic irradiation results
displayed the same size microspheres that were made up of smaller particles. Longer ultrasonic irradiation brought about
more diversified morphology. In the synthesis system, the introduction of a variety of inorganic salts leads to great
changes in morphology and physical and chemical property of mesoporous composites materials. Such morphological,
physical and chemical property mesoporous composites materials are promising for application in many fields.
Keywords: morphology, ultrasonic, surfactant concentration, inorganic salts, physical and chemical performance.

1. INTRODUCTION

It has been about three decades since discovery of
periodic mesoporous composites materials (MCM) [1].
Recent developments have been reported on their versatile
application in catalysis, separation, adsorption, drug
delivery, nanocomposites, confinement of electronic
materials, and environmental treatment [2,3]. These
demand precise control of the morphologies and physical
and chemical performance of the MCM [4, 5]. Diversified
morphologies and physical and chemical capability have
effects on applications such as catalysis, separation,
adsorption/desorption [6, 7]. Therefore, many efforts were
made to the morphology and physical and chemical
capability control of the MCM. Typical representative of
MCM was SBA-15. MCM with various morphologies and
physical and chemical performance have been reported
[8 —23]. These methods are mainly changes in the overall
composition of the synthesis mixture, including the nature
of the surfactants, the silica source, cosurfactants,
cosolvents, additives, and synthesis conditions such as
field-assistance. Preparation for periodic mesoporous
composites materials (MCM) is single-step or multi-step.
Firstly, with inorganic ferric iron precursor, MCM was in
situ synthesized by one-step method [24]. Secondly,
different metal or metal oxide nanoparticles must be
prepared. Then, the mesoporous silicas are integrated with
the metal oxide nanoparticles to produce MCM with
diversified framework [25-27]. Thirdly, Tao report to
synthesize¢ MCM with hydrophobic terminal ferrocene
group as both the structure-directing agent and the metal
oxide source by one-pot hydrothermal method [28, 29].

In this work, we report morphology and physical and
chemical performance control by using ultrasonic
irradiation, tuning amount of the surfactants and adding to
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inorganic salts. On the other hand, the effects of synthetic
parameters, such as stirring, reactant ratio, ultrasonic
admixture, ultrasonic duration, and adding additives were
also examined. We focused on the study of reactant ratio,
ultrasonic admixture, ultrasonic duration and adding
inorganic salts affecting the morphology and physical and
chemical performance of MCM.

2. EXPERIMENTAL
2.1. Synthesis

The preparation procedure of samples was as the
following four steps: Firstly, triblock copolymer
PluronicP123 and KCI were added to a mixture of water
and HCl aqueous solution under vigorous stirring.
Secondly, TEOS was added to this solution under magnetic
stirring. Thirdly, after this procedure, this mixture was
sealed in Teflon-lined stainless steel autoclaves and kept
under static conditions at 30 °C for 24 h, followed by at
100 °C for 24 h. Fourthly, the solid products were
collected by filtration, washed with water and dried. The
as-synthesized SBA-15 samples were calcined in air at
550 °C for 6 h. To pick and change parameters was as the
following three classes: Firstly, the molar ratios of the
reactants were 1TEOS: xP123: 1.48KCl: 6.6HCI: 170H,0,
where x is the P123 molar ratio shown in Table I.
Secondly, samples have been irradiated by different
ultrasonic duration at the second step, instead of magnetic
stirring, where ultrasonic duration and magnetic stirring is
shown in Table 2. Thirdly, different inorganic salts were
added to the reaction system, where the types and quantity
of inorganic salts are shown in Table 2, also.

2.2. Characterization

Scanning electron microscopy (SEM) images were
achieved by JEOL JSM-35CF using an acceleration
voltage of 25 kV to observe the overall morphology of the
resulting materials.



Table 1. Molar ratios of component and physical and chemical properties for synthesized MCM

Spl P123 Mixing method |Time, min| TEOS/P123 | dioo, nm Morphology

1-1 0.0052 ultrasonic 8 192 8.81 Morphology mixed with irregular particles and sphere
1-2 0.0086 ultrasonic 8 116 9.32 Sphere (d =5 um)

1-3 0.0121 ultrasonic 8 83 9.39 Sphere (d = 7 um)

1-4 0.0172 ultrasonic 8 58 9.68 Gyroid

1-5 0.0086 stirring 8 116 8.79 Sphere (d =4 pm)

1-6 0.0121 stirring 8 83 8.93 Gyroid

1-7 0.0172 stirring 8 58 9.16 Gyroid-like

Table 2. Molar compositions and synthesis process parameters for MCM

Spl Si P123 KCl HCI H>O Si/P123 U or M, min ?
2-1 1.00 0.0121 1.48 6.6 170 83 20(U)
2-2 1.00 0.0121 1.48 6.6 170 83 60(U)

2-3 1.00 0.0121 1.48 6.6 170 65 120(U)
2-4 1.00 0.0155 1.48 6.6 170 65 120(U)
2-5 1.00 0.0155 1.48 6.6 170 65 960(U)
2-6 1.00 0.0155 1.48 6.6 170 65 1440(M)
2-7 1.00 0.0155 0.025° 6.6 170 65 1440(M)
2-8 1.00 0.0155 0.05°© 6.6 170 65 1440(M)
2-9 1.00 0.0155 0.014 6.6 170 65 1440(M)

2 U stands for ultrasonic irradiation, M stands for magnetic stirring;
bstands for Co(NQ3z)2-6H:0;

¢ stands for Zr(NO3)4-5H20;

dstands for ZrOCl2-8H:20.

The high resolution transmission electron microscopy
(HRTEM) images were recorded on a JEOL JEM-2010
operating at an accelerating voltage of 200kV to observe
the inner pore structures of sample. Small-angle X-ray
powder diffraction (XRD) data were taken on an X’ Pert
MPD pro diffractometer (PANalytical, the Netherlands)
using Ni-filtered Cu Ko radiation (A =1.5418 A). The data
was collected from 0.5°to 5°(26), with a step size of 0.02°.
N> adsorption-desorption isotherms were measured with a
QUANTACHROM analyzer (Autosorb-l, USA) at 77K
under continuous adsorption conditions. Prior to

measurement, the materials were outgassed at 300 °C for
4 h. The pore size distributions were analyzed with the
adsorption

supplied BJH software package form the
branches of the isotherms.

Fig. 1. TEM images of SBA-15: a—sample 1-2; b and ¢ sample 1-6

3. RESULTS AND DISCUSSION

The molar ratio of TEOS/P123 has direct effect on the
morphology and physical and chemical capability of the
synthesized samples [4]. The HRTEM image of the typical
samples displays a well-ordered 2Dmesostructure. The
HRTEM image of the two samples synthesized by
different mixed method is shown in Fig. 1. The HRTEM
image confirms that two typical samples display a well-
ordered 2Dmesostructure. Cylindrical pores are arranged
in the ordered hexagonal array. Morphology and physical
and chemical property parameters of the samples are listed
in Table 2.

Fig. 2 shows the small-angle XRD patterns of the
samples in Table 2 with ultrasonic irradiation.
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Except sample 1, all samples show three diffraction
peaks, associated with the p 6 mm hexagonal symmetry,
which is consistent with SBA-15 materials [1—6]. Sample
1-1 synthesized shows one peak, one calcined has no peak.
This shows that the concentration of the surfactant is too
small to cause the channel easily collapsed. For sample 1-
2, 1-3, 1-4, the values of d spacing between the (100)
planes of pores increased with the decrease of the molar
ratios of TEOS/P123. Also, the size of particles increased.
Morphology of the sample was changed from spherical to
gyroidal shape. The small-angle XRD patterns of the
samples in Table 2 with magnetic stirring are displayed in
Fig. 2 and Fig. 3. The change regulation of morphology
and physical and chemical capability of two kinds of
samples was almost similar. For samples 1-5, 1-6, 1-7, the
values of d spacing between the (100) planes of pores
increase with the increase in surfactant concentration. As
surfactant concentration increased, the shape and size of
the micelles greatly changed, resulting in their morphology
and physical and chemical characteristics.

Although the nitrogen adsorption-desorption properties
and BJH pore size distributions of MCM have been well
reported in the previous literature [1]. Such performance of
MCM synthesized with different Si/P123 molar ratios has
not been reported before. We used ultrasonic irradiation as
the control factors.
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Fig 2. Low-angle XRD patterns: a—as-synthesized; b— calcined
materials at (1) sample 1-1, (2) sample 1-2, (3) sample
1-3, (4) sample 1-4

The nitrogen adsorption-desorption isotherms of the
materials synthesized by ultrasonic irradiation are shown in
Fig. 4, and the parameters are summarized in Table 3.

According to the international union of pure and
applied chemistry (IUPAC), all ofN, isotherms for
materials synthesized with Si/P123 molar ratios in 58-116
basically can be defined as type IV. This result confirmed
that cylindrical pores are open at both ends.
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Fig. 3. Low-angle XRD patterns: a—as-synthesized; b— calcined
materials for (1) sample 1-5, (2) sample 1-6, (3) sample
1-7

The Barret-Joyner-Halenda method (BJH) [3] was
applied to calculate the pore size distribution. With Si/P123
molar ratio increasing, the BJH pore size of the materials
shows a decrease from 8.24 nm to 6.13 nm. Samplel-3 and
sample 1-4 have narrower pore size distribution (Fig. 4),
but sample 1-2 has relatively broader pore size distribution.
This is in accordance with the results of SXRD. At
Si/P123 = 116, the ordering of the mesostructure decreases,
as well as BJH pore size distributions are broader.
Surprisingly, its BET surface area increases, the
morphology is uniform and defined sphere.

Table 1 summarizes molar compositions and synthesis
process parameters of MCM.

Fig. 4 shows SEM micrographs of solids obtained with
different ultrasonic irradiation duration and surfactant
molar ratios. It can be seen that prolonged ultrasonic
irradiation leads to particles with different size and
diversified morphology. By increasing ultrasonic
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irradiation duration, sample 2-5 SEM shows petal-like
shape and more serious adhesion.
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Fig. 4. a— N2 adsorption-desorption isotherms; b—BJH pore size
distribution of (1) sample 1-2, (2) sample 1-3, (3) sample
1-4

sample 2-2SEM.

Fig. 6. SEM images of SBA-15 materials: a—sample 2-1 (magnification 1000 times); b—sample 2-1 (magnification 6000 times);
c—sample 2-2; d—sample 2-3; e —sample 2-4; f—sample 2-5
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These particles were made up of smaller flake-like
particles. With decreasing of ultrasonic irradiation duration
at the same surfactant concentration, Sample 2-1 shows
spheres that diameter is from a few microns to a few tens
of microns with average diameter of about 5 um. Sphere
particles were made up of smaller particles. A serious of
characterization results confirm that organic-inorganic
interface function and interface energy plays an important
role in morphology control.

In acidic media (pH less than 2), where the siliceous
species contain positive charges (I") [30], and the
surfactant was bound to H3O" to form positive charges S*
[S%(H;0")]. The electrostatic charge interaction between
the silica and the surfactant is mediated by X" anions to
make up S*XT". X'is a transition metal acid radical. M*
instead of silicon species (I") and surfactant (S*) embedded
in the mesoporous framework formed transition-metal
substituted mesoporous silicas. In mesoporous materials
science, the embedding of transition metals does not match
the morphology control. Fig.9c¢ and d show SEM
morphology of mesoporous silicas synthesized by Zr*" with
irregular morphology. In Fig. 7 d, show sphere-like shapes
that were made up of irregular shape particles. Fig. 7 b
shows micrographs of mesoporous silica synthesized by

Co**whereappear fiber-like or rod-like shapes. At the same
time, inorganic salts additions results in the same
morphology in Fig. 7 a. The kinds of metal cations and
valence charge have not only a certain effect on the
morphology of the mesoporous materials, but also on its
composition. For sample 2-7 and 2-9, only several small
and broad diffraction peaks are observed in the wide-angle
XRD patterns. The diffraction peaks corresponding to
Co304 and ZrO;nano-crystallites are more evident.
Although magnetic Co30s4 usually converts to pure Co,03,
the amorphous silicate skeleton apparently prevented from
the phase transition, stabilizing the Co304 when heated to
550 °C. The results show that Co3O4 and ZrO; substituted
mesoporous  silica framework were formed. The
morphology of transition-metal substituted mesoporous
silica is important for industrial application.

Formation of various morphology materials can follow
three stages. The first stage is the self-assembly at the
molecular level that was documented by Stucky group
[31]. The second stage is colloid action-like of these
surfactant/silica aggregate composites to form a new liquid
crystal-like phase, and finally separates form the solution
phase.

Fig. 7. SEM images of MCM sample 2-7, 2-8, 2-9 and 2-10 respectively for a, b, c and d
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We adopt two mixing methods in these stages,
respectively ultrasonic irradiation and magnetic stirring.
When a high intensity ultrasonic is applied in a liquid
crystal, sonochemistry arises from acoustic cavitation,
which consists of the formation, growth, and implosive
collapse of bubbles. The collapse of bubbles generates
localized hot spots with transient temperature as high as
~5000 K, pressures of ~1800 atm, and cooling rates in
excess of 10!°K/s [4]. It is known these extreme conditions
attained can result in silica species different
interconnection of the composite aggregates to form a new
liquid crystal-like phase. SEM images of samples show
more diversified morphology. Furthermore, inorganic salt
and quiescent conditions are also crucial for morphological
formation of samples. Materials prepared without static
condition showed fiber-like morphology. Inorganic strong
electrolytes can help to form more diversified morphology.
Materials prepared with static condition showed very
uniform and defined spheres morphology.

4. CONCLUSIONS

Diversified morphology of SBA-15 has been
successfully synthesized by varying amount of surfactant
at a relatively low concentration. Particles size in micron-
level is controllable through ultrasonic irradiation at first
two stages. The morphological control with amount of
surfactant, various inorganic salts and ultrasonic admixture
method introduces more flexibility and diversity into the
designed synthesis of diversified mesoporous composites
materials. Such morphological mesoporous composites
materials are promising for applications in molecule
diffusion processes such as catalysis, separation, guest
molecule encapsulation and internal surface modification.
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