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Abstract: Different structural mesoporous silicas have been synthesized at high temperature using the Stober method by utilizing a mixture
of cationic cetyltrimethylammonium bromide and anionic water-soluble sodium polyacrylate (NaPAA) as template. The synthetic conditions,
which include the amount of ethanol, crystallization temperature, crystallization time, polymer concentration, and molecular weight, have
significant influence on the structures and surface morphologies of the synthetic product. This could be attributed to a combined effect of
NaPAA and ethanol.
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Fig. 1. XRD patterns (a), N, adsorption-desorption isotherms (b), and pore size distribution curves (c) of the mesoporous silica samples (denoted S,)

synthesized with different amounts of ethanol (x, ml).
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Fig. 2. HRTEM images of Sy (a,b), Sio(c), and Sgo (d) samples.
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Table 1 Textural properties of the samples synthesized with different
amounts of ethanol

Sample  Aggr/(m*/g) Pore volume (cm®/g) Pore diameter” (D/nm)
So 965.0 0.90 241
Sio 761.9 0.69 241
S30 770.4 0.79 241
Sso 776.9 0.46 2.18
Sso 1039.8 0.62 2.18

*Calculated by the BJH method on the basis of the adsorption branch.
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Fig. 3. SEM images of the samples synthesized with different amounts of ethanol. (a) So; (b) Sio; () Ss0; (d) Sso; (€) Sso-
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Table 2 Textural properties of the Sgy samples synthesized at differ-

ent temperature

Temperature Pore volume Pore diameter
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Fig. 4. XRD patterns (a), N, adsorption-desorption isotherms (b), and pore size distribution curves (c) of the Sgosamples synthesized at different

temperature.
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Fig. 5. SEM images of the Sg, samples synthesized at different temperature. (a) 30 °C; (b) 60 °C ; (c) 85 °C.
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Fig. 6. XRD patterns of the Sg, samples crystallized at 85°C for
different time.
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Table 3 Textural properties of the Sgy samples crystallized at 85°C
for different time

Crystallization ) Pore volume Pore diameter
. ABET/(III /g) 3
time (h) (cm’/g) (D/nm)

2 772.9 0.53 2.18
12 804.2 0.45 2.03
24 1039.8 0.62 2.18
48 805.3 0.47 2.18
72 659.4 0.45 2.18

m*/g ¥ %] 1039.8 m*/g, LRI 0.53 cm®/g 34 i
) 0.62 em’/g, HE— D A Ak TR), B LL 2R T
FRFIASLAR RT3 0.

Bl 7 ks A AS [m] I [] BT 73 8 5 1K) SEML IR
LA W, BT A RE S AR R ERTE, H 1k 12 h
EE RIS W =S b v I Y | A I TR = ]
MIREK, 2= [ B il 11t R gk b, 248 K 22 B0t R AR B
h o6 K REER, HL R RSE A B 8 n, AR 5 Ak T
48 h I, K & LR TH AR

Sgo #EHEY SEM BB F
Fig. 7. SEM images of the Sg samples crystallized at 85 °C for dif-
ferent time. (a) 12 h; (b) 24 h; (c) 48 h; (d) 72 h.
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Table 4 Textural properties of the Sgy samples obtained at different
NaPAA content

NaPAA Aper/ () Pore volume Pore diameter

0.01% concentration (%) & (cm’/g) (D/nm)
g \’/L 0.05% 0 6763 0.44 218
§3) 0.01 837.7 0.48 2.18
= 0.10% 0.05 1039.8 0.62 2.18
0.15% 0.10 725.5 0.40 2.18
\_/x 0.20% 0.15 700.1 0.50 2.18
>~ . 0.20 694.8 0.46 218

1 2 3 4 5 6 7

26(%)

E 8 7 [ NaPAA FEFT1F Seo # MBI XRD i%
Fig. 8. XRD patterns of the Sy samples obtained at different NaPAA

content.
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Fig. 9. SEM images of the Sg samples obtained at different NaPAA content. (a) 0; (b) 0.01%; (c) 0.05%; (d) 0.10%; (e) 0.15%; (f) 0.20%.
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Table 5 Textural properties of the Sgy samples obtained at different
M, = 2100 NaPAA molecular weight
NaPAA ) Pore volume  Pore diameter
. Ager/(m7/g) 3
o molecular weight (cm’/g) (D/nm)
g 2100 821.2 0.49 2.03
g M, = 8000 8000 833.6 0.54 2.03
15000 1487.5 0.69 2.03
M, = 15000 O
1 L 1 L 1 L I n T T T T
1 2 3 4 5 6 7
AN
20(°) 3 i
10 RMAE S FE NaPAA BEIRY Seo #MAT XRD i

Fig. 10. XRD patterns of the Sgy samples obtained at different Na-
PAA molecular weight.
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Mesoporous materials have been applied in adsorp-
tion-separation, catalysis, biochemistry, chromatography,
and drug delivery ever since M41S materials were synthe-
sized [1,2]. This is largely due to their large surface areas and
pore volumes, tunable pore sizes, and uniform pore size
distributions [3—7]. The properties of mesoporous materials
are not only dependent on their inner pore structures but also
closely related to their macroscopic structure and micro-
cosmic morphology. Template structure and synthetic con-
ditions are the key factors that affect the pore structure, the
order, and the morphology of mesoporous materials. There-
fore, optimization of template and choice of synthetic con-
ditions play a major role in the synthesis of mesoporous
materials. However, traditional anionic, cationic, or neutral
surfactants are still being used as templates to synthesize
ordered mesoporous materials. Although there are a variety
of commercially available surfactants, only selected few can
be used as templates to synthesize mesoporous materials [3].
This limits the structures and applications of mesoporous
materials. Therefore, it is imperative that new and improved
templates are used to synthesize mesoporous materials. Thus,
single-phase [8—11], composite [12] and natural copolymers
[13], copolymer-surfactant complex [14,15], Gemini sur-
factant [16], fluorocarbon surfactant [17], and chiral alcohols
[18] have been applied to the synthesis of mesoporous ma-
terials. In addition, various auxiliary agents, such as ethanol,
isopropanol, ether, and acetone, have also been introduced to

the synthetic system in order to control the structures and
morphologies of mesoporous materials [16,19-21].

Anionic water-soluble poly(acrylic acid) (PAA) has
been used in the biomineralization process because it pos-
sesses strong hydrophilic carbonyl groups [22]. Recent re-
search indicates that amorphous silica particles can be ob-
tained by a combination of polyaminoamide dendrimers and
PAA molecules [23]. Guo et al. [20] have synthesized
mesoporous silica particles with controllable cavities in their
surface in mixed water-isopropanol solvent at room tem-
perature using PAA and cationic cetyltrimethylammonium
bromide (CTAB) as dual templates. However, limited
methodologies are developed in the synthesis of mesoporous
silica particles at high temperature in the presence of organic
solvent. In this work, a mixture of CTAB and anionic wa-
ter-soluble sodium polyacrylate (NaPAA) is used as tem-
plate to synthesize spherical mesoporous materials at high
temperature in the presence of ethanol solvent. The effects of
synthetic conditions on the formation of the final products
are also investigated.

1 Experimental
1.1 Synthesis of samples

In a typical synthesis, an appropriate amount of CTAB (>
99.0%, J&K Scientific Ltd.) was dissolved in aqueous solu-
tion (molar ratio CTAB/SiO, = 0.13, NH,/SiO, = 7.3, H,0/
SiO, = 130), which contained 13.6 ml of ammonia solution
(25%). The mixture was vigorously stirred at 30 °C for 0.5 h.
Then, a desired amount of NaPAA (M,, = 2100, 0-0.2%) was
added. After stirring for 1 h, a certain amount of ethanol was
added and stirred for additional 0.5 h to form a homogeneous
solution. Finally, an appropriate amount of tetracthyl ortho-
silicate (TEOS) was added quickly into the above solution
and sustained for 1 h at 30 °C. The mixture was further
stirred at 85 °C for another 24 h. The resultant products were
collected by filtration, and the residue was washed, dried,
and calcined at 550 °C for 6 h to remove organic templates.
According to the ethanol amount, the obtained samples are
denoted as S, with x representing the ethanol volume (ml).

1.2 Characterization of samples

The structures of the products were identified by a Bruker
D8 ADVANCE X-ray diffractometer (XRD) with Cu K,
radiation at 40 kV and 40 mA. High-resolution transmission
electron microscopy (HRTEM) was performed on a
JEOL-2100 microscope. Nitrogen adsorption-desorption
isotherms were measured on a Belsorp-Max sorption ana-
lyzer. Samples were degassed at 300 °C under high vacuum
conditions for 6 h before measurements. The surface areas
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were calculated by the BET (Brunauer-Emmett-Teller)
method, and the pore size distributions and pore volumes
were calculated by the BJH (Barrett-Joyner-Halenda)
method. Scanning electron microscopy (SEM) images were
recorded on a QUANTA 400F microscope.

2 Results and discussion

2.1 Effect of ethanol amounts on the structures and
morphologies of the samples

The XRD patterns of the calcined samples synthesized
with different amounts of ethanol are shown in Fig. 1(a). It
can be seen that Sy and S;( exhibit three well-resolved peaks
at approximately 260 = 2°, 4.1°, and 4.7°, respectively. These
peaks are indexed to the (100), (110), and (200) reflections of
2D-hexagonal p6mm mesostructure. This point is in good
agreement with the TEM observation (Fig. 2(b) and (c)). As
the amount of ethanol increases, the intensities of (110) and
(200) peaks significantly decreased, indicative of a consid-
erable decrease in the order of mesoporous silicas. Thus, Ss,
and Sgy showed a worm-like structure (Fig. 2(d)).

The N, adsorption-desorption isotherms of the calcined
samples are shown in Fig. 1(b). All samples exhibit the usual
type IV isotherms, indicating the formation of mesostructure
samples. It is clear that Syand S;, have a capillary conden-
sation at a relative pressure of p/p, between 0.2 and 0.3,
indicating that the pore structures of the prepared samples are
regular. Consequently, these two samples gave narrow pore
size distributions (Fig. 1(c)). However, the hysteresis loops
and pore size distributions of samples obviously widened
when the ethanol amount is more than 30 ml. This is in
agreement with the decrease in the order of the samples (Fig.
1(a)). A slight increase in the adsorption amount of Sy in the
plpo of 0.95-1.0 is assigned to the voids among particles.
Table 1 shows that the surface area, pore diameter, and
volume decrease with increasing ethanol amount. Never-
theless, a considerable increase in the surface area was ob-
served for the sample of Sg.

Figure 3 shows the SEM images of the samples synthe-
sized with different amounts of ethanol. Syhas three kinds of
morphology: column, vesicle, and amorphous material (Fig.
2(a)). The columnar particles are dominant in S;,, while S;,
consists of vesicles and spherical particles. In contrast, novel
cucurbit-like particles were formed when the ethanol amount
was increased to 50 ml. A further increase in the ethanol
amount to 80 ml mainly led to the formation of spherical
particles, the sizes of which are slightly larger than those of
Sso. This shows that the ethanol amounts added to the syn-
thetic gels have a great effect on the morphologies of the
formed mesoporous silicas.

Because the solubility of TEOS in ethanol is much higher

than that in water, addition of ethanol to the synthetic gel will
definitely slow down the hydrolysis rate of TEOS, resulting
in a decrease of charged silicate particles in the solution. It is
well known that the morphology of a growing particle mainly
depends on the balance between the polymerization rate of
the charged silicate particles and the formation rate of
mesoporous structure. When the ethanol amount in the solu-
tion is about 10 ml, most of the organic molecules, as
co-surfactants incorporate into micelles, and thus, the struc-
ture formed still has 2D-hexagonal p6mm (MCM-41).
However, when the ethanol amount in the solution was in-
creased to 50 ml, the ethanol will also act as a co-solvent,
leading to a sharp decrease in the polarity of the solution and
consequently the transformation of the hexagonal structure to
the worm-like one. As the ethanol amount is continuously
increased, this further weakens the hydrolysis rate of TEOS
and condensation rate of silicate species, which would result
in the adhesion of spheres to each other. In addition, the
hydrophobic interaction of ethanol might affect the structures
and morphologies of the formed mesoporous silicas as well.

The crystal morphology obtained in the present system
containing NaPAA polymer is quite different from that ob-
tained in the system with CTAB as the sole template [24].
The long hydrophobic chain of NaPAA could bind to the
CTAB molecules through electrostatic and hydrophobic
interactions and form spherical vesicles in the solution. The
formed NaPA A/CTAB spherical vesicles can be stabilized by
an oil/water interface formed in ethanol-water system. In
particular, the self-assembly between CTAB and silica oli-
gomers might quickly occur around the spherical vesicles,
leading to the formation of particles with complicated
nano-architecture. From the above studies, it could be de-
duced that the different morphologies of the samples ob-
tained in the present system are as a result of addition of both
polymer and ethanol to the synthetic gel.

2.2 Effect of crystallization temperature on the
structures and morphologies of the samples

The kinetics of the hydrolysis of TEOS and condensation
rates of silicate species are highly dependent on the crystal-
lization temperature, which, hence, is a key factor in deter-
mining the structures and morphologies of particles. Figure
4(a) shows the XRD patterns of Sgy samples synthesized at
30, 60, and 85 °C. Clearly, all samples exhibit only one dif-
fraction peak at the 26 of 2.2°, indicating that they all have
worm-like mesostructures. The diffraction peaks of these
samples increased in intensity with increasing crystallization
temperature, suggesting that high crystallization temperature
is favorable for the increase in the order of mesostructure,
giving a narrow pore size distribution and a high surface area
and pore volume (Fig. 4(b) and (c), Table 2). This shows that
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higher temperature is beneficial to the dissolution and reor-
ganization of the amorphous synthetic gel [25]. Figure 5
shows that the diameter of the sample particle synthesized at
30 °C is in the range from 200 to 600 nm.

2.3 Effect of crystallization time on the structures and
morphologies of the samples

Figure 6 shows the XRD patterns of the Sg, samples
crystallized at 85 °C for different time. The concentration of
polymer NaPAA (molecular weight = 2100) in the synthetic
gel is 0.05%. All samples have only one diffraction peak
assigned to (100) facet, indicative of a worm-like structure.
Table 3 shows that the surface area and the pore volume of
the samples increased from 772.9 to 1039.8 m*/g and from
0.53 to 0.62 cm’/g, respectively, when the crystallization
time was increased from 2 to 24 h. However, a further in-
crease in the crystallization time led to a gradual decrease in
the surface areas and pore volumes of the samples (Table 3).
Figure 7 shows that all samples exhibit spherical morphology
although some samples collected at 12 h contain semi-
spherical particles, the number of which decreased with
increasing crystallization time.

2.4 Effect of polymer content on the structures and
morphologies of the samples

The anionic polymer of PAA could act as a co-template to
direct the formation of hierarchical mesoporous materials in
an isopropanol-water system [20]. By changing the mass
ratios of PAA to CTAB, uniform mesoporous silica particles
with various morphologies have been fabricated. Figure 8
shows the XRD patterns of the calcined Sg, samples crystal-
lized at 85 °C for 24 h in the presence of different amounts of
NaPAA (molecular weight = 2100). Although all samples
have only one broad diffraction peak at 260 of 2.1°, their pore
size distributions are very narrow, indicative of a uniform
mesoporous structure. Table 4 shows that their surface areas
gradually increased with increasing NaPAA content up to
0.05%. Nevertheless, a further increase in the NaPAA
amount contrarily resulted in a decrease in the surface area.

Figure 9 shows the SEM images of the Sgy samples syn-
thesized at different NaPPA concentrations. Although the
particle sizes of the samples slightly increased with increas-
ing NaPAA content when it is less than 0.05%, the particle
morphologies are similar. Nevertheless, semispherical parti-
cles increased and a number of cucurbit-like particles are
formed when the content of NaPAA was increased to 0.10%.
After addition of NaPAA, the NaPAA/CTAB spherical ag-
gregates might be formed and swollen because of the elec-

trostatic repulsion of the ionized PAA macromolecules. This
leads to a gradual escape of ethanol from the NaPAA/CTAB
spherical micelle interface, destroying stability of the inter-
face layer of the micelle. In addition, the silicate species
formed from hydrolysis of TEOS surround the interface of
the micelle. This resulted in a great increase in the particle
size, and the higher the NaPAA concentration is, the higher
the increase degree is. Thus, the rupture of spherical particles
occurred, forming semispherical particles.

2.5 Effect of NaPAA molecular weight on the structures
and morphologies of the samples

The properties of polymer are dependent on its molecular
weight. Therefore, the effect of NaPAA molecular weight on
the structures and morphologies of Sg, samples were further
investigated. The crystallization temperature, crystallization
time, and the content of NaPAA were kept at 85 °C, 24 h, and
0.05%, respectively. Figure 10 indicates that the molecular
weight of NaPAA has no obvious effect on the order of
samples. All samples exhibit only one broad peak at 26 of
2.2° in their XRD patterns. Table 5 shows that the surface
areas and pore volumes of the samples increased with in-
crease in NaPAA molecular weights. Figure 11 shows that
the aggregation degree of spherical particles decreased with
increasing NaPPA molecular weight. This may be because
large NaPA A molecules would tightly encircle CTAB, lead-
ing to somehow isolation of the formed NaPAA/CTAB ag-
gregates, and consequently, to the increase of particle dis-
persion.

3 Conclusions

A series of mesoporous silicas have been synthesized us-
ing the Stober method with mixtures of cationic CTAB and
water-soluble anionic NaPAA as template, ethanol as dis-
persant, ammonia as catalyst, and TEOS as silica precursor.
The structures and morphologies of the samples depend on
the NaPAA and ethanol amount. By adjusting the amount of
ethanol and NaPAA, 2D hexagonal and worm-like mospor-
ous silicas with amorphous, columnar, vesicle, cucurbit-like,
and spherical morphologies can be obtained. High crystalli-
zation temperature and long crystallization time are favor-
able to the formation of highly ordered mesoporous silicas.
The surface areas and pore volumes of the spherical samples
considerably increase with the increase in NaPAA molecular
weight.

Full-text paper available online at Elsevier ScienceDirect
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