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Synthesis of Mesoporous Silica with a Three-Dimensional Hexagonal Ordered
Structure Using Cationic and Amphoteric Mixed Surfactants
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Abstract: Ordered mesoporous silica with a 3D hexagonal structure was synthesized using mixed cationic
C.,TMBr (n=12, 14, 16, 18) and amphoteric biological surfactants sodium N-dodecyl glycine (SDG) at a molar
ratio of 8:2. Synthesis proceeded with hydrolysis and condensation of tetraethyl orthosilicate (TEOS) under acidic
conditions, followed by aging in an alkaline medium. The synthesized products were characterized using X-ray
diffraction, scanning electron microscopy, transmission electron microscopy, and nitrogen sorption analysis.
Mesoporous silica with pore diameter of about 9 nm was obtained using C;sTMBr or C;sTMBr and SDG, as mixed
templates. The presence of the amphoteric biological surfactant SDG was responsible for formation of the 3D

hexagonal structure.
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0 Introduction surfactant cetyltrimethylammonium bromide (C,sTMBr)
as a single template in a mixture of tetraethyl

Mesoporous  silica with various structures and orthosilicate (TEOS) as a silica source under acidic
morphologies has been synthesized using cationic conditions"*. Compared to the single template system,
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a mixed template system of two or more of the same or
different types of surfactants has advantages such as
variable ecritical micellar temperature (CMT) and

(CMC) values, tuned

pore sizes and pore structures, and phase transitions.

critical micellar concentration

Chen et al." synthesized highly ordered mesoporous
silica with a bicontinuous cubic structure using
nonionic block copolymer and anionic mixed surfac-
tants. Yeh et al.” synthesized hollow silica spheres with
mesostructured shells using cationic-anionic-neutral
block copolymer ternary surfactants. Taku et al. !
prepared highly ordered mesoporous silica with a
lamellar structure using an assembly of cationic and
anionic surfactant mixtures as a template. Yang et al.”®
synthesized ordered mesoporous silica with the
morphologies from spherical shape to rod-like and
lamellar shape by using mixed surfactants, C,{[MBr
and sodium dodecylsulfate.

To the best of our knowledge there have been no
reports involving synthesis using cationic and
amphoteric surfactant mixed templates. We report here
the mesoporous silica synthesis by using mixed-
surfactant templates C,TMBr (n=12, 14, 16, 18) and
amphoteric amino acid surfactant sodium N-dodecyl

(SDG). The molar ratio, chain length of the

cationic surfactants, and synthesis conditions are

glycine

discussed. Highly ordered mesoporous silica was
prepared using acid crystallization and alkaline aging

instead of the traditional acid synthesis route.
1 Experimental

1.1 Chemicals

Tetraethyl orthosilicate (TEOS, A.R.), Ammonia
(A.R.) and Sulfuric acid (A.R.) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Dodecyltri-
methyl ammonium bromide (C,,TMBr) (A.R.), tetradecy-
(C,TMBr) (A.R)),
(CTMBr) (A.R.),
and octadecyltrimethyl ammonium bromide (C;sTMBr)
(A.R.) were obtained from Shanghai Lingfeng Chemical
Reagent Co., Lid. Sodium N-dodecyl glycine (SDG)
(C.P.) was purchased from Shanghai Zhongshi Science
and Technology Co., Lid.

lirimethyl ammonium bromide

cetyltrimethyl ammonium bromide

1.2 Synthesis of mesoporous silica

A typical synthesis was as follows: 1.5 ¢ C,¢MBr
and 0.2 g SDG dissolved in 67 mL deionized water, and
5 mL H,S0, (98% , w/w) was added into the mixed
surfactant solution at 30 °C. The solutions were stirred
for 1 h to completely dissolve the surfactants, and then
3.35 mL TEOS was added dropwise to the solution.
After the mixture was stirred for 24 h, 12.5 mL. NH;H,0
(25%, whw) was added into the solution and stirred for 1
min, and the resulting mixture was aged at 80 °C for 24
h. The final reactant molar composition was xC,;sI'MBr:
(1-x)SDG:18.7H,50,:741 H,0:3TEOS:47NH;H,0, and
molar ratio of C TMBr/SDG [x/(1-x)] was named R for
study on parallel synthesis of mesoporous silica using
mixtures of cationic surfactants and SDG. The solid
products were collected by filtration, washed with
water, and dried in air at room temperature. The
resultant powders were calcined at 550 °C for 6 h in air
to remove the templates, and the final mesoporous silica
materials were obtained.

Synthesis of other samples using various chain
lengths of cationic surfactants (C,TMBr, n=12, 14, 16,
18) was performed using the same procedure. The final
reactant molar composition was 0.8C,TMBr :0.2SDG :
18.7H,50,:741H,0 :3TEOS :47NH; - H,O. The calcined
products are referred to as C,DG, CyDG, CiDG, and
CixDG according to their cationic surfactant chain
length.

1.3 Characterization

The powder X-ray diffraction measurements of the
mesoporous silica were performed on a D/max 2550
VB/PC X-ray diffractometer using Ni-filtered Cu Ko
radiation (A=0.154 18 nm) [40 mA, 40 kV, 1°(26) - min™']
at room temperature. High-resolution transmission
electron microscopy (HRTEM) was performed with a
JEOL JEM-2100 microscope operating at 200 kV (Cs),
0.6 mm with a resolution of 0.17 nm. The surface
morphology of the mesoporous silica was observed
using a Hitachi s4800 field emission scanning electron
microscope with an accelerating voltage of 15.0 kV.
Nitrogen adsorption/desorption isotherms were recorded
using an ASAP2405 (Micromeritics Instrument Corp.,
Norcross, GA) physical adsorption apparatus. The
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surface area was calculated using the Brunauer-Emmett-
Teller (BET) method, and the pore size was obtained
from the maxima of the pore-size distribution curves
calculated using the Barrett-Joyner-Halenda (BJH)
method with the adsorption branch of the isotherm.

2 Results and discussion

2.1 Synthesis of mesoporous silica using different

processes

The synthesis conditions in the mixed-system
using different processes were examined, including the
process of acid crystallization followed by acid aging,
alkaline crystallization followed by alkaline aging, and
acid crystallization followed by alkaline aging. The low
(LAXRD) patterns for the
samples obtained using different processes are pres-
ented in Fig.1. As shown in Fig.1(a) and (b), when the
mixture of C,¢'MBr and SDG was used as a template,

angle X-ray diffraction

no ordered product was obtained in the process of
alkaline crystallization followed by alkaline aging.
Using the process of acid crystallization followed by
acid aging, poorly ordered mesoporous silica was
formed. The results were quite different from the
products synthesized using CsI'MBr as a single template
under acid or alkaline conditions®. Well ordered meso-
porous silica was synthesized only in the process of acid
crystallization followed by alkaline aging. A strong
diffraction peak at about 26 =2.10° and two weak
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(a) Acid crystallization followed by acid aging, (b) Alkaline
crystallization followed by alkaline aging, (c) Acid crystallization
followed by alkaline aging; ———: As—synthesized, —: Calcined
Fig.1 LAXRD patterns of products formed under
different pH values

diffraction peaks at about 26=3°~5° are shown in
Fig.1(c).

According to Tler'”, as the pH value decreases and
approaches to the point of zero charge(PZC) (pH=1.5~
2.5), condensation of polysilicic acids becomes rate
limiting, resulting in extremely long gelation times and
very linear or cyclic oligomer of silica species in
solution, due to a very small dissociation degree of
polysilicic acids. At the same time, the adjacent SiOH
groups on the linear or cyclic oligomer condense
making further ring closures possible, thus leading to
more compact, three-dimensional species. An increase
in pH value or in the added amount of alkali is
beneficial to three-dimensional species self-assembly to
form an ordered structure through the surfactant-
templating route!"”. Ordered mesoporous silica is shown
in Fig.1(a) and (c). During the aging process, the addi-
tion of NH;H,O transforms the interactions of the silica
wall and surfactant from weak hydrogen bonding to a
strong electrostatic interaction. The stronger electros-
tatic interactions induce the silica wall and surfactant to
rearrange and restructure into a well ordered mesostru-
cture’. As an amino acid amphoteric surfactant, SDG
has amido and carboxyl groups in its molecular
structure. The positive charge of hydrophilic cations is
carried by amido groups, and the negative charge is
carried by carboxyl groups. Thus, during the alkaline
aging process, negatively charged COO ™~ in SDG are
expected to mutually combine with the cationic surfac-
tant CTA* through electrostatic interactions, leading to
a decrease in repulsion between head groups of the
cationic surfactants, which causes the surfactants to
arrange more closely in the micelles.

In the process of alkaline crystallization followed
by alkaline aging, the electrostatic repulsion between
silica species (") and negatively charged COO~ in the
SDG of the mixed micelles accelerates the rate for
condensation of the silicon species, resulting in the
formation of disordered products, as shown in Fig.1(b).
2.2 Synthesis of mesoporous silica using mixtures

of cationic surfactants and SDG with different

mixing molar ratios

Mesoporous silica was synthesized using mixtures
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of cationic surfactants and SDG with different molar
ratios of C,I'MBr/SDG, R, in the process of acid
crystallization followed by alkaline aging. The LAXRD
patterns of mesoporous silica formed with different R

values are shown in Fig.2. The results show that the

ordered mesoporous silica products are obtained
regardless of the molar ratio of C;sTMBr and SDG. An
increase in the molar ratio of C;¢{[MBr to SDG improves
the degree of order for the products. When R is 8:2, the

highest ordered mesoporous silica is obtained.
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Fig.2 LAXRD patterns of mesoporous silica formed using mixtures of cationic surfactants and SDG with

different mixing molar ratios, R (A: as—synthsized; B: calcined)

According to the LAXRD patterns, the synthesized
products are with a hexagonal structure. The interplanar
spacing, dy, is calculated using the Bragg formula, A=
2dsind, and the cell parameters, ay, are calculated using
the relationship ay=2d,x/3"%, where d\y is the interpla-
nar spacing of the synthesized products after calcina-
tion.

LAXRD results are shown in Table 1, where the

Ad,y values show shrinkage of the cell after calcination

due to template removal and silicate species
polycondensation in the pore wall. Thus, when the
silicate species polycondensation degree is high in the
mesoporous material formation, a compact pore wall is
formed, resulting in a decreasing Ad,y value. As shown
in Table 1, the highest ordered mesoporous silica has
the smallest Ad,y value, indicating that the molar ratio
of 8:2 is the optimum value for obtaining the ordered

mesoporous silica with a compact pore wall.

Table 1 Physical properties of products with different Rs

As-synthesized Calcined
R Ad / nm
260/ (°) dio / nm 20/ (°) dio / nm
5:5 1.98 4.46 2.01 4.39 0.07
6:4 2.03 4.34 2.06 4.29 0.05
7:3 2.04 4.33 2.08 4.24 0.09
8:2 2.07 4.26 2.09 4.22 0.04
9:1 2.12 4.16 2.20 4.01 0.15

2.3 Synthesis of mesoporous silica with different
chain lengths of cationic surfactants

2.3.1 IR spectra

The IR spectra of the four calcined products

synthesized using mixtures of SDG and cationic

surfactants of different chain lengths are similar (Fig.3).

The absorption bands around 3 340 ¢cm™ are the chara-
cteristic absorptions of -OH bonds. The band at 1 630
cm™ is assigned to the H-O-H bending vibration. The
sharp band of the asymmetric Si-O-Si stretching
vibration is confirmed by the band at 1 085 ¢m™. The
three bands at 962 cm™, 802 ecm™, and 465 cm™ are
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assigned to the Si-O stretching vibration. Moreover, no
other IR peaks are seen in the spectra of the four
calcined products, demonstrating that the samples are

pure silica after calcination.
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Wavenumber / cm™
() CLTMBI/SDG, (b) Ci,TMBH/SDG, (¢) CTMBH/SDG,
(d) C4TMBY/SDG
Fig.3 IR spectra of calcined samples synthesized using
mixtures of SDG and cationic surfactants with

different chain lengths

2.3.2 LAXRD

The LAXRD patterns of samples synthesized using
mixtures of SDG and cationic surfactants C,TMBr (n=
12, 14, 16, 18) with different hydrophobic chain lengths
are shown in Fig.4. Except for the sample prepared in
the mixed system C,MBr /SDG, all the samples show
one strong diffraction peak, two weak diffraction peaks

in the range of 3°~5°, and three well resolved peaks

with a 1:1/3 22 interlamellar spacing ratio, demon-
strating that the samples have a hexagonal structure.
The calcined samples show higher peak heights than
the as-synthesized samples, indicating calcination
improves the degree order. The average pore wall

thickness <h> was estimated by cellular model, using

1-
( egms") ( 3562; )1/3 , where g, is

me

the equation, h=2qj

the mesoporosity of the 3D hexagonal structure, { is

isoperimetric quotient in the cellular model, 7y is
number of cavities per unit cell in 3D hexagonal

nanomaterials. The results are listed in the Table 2.
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(a) CTMBI/SDG, (b) C.TMBI/SDG, (c) C,.TMBr/SDG,
(d) CsTMB1/SDG

Intensity (a.u.)

Fig4 LAXRD patterns of samples formed using mixtures
of SDG and cationic surfactants with different
chain lengths
According to Table 2, the Ady value decreases
hydrophobic

corresponding to denser pore walls. Longer hydrophobic

with  increasing in chain  length,
chain lengths correspond to larger ay, pore diameter,
surfactant area, pore volume of the products, and the
larger average pore wall thickness <h>, with the
exception of sample C,,DG. Moreover, sample C,,DG
has the thinnest wall thickness of 0.463 nm, probably
due to the largest shrinkage of the cell after calcination
shown in Table 2.

The LAXRD data of samples formed using
mixtures of SDG and cationic surfactants can be
indexed; the results of indexing to the LAXRD pattern
are given in Table 3. Table 3 shows that all the
diffraction peaks in the pattern of samples CuDG,
CiDG and C3DG can be readily indexed by a set of

lattice parameters. The largest relative deviation

Table 2 Porous properties of samples formed using mixtures of SDG and cationic

surfactants with different chain lengths

As-synthesized Calcined Seer / Vel
Sample Ady / nm a, / nm 5 D/ nm <h>/ nm
26/ (°) diw / nm 260/ (°) dip / nm (m?+¢™) (em?®g™)
C,DG 2.18 4.05 4.68 723.26 0.944 5.22 0.487
CuDG 2.21 4.01 2.29 3.85 0.17 445 950.69 1.52 6.39 0.463
CisDG 2.05 431 2.10 4.20 0.11 4.85 758.14 1.687 8.91 0.505
CixDG 1.91 4.62 1.93 4.57 0.05 5.28 1 032.09 2.355 9.13 0.550
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Table 3 Results of indexing to LAXRD of samples formed using mixtures of SDG and

cationic surfactants with different chain lengths

Hexagonal symmetry a=3.853 ¢=2.602 nm (¢ may be taken arbitrary value by calculation)

CuDG Sample b 201/ (%) D.,/ nm
2.292 38516
3.967 22253
4576 1.929 2

Hexagonal symmetry a=4.227 ¢=2.700 nm (c may be taken arbitrary value by calculation)

CDG Sample ¢ 20/ () D., ! nm
2.089 42260
3.628 2433 1
4.187 2.108 5

Dy / nm hkl I/ %
38532 100 -0.016
2224 6 110 0.006 5
1.926 6 200 -0.026
D,y / nm hkl 11 %
42220 100 0.039
24376 110 -0.045
2.1110 200 -0.025

Hexagonal symmetry a=4.570 ¢=2.820 nm (¢ may be taken arbitrary value by calculation)

CyisDG Sample d 26/ (°) D.,, / nm
1.929 4.576 0
3.358 2.628 9
3.865 2.284 0

D,y / nm hkl 1/ %
4.569 9 100 0.061 4
2.638 4 110 -0.095
22850 200 -0.010

between the calculated and experimental is 0.049% ,
0.21% and 0.64% for samples C,DG, C;DG and
CisDG, respectively, which indicates that the samples
CuDG, CiDG and CxDG are all a single phase with a
hexagonal symmetry.

But a set of lattice parameters for the samples is
obtained in the absence of b value, as can be seen from
Table 3, because a is equal to b in the hexagonal phase.
It is also found that the ¢ value has no influence on the
calculated results in the calculation process. It is
possible that the ¢ axis corresponds to the direction of a
long parallel-arranged pore channel, and its length may
be different with different surfactant chain lengths!".

According to the principle of hydrophilic-
hydrophobic balance (HLB)!", during the process of
hydrophilic and the

micelle self-assembly, the

hydrophobic parts of the surfactant need to remain

types
(C,TMBr) have the same effective head

group, an increase in hydrophobic chain length would
cause the HLB to shift to the hydrophobic side. Thus,

more counterion association is required to maintain

balanced. Because the same of cationic

surfactants

balance with an increased hydrophobic chain length.
Therefore, more silicate species are catalyzed and
condensed on the micellar surface in the same reaction
time, resulting in denser pore walls. Thus, the product

has thicker pore walls and less shrinkage of the cell

after calcination.

Fig.4 shows that sample C,DG has the highest
degree of order among the four samples. Because the
two surfactants C,TMBr and SDG have the same
hydrophobic chain length, when they are mixed, the
molecular packing at the air/water interface is closer.
However, when the chain length for the two surfactants
C,TMBr and SDG is different, the portion of the
molecules above the height of the adjacent molecules
exhibits thermal motion. The thermal disturbance
presumably propagates along the chain at a
considerable length towards the polar group of the
molecule, leading to an increase in the area/molecule
for higher-length chain molecules. Thus, when cationic
and amphoteric surfactants form mixed micelles, their
different chain lengths result in a looser-packed micelle
and a decrease in the degree of order in the products!™.
2.3.3  Nitrogen adsorption/desorption measurements

The N, sorption isotherms of the products formed
using mixtures of different chain length cationic
surfactants and the amphoteric surfactant SDG as
a template (molar ratio 8:2) are shown in Fig.5. All
samples show the characteristic type IV reversible N,
sorption isotherm described for typical mesoporous
materials. Adsorption isotherms of all the products show
three well distinguished regions: mono- and multilayer

adsorption on the pore walls, capillary condensation,
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and multilayer adsorption on the outer surface. Within
the relative pressure range from the middle to near
saturation, the adsorption isotherms all have a H,
hysteresis loop in which the hysteresis loop is narrow,
and the adsorption and desorption branches are nearly
vertical and parallel. The results show that the products
have a mesoporous structure and cylindrical channels

with uniform pore size and regular shape.

1600F —=— C,,DG @
& —e—C,DG
Z1200p 7 PO ©
o —+—C, DG
g (b)
S
< soof
3 (a)
5
B 400f
£
2
=
<
0 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

(a) CoTMBI/SDG, (b) C4TMBr/SDG, (c) C,TMBH/SDG,
(d) CTMB/SDG
Fig.5 Nitrogen adsorption/desorption isotherms of the

caleined samples synthesized using mixtures of

SDG and cationic surfactants with different

chain lengths

The position of the midrange of p/p, is generally

accepted to be used as an important reference for
judging pore size. The steep slope of the desorption
branch and the adsorption branch can confirm the
homogeneity of the pore size distribution. For higher p/
po values, the capillary condensation occurs with a
larger hysteresis loop area, so the product has a larger
pore size. As shown in Fig.5, an abrupt increase for the
products C;,DG, C,DG, C,(DG, and CxDG is observed
at p/py=0.445, p/p,=0.448, p/p,=0.548, and p/p,=
0.55, respectively. The product formed using mixtures
of C;gTMBr and SDG, (d), shows the largest hysteresis
(c) is the
second and product (b) is the third, while the product
formed using mixtures of C;;,TMBr and SDG, (a), shows

the smallest hysteresis loop area and the least steep

loop area and the steepest slope; product

slope. According to Fig.5, we conclude that as the
hydrophobic chain length of the cationic surfactant
increases, the pore size becomes larger and the pore

size distribution becomes narrower.

Fig.6 shows the pore size distributions of samples
C,DG, C,DG, CiDG, and CxDG determined using the
KJS-modified BJH method. All the samples show
apparent multi-peak distributions for pore size. For
example, sample C;,DG shows a tri-peak distribution for
pore sizes within the ranges of 1.98 ~3.00 nm, 3.00 ~
433 nm, and 4.33 ~40.36 nm, which accounts for
33.93%, 16.25%, and 49.81% of the entire pore distri-
bution, respectively. Sample CuDG also shows a tri-
peak distribution for pore sizes within the ranges of
1.89 ~2.98 nm, 3.33 ~4.19 nm, and 4.19 ~22.53 nm,
which accounts for 21.55%, 14.57%, and 61.63% of the
entire pore distribution, respectively. However, sample
CisDG shows a bi-peak distribution in the ranges of
1.83~5.22 nm and 5.22~21.86 nm, which accounts for
29.01% and 70.02% of the entire pore distribution,
respectively. Similarly, the pore size of sample CxDG
shows a bi-peak distribution in the ranges of 1.84~5.24
nm and 5.24 ~23.31 nm, which accounts for 30.12%
and 68.22% of the entire pore distribution, respectively.
The mean pore sizes of samples C,DG, C,,DG, CDG,
and C;sDG are calculated to be 5.22 nm, 6.39 nm, 8.91

nm, and 9.13 nm, respectively.

M..-—'—‘-k-\__\__ (a)

1 1
10 20 30 40 50
Pore size / nm

Pore volume (dV/digD) / (cm*g'\nm™)

(=1

(a) CuTMBH/SDG, (b) CTMBr/SDG, (¢) CTMBH/SDG,
(d) CTMB/SDG
Fig.6  Pore size distribution of the calcined samples
synthesized using mixtures of SDG and

cationic surfactants with different chain lengths

According to the analysis above, as the
hydrophobic chain lengths of cationic surfactants
increase, the pore size of the samples increases. This is
in good agreement with the previous XRD analysis. The

multi-peak pore distributions are related to the 3D
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hexagonal structure with interconnected channels!®. In
contrast to previous XRD analysis, the cell parameters
(a,) for samples C,DG, C,,DG, C DG, and C3DG are all
smaller than their mean pore size, demonstrating that

the products have interconnected channels!.

2.3.4  «.-Plot method

To confirm the formation of a micropore structure
in C,,DG, C,DG, Ci,DG, and CisDG products, the a.-
plot method was adopted"”. This method is based on a
comparison of the adsorption isotherm for a given
porous material with adsorption data for a reference
macroporous solid. For such a,-plot calculations!", the
(SBEI‘:25

m*-¢™') is used as the reference adsorbent. Note that the

macroporous silica gel LiChrospher Si-1000

standard reduced adsorption is defined as o,=v,(P/Py)/
v (0.4), where v,y (P/Py) and v,4 (0.4) are the amount
adsorbed onto the reference solid as a function of
relative pressure and the amount adsorbed at a relative
pressure of 0.4, respectively. A high-resolution a,-plot
for the Cp,DG, C DG, CiDG, and CisDG products is
constructed with «. as the abscissa and the “volume
adsorbed” for the sample as the ordinate. As illustrated
in Fig.7, all the initial portions of the plots for the
CuDG, CiDG, and CDG products show a deviation
from a straight line, with the curves commencing
slightly above the origin of the graph, such behaviour
most likely arises from the presence of detectable
amounts of micropores, with non-uniform pore size
distribution. But the C,,DG product shows different
from C,,DG, CDG, and CDG products, the initial

portion of its plot is virtually linear with the “volume

—=—C,,DG
—e—C,DG
—4—C,DG
—v—C,,DG

15004

10004

500 1

Amount adsorbed / (cm*g™) (STP)

0 T T T T T
0 1 2 3 4 5

Standard adsorption a;

Fig.7 High-resolution a.plots for the C;,DG, C,,DG,
CyDG, and CxDG products

adsorbed” curves commencing slightly above the origin
of the graph, which demonstrates the C;,DG product has
small amount of micropores. When « is in the range
from ca. 2.5 to 3.0, the amount adsorbed increases
sharply. Finally, when the value of «, is above 3.0,
although the amounts adsorbed onto products CDG,
CisDG, and C3sDG products continue to increase they do
so more smoothly as the a-value increases.

With increasing surfactant chain length of cationic
surfactant C,TMBr, the micropore volume of the
products C;,DG, C.,DG, CDG and CiDG is 0.944,
1.52, 1.687 and 2.355

demonstrating that the micropores inside the pore wall

(Table 2), respectively,

of mesopore are adjustable. From Table 2, we also know
though pore size of the main channel increases with
increasing in hydrophobic chain length, the extent of
the unit cell shrinkage during calcination decreases,
leading to a slight increase of the pore wall thickness.
According to XU Ru-Ren!"?, the micropores inside
the pore wall can be expanded to small mesopores with
increasing in hydrophobic chain length, and the small
mesopores may connect main pore channel to form 3D
mesoporous channel, but still maintaining their
hexagonal symmetry, as can be seen in the following
Fig.8. From Table 2, one can see the average pore size
of samples formed using mixtures of SDG and cationic
surfactants with different chain lengths are all higher
than that of the corresponding 2D mesoporous channel
using single cationic surfactants (such as C,,TMBr,
CiTMBr and CgTMBr)™., but the former has thinner
pore wall, chiefly due to expansion of micropores into

which leads

becoming thinner.

mesopores, to pore wall thickness

C,TMBr/SDG
- s

n=14,16 ,18

Fig.8 Schematic drawing of formation of 3D mesoporous

channel

When the mixture of SDG and C,TMBr is used as

template, the micropores inside the pore wall can not be
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expanded to small mesopores, because the very short broad and undefined peak at 2.18° ( Fig.4), indicating
hydrophobic chain of C,,TMBr cannot take the route of the sample formed using mixtures of SDG and C,,DG

a template under the experiment condition”, leading to has a poor hexagonal order.
main pore channel being not connected. Moreover, the 234 SEM
diffraction pattern of Cp,DG product only displays a Fig.9(a), (c), (e), and (g) show the SEM images for

g -,

S4800 15.0kV 7.0mm x2.00k SE(M,LAO) ' m il S4800 15.0kV 7.7mm x35.0k SE(M

S4800 15.0kV 7.3mm x600 SE(M,LAQ) ' $4800 15.0kV 7.3mm x8.00k SE(M,LAO)

%
S4800 15.0kV 7.5mm x1.00k SE(M,LAO0) ' ' ' b S4800 15.0kV 7.4mm x15.0k SE(M,LA0)

(a) C,TMBr/SDG, (b) enlarged portion of Fig.9(a), (c) C,TMBr/SDG, (d) enlarged portion of Fig.9(c), (e) C;xTMBr/SDG, (f) enlarged portion of
Fig.9(e), (g) C;sTMBr/SDG, (h) enlarged portion of Fig.9(g)

Fig.9 SEM images for the calcined samples synthesized using mixtures of cationic surfactants and SDG as a template
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the calcined products synthesized using mixtures of
different chain length cationic surfactants and SDG as a
template, while Fig.9(b), (d), (f), and (h) show enlarged
portions of Fig.9(a), (c), (e), and (g), respectively.

Sample CpDG shows a disordered blocklike
structure [Fig.9(a)], in which the surface is covered with
a small amount of aggregated, nonuniform spherical
particles [Fig.9(b)]. Unlike sample C;,DG, sample C,,DG
shows a mixture of bean-like and blocklike structures.
Compared to C,DG, an enlarged portion of C;,DG in
Fig. 9(d) shows aggregates of spherical particles with a
narrow distributed size.

Sample CisDG shows primarily bean-like particles,
accompanied by a small amount of spherical particles.
Fig.9(f) is an enlarged portion of C DG, showing bean-
like particles. Sample CiDG has a characteristic
rodlike structure, as shown in Fig.9(h), resulting from a
piled-up mass with lamellar structure.

To explain the reason for the different
morphological structure formation, we consider the
surfactant packing parameter, g. The parameter g has
been used as a guideline to predict and interpret the
structures of products™. According to packing parame-
ter requirements, the relationship g=V /(l.a) determines
the shape of the micelles; when g<1/3, the surfactant
aggregates in the form of a spherical micelle, 1/3<g<1/2
results in a cylindrical micelle, and 1/2<g<1 gives a
flexible lamellar phase. The cationic surfactants used in
the synthesis experiments are C,,TMBr, C,,TMBr,
CiTMBr, and C¢TMBr. As reported by Yang et al.[!, a
longer hydro-phobic chain of cationic surfactants favors
larger g values for these cationic surfactants.

Another factor is the amido groups in the
molecular structure of the amphoteric biological
surfactant SDG, which may have carried the positive
charge of hydrophilic cations to form the cationic amino
group™'l,

between the cationic amino groups and the adjacent

For this reason, electrostatic repulsion occurs

array of cationic surfactant hydrophobic chains in the

mixed-template reactions, including mixtures of
cationic surfactants and SDG. When the array gap
distance between SDG and the cationic surfactants is

increased, the hydrophobic chains of the cationic

surfactants become to curl up at a specific degree. As
the hydrophobic surfactant chain length increases from
Cpto Cy, the corresponding degree of curling gradually
increases. This will result in an increased molecular
volume, and thus, the packing parameter, g, increases
accordingly.

The third factor is that the effective head group is
the same for different chain surfactants of the same
type, C,ITMBr. Thus, a longer hydrophobic hydrocarbon
chain makes the the hydrophilic-hydrophobic balance
(HLB) shift to the hydrophobic side. The longer chain
length results in a higher association constant for
counterions, and thus, formation of longer rod micelles
is favored**.,

Therefore we conclude that the long hydrophobic
chain, electrostatic repulsion between amphoteric and
cationic surfactants, and the increased degree of curling
all lead to an increase in the packing parameter, g.
Thus, two transitions, spherical to bean-like and bean-
like to a lamellar structure, are involved lamellar
structures formation from the self-assembly of micelles
of the mixed-template C,TMBr-SDG.

23.5 TEM

Fig.10 shows the HRTEM images of the calcined
products synthesized using mixtures of cationic
surfactants and SDG as templates. Regardless of the
chain length of the cationic surfactant, 3D hexagonally
structured mesoporous silica is formed in the different
mixed systems of C,TMBr-SDG. As shown in Fig.10(a),
(c) and (e), structural alternation of pores and channels
in different directions occurs. The circles indicate that
samples C;,DG, C,DG and CxDG all have a 1D pore
structure, but the arrowheads show that the 1D pores
link with each other to form secondary channels,
although the interconnections of the channels are short
and discontinuous. The channels are linked in a
random manner, but the phenomenon of cross-channels
does not appear. Sample C;sDG has a 3D hexagonal
structure, as shown in Fig.10 (b). As the direction of
crystal growth changes during synthesis, a discon-
[Fig.10 (b)].

The arrowheads show the change in direction of the

nected, ordered pore structure is formed

crystal face. The distance between two pore centers for



9 K G A5 . BH 2 3 R0 R S T P R SR B I = N O A L Ak 1827

20 nm
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(2) CIMBL/SDG, (b) G, TMB/SDG, (¢) C,TMBr/SDG, (d) C,TMBr/SDG, (e) CTMBr/SDG, (f) C,sTMBr/SDG

Fig.10 TEM images of the calcined samples formed using mixtures of cationic surfactants and SDG as templates

parallel pore channels is estimated to be 4.53 nm from
the TEM image. The value is in good agreement with
the value @=4.85 nm calculated from LAXRD.

Sample C,DG has a 3D hexagonal structure, as

shown in Fig.10(d). Two connected perpendicular
channels, are arranged along [110] and [100] direction
respectively. The top left hand corner of Fig.10(d) is
TEM image recorded in [110] direction, the image
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clearly shows ordered parallel arranged pore channel
structure, the distance between two pore center is
estimated as 4.59 nm from TEM images, the value is in
good agreement with the value calculated from XRD
data (ao calcd. value is 4.45 nm for C4DG). The TEM
image recorded in the lower right corner of Fig.10 (d)
can be indexed as [100] direction according to the
results of XRD, the image clearly shows ordered
hexagon mesostructure with ordered homogeneous
pores hexagonal arranged.

Fig.10(f) is the TEM image of sample CxDG
recorded along the [110] direction, the image clearly
shows ordered parallel arranged pore channel structure,
the distance between two pore center is estimated as
5.13 nm from TEM images, it is in good agreement with
the value calculated from XRD data (aq caled. value is
5.28 nm).

2.3.6 Synthesis mechanism

Equation (1) is the ionization equilibrium equation

of sodium N-dodecyl glycine SDG, where glycine

. )
C,H,5-NH,-CH,-COOH O;

+ OH
C2H25-NH,-CH,-COO+CTA B T

For the mixed C,TMB1/SDG system, the synthesis
mechanism of mesoporous silica follows the M X T+
route under acidic conditions. I* and M* are inorganic
precursor cations and mixed surfactant micelles,
respectively. X~ represents halogen ions (Cl-, Br™, and
"), SO, and NO;~, among others. As shown in Fig.11,
the mixed micelles are formed when SDG contacts
CTAB through electrostatic interactions. The positive

charges on the mixed micelles associate with the

/O/Si’O\/S'\o
u o\ Q
@mmm CTA" € won7 }-r Siee
N Yes r—9 /
@.ru'u'\.ruxn Q & H H\O/S]\
o SO Q:ZZ fﬂiy@e W’ ]
N"‘M@ Sy
@ @ @-\J—u—v\m eH/O 7

i o
20

Fig.11 Schematic illustration of the synthesis mechanism

belongs to the neutral amino acid and its isoelectric
point is 5.97%. According to the ionization-equilibrium
equation, amphoteric surfactant SDG is protonated and
positively charged under acidic conditions (pH<1). In
contrast, it is deprotonated and negatively charged
(pH >11). Under pH value

conditions between 1 and 11, amphoteric surfactant

under basic conditions

SDG exists in solution in a zwitterionic form.

In general, long-chain amphoterics that exist in
solution in a zwitterionic form are more surface active
than ionic surfactants with the same hydrophobic
group™

neutralized. In this study, the pH value range is

because the oppositely charged ions are

controlled at 2 ~8, and surfactant SDG exists in
solution in a zwitterionic form, which can carry both
positive charges and negative charges. Equation (2)
shows bonding between SDG and CTAB, negatively
(COO 7) groups in SDG contacts

CTA* to form the mixed micelles through electrostatic

charged carboxyl

interactions.

+ OH )
C12H35-NH,-CHp-COO Tclezs-NH-Cﬂz-COO )

+ - + -
C2H,5-NH,-CH»-COO'CTA ™+ Br (2)

counterions (X 7) to form M*X~ micelle under acidic
conditions, which catalyzes silicate precursors through
hydrolysis and transforms into a sol of silicate
olicomers. Through the interaction between inorganic
counterions and mixed surfactant micelles, the silicate
oligomers continue to concentrate on the micellar
surface and eventually form silica micelles.

In the mixed micellar system, negatively charged
carboxyl (COO™) groups in SDG combine with CTA*
through electrostatic interactions and decrease the
number of positive charges. On the other hand, the
presence of negative charges in the synthesis system
causes repulsive electrostatic interactions, resulting in
decreased bonding forces between the inorganic
counterions and cationic surfactants in the synthesis
system.

The association constant of the divalent SO, is
small™ because the highly hydrated species HSO,™ is
weakly bound to the surfactant. The weaker binding
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force between the micelles and silicate species reduces
the amount of silicate oligomer aggregates on the
micellar surface, leading to the formation of a thinner
pore wall. During the calcination process, the pore wall
collapses to form the interconnected channels, inducing

the formation of a hexagonal structure.
3 Conclusions

In the C,,TMBr-SDG mixed system, highly ordered
mesoporous silica is formed when the molar ratio of
CixI'MBr and SDG is 8:2 using acid crystallization
followed by alkaline aging.

When mixing the cationic surfactants of different
chain lengths (C,TMBr, n=12, 14, 16, 18) with SDG, the
sample C,DG shows the highest degree of order. All the
products have a 3D hexagonal structure. As the
hydrophobic chain length increases, the morphologies
of the products change from blocklike structures to
bean-like structures, and then to rodlike structures.
surfactant  SDG
influences both the morphology and the 3D hexagonal

The amphoteric  biological

structure of the products.
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