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Large-pore mesoporous silica with 3D wormhole framework structures (de-
noted as MFG) were prepared through S-I+ assembly pathway from
teraethylorthosilicate (TEOS) as the silica source and inexpensive commer-
cially available alkylbenzene sulphonic acid (LASH) as structure-directing
agent. The structure and basic properties of the obtained materials were
well characterized by various approaches. The results showed that textural
porosity of the disordered structures was correlated with the concentra-
tion of the surfactant in water. The calcined mesostructures exhibited large
pore sizes (3-12.7 nm), surface areas (387�525 m2/g) and pore volumes

(0.32�1.76 cm3/g), depending on the surfactant concentration. The textural

properties of MFG, wormhole mesostructures, are comparable to those of
hexagonal SBA-15 derivatives and large pore MCM-48. However, unlike
the SBA-15 structure type, wherein the 3D pore network is formed by
connecting 1D cylindrical mesopores through micropores, MFG
mesophases have wormhole framework structures containing fully inter-
connected 3D mesopores. Also, unlike large pore MCM-48, that requires
cost-intensive tetraethylorthosilicate as a silica source and the use of a co-
surfactant as a pore expander under strong acid conditions.
 2010 Trade Science Inc. - INDIA

INTRODUCTION

Nanoporous materials have become more and
more important in either science or technology. They
can be grouped into three classes based on their pore
diameter (d): microporous, d < 2.0 nm; mesoporous,
2.0 < d < 50 nm; macroporous, d > 50 nm. Among
them, mesoporous materials have attracted more at-
tention due to tailoring ability of the pore structure over
a wide range, and the potential applications in catalysis,

separations, nanoelectronics, sensors, and spacial host
materials for substances or reactions[1].

After the first synthesis of the mesoporous sili-
cate molecular sieves denominated M41S by scien-
tists of the Mobil Oil company in 1992[2,3], Huo et al.
explained the formation of the mesoporous phases
through a cooperative self-organization of charged
surfactant micelles and inorganic species[4]. They pro-
posed four synthesis routes based on direct interac-
tions, i.e. S+I or SM+I, where S and I are the sur-
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factant and inorganic species and M are halogenide
or alkaline cations. As well as the alkaline and the
acidic medium routes, (S+I and S+XI+), mesoporous
silica can be prepared by means of the neutral routes
SI or NI through hydrogen bond interactions be-
tween non-charged amines (S) or polyethylene ox-
ide (N) surfactants and neutral inorganic species[5,6].
The preparation of mesoporous silica via the neutral
route has important advantages over electrostatic
routes, because of the easy removal of the surfactant
by solvent extraction and the tendency to produce
materials with thicker walls and smaller particle sizes.

Most of mesoporous materials are prepared with
the micelles formed by cationic surfactants that are used
as templates in the formation of mesopores[5-8]. The
variation in the sizes and shapes of the templates leads
to the formation of mesoporous materials with different
pore sizes and structures. Anionic and nonionic surfac-
tants are also employed as templates, but the prepara-
tion condition such as the type of silica sources and pH
of the synthetic mixtures are considerably different in
this case[9,10]. The mesoporous materials that are pre-
pared using anionic surfactants show chiral properties
in their pores, and thus, they attract much attention as
adsorbents that are useful in the separation of chiral
molecules[11,12].

Mesoporous silica synthesized by the use of an-
ionic surfactants were reported by Che et al. (named
AMS-n, Anionic surfactant templated mesoporous
silica)[13,14]. Che et al. firstly reported the synthesis of
highly ordered anionic surfactant templated mesoporous
silica (AMS-n) materials using anionic surfactant and
co-structure-directing agent (CSDA) through a new S

N+~I pathway, where N stands for CSDA. When
aminosilane (e.g., 3-aminopropyltrimethoxysilane) or
quaternized aminosilane (e.g., N-trimethoxylsilylpropyl-
N,N,N-tri-butylammonium) were used as CSDA, the
alkoxysilane site of CSDA co-condensed with inorganic
precursors and the ammonium site of CSDA electro-
statically interacts with the anionic surfactants to pro-
duce well-ordered AMS[14].

This pathway for preparation of mesoporous ma-
terials using anionic surfactants is interesting, owing to
the novel interaction between the inorganic species and
surfactant, as well as the lower cost and toxicity of an-
ionic surfactants than those of the cationic surfactants.

This new synthetic route has been proven a successful
way to produce a series of novel mesoporous phases,
such as lamellar, hexagonal, cubic and disordered
mesostructures[11,13-19].

In this study, the direct synthesis of mesoporous
materials is performed by the use of linear alkylbenzene
sulphonic acid (LASH) as structure directing agent. The
effects of surfactant concentrations on the physical prop-
erties and morphology of the mesostructure with a hex-
agonal phase are observed in detail. All the experiment
results are interpreted by the packing parameter which
provides a theoretical basis and a useful reference for
synthesis of high-performance disordered mesoporous
materials in an acid medium.

MATERIALS AND METHODS

Chemicals

Tetraethylorthosilicate (TEOS) was purchased from
Sigma Aldrich. Commercial LASH was also used. All
the reagents were used as received.

Synthesis pure siliceous MFG-x

In an opened Teflon beaker, 2-8 gm of LASH was
added to 90 mL distilled water. The mixture was stirred
for 15 min to obtain homogenous solution. 10 gm of
TEOS was added portion-wise over 10 min. The mix-
ture was continuously stirred for 4 h at 50 °C. The ob-

tained samples are designated as MFG-x where x is
the weight of LASH in mixture solution, e.g. 2 g of LASH:
10 g TEOS, donated MFG-2 and so on. MFG-5 was
further synthesized using different water content (40 mL,
90 mL and 160 mL) and donated as MFG-5a-c re-
spectively.

The as synthesized, MFG-x, were transferred into
a Teflon bottle and subjected to hydrothermal treat-
ment at 120 °C for 18 h. After the completion of

hydrothermal treatment, the solid products were re-
covered by centrifuge, washed several times with
EtOH/H

2
O (50:50 V/V), dried overnight at 120 °C

and calcined at 630 °C for 6 h in air flow to remove

the remained organic template. The molar gel com-
position and structural parameters of, MFG-x,
samples prepared at different condition are illustrated
in TABLE 1.
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Characterizations

X-ray diffraction patterns were recorded with a Pan
Analytical Model X� Pert Pro, which was equipped with

CuKá radiation (ë = 0.1542 nm), Ni-filter and general

area detector. The diffractograms were recorded in the
2è range of 0.5 � 70 with step size of 0.02 Å and a
step time of 0.605.

Nitrogen adsorption /desorption isotherms of the
synthesized MFG samples were measured on NOVA
3200 system (USA), at -196 C after degassing at 300
C and 10-5 mm Hg for 4 h. The BET surface area
(SBET) of the investigated samples was calculated from
adsorption isotherm data using the BET method. Pore
size distribution (PSD) curves were calculated from the
desorption branch of the isotherms using the Barrett-
Joyner-Halenda (BJH) method.

Scanning Electron Microscopy (SEM) measure-
ment was performed on JEOL JEM electron micro-
scope. SEM was carried out in order to determine the
morphology of the sample and the crystal size. Before
the measurement, samples were mounted over sample
holder (stubs) using double sided tape. The sample was
further coated with gold using Sputter Coating System
at 10 mbar with current flow, 15 mA.

Transmission electron microscopy (TEM) studies
were carried out using a JEOL JEM electron micro-
scope operating at 120 kV. The calcined materials were
crushed and dispersed ultrasonically in water at room
temperature and then spread onto a perforated car-
bon�copper microgrid.

RESULTS AND DISCUSSION

The oxide precursors were prepared by the dehy-
dration and polymerization processes of metal alkoxides
in water solution, namely sol-gel method. This kind of
oxide is stable and favorite to form unique distributed
oxide porous structure. Heusch has reported that a
dodecyl benzene sulphonic acid mesophase does oc-
cur at 40% in water, but has not identified the struc-
ture[20]. So, linear alkyl benzene sulphonic acid (LASH)
can be used as a structure directing agent for
mesoporous silica production. LASH has many advan-
tage over cationic, neutral and polymeric surfactant such
as; (1) low cost, (2) good performance, (3) self-cata-
lyst for TEOS, (4) low toxicity and (5) stable at high
temperature of hydrothermal treatment.

Commercial LASH composed of a number of dif-
ferent alkyl chain lengths and positional isomers (the
benzene ring is substituted on any carbon other than
those at either end of the alkyl chain, and a schematic
diagram is illustrated in Figure 1. A typical distributional
composition is shown in TABLE 2 that gives an aver-
age chain length of 12.37 carbon atoms and the ef-
fective molecular weight is 331 g. There is additional

TABLE 1 : Molar composition and structural parameters of
MFGs samples prepared at different condition

Surface area calculated from BET equation.
Pore volume calculated from the adsorption branch of the iso-
therm at P/P0  1.
Pore diameter calculated from the desorption branch of the
isotherm according to BJH method.

Sample Molar 
composition 

LASH/ 
H2O 

(Wt/Wt) 

LASH/ 
TEOS 

(Wt/Wt) 

BET 
(m2/g) 

Pore 
volume 
(CC/g) 

Pore 
diameter 

b (nm) 

MFG-2 
1 TEOS: 0.128 

LASH: 104 H2O 
2.2% 16.6% 387 0.32 2.16 

MFG-5a 
1 TEOS: 0.23 

LASH: 46 H2O 
11.1% 33.3% 650 0.52 3.58 

MFG-5b 
1 TEOS: 0.23 

LASH: 104 H2O 
5.3% 33.3% 584 0.46 3.59 

MFG-5c 
1 TEOS: 0.23 

LASH: 185 H2O 
3.0% 33.3% 456 0.33 3.64 

MFG-8 
1 TEOS: 0.5 

LASH: 104 H2O 
8.2% 44.4% 523 1.76 12.69 

SO3

SO3

2-Isomer

5-Isomer

Figure 1 : Typical isomers of alkylbenzene sulphonic acid
present in a commercial mixture.

Constituent Benzene 
position C10 C11 C12 C13 C14 

5 - - 18.49 13.15 0.08 

4 - - 11.93 18.73 1.72 

3 - 6.40 7.35 1.97 8.00 

2 7.94 0.03 0.37 1.58 2.25 

Total 7.94 6.43 38.14 35.43 12.05 

TABLE 2 : Positional isomer distributions (as a wt%) on the
different length alkyl chains within typical LASH

The alkyl chain length here is 12.37 carbons.
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sulphuric acid present as an impurity, as well as the un-
determined organic matter. Thus, the LASH titrated
against known NaOH solutions to establish the final
end point, giving an effective molecular weight of 335
g. The true average molecular weight is slightly higher
(12.6 carbons) due to the presence of H2SO4 which
is also neutralized.

Packing constraint considerations

There are three idealized micelle shapes: spheres,
rods and discs. Micellar solutions exist only up to a
certain concentration of surfactant because the micelles
become ordered, forming mesophases at higher con-
centrations. The critical packing parameter (g) can be
represented as g = v/lca ratio, where v is molecular
volume, lc is molecular length, and a is cross-sectional
area of the polar head group. This ratio characterizes
the spontaneous curvature of the surfactant micelles,
and thus describes the real molecular shape of the ac-
tual phase. The transitions occur when a = 3v/lc (sphere
rod) and a = 2v/lc (rod disc)[21,22].

The packing parameter g arises from molecular
volume Vc and effective length lc, using the following
empirical formula[23]:
Vc (Å)3 = 27.4 + 26.9 n & Lc = 1.5 + 1.265 n

Where n is the number of carbon atoms in the chain.
Hence their lc values are 18.8 Å2 (taking the benzene
ring contribution as 2.8 Å). Whilst only one surfactant

chain has to be in the all-trans configuration to give the
maximum micelle radius, this cannot always be in the
same molecule. Hence, we assume that at least 12%
(C

14
 content) of the micelle members must be capable

of the maximum L
c
 value. Thus, the value required is

that of the longest 12% LASH. So the estimated aver-
age hydrophobic group volume v = 460 Å3. Thus, the
shape transitions occur with a=ca. 73 Å2 (sphere/rod)
and a=ca. 49 Å2 (rod/disc).

Textural properties

XRD, TEM & SEM analysis

The XRD patterns of calcined, MFG-2, MFG-5b
and MFG-8, silicas prepared at different LASH/TEOS
ratios are illustrated in Figure 2. The patterns showed
that worm-like framework mesostructure could be as-
sembled from TEOS and LASH. Each sample exhibits
a XRD pattern consisting of an intense low angle re-

flection and a weaker, higher angle reflection. These
patterns signify the presence of a correlated distribu-
tion of framework pores but the lack of a regular pore
structure[24]. The pore�pore correlation distance of the

calcined samples increases from 8.4 to 8.75 nm upon
increasing the LASH/TEOS ratio.
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Figure 2 : XRD patterns for calcined MFG-2, MFG-5b and
MFG-8 silicate.

Figure 3 : TEM images of MFG-8 silicas at different  mag-
nification.
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TEM analysis showed that the majority of the pore
ordering was not well defined, but that 3-D ordered
worm-like or pseudo-hexagonal structure might be in-
ferred (Figure 3), which is consistent with the XRD re-
sults. The pore size estimated by TEM analysis is close
to that determined from the nitrogen sorption isotherm
(TABLE 1).

The SEM images at different magnifications of
MFG-x are shown in Figure 4. It is clear that MFGs
had a large particle sizes (2-10 m). In general, the
MFGs consist of non-uniform particles with a large ex-
ternal surface area due to the roughness of the surface.
Also, the MFGs crystal particles were predominantly
plate-like with smooth fine lines on their surface that

MFG-2 MFG-5a

MFG-5b MFG-5c

MFG-8

Figure 4 : SEM images of different MFG-2, MFG-5-a-c and MFG-8 silicate.
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were aligned according to the characteristic morphol-
ogy. These results indicate that the instant direct-
templating method could be applied to form well-known
morphological mesoporous silica structures with con-
trolled particle shape and size.

Nitrogen physisorption

Figure 5 illustrates the nitrogen adsorption/desorp-
tion isotherms of MFG-2 and MFG-5a-c materials and
TABLE 1 shows different textural properties. The iso-
therm patterns of MFG-2, MFG-5a-c are on the bor-
derline between type I and type IV with a hysteresis
loop H1, suggesting the mesostructure of these
samples[25], which is consistent with the XRD results.
MFG-5a-c showed a higher beginning adsorption ca-
pacity than MFG-2, which was reflected in a compara-
tively larger BET surface areas (650, 584, 456 and
387 m2g1) and pore volume (0.52, 0.41, 0.33 and 0.32
cm3g1, respectively).

cording to IUPAC explanations[27,28], and capillary con-
densation of N

2
 occurs at high pressure p/p

0
 of ca. 0.75-

0.9, which indicates the uniformity of the pores. As
shown in TABLE 1, the MFG-8, was characterized to
be mesoporous with average pore diameter in 12.27
nm and BET surface areas of 525 m2/g.
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Figure 5 : (A) N
2
 adsorption�desorption isotherms, (B) pore

size distributions for MFG-2, MGF-5a-c silicate.

The isotherm patterns of MFG-8 (Figure 6) showed
a Type IV isotherm with a large hysteresis H1 indicat-
ing a 3D intersection network of porous structure ac-

0

200

400

600

800

1000

1200

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P/Po

V
ol

um
e 

ad
so

rp
ed

(c
c/

g)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 50 100 150
r(Å)

dv
/d

r

A

B

0

200

400

600

800

1000

1200

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P/Po

V
ol

um
e 

ad
so

rp
ed

(c
c/

g)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 50 100 150
r(Å)

dv
/d

r

A

B

Figure 6 : (A) N
2
 adsorption�desorption isotherms for MFG-

8 silicas. (B) pore size distributions

The new wormhole mesostructures also are com-
parable in textural properties to 2D hexagonal SBA-
15 and large pore cubic MCM-48 derivatives, which
exhibit pore sizes in the range 4.7�10.6 nm[28] and 4�
12 nm, respectively. However, unlike SBA-15 silicas,
which have a hexagonal framework structure wherein
1D cylindrical mesopores are connected by micropores,
MFGs mesophases have wormhole framework struc-
tures containing interconnected 3D mesopores that can
minimize diffusion limitations often encountered in ad-
sorption and chemical catalysis. Large pore MCM-48
also has 3D-connected cylindrical mesopores, but the
assembly of these materials requires the use of cost-
intensive a pore expanding co-surfactant and swelling
agent under strongly acidic reaction conditions. In con-
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trast, MFGs wormhole structures are assembled from
low-cost a single LASH that has a dual function condi-
tion of mesoporous production.

MFG-5a showed high surface area and pore di-
ameter than MFG-2b,c. It is clear that the surfactant
concentration and the acidity were decreased with in-
creasing addition amount of H

2
O. It is well known that

the curvature of the micelle is increased with decreas-
ing concentration of the surfactant, which leads to the
mesoporous structure and resulted in increasing
mesophase curvature. On the other hand, the less the
amount of H

2
O, the more the amount of H+ surrounded

the siliceous species, which may catalyze silica con-
densation. Therefore, the effects of the surfactant con-
centration may be explained in two ways. One is pack-
ing of the surfactant, and the other is charge density
matching between the surfactant and silica. Thus, it can
be considered that the low addition amount of H

2
O

favors the formation of higher curvature mesophases
with regard the strength of acidity.

The concentration of LASH controls the conden-
sation reaction of siliceous species and the silica con-
densation causes the positive charge density of the silica
network to decrease. To maintain charge matched in
the interface, LASH pack to form a high surface curva-
ture so that the transformation to the higher curvature
mesophase occurs.

The formation mechanism

Because of LASH considered one of strongest acid,
the silica species in solution are positively charged
SiOH2+. The surfactant (S)-silica interaction becomes
SI+. The amount of electrostatic interaction sites be-
tween the anionic surfactant and protonated silica plays
an important role to control the mesostructure of the
silica[30]. Alkyl chain with a benzene ring at the extremes
of the alkyl chain will preferentially form micelles at low
concentrations. Firstly, clusters of organic�inorganic

composite are formed due to the self-organization be-
tween the silica precursors and the surfactant micelles.
Secondly, the clusters aggregate to form larger organic/
inorganic hybrid[31,32]. At this stage, the surfactant/silica
hybrid particle would be soft, i.e., the silica is less
crosslinked, and the composite is liquidlike and liable
to be shaped.

From TABLE 1, it can be noted that with the in-

crease of the LASH concentration (decreasing pH
value), the d

100
 spacing slightly increases and the av-

erage pore size increases, indicating that the thickness
of the pore wall is reduced. This implies that, at lower
pH value, larger amount of interaction sites of the an-
ionic surfactant and hydrated silica induces relatively
higher content of surfactant in the surfactant�silica as-

sembly process, The increasing of the pore sizes can
also be explained by the more surfactant involved in
the co-assembly with the gradual decreasing of the
pH values.

It is worthy of special mention that different liquid
crystals can formed at high concentration of LASH[33].
At high concentration, LASH particles are included into
the liquid crystal, the attractive forces are stronger but
the ionic concentration is higher, and swelling is less
prevalent. On the other hand, the cationic silica species
have ready access to soluble surfactant molecular spe-
cies and can readily restructure micelle arrays. The role
of highly charged cationic polysiliceous species plays
an important role in the structure directing, which will
control the surfactant geometry through charge density
matching and multidentate bonding. So, less anionic
surfactants interacted with hydrated silica decrease the
local surface curvature energy and leads to the forma-
tion of curved morphologies (high surface area).

CONCLUSION

The above results show that large-pore wormhole
silica mesostructures are readily prepared through the
assembly reactions of linear alkylbenzene sulphonic acid
(LASH) without the need for an auxiliary co-surfactant
pore expander. The calcined samples of these 3D pore
structure exhibit relatively large pore sizes (up to 12.2
nm) and high surface areas (525 m2g1) and pore vol-
umes (1.76 cm3g1) in comparison to other 3D cylin-
drical pore systems such as MCM-48. The large inter-
connected pore systems are ideally suited for the ad-
sorption of large and rigid molecules.

The effect of H
2
O/LASH and LASH/TEOS ratios

in the synthesis of mesoporous silica has been firstly
studied. Lower amount of water is more favorable to
form the MFG structure with high curvature. Upon on
increasing of LASH concentration, mesostructures of
silica with a hollow pore was obtained. Moreover, the
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cost effective LASH has a dual function for the assem-
bly of large pore MFG-8 silica without using acidic or
basic controlling reactions.
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