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ABSTRACT

Large-pore mesoporoussilicawith 3D wormholeframework structures (de-
noted as MFG) were prepared through S-1+ assembly pathway from
teraethylorthosilicate (TEOS) asthe silicasource and inexpensive commer-
cialy available akylbenzene 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 tetraethyl orthosilicate as a silica source and the use of a co-
surfactant as a pore expander under strong acid conditions.
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INTRODUCTION

Nanoporous materials have become more and
moreimportant 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 duetotailoring ability of the porestructure over
awiderange, and the potentia gpplicationsin catadyss,

Separations, nanoel ectronics, sensors, and spacid host
material sfor substancesor reactiong?.

After thefirst synthesis of the mesoporous sili-
cate molecular sievesdenominated M41S by scien-
tists of the Mobil Oil company in 1992123, Huo et al.
explained the formation of the mesoporous phases
through a cooperative self-organization of charged
surfactant micellesand inorganic species™. They pro-
posed four synthesisroutes based on direct interac-
tions, i.e. S'I-or SM*l-, where Sand | arethe sur-
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factant and inorganic speciesand M are halogenide
or akaline cations. Aswell astheakaline and the
acidic medium routes, (S*I-and S*X1*), mesoporous
silicacan be prepared by means of the neutral routes
S°1° or N°I° through hydrogen bond interactions be-
tween non-charged amines (S°) or polyethylene ox-
ide (N°) surfactants and neutral inorganic species®®.
The preparation of mesoporoussilicaviathe neutral
route has important advantages over electrostatic
routes, because of the easy removal of the surfactant
by solvent extraction and the tendency to produce
materialswiththicker wallsand smdller particlesizes.

Most of mesoporous materialsare prepared with
themicellesformed by cationic surfactantsthat areused
astemplatesin the formation of mesopores™d. The
variationintheszesand shapesof thetemplates|eads
to theformation of mesoporous materia swith different
pore s zesand structures. Anionic and nonionic surfac-
tantsare also employed astemplates, but the prepara-
tion condition such asthetype of silicasourcesand pH
of the synthetic mixturesare considerably differentin
this casé®!9. The mesoporous materia sthat are pre-
pared using anionic surfactantsshow chiral properties
intheir pores, and thus, they attract much attention as
adsorbentsthat are useful in the separation of chiral
molecules12,

Mesoporous silicasynthesized by the use of an-
ionic surfactantswere reported by Cheet al. (named
AMS-n, Anionic surfactant templated mesoporous
slica)*, Cheet al. firstly reported the synthesis of
highly ordered anionic surfactant templ ated mesoporous
slica(AM S-n) material susing anionic surfactant and
co-structure-directing agent (CSDA) throughanew S
N*-I- pathway, where N stands for CSDA. When
aminosilane (e.g., 3-aminopropyl trimethoxysilane) or
quaternized aminoglane(eg., N-trimethoxylsilyl propyl-
N,N,N-tri-butylammonium) were used as CSDA, the
akoxyslanesteof CSDA co-condensed withinorganic
precursors and the ammonium site of CSDA electro-
statically interactswith the anionic surfactantsto pro-
ducewell-ordered AM S*4,

This pathway for preparation of mesoporous ma-
teridsusing anionic surfactantsisinteresting, owingto
thenove interaction between theinorganic speciesand
surfactant, aswell asthelower cost and toxicity of an-
ionic surfactantsthan those of the cationic surfactants.

flano Soienoe and flano Teohnology

Thisnew synthetic route has been proven asuccessful
wal to produce a series of novel mesoporous phases,
such as lamellar, hexagonal, cubic and disordered
mesostructuregt1319,

In thisstudy, the direct synthesis of mesoporous
materiasisperformed by theuseof linear dkylbenzene
sulphonicacid (LASH) asstructuredirecting agent. The
effectsof surfactant concentrationsonthephysicd prop-
ertiesand morphol ogy of themesostructurewith ahex-
agona phaseareobserved indetail. All theexperiment
resultsareinterpreted by the packing parameter which
providesatheoretical basisand auseful referencefor
synthesisof high-performance disordered mesoporous
meateridsinanacid medium.

MATERIALSAND METHODS

Chemicals

Tetraethylorthosilicate (TEOS) was purchased from
SigmaAldrich. Commercia LASH wasalso used. All
thereagentswere used asreceived.

Synthesispuresiliceous M FG-x

In an opened Teflon beaker, 2-8 gm of LASH was
addedto 90 mL digtilled water. Themixturewasstirred
for 15 min to obtain homogenous solution. 10 gm of
TEOSwasadded portion-wiseover 10 min. Themix-
turewas continuoudly stirred for 4 h at 50 °C. The ob-
tained samples are designated as MFG-x wherex is
theweight of LASH inmixturesolution, eg. 2gof LASH:
10g 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.

Theassynthesized, MFG-x, weretransferred into
aTeflon bottle and subjected to hydrothermal treat-
ment at 120 °C for 18 h. After the completion of
hydrothermal treatment, the solid productswerere-
covered by centrifuge, washed several timeswith
EtOH/H,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. Themolar gel com-
position and structural parameters of, MFG-x,
samplesprepared at different condition areillustrated
inTABLE 1.
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TABLE 1: Molar composition and structural parameter sof
MFGssamplesprepared at different condition

Molar LASH/ LASH/ BET Pore Pore
Sample composition H,0 TEOS (g volume diameter

P owewt) wewt) ™9 cerg) P (nm)
1TEOCS 0.128 o o

MFG-2 LASH: 104 H,0 2.2% 166% 387 0.32 2.16
1TEOS 0.23 0 .

MFG-5a LASH: 46 H,0 111% 333% 650 052 3.58
: 1TEOS 0.23 o .

MFG-5b LASH: 104 H,0 5.3% 333% 584 046 3.59
1TECS 0.23 0

MFG-5c LASH: 185 H,0 3.0% 333% 45 033 3.64
1TEOS: 05 o )

MFG-8 LASH: 104 H,0 82% 444% 523 176 12.69

Surface area calculated from BET equation.

Pore volume calculated from the adsorption branch of the iso-
therm at P/PO~ 1.

Pore diameter calculated from the desorption branch of the
isotherm according to BJH method.

Characterizations

X-ray diffraction patternswererecorded with aPan
Andytica Modd X’ Pert Pro, which was equipped with
CuKa radiation (A=0.1542 nm), Ni-filter and general
areadetector. Thediffractogramswererecordedinthe
20 range of 0.5— 70° with step size of 0.02 A and a
step time of 0.605.

Nitrogen adsorption /desorption isotherms of the
synthesized MFG sampleswere 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 theinvestigated sampleswasca culated from
adsorption isotherm datausing the BET method. Pore
szedidribution (PSD) curveswerecaculated fromthe
desorption branch of theisothermsusing the Barrett-
Joyner-Haenda(BJH) method.

Scanning Electron Microscopy (SEM) measure-
ment was performed on JEOL JEM electron micro-
scope. SEM wascarried out in order to determinethe
morphol ogy of the sampleand thecrystal size. Before
the measurement, sampleswere mounted over sample
holder (stubs) using doublesided tepe. The samplewas
further coated with gold using Sputter Coating System
at 10 mbar with current flow, 15 mA.

Transmission eectron microscopy (TEM) studies
were carried out using aJEOL JEM electron micro-
scopeoperaing a 120kV. Thecal cined materid swere
crushed and dispersed ultrasonically in water at room
temperature and then spread onto a perforated car-
bon—copper microgrid.
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RESULTSAND DISCUSSION

The oxide precursorswere prepared by the dehy-
dration and polymerization processesof metd akoxides
inwater solution, namely sol-gel method. Thiskind of
oxideisstable and favoriteto form uniquedistributed
oxide porous structure. Heusch has reported that a
dodecyl benzene sul phoni ¢ acid mesophase does oc-
cur at 40% in water, but has not identified the struc-
ture?l, So, linear dkyl benzenesulphonicacid (LASH)
can be used as a structure directing agent for
mesoporoussilicaproduction. LASH has many advan-
tageover caionic, neutral and polymeric surfactant such
as, (1) low cost, (2) good performance, (3) self-cata
lyst for TEOS, (4) low toxicity and (5) stableat high
temperature of hydrothermal treatment.

Commercia LASH composed of anumber of dif-
ferent alkyl chain lengths and positional isomers (the
benzeneringissubstituted on any carbon other than
those at either end of thealkyl chain, and aschematic
diagramisillustratedin Figure 1. A typica distributiona
compositionisshownin TABLE 2 that givesan aver-
age chain length of ~12.37 carbon atomsand the ef-
fectivemolecular weight is331 g. Thereisadditional

2-Isomer
©
SO;

5-Isomer

©

SO,
Figurel: Typical isomers of alkylbenzene sulphonic acid
present inacommer cial mixture.

TABLE 2: Positional isomer distributions(asawt%) onthe
different length alkyl chainswithin typical LASH

Benzene Constituent
position Co Cu Cp Ciz  Cuy
5 - - 18.49 13.15 0.08
4 - - 11.93 1873 1.72
3 - 6.40 7.35 1.97 8.00
2 794 0.03 037 1.58 2.25
Tota 794 6.43 3814 3543 12.05

The alkyl chain length hereis 12.37 carbons.
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sulphuric acid present asanimpurity, aswell astheun-
determined organic matter. Thus, the LASH titrated
against known NaOH solutionsto establishthefinal
end point, giving an effective molecul ar weight of 335
g. Thetrueaveragemolecular weight isdightly higher
(=12.6 carbons) dueto the presenceof H2SO4 which
isalsoneutralized.

Packing constraint consider ations

Therearethreeidealized micelle shapes: spheres,
rods and discs. Micellar solutionsexist only upto a
certain concentration of surfactant becausethemicelles
become ordered, forming mesophasesat higher con-
centrations. Thecritical packing parameter (g) canbe
represented as g = V/lcaratio, where vis molecular
volume, Icismolecular length, and aiscross-sectional
areaof the polar head group. Thisratio characterizes
the spontaneous curvature of the surfactant micelles,
and thus describesthe real molecular shape of the ac-
tud phase. Thetrangtionsoccur whena= 3v/lc(sphere
—rod) and a = 2v/lc (rod —disc)??2,

The packing parameter g arises from molecular
volumeVc and effectivelength Ic, usingthefollowing
empirica formuld®:

Vc(A)3=27.4+269n& Lc=15+1.265n

Wherenisthe number of carbon atomsin thechain.
Hencether Icvaluesare~18.8 Az (taking the benzene
ring contribution as2.8 A). Whilst only one surfactant
chain hastobeintheall-transconfigurationtogivethe
maximum micelleradius, thiscannot dwaysbeinthe
samemolecule. Hence, we assumethat at least ~12%
(C,, content) of the micellemembers must be capable
of themaximum L _value. Thus, thevaluerequiredis
that of thelongest 12% LASH. Sothe estimated aver-
age hydrophobic group volumev = 460 Az. Thus, the
shapetransitions occur with a=ca. 73 Az (spherefrod)
and a=ca. 49 A2 (rod/disc).
Textural properties
XRD, TEM & SEM analysis

The XRD patternsof calcined, MFG-2, MFG-5b
and MFG-8, sllicasprepared at different LASH/TEOS
ratiosareillustrated in Figure 2. The patterns showed
that worm-like framework mesostructure could be as-
sembled from TEOS and LASH. Each sampleexhibits
aXRD pattern consisting of anintenselow anglere-
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flection and aweaker, higher anglereflection. These
patterns signify the presence of acorrel ated distribu-
tion of framework pores but thelack of aregular pore
structuré?!. The pore-pore correlation distance of the
calcined samplesincreasesfrom 8.4 to 8.75 nm upon
increasingthe LASH/TEQOSratio.

d=8.40nm

relative intenisty (a. u)

Figure2: XRD patternsfor calcined M FG-2, M FG-5b and
MFG-8dlicate.

Figure3: TEM imagesof M FG-8silicasat different mag-
nification.

o Tncin Prnal, e



NSNTAIJ, 4(2) 2010

Mohamed A.Betiha et al. 55

TEM analysi sshowed that the mgority of the pore
ordering was not well defined, but that 3-D ordered
worm-likeor pseudo-hexagonal structure might bein-
ferred (Figure 3), whichisconsistent withthe XRD re-
aults. The poresizeestimated by TEM analysisisclose
to that determined from the nitrogen sorptionisotherm
(TABLEY).

= Full Paper

The SEM images at different magnifications of
MFG-x areshown in Figure 4. It isclear that MFGs
had alarge particle sizes (2-10 um). In general, the
MFGscons st of non-uniform particleswith alarge ex-
terna surfaceareadueto theroughnessof the surface.
Also, theMFGscrystal particleswere predominantly
plate-likewith smooth finelines on their surface that

Figure4: SEM imagesof different M FG-2, M FG-5-a-cand MFG-8sllicate.

flano Science and flano Technology
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weredigned according to the characteristic morphol -
ogy. These results indicate that the instant direct-
templ ating method could beapplied toformwel l-known
morphol ogica mesoporoussilicastructureswith con-
trolled particleshapeand size.

Nitrogen physisor ption

Figure5illustratesthenitrogen adsorption/desorp-
tionisothermsof MFG-2 and MFG-5a-c materialsand
TABLE 1 showsdifferent textural properties. Theiso-
therm patterns of MFG-2, MFG-5a-c are on the bor-
derline between typel and type |V with ahysteresis
loop H1, suggesting the mesostructure of these
samples®!, whichisconsistent with the XRD results.
MFG-5a-c showed ahigher beginning adsorption ca-
pacity than MFG-2, which wasreflected inacompara:
tively larger BET surface areas (650, 584, 456 and
387 ng ™) and porevolume (0.52,0.41, 0.33and 0.32

cmeg, respectively).

350

MFG-5a

300

N
a
(@)

Volume adsor bed (CC/g)
N
(=]
(=)

=
a
Q

MFG-5a17.9 A

MFG-5b 17.95 A

MFG-5c18.2 A

100

dv/dr

50

0 20 40 60 80 100
&)

0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

P/Po

Figure5: (A) N, adsor ption—desorption isotherms, (B) pore

szedigributionsfor MFG-2, M GF-5a-cdilicate.
Theisotherm patternsof MFG-8 (Figure 6) showed

aTypelV isothermwith alargehysteresisH1 indicat-

ing a3D intersection network of porous structure ac-
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cordingto lUPAC explanaiong?#, and capillary con-
densation of N, occursat high pressurep/p, of ca. 0.75-
0.9, which indicates the uniformity of the pores. As
showninTABLE 1, the MFG-8, was characterized to
be mesoporouswith average pore diameter in 12.27
nm and BET surface areas of 525 m#/g.

1200

A

1000

800

600

Volume adsor ped (cc/g)

400

200

0

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
P/Po

Figure6: (A) N, adsor ption—desorption isotherms for MFG-
8dilicas. (B) poresizedistributions

The new wormhole mesostructures al so are com-
parableintextural propertiesto 2D hexagonal SBA-
15 andlarge pore cubic MCM-48 derivatives, which
exhibit poresizesintherange4.7-10.6 nm'® and 4-
12 nm, respectively. However, unlike SBA-15silicas,
which haveahexagonal framework structurewherein
1D cylindrical mesoporesare connected by micropores,
M FGs mesophases havewormholeframework struc-
tures containing interconnected 3D mesoporesthat can
minimizediffusionlimitationsoften encountered in ad-
sorption and chemical catalysis. Largepore MCM-48
also has 3D-connected cylindrica mesopores, but the
assembly of these materialsrequiresthe use of cost-
intensiveapore expanding co-surfactant and swelling
agent under strongly acidic reaction conditions. Incon-
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trast, MFGswormholestructures are assembled from
low-cost asngle LASH that hasadual function condi-
tion of mesoporous production.

MFG-5a showed high surface area and pore di-
ameter than MFG-2Db,c. It isclear that the surfactant
concentration and the acidity were decreased with in-
creasing addition amount of H,O. Itiswell knownthat
the curvature of themicelleisincreased with decreas-
ing concentration of the surfactant, which leadsto the
mesoporous structure and resulted in increasing
mesophase curvature. On the other hand, thelessthe
amount of H,O, the more the amount of H* surrounded
the siliceous species, which may catalyzesilicacon-
densation. Therefore, the effects of thesurfactant con-
centration may beexplained intwo ways. Oneispack-
ing of the surfactant, and the other is charge density
matching betweenthesurfactant and silica. Thus, it can
be considered that the low addition amount of H,O
favorstheformation of higher curvature mesophases
with regard the strength of acidity.

The concentration of LASH controlsthe conden-
sation reaction of siliceous speciesand the silicacon-
densation causesthe positivechargedengty of thedllica
network to decrease. To maintain chargematchedin
theinterface, LASH pack toform ahigh surfacecurva-
ture sothat thetransformation to the higher curvature
mesophase occurs.

Theformation mechanism

Becauseof LA SH conddered oneof strongest acid,
the silica species in solution are positively charged
=S OH2". Thesurfactant (S)-dlicainteraction becomes
S1*. Theamount of electrostatic interaction sitesbe-
tween theanioni c surfactant and protonated silicaplays
animportant roleto control the mesostructure of the
slica®. Alkyl chainwith abenzenering at theextremes
of thedkyl chainwill preferentidly formmicellesat low
concentrations. Firstly, clusters of organic—inorganic
composite areformed dueto the sel f-organi zation be-
tweenthesdlicaprecursorsand thesurfactant micelles.
Secondly, theclustersaggregateto formlarger organic/
inorganic hybrid®-32, At thisstage, thesurfactant/silica
hybrid particle would be soft, i.e., the silicaisless
crosdinked, and thecompositeisliquidlikeandliable
to be shaped.

From TABLE 1, it can be noted that with thein-
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crease of the LASH concentration (decreasing pH
value), thed, , spacing slightly increases and the av-
erage poresizeincreases, indicating that thethickness
of theporewall isreduced. Thisimpliesthat, at lower
pH value, larger amount of interaction sitesof thean-
ionic surfactant and hydrated silicainducesrelatively
higher content of surfactant inthe surfactant—silica as-
sembly process, Theincreasing of the poresizescan
also be explained by the more surfactant involvedin
the co-assembly with the gradual decreasing of the
pH values.

Itisworthy of specia mentionthat differentliquid
crystascanformed at high concentration of LASH,
At high concentration, LASH particlesareincludedinto
theliquid crystd, the attractiveforcesare stronger but
theionic concentration ishigher, and swellingisless
prevaent. Ontheother hand, thecationic silicaspecies
have ready accessto sol uble surfactant molecular spe-
ciesand canreadily restructuremicellearrays. Therole
of highly charged cationic polysiliceous speciesplays
animportant rolein the structuredirecting, whichwill
control the surfactant geometry through chargedensity
matching and multidentate bonding. So, lessanionic
surfactantsinteracted with hydrated Silicadecreasethe
local surfacecurvature energy and leadsto theforma:
tion of curved morphologies (high surfaceareq).

CONCLUSION

The aboveresultsshow that large-porewormhole
silicamesostructuresarereadily prepared through the
assembly reactionsof linear dkylbenzenesulphonicacid
(LASH) without theneed for an auxiliary co-surfactant
pore expander. The cal cined samples of these 3D pore
sructureexhibit relatively large poresizes(upto 12.2
nm) and high surface areas (525 m?gt) and porevol-
umes (1.76 cmg?) in comparison to other 3D cylin-
drical poresystemssuchasMCM-48. Thelargeinter-
connected poresystemsareideally suited for the ad-
sorption of largeand rigid molecules.

Theeffect of H,O/LASH and LASH/TEQOSratios
inthe synthesi s of mesoporoussilicahasbeenfirstly
studied. Lower amount of water ismorefavorableto
formthe MFG structurewith high curvature. Uponon
increasing of LA SH concentration, mesostructures of
slicawithahollow porewasobtained. M oreover, the

flano Science and flano Technology
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cost effective LASH hasadud functionfor the assem-
bly of largepore MFG-8 silicawithout using acidic or
basic controlling reactions.
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