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ABSTRACT

KEYWORDS

Thelow-temperature formation of liquid-crystal-like arrays made up of mo-
lecular complexe formed between molecular inorganic species (TEOS) and
neutral organic molecule (Decylamine) is a convenient approach for the
synthesis of mesostructure materials. Mesoporous silicates structure with
controlled pore sizes (2- 4 nm) were successfully synthesized from
tetraethoxysilane (TEOS) using mixture of decylamine (DA) astemplate and
different organic solvent (ethanol, 1,4-dioxan or benzene). The auxiliary mix-
ture of DA and TEOS act as a swelling agent for DA and functionalized
silica. By adjusting theinitial molar ratio of DA/TEOS from (0.252 - 0.166),
pore and the particle sizes of the fina disordered hexagonal mesoporous
silicas could be precisaly tuned in the ranges of 2-4 nm and 320 -540 nm
respectively. Solvent structure direction can be effectively used to control
the surface area and the pore size by varying their polarity. Results show
that the hydrogen bonds between the condensed silica and NH, group
using different solvents, disordered hexagonal structure of mesostructured
silica was obtained at different concentration of NH,. The HMS samples
were characterized using thin film X-ray, N, adsorption-desorption, scan-
ning electron microscopy (SEM), and transmission electron microscopy
(TEM). © 2010 Trade Sciencelnc. - INDIA

HMS;
M esoporous molecular
sieve synthesis;
Swelling agent;
Nanosized microemulsion.

INTRODUCTION

Designing aheterogeneous catayst invol ves both
the proper control of the surface chemistry and arigor-
ouscontrol of the surface geometry at themicro-, meso-
and macroscales. Thisisbecause high surfaceareasor
high active phasedispersonsaswell asfast masstrans-
fer of thereactants and productsto and from the cata-
IyticSitesarerequired from any active catalyst.

Itis, therefore, clear that the new materialsdesig-
nated as mesoporous molecular sieves (MM Ss) have
introduced anew degree of freedomin the conception
of catalysts. Indeed, MM Ssarevery high surface area
materials(ca~ 1200 m? g for mesostructured silica)
having mono-dispersed pore diametersintherange 2—-
50 nm and astereoregular arrangement of these chan-
nelswhichmimicstheliquid crystal sformed by thesur-
factantsusedintheir preparation(™
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Thefirst oneistheso-called M41Sfamily of silica
and aluminosilicatesintroduced by the M obil group“®
which includes hexagonal MCM-41, cubic MCM-48
and lamellar MCM-50 phases. The preparation of
M41Sfollowsanionic assembly mechanism schemati-
caly represented as S'I~. Thismechanismwasextended
by Stucky and co-workersto awhol e series of other
electrogatic assembly mechaniams, includingareversed
S1* and counter-ion mediated S*X'I* and SM*I- path-
ways78l,

The second one wasintroduced by the group of
Pinnavaia who produced MM Ss using two neutral
routes based on hydrogen bonding and self assembly
of non-ionicprimary aminesand neutrd oligomericdlica
precursors 1914, The hexagonal mesoporoussilica
(HMS) produced by thistechnique are less ordered,
showing awormholelike porestructure, than MM S’s
produced withionic surfactants. They have, however,
amonodispersed pore diameter, thicker porewalls, a
higher degree of condensation, and therefore, ahigher
therma stability.

The pore diametersin therange of 2—-10 nm are
possi ble, depending onthe precursors, templ ates, and
reaction conditions. Inaddition, varying the processing
parametersallowsfor the production of materiaswith
different gppearances, such asfilms, powders, or mono-
liths. Various applicationsfor porous materialsareun-
der consideration, for example, ascatalyst supportsand
membranes,*213 and many of theserequireadeliber-
atecontrol of theporeszeand orientation. Thetexturd
mesoporosity playsakey roleinthecatalytic reactivity
enhancement and its presence depends on the synthe-
sisconditionsespecialy when awater-rich solvent is
used™,

Thesynthesis of mesoporoussilicate materialsin
agueous conditionsusing primary amineastempl ates,
some organic hydrocarbon molecules such as
mesitylene(TMB)™* and, hexane, nonane, etc.*51 can
beused aspore size swelling agents. The hydrocarbon
mol ecul es can interact with the hydrophobic segment
asaresult, thelatticeisenlarged or the phasetrangition
occurs. Burleigh et al.l*® uysed 1,2-
bis(trimethoxysilyl)ethane and Pluronic P123
(EO,,PO.EQ,), and the reaction mixtures were
trested with variousamountsof theswel ling agent TMB.
The pore diametersincreased from 6 to 20 nm with
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incread ng concentrationsof TM B, whiletheporestruc-
ture changed from wormlike to ahexagonal arrange-
ment of spherical pores.

Liang and Anwender*® synthesi zed ethane-bridged
periodic mesoporousorganoslicas(PMOs) forminthe
presence of a binary surfactant mixture under basic
conditionswhereby themixture cons sted of thegemini
surfactant and CTAB. Theproductshad only arela-
tively low degreeof order, but by adding typica swell-
ing agentssuchas TMB or 1,3,5-triisopropylbenzene
to the binary surfactant mixture. Thoseauthors’ data
indicatetheincreasein porediameter consderably. The
materia sprepared with swelling agentsexhibited pore
diametersupto 11 nm.

In the present work, texture performanceis stud-
ied inwhich the synthesis of HM S morphol ogy have
particularly promise, because of their relatively large
specific surface areaand pore volume, suitable pore
Sze, tight pore-sizedistribution and ordered structure.
For this purpose, mono-disperse, micrometer-sized
spherical particlesareessential. Therearefew reports
intheliterature that describethe synthesisof spherica
mesoporous particles using organic solventsfor con-
trolling porediameter. The structure parametersof pre-
pared materid swereevauated using X-ray diffraction
(XRD), N, adsorption-desorption, scanning electron
microscope (SEM) and transition € ectron microscope
(TEM).

EXPERIMENTAL

Chemicals

All materiaswereused without further purification;
Decylamine (DA) and tetraethyl orthosilicate (TEOS)
were purchased from SigmaAldrich. Ethanol, dioxan
and benzene wereobtained from fluka.

Synthesisof mesoporoussilica

Hexagona mesoporoussilica(HM S) was synthe-
sized by theneutra S°I° templating route, proposed by
Tanev and Pinnavaid*+*>?1, which isbased on hydro-
gen bonding and self-assembly between neutrd primary
aminesurfactants(S°), decylamine, and aneutral inor-
ganic precursor (1°), tetraethylorthosilicate. Thereac-
tionismodified by usng different organic solvents, etha-
nol or dioxan or benzeneasswelling agent. 109 (0.048
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mol) of TEOS was added to ahomogeneously stirred

solution of x g of CH,(CH,),NH,, 10gm of organic

solvent and 90 g of distilled water. HMS-I_was pre-

pared using the reagent quantitiesgivenin TABLE 1,

according to thefollowing steps:

Step 1, 1.9gof DA wasstirredin 90 mL of water and
10 mL of EtOH for 30 min until an opal escent
mixturewas obtai ned.

Step 2, TEOS was added to that from Step 1 very
dowlyfor 1 h.

Step 3, themixturefrom Step 2 waskept at rest for 20
h at room temperature to obtain product. The
as-synthesized HM S| was separated by fil-
tration, washed with ethanol severa time, dried
at roomtemperatureandfinaly cacined at 550
°C for 6 hin air, at a heating rate of 1 °C min™.
The other sasmplesHM S-1b,c were prepared
by the same procedurewith different ratio (0.2
and 0.16 mol %) of the same solvent asshown
inTABLE 1. HMS-1l and HM S-111 were ob-
tained with the same producer usingdioxanand
benzenerespectively.

TABLE 1: Preparation of hexagonal mesoporoussilica(HMS)

using decylamine

Code®  TEOSg DA g H:0 g 2’522;29
HMS 1, (o.oi% gr]no|) (0%§g7mgo|) 09 d
HMS, (o.oi% ?‘nol) (01.65172130 09 woam
HMS. (o.oi% ?‘nol) (o.olig %m) 09 woam
HMS1, (o.oi% gr]no|) (0%§g7mgo|) 09 d
HMS, (o.oi% gr]no|) (01.6517%80 09 d
HMS. (o.oi% ?‘nol) (o.olig %m) 09 woam
HMSl, (o.oi% gr]no|) (0%§g7mgo|) 09 d
HMS- 111, (o.oi% gr]no|) (01.6517%80 09 d
HMSII 109 199 909 10gm

¢ (0.048 mol) (0.012 mol)

@isrepresent themolar ratio of DA to TEOS. ®isrepresent type
of organic solvent ethanol or dioxan or benzenee HMS-1, HM S
I, HMS-I11 were synthesized using ethanol, dioxan and ben-
zene respectively.

Characterization

X-ray diffraction patterns of the samplewerere-
corded usngaPanAndytica Modd X’ Pert Pro, which
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was equi pped with CuK o radiation (A = 0.1542 nm),
Ni-filter and genera areadetector. Thediffractograms
were recorded in the 20 range of 0.5— 70° with step

sizeof 0.02 A and astep timeof 0.605.

Nitrogen adsorption/desorption isotherms of the
synthesized HM Ss sampl eswere obtained usng NOVA
3200 (USA), at-196°C (77 K) after degassing at 300
°C and 10° mm Hg for 4 h. The BET surface area
(S,e) of theinvestigated sampleswas cal culated from
adsorption isotherm datausing the BET method. Pore
sizedigribution (PSD) curveswerecdculated fromthe
adsorption branch of theisothermsusing the Barrett-
Joyner-Haenda(BJH) method. The adsorption branch
wasfavored over desorption branchin order to avoid
thetenslestrength effect (TSE) artifact which very of-
ten complicatesthe PSD determination in mesoporous
systems. Thetotal mesopore volumewere calculated
by the BJH method from desorption branch at P/Po ~
0.98.

Therma analysis(DSC-TGA) wascarried out for
the HM Ss samples using simultaneous DSC-TGA
SDTQ600 (TA-USA) indry N, atmospherewith heat-
ing rate 10°C min?*intherange up to 600 °C.

SEM measurement was performed on € ectron mi-
croscope JEOL JEM 5300 under vacuum condition at
bar pressure. Scanning Electron Microscopy was car-
ried out in order to determine the morphol ogy of the
sampleandthecrystal size. Beforethe measurement,
sampleswere mounted over sampleholder (stubs) us-
ing double sided tape. The samplewasfurther coated
with gold using Sputter Coating System at 10 mbar with
current flow 15 mA.

Transmission eectron microscopy (TEM) studies
were carried out usng aJEOL JEM microscope oper-
ating at 120 kV. The calcined catalystswere crushed
and dispersed ultrasonica ly in water at room tempera-
ture and then spread onto aperforated carbon-copper
microgrid.

RESULTSAND DISCUSSION

Effect of preparation condition

Hydrogen-bondinginteraction mechanisms, namdly;,
S°1° where S° are neutral amines, and 1° are hydrated
silicate oligomers from TEOS, was proposed by
Pinnavaiaand co-workersfor preparing mesoporous
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silicatesunder neutral conditiong®?4, Long-chainakyl
amines, such asprimary akylamineshave hydrophobic
hydrocarbon chainsand hydrophilicaminegroups, smi-
lar to surfactants?. However, some swelling agents
wereto beadded inthe synthesisbatch for mesoporous
silicasduetotheinsolubility of theseamines®#,

Silicate oligomersarenegatively charged in basic
solution. Thereisadigtinct two functiondization strate-
giesconsderedfor the preparation of hybridinorganic-
organicframeworks(HMS). Thefirst incorporation ap-
proach, denoted as the template alkaline catalyzed
pathway, involvesthe hydrolysisof TEOS and physi-
cal interaction between decylamine and Si(OH), de-
pending on amineratio. The morphol ogy of the struc-
ture-directing micelleisexpected to remain unperturbed
by theinclusion of therdl atively largefunctiona moi-
etiesin whichthe concentration and sizeof theorganic
group istheincreased because of the high swelling of
the templating amine leading to more interparticle
mesoporosity. Thedistribution of chargedensity inma:
trix ishighly varied dueto the very high competition
between hydrolys' s, sdlf-condensation and co-conden-
sationinakalinemedium.

The second incorporation approach, denoted as
thedirect addition pathway, entailstheincorporation
of further inorganic moietiesover thefirst nucdeusformed
that preventing penetration into lattice of structure
formed duetolow pH of medium. Thislatter strategy is
expected tofavor theincorporation of inorganic moi-
etieswhose dimensionsaresignificantly smaller than
those of theaminefunctiondized.

XRD analysis

Figure 1-3 providethe X-ray powder diffraction
patternsfor the prepared sasmplesHM S-I-111 deriva-
tivesassembled from DA asthestructuredirector and
organic solvent asswelling agents. Figure 1-2 provide
Structuresformed using ethanol (HMS-1) and dioxan
(HMS-11) showed qualitatively equivaent diffraction
features. All patternscontain astrong, relatively broad
reflectionat 2.0-3.0° 26 and avery weak broad shoul-
der intheregion near 4.0° 26 dueto small scattering
domainszes. Thesepatternsaretypica of HM Sworm-
holestructures assembled from long akyl chain neutra
aminesas surfactants, the correlation peak indicating
the average pore-pore separation in the disordered
wormholeframework.
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Figurel: XRD patternsof calcined silicamaterialsobtained
following thesynthesisprocedurefor HM S| using

e
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Figure2: XRD patter nsof calcined silicamaterialsobtained
following thesynthesisprocedurefor HM S-I1 using DA.

Thequadlitativeform of the patternsisaffected by
the amine concentration or by the presence of ethanol
or dioxan. However, the positionsof theintensereflec-
tion and the weak broad shoulder are depending on

relative intensity (a.u)

HMS-IIc

HMS-IIb

HMS-IIa
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amine concentration and the polarity of thereaction
medium. Also; itisdear that withincreasing aminecon-
centrationtheintengty increasesindicating moreordered
sructure.

Figure3showsXRD of HMS- , themainintense
peak of HM S shifted towards higher d-spacing (20 ~
1.35°) than HMS-I & HMS-II (20 ~ 2.4°). In addi-
tion, the main peak became less broad and morein-
tense, suggesting acrystalline nature of thematerial.
Moreover, thereflections peak of different amine con-
centrationsaredightly equd indicating benzeneremained
trapped on different concentration of DA speciesand
thedifferenceof polarity between water and benzene
fixed themicellesradius. Astheamine concentration
ratio increases, from 0.16 t0 0.25, the aggregation in-
creased that might affect thewal|l thicknesscharacteris-
tics. Swelling agent, benzene, increasetheunit cell pa-
rameter valuethan ethanol and dioxan. Thereason of
increasingtheunit cel parameter vdueof HMSHII likey
isdifferencein chemistry between starting gels, influ-
encingthemicdllar sizeand courseof crystal growth.
Withandecreaseof NH,/ S ratioinal cases, agradud
increase of long-range order isobserved by aincrease
of intensity of the diffraction peaks, whichisprobably

(a.u)

elative intensity

e

HMS-IIIc

HMS-TIb

HMS-la

0 2 4 6 8 10 12 14 16 18 20
20
Figure3: XRD patternsof calcined silicamaterialsobtained
following thesynthesisprocedurefor HNS-111 using DA.
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duetoincreasing the association number and moretight
aggregation of aminemicelleslead toahigher hindrance
of the hydrophilic amine moiety to be penetrated than
in caseof ethanol and dioxan.

Thebroadnessof different peaksat different DA/
TEOS atio can berelated to the variation of the pH
vaueof mediaduring thesynthesistime. pH isdistinctly
raised at the beginning, caused by thehydrolysisof sili-
catesand then dightly reduced dueto the crosdinkage
of silicaspecies. Owingto theweak akalinity of DA,
disordered mesoporoussilicamaterial sare sometimes
obtained withit. Withincreasing pH value of auxiliary
mixture, the polymerization rate of Si(OH), increase
dueto the high condensation rate and pronounced gel
effect. The gel effect is mostly important because it
causesrandom polymerization and leadsto anincrease
intheoveral polymerization rate and crosslinking.

Nitr ogen absor ption—desorption isotherms

The surface properties of the mesoporousHM S
derivatives (BET surface area, porevolume, and pore
diameters) were determined from the N, adsorption
isothermsaregivenin TABLE 2.

TABLE2

O () (el
921.36 0.5344
434.63 0.7988
1195.72 1.0600
987.68 0.5940
1167.96 0.7597
1191.33 0.9202
44479 0.4720
HMSIl, 135 654 22655 59812 0.6572

HMSII. 123 7.17 24837 64824 0.8593

Surface area calculated from BET equation.

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

Pore diameter (D) calculated from the adsor ption branch of the
isotherm according to BJH method.

L, porewall thickness; L=a, - D. a, , interplanar spacing corre-
sponding to hexagonal structure in [100] direction.

a, isthe unit cell parameter calculated from the XRD distance
by a, =2d100/ ***.

dioo
(nm)

245 36

243 3.63
239  3.69
245 36

243 363
240 368
145 6.09

Support  26(°) D (nm) L (nm)

12.471
12.575
12.783
12.471
12.575
12.748
21.096

2.068
2.274
2.632
2.102
2.202
2.450
3.830
3.890
3.960

10.403
10.301
10.151
10.369
10.373
10.298
17.266
18.765
20.877

HMS-1,
HMS,
HMS,
HMSH I,
HMS1,
HMS-I1¢
HMS-111,

Thenitrogen adsorptionisothermsof theHMSare
showninFigure4-6.All theisothermsof HM Ssamples
showed typelV with type H1 hysteresis|loopstypica
of mesoporous materialswith 1-D cylindrica channdls,
giving very strong evidencethat dl HMSmaterid shave
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mesoporousand cylindrical pores structures2,
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Figure4: N2 gasadsor ption—desorption isotherm and pore
sizedigribution plotsof HM S
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Figure5: N2 gasadsor ption—desorption isotherm and pore
sizedistribution plotsof HM S |
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Figure6: N2 gasadsor ption—desorption isotherm and pore
sizedistribution plotsof HM S 1

Figure4& 5 showedtypicd isothermof HMS- and
HMS-I. Withincreasing DA/TEOS ratio the volume
of nitrogen absorbed increased dueto the high poros-
ity. Atareativelow nitrogen pressure of gpproximeately
0.15 asudden steep increase of theamount of adsorbed
nitrogen isobserved. Thissteep increaseis caused by
capillary condensation of nitrogeningdethe mesopores
and directly proportional to amine concentration, i.e.
themesoporesof HM Sbecome suddenly filled by lig-
uid nitrogen. Becausefilling of themesoporestakesplace
over ardatively smdl range of relative pressures(i.e.p
/ p,~0.0.15-0.40), the pores associated with this pro-
cessmust benearly equal insize.

Thefirst hysteresisloop, which startsat arelative
pressureof 0.15-0.40, indicates the presence of frame-
work mesoporosity, whereasthe second hysteresisloop,
which startsat arelative pressureof about 0.80-0.95
inhigh concentrated amine, isdueto textural interpar-
ticlemesoporosity or macroporosity. These patternsare
typical of HM Swormhole structures assembled from
long dkyl chain neutra aminesassurfactantg?!.

In addition, the adsorption of HMS-1 & HM S|
were near flat at different amine concentrations and

Wateriols Science  mmm—
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show two adsorption loopsextended over alargerange
of relativepressures(i.e. ~0.4-0.9), indicating the pres-
ence of both meso- and macroporosity. The flatness
indicatesthat all poreshave equal size. However the
flatnesswasindirectly proportiond withincreesng DA/
TEOS ratio which indicates the most equal porosity
attained fromlow ratio of DA/TEOS. Thedesorption
curveamost completely coincideswith theadsorption
isotherminthis pressurerange, giving avery narrow
hysteresisloop (i.e. the difference between theadsorp-
tion and desorption curves). Moreover, the shapes of
thecurvesandthehysteresisloop arevery characteris-
ticfor cylindrical mesopores.

Figure 6 showed the N, sorption isotherms and
pore-sizedistribution plotsof HMS-I11 materialswith
varied DA/TEQOS ratio. The adsorption branched of
eachisotherm showsasharpinflectionintherelative
pressure range of about 0.4-0.65. Thisisacharacter-
istic of capillary condensation with uniform mesopores.
Theposition of the P/P. inflection pointsisrelated to
the pore size in the mesopores range, and the sharp-
ness of these stepsindicatesthe uniformity of the pore
size. Besides, the HM S-111 samples present asingle
modal poresizedistribution centered around 3.8 nm.

AscanbeseenfromTABLE 2, poreszesof HMS-
[l materia shasno big changewhenincreasingtheDA/
TEOS ratiowith gpproximatdy high changein unit cell
parameter. Theseresultsimply that the benzene ori-
ented at samelocation of micellesstructuresor amine
micelle centered at sameradius. Thedifferencein sur-
faceareawasrdated to nature of auxiliary mixture. The
viscosity increment and gelation of liquid crysta liquid
mixture have been attributed to the expansion of sur-
factant tailsand the structure formation among themi-
celledueto strong interactions at thetail-to-tail and
face-to-face contacts. Theelongation of micellesisa
consequence of the reduction of polarity and water
content within the micelles dueto the adsorption and
polymerization of silicate species. Moreover, it was
found that the extent of the amine chainslocated within
thesilicamesopores depended on both the solvent type
and the SI/NH, molar ratio.

Three different solvent are used to prepare hex-
agonal mesoporous silica (HMS). Two of them are
protic (ethanol and dioxan) whilethethirdisaprotic
(benzene). Ethanol isone of the productsformed dur-
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ing the sol—gel synthesis, and thus addition of ethanol
reducesthereaction rate, which in turn decreasesthe
local surface curvature energy and leadsto theforma:
tion of curved morphol ogies®!. Also, ethanol will sol-
vatethe head of primary amine, increases head group
Szeand prevent penetration of condensed silica. Dioxan
hastheability to solveboth head andtall of akylamines,
increasing the distribution of micellesin dioxan/water
systemi.e. broad surface. Benzene solvatethetail of
akylamine, moreincreasethehydrophobictail, leading
to anincreasein theradius of micelle asthe pH de-
creases. Benzene haslow polarity that will decrease
the polarity of mixture so both hydrophilic (=Si-OH)
segments can not interact with these solventsand cause
morerepulsonwith condensed silica

Also; increasingly polar of auxiliary mixture(incase
of dioxinand ethanol) partition the surfactant toward
homogeneous solutionwhilelow polarity solvent (ben-
zene) partition the surfactant between homogeneous
solutionandemulsonforms.

Thehomogeneous solution suggested that thesilica
primary particlesarenot nucl eated but they participated
at/between surface colloidal particlesof thefree sur-
factantinemulsonform. Assilicaprimary particlesun-
dergo further intergrowth and diminishtheemulsion,
prevent the segregated surfactant formswithin aggre-
gates and high textural porosity wasobtained. So, the
broadness of poresizedistribution (PSD) indicated in
(Figure4-6) may beresultsfromtwo functions; (1) the
curvature between sillicaaggregates, (2) theporesform
surfactant micelle. Whilein case of heterogamousmix-
tures of HMS-I1I derivatives, in which the textural
mesoporosity can be as high asindicated from sharp
steepness a p/p, = 0.4 (Figure 6) than HMS-| &
HMS-11. The strong correl ation between high textural
mesoporosity and surfactant heterogeneity suggeststhat
primary HM S particlesare nucleated from the hetero-
geneous sol ution phaseincluding surfactant aggregates
without depleteof thesurfactant mixture. Most of silica
particleprecipitated of surfactant/slicanudeusand high
mesoporosity was obtained.

Also amine concentration playsanother interesting
rolefor controlling both poresizesand surfacearea. In
theakainemedium thesilicateisnegatively charged.
Sointhealkalineroute, amineand silicateswere orga
nized by week repulsion between NH, and negativeslica,
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leadingto moreexpansionin porediameter. Because of
thehigher polymerization rate, the=S(OH) quickly be-
comejédly, withtheresult that it ismoredifficult for
=Si(OH) toinsert into micelle. Asamine concentration
deceasesthereisacompetition between polymeriza-
tioninsdemiceleand outsdemicelledueto different
natureof auxiliary mixtureduring polymerizationtime.

SEM

Thepartideszedigributionsof different DA/TEOS
molar ratio of the synthesized sampleswere summa
rizedinFigure7 & TABLE 3. It can befound that the
particlesizesarelargewhen ethanol isused, and turns
smaller in caseof dioxan. Thesmal particlesizewasin
order HMS-lic, HM S-llicand HM S-Ic respectively.
The probabl ereasons may be described asfollows: (1)
nature of solvent increase the template micellescon-
centration that decreasesthesurfacetensiontill micelles
areformed a thecritical micelleconcentration (CMC),
and the low surfacetension favorsto generate more
nucleuseswhich lead to particles zesreduction. Dioxan
decreasesthepolarity of water that increasing super-
saturation degreeof gel. Supersaturation degreeisthe

Ic
Figure7: SEM of HM SHlla,HM SHlTbandHM Sl ¢

TABLE 3: Particlesizedistribution of HM Ssynthesized at
different solvent

Support Range of particle sizelnm
HMS-Ic 100 ~ 630
HMS-lic 320 ~ 390
HMS-llIc 340 ~ 740

main driving force of crystal nucleusgeneration. (2)
Renzo? considered that therate of nuclestion and the
growth of crystalswill enhancewiththeincreasing su-
persaturation degree. The grain size depends on the
ratio of nucleationrateto crystalsgrowthrate. Thein-
crease of supersaturation degreehelpstoraisethisra
tio and resultsin reducing particlesize. Also, reduction
in particlesizemay beduetothelower interfacial ten-
sionwhich hel psto dissolve templ ate reagent in solu-
tion. Sowe can expect that the quantity of dioxan can
dissolved DA completely and smaller particlesizecan
be presented.

The TEM photos of the HMS-Ic, HMS-lic and
HM S-111c mesoporous material s showed the changes
inthesize and arrangement of the mesopores accord-
ingto swellingtype. Asshownin Figure 8, worm-like

lllc

[lc
Figure8: SEM of HM S l1a,HM SIlIbandHM Sl
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disordered mesoporeswith asmall diameter. Thear-
rangement of the mesoporeswasnot dtered onHMS-
I11c prepared using the hydrophobic solvent, but the
increaseinthe diameter of themesoporeswas certain.

Therewasno regularity inthearrangement of the
mesopores of all prepared samples. However, the
mesoporous materia prepared using dioxan, showed
nicely ordered mesopores. No diffraction spot was
observed ontheHM S-I-11lc mesoporous materialsdue
to their worm-like disordered mesopores.

Thermogravimetricanalysis(TGA)

TGA isaussful techniqueto gaininformation about
the interaction of templatewith Si atomspresent in
the mesoporous material§?¢. The thermogram of
uncalcined HM S-Ibisshown in Figure 9. It can be
seen that thereisarapid weight lossin 50-280 °C
region. Thetherma behavior of washed and uncacined
HMS-1b sampleisrepresented in Figure9. Positive
peaksindicate exothermic processes whereas nega-
tive peaks represent endothermic processes. Two
endothermic peakswere detected below 250 °C. The
first peak occurred at 100 °C and was likely due to
evaporation of moisture or solvent adsorbed to the

0.75 120
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80

60

Heat flow
wieght loss %

- 40

-1.75 T T T T T 0
50 150 250 350 450 550 650

Temperature °C

Figure9: DSC (left) and TGA (right) curves of unalcined
HM S-1b materialsasafunction of DA/TEOSr atio.
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surface of particles. The second endothermic peak
occurred at 230 °C was assigned to interaction of
remained DA with silanol groups, which accompanied
by weight lossin TG curve. Thereisno specific peak
toindicatethe phasetransformation.

Figure 10 showed the TGA anaysisfor somecd-
cined sample. All sampleshowed excdlent thermd sta
bility and the weight loss was observed from 370 to
650 °C due to the dehydroxylation of the surface. It is
clear that thedehydroxylation decreasewithincreasing
DA/TEOSratio. Thisbehavior can beexplained by the
fact that themore silanol groups can be consumed dur-
ingthereactionat high DA concentration.

102

100 1

Weight loss (%)

&00 650
Temperature “C

Figure10: TGA of calcined HM S|, HM S|l and HM S 1

CONCLUSION

HM S molecular sieve has been synthesized viahy-
drogen bonding self assembly in microemulsion. The
resultsindicatethat the HM S samplewith high surface
area, controlled poresizeand particle sizecan bepre-
pared under different condition. Anincreaseinamine
concentration giveshigh surface areaand high porosity.
Parti cle size around 200~300 nm can be obtained un-
der using protic solve asswelling agent.

Thetextura propertiesof HM S molecular sieves
with wormholeframework structuresare determined
by the physcdl state of theneutral amine surfactant used

——, P otrioly Seience
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todirect the S°I° assembly process. Homogeneous so-
|utionsof thestructuredirecting surfactant inwater/etha-
nol and water/dioxin cosol ventscompletely dissolvethe
surfactant and alow for theformation of HM Sderiva
tiveswith hightextura mesoporosity. Theuniformnucle-
ation and growth of HM S derivativesfrom these ho-
mogeneous surfactant solutionsresultsin monolithic
particleswith smooth surfaces, asjudged by SEM. The
textural propertiesof HM Sderivativesaresimilar to
those of hexagond MCM-41 mesogtructuresassembled
through e ectrostatic assembly pathways. Textura po-
rosity isdependent on the size, connectivity, and sur-
facetextureof thefundamental particles, butitisinde-
pendent of theframework structure of the particles.

REFERENCES

[1] C.T.Kresge M.E.Leonowicz, W.J.Roth, J.C.Vartuli,
J.S.Beck; Nature, 359, 710-712 (1992).

[2] T.Yanagisawa, T.Shimizu, K.Kuroda, C.Kato;
Bull.Chem.Soc.Jpn., 63, 988-992 (1990).

[3] A.Monnier, F.Schueth, Q.Huo, D.Kumar, D.Margo-
lese, R.S.Maxwell, GD.Stucky, M.Krishnamurty,
PM.Petroff, A.Firouzi, M.Janicke, B.F.Chmelka;
Science, 261, 1299-1303 (1993).

[4] C.T.Kresge, M.E.Leonowicz, W.J.Roth, J.C.Vartuli;
US Patent 5,098,684, (1992).

[5] J.C.Vartuli, C.T.Kresge, M.E.Leonowicz, A.S.Chu,
S.B.McCullen, 1.D.Johnson, E.W.Sheppard;
Chem.Mater., 6, 2070-2077 (1994).

[6] J.C.Vartuli, S.S.Shih, C.T.Kresge, J.S.Beck; Stud.
Surf.Sci.Catal., 117, 13-21 (1998).

[7] G.D.Stucky, A.Monnier, F.Schueth, Q.Huo,
D.I.Margolese, D.Kumar, M.Krishnamurty,
P.Petroff, A.Firouzi, M.Janicke, B.F.Chmelka;
Mol.Cryst.Lig.Cryst., 240, 187-200 (1994).

[8] Q.Huo, D.I.Margolese, GD.Stucky; Chem.Mater.,
8 1147-1160 (1996).

[9] PT.Tanev, M.Chibwe, T.J.Pinnavaia; Nature, 368,
321-323 (1994).

[10] E.Prouzet, T.J.Pinnavaia; Angew.Chem.Int.Ed., 36,
516-518 (1997).

[11] T.J.Pinnavaia, W.Zhang; Stud.Surf.Sci.Catal ., 117,
23-36 (1998).

[12] F.Schuth, W.Schmidt; Adv.Mater., 14, 629-638
(2002).

[13] GWirnsberger, P.Yang, B.J.Scott, B.F.Chmelka,
G.D.Stucky; Spectrochim.ActaA., 57, 2049-2060
(2001).

[14] W.Zhang, T.R.Pauly, T.J.Pinnavaia; Chem.Mater.,
9, 2491-2498 (1997).

[15] D.H.Li, Z.Chen, Y.Wan, X.J.Tu, Y.F.Shi, Z.X.Chen,
W.Shen, C.Z.Yu, B.Tu, D.Y.Zhao; J.Mater.Chem.,
16, 1511-1159 (2006).

[16] J.M.Sun, H.Zhang, Ma, D.Y.Y.Chen, X.H.Bao,
A .Klein-Hoffmann, N.Pfander, D.S.Su; Chem.
Commun., 5343-5345 (2005).

[17] S.A.El-Safty, T.Hanaoka; Chem.Mater., 16, 384-
400 (2004).

[18] M.C.Burleigh, M.A.Markowitz, E.M.Wong, J-SLin,
B.P.Gaber; Chem.Mater., 13, 4411-4412 (2001).

[19] Y.Liang, R.Anwander; Micropor.Mesopor.Mater.,
72, 153-165 (2004).

[20] Y.H.Yue, A.Gedeon, J.L.Bonardet, N.Melosh,
J.B.D’Espinose, J.Fraissard; Chem.Commun.,
1967-1968 (1999).

[21] PT.Tanev, T.J.Pinnavaia; Science, 267, 865-867
(1995).

[22] A.Tuel; Micropor.Mesopor.Mater., 27, 151-169
(1999).

[23] Y.Li, W.H.Zhang, L.Zhang, Q.H.Yang, Z.B.Wei,
Z.C.Feng, C.Li; J.Phys.Chem.B, 108, 9739-9744
(2004).

[24] K.SW.Sing, D.H.Everett, R.A.W.Haul, L.Moscou,
R.A.Pierotti, J.Rouquerol, T.Siemieniewska; Pure
Appl.Chem., 57, 603-619 (1985).

[25] D.Y.Zhao, J.L.Feng, Q.S.Huo, N.Méeosh, GH.Fred-
rickson, B.F.Chmelka, GD.Stucky; Science, 279,
548-552 (1998).

[26] D.Y.Zhao, Q.S.Huo, J.L.Feng, B.F.Chmelka,
G.D.Stucky; J.Am.Chem.Soc., 120, 6024-6036
(1998).

[27] F.D.Renzo; J.Catal Today, 41, 37-40 (1998).

[28] M.Busio, J.Janchen, J.H.C.Van Hooff; Micropor.
Mater., 5, 211-218 (1995).

Wateriols Science  mmm—
ﬂuVWMW



