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Abstract—The formation of the structure of a highly organized silicate mesoporous mesophase material
(MMM) with hexagonal packing via the S*I- reaction pathway and MMM-based aluminosilicates (Al,Si)-
MMM and titanosilicates (Ti,Si)-MMM with different concentrations of the elementsare considered. The struc-
tural, textural, and catalytic properties of the materials are studied.

INTRODUCTION

Thiswork continues our earlier studies [1-4] of the
formation and physicochemical properties of silicate
mesoporous mesophase materials (MMMs). These
materials have been known since the early 1990s [5].
These are highly organized systems whose structure is
formed with the participation of inorganic components
(I and surfactants (S). The pore space formed in these
materials after surfactant removal is highly organized
and isformed by mesopores of a standardized sizein a
nanometer scale. The mesopore surface areain MMMs
is~1000 m?/g and the mesopore volumeis~1 cm?/g. As
the chemical composition of an inorganic wall in
MMMs can be varied in a wide range, MMMs are of
great interest for the development of new catalytic sys-
tems, particularly, for the low-temperature transforma-
tions of large molecules.

The key point of structure formation is the type of
the interaction between the inorganic component and
the surfactant. The following types of interactions are
known: direct electrostatic (ST~ or ST*) or indirect
electrostatic (STATH or S'K*I-, where A~ or K* is an
additional anion or cation, respectively) interactions
[6], theformation of ahydrogen bond (S°I°) [7], and the
formation of a covalent bond (S°-1°) [8].

This study was aimed at the optimization of the con-
ditions of the formation of highly organized SiO,-
MMM with the pemm hexagonal packing through the
S*I- reaction pathway; the preparation of MMM -based
aluminosilicates (Al,Si))-MMM and titanosilicates
(Ti,S)-MMM with different concentrations of the ele-
ments; and the investigation of the structural, textural,
and catalytic properties of the final materials.

T Deceased.
1 Presented at the I All-Russian Workshop on Highly Organized
Catalytic Systems (Moscow, June 27-30, 2000).

EXPERIMENTAL

Materials. The materials were synthesized according
to a common procedure described in [3] by the hydro-
thermal treatment of reaction mixtures under static con-
ditions (20-165°C, 40-50 h). The reaction mixtures had
the following molar composition (pH 8-11):

(0.95-1.00)SiO, [{0.05-0)EO,
[XCysHgsN(CH,),Br CyNaOH [B0H,0,

whereE=Al or Ti; x=S/(Si + E) wasvaried withinthe
range 0.1-0.3; y = OH/(Si + E) was varied within the
range 0.1-0.5. C,,H;;N(CH;);Br was used as the cat-
ionic surfactant (C,-S). The surfactant cations were
removed from theinitial materials by oxidative thermal
treatment at 550-600°C.

It follows from the preparation procedure that
sodium cations are present in the reaction mixture in
which a silicate mesostructure is formed. The concen-
tration of sodium in the product (SiO, mesostructure) is
at most 0.05 wt % Na,O in all of the repeatedly studied
cases (see[1]), whereasthis concentration in the alumi-
nosilicate mesostructures is one order of magnitude
lower: no higher than 0.005 wt % Na,O (see[11]).

Sructural analysis. The structural analysis was per-
formed on a high-resolution diffractometer at the Sibe-
rian Center of Synchrotron Radiation (Budker Institute
of Nuclear Physics, Siberian Division, Russian Acad-
emy of Sciences, Novoshirsk). A Si(111) crysta
monochromator provided the degree of monochroma-
tion AN/ ~ 10~*. The high natura collimation of the
synchrotron radiation beam in the vertical plane made
it possible to obtain a high spatial resolution of the dif-
fractometer by mounting aflat perfect Ge(111) crystal
analyzer on the diffracted beam. The instrumental
broadening of the reflections in a 26 angle range of
1°=7° was at most A(20) ~ 0.04°. To confine the azi-
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Fig. 1. Schematic diagram of structure model parameters.

muthal divergence of the diffracted beam and to lower
the asymmetry of reflections toward small angles, a
vertical parallel collimator (Soler collimator) with a
divergence of 5 milliradians was used.

Textural analysis. The textural analysis of the sys-
tems was carried out by the combined structure—
adsorption method described in [9]. According to this
approach, the following relationships are fulfilled for a
hexagonal (honeycomb) structure: a, = d,, + h, and
Omess = A9(Emes) %, Where a, is the lattice parameter;
dres iSthe effective mesopore diameter; h,, isthe thick-
ness of aninorganic wall; and €., iSthe porosity deter-
mined from the specific volume of the mesopores Ve
and the true density p according to the equation €., =
VinesoP/(1 + VinesoP)- The specific volume of the meso-
pores was determined from nitrogen adsorption iso-
therms measured at 77 K according to a standard pro-
cedure on a Micromeritics ASAP-2400 instrument.

Smulation of the structure of materials. The struc-
ture of the materials was simulated based on a previ-
ously described approach [10] by the examination of
the structure factors

F(hk) = éj’p(x, y) exp(27i (hx + ky)) dxdy
S

by the Rietveld method in combination with the con-
cept of continuous electron density

P(Xy)

n

= > Pan[ 1+ @N(Psn(R(X, Y) = Pim— P2r(X V)],

which is described as the sum of n overlapped coaxial
regions with varying shapes (from cylinder to hexago-
nal prism) and different densities (Fig. 1). Here, S is
the surface area of atwo-dimensional cell; R(x, y) isthe
distance of point (x, y) from the origin; p, isthe radius
of acylinder inscribed in the mesopore; p, in combina
tion with d(x, y) are the parameters of the transforma-
tion of the cylinder to the hexagonal prism; p; is the
parameter that describes the slope of the electron den-
sity of the wall; and parameter p, controls the cylinder
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density. The structure simul ation was based on the con-
cept from [10] that the mesostructure is the hexagonal
packing of mesopores separated by an inorganic (sili-
cate) wall. Obvioudly, this concept follows from the
electron-microscope micrographs of these systems,
which were previously reported in the literature.

The computation was performed using the modified
Rietveld DBWS-90006PC program. The maps of the
electron-density distribution were constructed with the
use of integral intensities. A detailed description of the
method was given in [10].

Sate of aluminum. The state of aluminum atoms
was studied with the use of 2?A1 MAS NMR spectra
recorded on a Bruker MSL-400 spectrometer (v, =
104.2 MHz) with magic angle spinning (12 kHz).
Before measurements, all samples were saturated with
water vapor. Chemical shifts were measured with refer-

enceto Al(H,0)s" used as an external standard.

Saturation with water vapor was performed to deter-
mine the degree of aluminum cluster formation in the
silicate wall because under these conditions mesopores
are completely filled with water and unclustered (iso-
lated) aluminum ions are not stabilized on the surface
of the silicate wall (they occur in an aqueous solution).
Therefore, the width of the NMR signal from these Al
ionsis very close to that observed for an Al aqua com-
plex, for example, in an aqueous nitrate solution. An
increase in the degree of cluster formation is accompa:
nied by a decrease in the fraction of isolated Al as can
be seen in the NMR spectra. Previously, the method
was outlined in a specia paper on aluminosilicates
(see[11)).

Sate of titanium. The state of titanium atoms was
studied using the IR spectra of adsorbed CO, which
were recorded on aBruker IFS-113v Fourier spectrom-
eter, and UV diffuse-reflectance spectra.

Catalytic properties. The catalytic properties of alu-
minosilicates were studied in gas-phase benzene alky-
lation with isobutene in aflow reactor at an atmospheric
pressure. The reaction conditions were as follows: the
initial  benzene/isobutene molar ratio was 10, the
weight feed ratewas 1.1-1.3 h™!, and the temperature of
the catalyst bed was 150 + 3°C.

The catalytic properties of titanosilicates were stud-
ied in the liquid-phase oxidation of alkenes and thioet-
herswith H,0, at temperatures of 50 and 20°C, respec-
tively, in an acetonitrile medium. The procedures were
described in more detail in [11, 12].

RESULTS AND DISCUSSION

According to the electron-microscopic images of
MMMs[1, 5], the structure of C,4-SiO,-MMM can be
presented as the hexagonal packing of cylindrical or
hexagonal mesopores. When this structure is highly
organized and the mesopores have exactly the same
No. 6
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Fig. 2. (8) X-ray diffractograms and (b) nitrogen adsorption isothermsfor C,5-SiO,-MMM: (1) initial sample containing surfactant
cations, (2) calcined sample, and (3) hydrated and repeatedly calcined sample.

diameter, which is constant along the mesopore, such a
hexagonal packing should be considered asideal.

In this case [3]: (1) The high organization of the
MMM structure implies that its lattice parameter a, is
constant. In turn, this suggests that reflections in the
X-ray diffractograms of mesophase systems should be
narrow (with a half-width close to the experimental
error). (2) The absence of a spread in diameter for dif-
ferent mesopores indicates that the A(P/P,) region
within which the capillary condensation of nitrogen
takes place during adsorption is very narrow. (3) The
strictly constant diameters of all mesopores along their
lengths imply that the adsorption and desorption
branches of the nitrogen adsorption isotherm of this
system strictly coincide at least for aporesize of 4.5nm
or smaller.

Asaresult of the optimization of the formation con-
ditions [3], we found that highly homogeneous initial
mixtures should be used, and the optimal parameters of
thesynthesisarex= /(S + E) =y=0H/(S + E) =0.2,
which correspond to pH 8.0-8.5. The characteristics of
theinitial and calcined C,4-SiO,-MMM forms obtained
under these conditions are in complete agreement with
the above notion of the properties of an ideal structure
(Fig. 2, curves 1, 2). At the sametime, the hydration of
a calcined sample followed by repeated calcination
(Fig. 2, curves 3) resulted in almost complete degrada-
tion of the C,¢-SiO,-MMM structure. Hence, this struc-
ture is unstable to water, which is likely due to the
structure of the silicate wall.

Figure 3 illustrates the simulated structures of
MMMs of silicate and aluminosilicate chemical com-
position as the maps of electron density distribution. It
can be seen that, in both materias, the shape of meso-
poresis much closer to ahexagonal prismthanto acyl-
inder. The reliability of the results obtained was dis-
cussed in detail in [10]. It was found [10] that the intro-
duction of the p,, parameter, which characterizes the
hexagonal character of mesopores, significantly
2001
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improves the agreement between experimental and cal-
culated X-ray diffraction patterns. Thus, in the calcula-
tion of the electron-density map for C,-SiO,-MMM,
the R- factor, which characterizes the discrepancy
between the experimental and simulated X-ray diffrac-
tograms, was equa to 9.45% at p,; = 0 (cylindrical
pore) or 2.14% at p,, = 0.62 (partially hexagonal pore).

In both cases, the removal of surfactant cations by
the oxidative thermal treatment of the initial MMM
forms resulted, as expected, in a sharp decrease of the
electron density in the mesopore volume. Simulta-
neoudly, it can be seen inthe maps (Figs. 3a, 3b) that the
electron density in the wall of C-SiO,-MMM is not
constant: a maximum is observed at the junction points
of three neighboring prisms and aminimum, intheline
connecting the centers of neighboring prisms. The
whole structure can be described as consisting of
blocks separated by zones with alowered el ectron den-
sity (conditionally, “gaps’). It is likely that thisis the
reason for the above structural degradation of C,,-SiO,-
MMM on the calcination of the material when the
mesopores were filled with water. At the sametime, in
the case of the C,,-(Al,S)-MMM system with the
atomic ratio Al/(Al + Si) = 0.05 (Figs. 3c, 3d), an elec-
tron-density maximum (for theinitial form) rather than
a minimum as in the case of C,,-SiO,-MMM was
observed in the line connecting the centers of neighbor-
ing mesopores; anearly constant electron density at the
wall was observed in the calcined form. Such features
of the wall structure in the duminosilicate MMMs are
likely due to the filling of defectsinside the purely sili-
cate wall with aluminum ions.

Indeed, as the aluminum concentration in the C -
(AlL,S)-MMM test samples was increased, their struc-
ture remained highly organized in both the initial and
calcined samples is retained: FWHM of the (100)
reflection was no higher than 20 0.07° (Figs. 4a, 4b;
Fig. 5, curve 3) and the effective wall thickness h,
remained amost constant in the whole range of the
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(a) ay=4.98 nm

(c) ag=4.89 nm

Fig. 3. Maps of electron-density distribution for C15-SiO-MMM and Cy¢-(Al,Si)-MMM with the atomic ratio Al/(Al + Si) = 0.05:
(@) initial C15-SI0,-MMM sample, (b) cacined C5-SiO,-MMM sample, (c) initial Cqg-(Al,Si)-MMM sample, and (d) calcined
Cq6-(Al,Si)-MMM sample. Magnified fragments show the electron-density distribution in inorganic wallsin detail.
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compositions (Fig. 5, curve 6). Significant changes in
the structure of these materials occurred upon the calci-
nation of hydrated samples. The lower the total alumi-
num concentration in the samples; that is, the closer
their composition to that of pure C,,-SiO,-MMM, the
greater adecreasein theintensity of the (100) reflection
(Fig. 4c) and anincreaseinits FWHM (Fig. 5, curve4).
At the same time, admost no structural changes
occurred upon the calcination of hydrated C,¢-(Al,Si)-
MMM at relatively high aluminum concentrations
(Al/(Al + S) = 0.03-0.04), and this fact agrees com-
pletely with the electron-density distribution in their
walls (Figs. 3c, 3d).

Theresults of studying the state of aluminum atoms
inC,-(Al,S)-MMM are presented in Fig. 6 (*’Al MAS
NMR spectra) and in Table 1 (the main parameters of
the spectra). As can be seen, an increase in the Al con-
centration in C-(Si,Al)-MMM results in two main
changesin the spectra. First, theintegral intensity of the
27A1 MAS NMR spectra of calcined samples decreases
compared to the initial samples. Second, the signa
from Al in an octahedral coordination (this signal can
be detected in the samples after calcination) becomes
broadened and finally disappears. Both facts suggest
that the fraction of the state of aluminum in which the
second coordination sphere of an aluminum atom also
contains aluminum atoms increases with increasing
aluminum content; that is, the fraction of aluminum
atoms in the state of auminum—oxide clusters
increases. Taking into account the electron-density dis-
tribution in thewall of C4-(Si,Al)-MMM (Figs. 3c, 3d)
and the almost constant structure and texture parame-
tersin theinitial and calcined forms of this system, it
is believed that such aluminum-oxide clusters are
formed in the gaps of purely silicate C,4-SiO,-MMM
(Figs. 3a, 3b).

Note that the broadening of peaks at 0.8 ppm is
likely due to the insufficiently correct subtraction of the
background spectrum of a rotor in which the test sam-
ple was placed for recording the spectrum. Unfortu-
nately, this procedure is not always simple, and it can-
not always be performed with an ideal accuracy. How-
ever, it isour opinion that the above imperfection of the
spectrum has no effect on theinterpretation of the phys-
icochemical properties of mesostructured silicate mate-
rials.

The above structural peculiarities of C,4-(Si,Al)-
MMM arein good agreement with the data on their cat-
alytic activity (Table 2). It is seen that the activity of the
samples dlightly increases with aluminum concentra-
tion; however, it remains ~5-6 times lower than the
activity of wide-pore zeolite Beta.

We decided on zeolite Betaasareference samplefor
the reasons given below. The reference sample to be
compared with the test systems should have the follow-
ing properties: (1) it should be a heterogeneous acid—
base catalyst; (2) avery high concentration of acid sites
should be attainable; (3) the pore system of such a
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Fig. 4. X-ray diffractograms for Cyg-(Al,S))-MMM in
(a) initial, (b) calcined, and (c) hydrated and repeatedly cal-
cined forms. The Al/(Al + Si) atomic ratios are (1) O,
(2) 0.008, (3) 0.02, (4) 0.03, (5) 0.04, and (6) 0.05.

material should be maximally open (have a maximal
size of input windows) in order to avoid the diffusional
retardation of the acid-base transformations of
monoaromatic hydrocarbons during their alkylation at
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Fig. 6. 2’/Al MAS NMR spectraof (a) initial and (b) calcined Ci6-(Al,S)-MMM samples. The Al/(Al + Si) atomicratiois (1) 0.05,

(2) 0.04, (3) 0.03, (4) 0.02, or (5) 0.008.

low reaction temperatures; and (4) the catalyst should
be stable in operation (without deactivation by coke
deposits) for a reasonably long time under the above
conditions. Zeolite Beta is presently almost the only
system that satisfies al of the four requirements simul-
taneously.

The possible reason for weak catalytic activity isthe
absence of considerable concentrations of strong acid
sites from the test mesophase aluminosilicates. This
fact is in good agreement with published data on the
acidity and activity of aluminosilicate MMMs[14], and
itislikely dueto the formation of the above aluminum—
oxide clusters. Indeed, such clustered aluminum atoms
should have lowered acceptor ability toward the oxygen

atom of the silanol OH group; therefore, they cannot
participate in the formation of strong acid sites like
bridging OH groups.

Similar structure peculiarities were also found for
C,4(Ti,Si)-MMM titanosilicates, which aso have a
highly organized structure (Table 3). Ascan be seeniin
Fig. 7, the diffuse-reflectance UV spectra of samples 4
and 5 aresimilar (A,,,,, = 225 nm), and they suggest the
isolated state of titanium ions[15]. Asthetitanium con-
centration increases (samples 1-3), the absorption
maximum shifts to longer wavelengths and the absorp-
tion band broadens. This fact is likely indicative of the
presence of partially clustered titanium—oxide species.
This conclusion was also supported by IR-spectro-

KINETICS AND CATALYSIS  Vol. 42
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Table 1. Main parameters of the 2’Al MAS NMR spectra of Cy4-(Si,Al)-MMM samples

Initial samples Calcined samples
Atomic ratio Al Al° lint o, Al Al°
Al/(Si + Al) [ 0
Ave, Hz |f’d ,% | AvE Hz |fd , % Ave, Hz Irdel ,% | AVS Hz |;’e| , %

0.008 960 100 - 0 89 865 74 77 26
0.02 1010 100 - 0 82 894 77 183 23
0.03 1076 100 - 0 75 1068 80 212 20
0.04 1017 100 - 0 60 1033 84 250 16
0.05 1011 100 - 0 58 951 100 - 0

aSignal with the chemical shift & = 51.8-53.4 ppm from auminum in atetrahedral coordination.

b Signal with the chemical shift 8, = 0.8-0.9 ppm from aluminum in a octahedral coordination.

€ Width of the NMR signal.

d Intensity of the NMR signal normalized to aweight unit of each sample separately.

€Integral intensity of the 2TAl MASNMR spectrum observed for calcined samples relatively to initial samples.

Table?2. Catalytic properties of calcined C-(Si,Al)-MMM samplesin benzene alkylation with isobutene. Zeolite Beta® was
studied as areference sample

Comersion,90 |SSesity oo e Sy, el o el
Atomic ratio
AlS +AD b : tert-butyl- o3 tert-butyl- C. Cs—Cy,
enzene isobutene” benzene® aroml‘la\ti c | benzene’ aroml‘la\ti o | olefins
Ci6-(Si,Al-MMM

0.008 0.5 324 80 20 12 4 84

0.02 12 37.9 74 26 21 10 69

0.03 12 39.3 74 26 21 14 65

0.04 13 42.2 70 30 25 13 61

0.05 14 43.3 66 34 21 17 62

Zeolite Beta
0.048 7.1 76.7 88 10 82 13 3

aZeolite-1 described in [13] with the concentration of strong proton sites (Vo = 3610 cm™Y) equal to 94 pmol/g.
b Selectivity for isobutylbenzene was much lower than 1 mol % for (Si,Al)-MMM samples and equal to ~1 mol % for zeolite Beta.

KINETICS AND CATALYSIS Vol. 42 No.6 2001
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Fig. 7. (a) Diffuse-reflectance UV spectraand the IR spectra of (b) adsorbed CO and (c) the region of OH groups for calcined Cyg-
(Ti,Si)-MMM samples. The curve numbers correspond to the sample numbersin Table 3.

scopic data. Indeed, the spectra of adsorbed CO exhibit
three bands. at 2135 cm! (corresponds to physicaly
adsorbed CO), at 2153 cm! (corresponds to CO com-
plexes with silanol groups observed at 3730-3740 cm!
in the region of OH groups), and at 2179 cmr! (corre-
sponds to CO complexes with titanium cations local-
ized outside the silicate matrix). The complexes of the
last type are easily observable only in samples 1 and 2,
which exhibited the highest concentrations of titanium
(Table 3).

A study of the catalytic properties of C,4-(Ti,Si)-
MMM showed that samples 3 and 4 with medium Ti
concentrations were most active in cyclohexene oxida-
tion (Table 4). In this case, both an increase and a
decrease in the Ti concentration resulted in a decrease
in the activity of C-(Ti,S)-MMM. All of the
C6-(Ti,S)-MMM test systems exhibited similar activ-
ities and selectivities toward thioether oxidation with
hydrogen peroxide (Table 5). However, the activity of
C,6-(Ti,Si)-MMM decreased in repeated tests after oxi-

Table3. Structural and textural characteristics of calcined Cy6-(Ti,S))-MMM samples (2-5) and a Ti-HM Sreference sample (1)

Structural parameters Textural and adsorption properties
Atomic ratio
Sample Si/Ti a FWHMP, | ¢ 5 A e 3 f
80, MM | " deq20 | Smesor M7 | Seas MTG | Ve, CMIg | A(P/Py)
1 30 - >0.5 627 170 0.887 0.327
2 19 4.47 0.117 911 86 0.738 0.071
3 49 4.64 0.078 1059 53 0.908 0.064
4 124 4.68 0.086 1068 48 0.932 0.062
5 166 471 0.093 1015 44 0.887 0.064
69 00 4.72 0.071 1065 44 0.930 0.067
a8 |_attice parameter.
b Half-widith of reflection [100].
€ Surface area of mesopores.
d External surface area of particles.
€ Mesopore volume.
f Pressure range of nitrogen capillary condensation.
9 Sample corresponds to Cy5-SiO-MMM.
KINETICS AND CATALYSIS Vol. 42 No.6 2001



PHYSICOCHEMICAL PROPERTIES OF MESOPOROUS

865

Table 4. Catalytic properties of calcined Ci6-(Ti,S))-MMM in liquid-phase cyclohexene oxidation with H,O,. The sample

numbers correspond to those in Table 3

Sample Cyclohexene Selectivity Yield of the pr_odqctsbof Conversion of Decomposition®
conversionfor 4 h, % to epoxide?, % cyclohexene oxidation®, %| H,O, for 4 h, % | of H,O, for 4 h, %
1 28 32 49 57 30
2 28 18 45 55 48
3 33 18 41 73 52
4 31 19 36 79 46
5 18 33 23 70 67

40n aconverted cyclohexene basis.
b On aconverted H 20, basis.
€ 1n the absence of cyclohexene.

Table5. Cataytic properties of calcined Ci-(Ti,Si)-MMM in liquid-phase methyl phenyl sulfide (MPS) oxidation with H,0O,

Product distribution, %
Testing cycle Ti, wt % MPS conversion in 20 min, % .
sulfoxide sulfone
Before reaction 0.58 - - -
| cycle 0.61 95 76 24
Il cycle 0.57 84 77 23
[l cycle 0.62 74 76 24

dative thermal treatment. The decrease in activity can-
not be due to the washout of titanium from the catalyst
because the titanium concentration did not decrease in
thiscase (Table5). It ismost probable that the observed
changes in the catalytic properties are caused by the
structural degradation of C,¢-(Ti,Si)-MMM.

CONCLUSION

The formation of asilicate MMM viathe S*I- reac-
tion pathway in weakly alkaline media suggests the
electrostatic interaction of surfactant cations with poly-
silicate anions. Hence, the composition of the initia
MMM species can be described schematically as the
akyltrimethylammonium polysilicate
{CiHan, \N(CH;); }{ O[Si(OH),0],Si(OH3},  where

(m+ 1) = (1/a), and a = (N/Si) = 0.2. This formula sug-
geststhat at |east afraction of oxygen atoms of theinor-
ganic part (wall) of the material has a negative charge,
providing the interaction with the surfactant cation.
Unlike the eectrically neutral SIOH groups, these
charged oxygen atoms cannot form the siloxane groups
Si-O-Si by condensation during hydrothermal treat-
ment. It is likely that they are responsible for the
appearance of gaps (a decrease in electron density) in
the silicate walls to result in the block structure of the
system.

It isknown that to devel op active acid—base or redox
catalytic systems on the basis of silicate MMMSs, iso-
lated Al or Ti atomsin atetrahedral coordination with
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oxygen atomsare required. Thissituation ismost easily
achieved in dilute systems. However, when the Al or Ti
concentration is relatively small, the structure of a sili-
cate MMM exhibitsalow resistanceto water. The prob-
lem of the stability to water can be solved by an
increase in the Al (or Ti) concentration in the MMM.
However, element—oxide clusters are formed in this
case, and the catalytic activity of the MMM islow.

It seemsthat this problem can be solved by achange
in the type of interaction between a surfactant and an
inorganic component that participate in the MMM for-
mation. Such approaches are being studied intensively.
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