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3.* Conditions of formation and properties of mesoporous silica 

E. G. Kodenev, ~ A. iV. Sllmakov, b A. Yu. Derevyankin, h A. V. Nosov, ~ and V. N. Romannikov b* 

':Novosibirsk State Universi~', 
2 ul. Pirogova, 630090 Novosibirsk, Russian Federation. 

~'G. K. Boreskov Institute of  Catalysi.s, Siberian Branch of  the Russian Academy of Sciences, 
5 prosp. Akad. l.avrent'eva. 630000 Novosibh-sk, Russian Federation. 

Fax: + 7 (3S3 2) 34 3050. E-mail: rvn@catalysis.nsk.su 

Data on the optimizatmn of alkalinity ol the reaction mixture and the reaction tempera- 
ture in the formation of the siliceous porous mesophase material Cv~--SiO2--M.MM are 
presented. A criterion for the e,.aluation of the level of structure optimization for mesoporous 
mesophasea is formulated. Measurements of the texture parameters of the materials treated in 
acidic media ler to the assumption that the walls in the pure siliceous ( 'I6--SiO2--MMM 
system consist of separate blocks, which, apparently, are not bound completely to one another 
by chemical interactions. 

" ~ 9  " Key words: mesophase mesoporous materials, structural and textural parameters, MAS " S~ 
N M R spectroscopy. 

Previously, we descr ibed l,z the main stages of  forma-  
t ion of  s i l i c a t e  m e s o p o r o u s  mesopha~e  m a t e r i a l s  
( C , - - S i O 2 - - M M M )  of  the MCM-41  type 3,4 prepared by 
h o m o g e n e o u s  p rec ip i t a t ion  of  soluble forms or" SiO 2 in 
the presence  o f  ionic  surfactants  (aJkyl t r imethylammo- 
nium cat ions  CnH2n+ tTMA +, where n = 12, 14, 16, and 
18 is the n u m b e r  o f  carbon a toms in the alky[ chain) .  

Here '*e s tud ied  the inf luence of  the alkali c o n c e n -  
tration in the init ial  mixture and the temperature of  the 
synthesis on  the  fo rma t ion  of  the mesoporous mesophase  
material CI~ , - -S iO2- -MM,M.  Pure SiO 2 iu the presence  
of  a cat ionic  su r thc tan t  (CI~,H33N(CH3)3+Br -)  was used 

* For Part " see Ref. I . ; . ,  

in the synthesis airned at opt imizing react ion parameters  
and analyzing tile main characterist ics  o f  the mesophase  
silicate material. 

Experimental 

Tile initial forms of the CI6--SiO2--MMM samples v, ere 
synthesized I-7 by hydrothermal treatment (HTT) of re- 
action mixtures with the following molar compositions: 
SiO~'0.25 CI(,H33N((-Hj,)3Br-.v NaOH-150 H20, with x 
<OH : SiO,l var?,.ing from 0. I to 0.5. The synthesis was carried 
out for 40--5(I h under ~tatic conditions in the temperature 
range ~f 20.-[65 ~C and was followed by filtration, washing, 
and d~ing (at 30--40 ~ Sodium silicate was used as the 
source of SiO,. The required concentration of NaOH was 
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attained by neutralizing the mixture with a calctda(ed amount 
of H:SO 4. 

The removal o f  the :surfactant by heal treatment and the 
calculation of  the composi t ions  of the initial samples as 
[CIt, H-..3NMe3" : 5102[ = N : Si molar ratios were carried out as 
described previousI3,. 2 

Extraction of the st, rlhctant from a sample included hydro- 
thermal treatment of a suspension of tile sample m aqueous 
acetic acid under static condilions lbr 4--23 h at 811--150 "C 
and subsequent filtration, washing, drying, and oxidative heat 
treatment ~'as described in Re(. 21 The amount of  acenc 
acid needed for extract ion was found as tile molar ratio 
II"IOAc : CI~,H3-NMe~'[ = 5, depending on the surtactant 
concentration m the s a mp le  The pH of the mixtures was -ft. 

The X-ray diffraction patterns v, ere recorded using (Cu-Ka)  
radiation as described previously z Tile relative intensity of  the 
[ 1001 reflection was calculated a.~ the ratio of its integral inten- 
sity (.equal to its height multiplied b.v the half-v,)dth) to the 
integral intensity of  the 1100l reflection of tile reference s~,tnptc 
determincd under identical condition.,,. The ( ' u , - S i O 2 - - M M M  
sample characterized by the grcates:, integral intenszty of  all the 
materials studied was used as the reference sa, mple. The as- 
s.,,nthesized materials were analyzed using an as-synthesized 
reference sample, while calcined forms were studied with re- 
spect to the calcined lbrm of  the reference sample. 

Some experiments were carried out using a high-resolution 
precision dif fmctometer  at the Siberian Center ul Synchrotron 
Radiation. t-|igh instrumemal resolution of tile diffractometer 
was provided by usitlg a Get I I t ) plane perfect crystal "analyzer, 
which was adjusted I o r a  diffracted beam. as w~ll as a plane 
parallel collimator, which restricts the azimuth divergence of 
the diffiacted beam to 5 rn.rad. As a result, tile instrumcmal 
haft-width of  reflections did not exceed 0.04 ~ 20 in the low- 
angle region of 1--7 ~ 20. 

MAS 29Si NMR spectra were recorded as described pre',,i- 
ousiy, z 

Adsorption character is t ics  were measured for calcined 
samples using a previously reported procedure. ! The texture 
parameters of  mesophases  were calculated from recorded nitro- 
sen adsorprion isotherms using a known method x 

Results and Discussion 

Intensity and half-width of X-ray reflections. As in 
the  p rev ious  SttLdies, 9-11  the  genera l  X-ray d i f f r ac t ion  
pa t t e rns  o f  all the  m a t e r i a l s  s tud ied  exhibit  up to tbur  
re f lec t ions  in t he  l o w - a n g l e  regio0 Of 2- -7  ~ 20. T h e  
re f lec t ions  are well  a s s i g n e d  as [hkOI in the a p p r o x i m a -  
t ion o f  pOmm h e x a g o n a l  s y m m e t r y .  The  var iat ion o f  the  
relative intensit.,, o f  t he  [ ]00 l  ref lec t ion (/i00; vs. the  
syn thes i s  t e m p e r a t u r e  (THTT) lo t  reac t ion  mix tures  wi th  
d i f ferent  initial  c o n c e n t r a t i o n s  o f  the  alkali for all the 
C I 6 - - S i O 2 - - : M M M  s y s t e m s  s tud ied  are shown in Fig. 1. 
It can  be seen  that  an  inc rease  in THT T in the 2 0 - - 1 6 5  ~ 
t e m p e r a t u r e  range  f o r  an~, fixed O H  : S i P  2 ratio d o e s  not  
result in s u b s t a n t i a l  c h a n g e s  in /100, except  fo r  the  
mixture  wi th  the  l o w e s t  alkali  c o n t e n t ,  OH : S[O-~ = 0.1 
(see Fig. I, cu rve  8). M e a n w h i l e ,  the  change  in the  
O H  : SiO~ rat io at any  c o n s t a n t  THT g crucial ly af fec ts  
the  I100 value ,  t he  h i g h e s t  in tens i ty  o f  the [100l re f lec -  
t ion be ing  o b s e r v e d  lbr  C I 6 - - S i O 2 - - M M M  p r e p a r e d  
front r eac t ion  m i x t u r e s  wi th  OH : S i P ,  = 0.2 a t  7"HW- ]- = 

100-- 140 "C. 
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Fig. I. Relati~,e intensities o f  the I I00l reflection t/) in the 
X-ray diffraction patterns of  the initial (at and calcined (b) 
samples o f  C!( ,--SiO2--MM M depending  on the temperature of 
the synthesis  (hydrothermal t rea tment)  for reaction mixtures 
~i th different alkali concentrat ions.  The initial OH : S iP ,  molar 
ratio was 0.5 (I): 0.4 (2): 0.3 (3): 0.2 i 'h :  0.175 ~,S): 0.15 (&: 
0.125 (7): and 0.1 {,%. 

The dependence o f  /100 on alkal ini ty of the init ial 
reacth'm mixture, OH : SiP 2, lbr isothermal conditions 
o f  the synthesis is presented m Fig. 2. a. A sharp 
max imum of  the intensity o f  the [1001 reflection is noted 
in the region of OH : SiP 2 = 0.2--0.25. These init ial 
reaction mixtures with the op t imum alkal ini ty are nearly 
pH-neut ra l  (pH ~ 8), which fu l ly confirms earlier obser- 
vations. 7 Thus, the C 16--SIO2-- M M M product obtained 
from these mixtures contains the highest concentration 
of the material with hexagonal packing. It can be seen in 
Fig. 2, b that the m in imum half-width o f  the [ I00] 
ref lcct ion, equal to 0.18--0.22 ~ 20 in the X-ray diffrac- 
tion patterns based on (Cu-Ko0  radiation, corresponds 
to t h e  g rea t e s t  c o n t e n t  o f  m a t e r i a l  wi th  this  type o f  
s t r u c t u r e  in the  solid p r o d u c t .  

Lattice parameter and texture characteristics. As 
was to  be  e x p e c t e d  in v iew o f  t h e  da t a  pub]is i led p rev i -  
ous ly ,  12-15  an inc rease  in t i le  t e m p e m t t ,  re o f  s y m h e -  
sis  s h o u l d  result  in a l a r g e r  l a t t i ce  p a r a m e t e r  for  
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Fig. 2. RckHive intensity tel and half-width {b} of the [t00l 
reflection in the general X-ray diffraction pa,terns of the initial 
1/} and calcined t2) CI+,~SiO2--MMM samples vs. the 
OH : s i n ,  molar ratio in the initial reaction mixlures lot 
hydrotbermaltreatmen' at 120 ~ 

C l a - - S i O 2 - - M M M  (an), which was assumed z tO be a 
consequence  of the thermal expansion of  the hydrocar-  
bon fraction of  the mesophase. For hexagonal packing,  
it is known ~ that a~} ---- d e + h,., where d,: is the mesopore  
diameter ,  and h ,  is the thickness of  the wall formed by 
an inorganic material (silicate. in this particular case).  
Evidently,  an increase in a 0 upon the above -men t ioned  
thermal  expansion should be mainly due to an increase 
in the first addend, i.e,. d,:. 

Indeed (Fig. 3, a), m the case of  reaction mixtures 
with op t imum alkalinity, an increase in the synthesis 
temperature  rest,Its in a monotonic increase in a m The  
calculat ion of  the corresponding texture parameters ac-  
cording to a known method 8 using data on ni t rogen 
adsorption shows (see Fig. 3. c) that an increase in the 
temperature  of  the synthesis from 20 to 165 "C (for a 
constant  t ime equal to 40--44 h) leads to an increase in 
d,: by a factor of  about 1.5. The wall thickness h.,, remains 
virtually constant (h,, .~ 0.75--0.8 nm) lot  rUT T _ 140 ':C 
and rapidly grows for THVr > t40 ~ This fact is 
not  re la ted  d i rec t ly  to the the rmal  expans ion  o f  
the h y d r o c a r b o n  f rac t ion  of  the mesophase .  T h e  
wall thickening observed at high temperatures is due 
most likely to secondary.' restmcturization proce.'kscs in 
C~+,- -SiO?--MMM, proceeding, for example, via the hy- 
drolysis mechanism described in our previous publication, z 

The c o m p o s i t i o n  of  the silicate mesophase can 
be formal ly  desc r ibed  ?. as { (a ) JNR4]*]OSi (OH)3]  - ,  
( l -a ) lS i (OH)4}}.  This lbrmula includes both ionized 
(bound to the surfhctant cat ion by electrostatic forces) 
and electr ical ly  neutral SiO~ forms. This description 
corresponds to polysilicate anions having a single nega- 
tive charge. An increase in tile synthesis ternperature 
induces hydrolyt ic  decompos i t ion  and, hence, results in 
a lower N : Si ratio m C h s - - S i O 2 - - M M M  (i.e, in a lower 
concent ra t ion  o f  the surfactant cations in the material.  
Fig. 4, a). This  should be accompanied  by an increase in 
the propor t ion  o f  electrically neutral forms of  silica, 
which ensures  the possibility of  condensat ion of  the 
silicate te t rahedra .  Indeed (see Fig. 4, a), tile Qa : Q3 
ratio, i.e., tile ratio of  integral intensities of  the MAS 
29Si N M R  signals due to Si atoms with 4 and 3 silicon 
atoms in the second  coordinat ion  sphere, respectivel.v, 2 
markedly increases with an increase in the synthesis 
temperature.  

The dev ia t ion  of  alkalinity of  the initial reaction 
mixture (OH : s in2 )  from the opt imum value for iso- 
thermal cond i t i ons  of  synthesis results in a substantial 
decrease in the lattice parameter  a 0 (see Fig. 3. b). 
Calculat ion o f  the textural contributions of  the lattice 
parameter shows (see Fig. 3, d) that, whereas the wall 
thickness h,, decreases  monotonical ly  with increase in 
the alkali concen t r a t ion ,  the dr. value passes through a 
maximum located  in the region of  the op t imum alkalin- 
ity of  the reac t ion  mixture (OH : s i n  2 ~. 0.20--0.25).  An 
increase in the OH : s i n ,  molar  ratio in the reaction 
mixture means  evidently an increase in the concen t ra -  
tion of  st ,rfactant cations linked to ionized forms of  
s i n  2 in the initial C I { , - S i O 2 - - M M M  samples. C o n -  
versely, a decrease  in tile alkalinity should result in a 
higher p ropor t ion  o f  the electrically neutral Ibrms of  
silica, which are not linked to the surfactant cations. 
Indeed (see Fig. 4, b), an increase in the OH : SiO~ ratio 
leads to an increase in the concentra t ion of  the surfac- 
tan, cations in C I d - - S i O ? - - M M M  (an increase in the 
N : Si ratio) and,  s imultaneously,  to a decrease in the 
degree o f  condensa t ion  o f  the silicate tetrahedra (a 
decrease in the Q4 : Q3 ratio). It is significant that the 
above-descr ibed changes in the C I d - - S i O 2 - M M M  sys- 
tem are m o n o t o n i c  in /he range of  OH : s i n  2 ratios 
studied and do not retlect tile presence of  any specific 
(or opt imal)  regions o f  alkalinity. ,Meanwhile. the de-  
crease in the OH : s i n  2 ratio from 0.20--0.25 to 0.1 
(i.e., from o p t i m u m  alkalinity toward lower OH : s i n  2 
values, see Fig. 3, d) results, on the one hand, in a 
greater con t r ibu t ion  of  electrically neutral SiO~ forms 
not bound to surfactant cations and. on the other  hand, 
in a higher degree  of  compac t ion  of  the silicate par- 
ticles dur ing the formation of  C I d - - S i O 2 - - M M M  (see 
Fig. 4, h). As a consequence ,  the average wall thickness 
h,, increases (see Fig. 3, a') and the a,,emge mesopore  
diameter  d c decreases.  

When the O H  : Sin-, ratio increases (from the opt i -  
mum value o f  0 .20--0.25 to higher values), the p r o p e l  
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Fig. 3. Lanice parameter a 0 (a. b), mesopore diameter d,:. aqd wall thickness h,r (c, d) in the C!6--SiO2--MMM systems vs. 
temperature of the synthesis Ryr reaction mixtures with an initial OH ' SiO 2, molar ratio of 0.2 (a, c} and vs. the OH : SiO~ molar ratio 
for a hydrothermal treatment ~emperature of 120 ~ (h. d). (1) Initial and (2) calcined CI(,--SiO2--M M,.%| samples. 

t ion of  ionized forms of  SiO-~ in the system increases; 
therelbre,  the average  wall th ickness  h,,~ does not change 
significantly (or  somewhat  decreases ,  see Fig. 3, d) in 
this region o f  alkal ini ty.  Howe, ,er ,  despite the simulta- 
neous increase ill the concen t r a t i on  o f  the surfactant 
cations in the material  (see Fig. 4. b), the average 
mesopore d i a m e t e r  also substant ial ly decreases with an 
increase in the O H  : SiO~ ratio in this region tsee 
Fig. 3, at). Apparen t ly ,  unlike the cond i t ions  with rela- 
tively tow alkal ini ty ,  in this case, po lycondensa t ion  pro- 
cesses in the s i l icate  wall dur ing the synthesis are com-  
plicated by a high degree o f  ion iza t ion  of  SiO 2 (scc 
Fig. 4, b). As long as such a C I 6 - - S i O 2 - - M M M  system 
occurs in the init ial  state and con ta ins  surthctant cat- 
ions, the low degree  o f  condensa t ion  o f  the wall material 
does not mani fes t  itself anyhow. Invest igat ion of  cal- 
cined materials  sho'a,ed that C I 6 - - S i O 2 - - M M M  samples 
prepared under  highly alkaline c o n d i t i o n s  are character-  
ized by a substant ia l  decrease in the lattice parameter  
(see Fig. 3, b), due  to addi t ional  condensa t ion  of  the 
wall mater ia l .  A p p a r e n t l y ,  it is this decrease  that 
a ccoun t s  for  the  sma l l e r  m e s o p o r e  d i ame te r s  for 
C t 6 - S i O 2 - - M  M M samples syn thes ized  under  highly al- 
kaline condi t ions .  

Thus ,  t h e r e  ex i s t s  a c e r t a i n  o p t i m u m  region 
of  the a lkal i  c o n c e n t r a t i o n  for  the  fo rma t ion  o f  
C f f , - - S i O 2 - - M M M ,  which ensures  the maximum con-  

centrati()n of tile material with a hexagcmal packing in 
the products of  ;l synthesis (see Fig. 2) carried out at 
100--140 ~C (see Fig. I). Ttle lattice parameter for such 
material virtually does not change upon removal of  the 
surfactant cations by oxidatLve heat treatment (see 
Fig. 3, a, b); it corresponds to the maximum mesopore 
diameter d: and the minimum walt thickness h w (see 
Fig. 3, d). Since the opt imum structure corresponds to 
the atomic ratio N : Si .= 0.15--0.17 (see Fig. 4). it can 
be suggested that silicate anions of  a particular type are 
involved in its formation. Specifically, Jr'these are single- 
charged anions, they incorporate six Si atoms. The 
degree of  polycondensation of  the silicate tetrahedra in 
the wall o f  the C t6--SiO2--M MM structure corresponds 
t o  Q 4  : Q3 ~ 1.7+0.1 (for the initial form of the material 
betbre calcination, see Fig. 4), which is close to pub- 
lished values. 5 

The concept  of "ideal" structure of a mes op orou s  
material  and cri teria  of c l o s e n e s s  to this s tate  for the 
synthes is  products .  According to published data, 9 the 
structure of  C I 0 - - S i O 2 - - M M M  contains a system of 
hexagonally packed mesopores with either cylindrical or  
hexagonal configurations.  If" investigation of  the product  
shows that cross sections of  all mesopores are equal and 
do not vary, along the mesopore length, the structure of  
this material can be regarded ideal. The closer the 
structure characterist ics of  the synthesis product to those 
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oF t he  perfect  s t ruc tu re ,  the  h igher  the degree of  s t ruc-  
tura l  o rgan iza t ion  in th i s  sample .  Several cri teria can be 
f o r m u l a t e d  in order  to d e t e r m i n e  the degree to which the 
s t r u c t u r e  of  the ma te r i a l  p r epa red  resembles  the ideal 
s t ruc tu re .  

First ,  a high degree  of  s t ruc tura l  o rgan iza t ion  means  
t ha t  the  lattice p a r a m e t e r  at> is cons t an t ;  tor  mesophase  
sys tems ,  this, in t u r n ,  impl ies  that  the hal f -width  of  
r e f l ec t ions  obse~ ' ed  in X- ray  di f f ract ion pa t te rns  is close 
to  the  experimental er ror .  S ince  the reflection hal f -width  
is m a i n l y  d e t e r m i n e d  by the  angle of  d ivergence of  the 
in i t ia l  beam,  it s h o u l d  be 0.03--0.()4 '~ 20 for X-ray 
d i f l ' rac t ion  pa t te rns  r eco rded  using synch ro t ron  radiauon.  

S e c o n d .  the  s t r i c t l y  c o n s t a n t  d i a m e t e r  o f  ",11 
m e s o p o r e s  along the  full l eng th  of  the cyl inder  means  
t ha t  the  adsorp t ion  a n d  deso rp t ion  b r anches  of  the 
i s o t h e r m  for low- tempera . tu re  n i t rogen adsorp t ion  co in -  
c ide .  at least, lbr pore  sizes not  exceeding  4.5 rim. 

T h i r d ,  the a b s e n c e  o f  d i a m e t e r  spread be tween  the 
m e s o p o r e s  O.e., the  s t r ic t ly  cons t an t  mesopore  d i ame te r  

t h roughou t  the system) indicates that  the range o f  va r ia -  
t ion of  the relative pressure ,3,(piPe) in which the  cap i i -  
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Fig. 5. X-ray diffraction patterns of the initial (a) arid calcined 
(b) tbrnts of the optmia] C I6 - -S i02 - -MMM .,;ample obtained 
using synchrotron radiation and isotherm of  nitrogen adsorption 
on this system in the calcined folm (c) (s.c. -- standard condi-  
lions). Details of the XRI) pattern For the angle range of 
3-6.5 ~ 20 are shown in the in~ets. 
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laB' condensat ion of  ni t rogen during ~t~e low-tempera-  
lure adsorption occurs is very narro~ aild that its mea- 
surement is determined only by: the minimum step of  
variation ol'p/'pt ) in the adsorpt ion measurements. 

Let us consider  the C i 6 - - S i O 2 - M M M  system un- 
der stticly in terms of  the cr i ter ia  listed above. It can be 
seen from Fig. 5. a and h that  the reflections present in 
the X-ray diffraction pa t te rns  of  this sample in both the 
initial and calcined forms are symmetrical  (the line 
con tour  is close to the Loren tz ian  curve) and the h a l f  
width o f  the [1001 ref lec t ion  is 0.07" 2~). which is close 
to the ins t rumental  b roaden ing  (0.04 ~ 20) ti)r this 
region o f  angles.  The  adso rp t i on  and desorp t ion  
branches o f  the ~smherm o f  ni trogen adsorption by the 
calcined sample vir tually co inc ide  (see Fig. 5, c) and 
the range oF relative pressure  in which capil lmy con-  
densat ion of  ni t rogen takes place is -0.01 P,'Po units, 
which is close to the m i n i m u m  possible experimental  
step o f  variat ion o f  the relat ive pressure during adsorp- 
tion measurements .  Thus ,  the op t imum condit ions of  
Hie format ion  of  CI6- -S iO2- - -NIMM found in this study 
ensure the l \)rmation o f  a s t ructure similar in charac-  
teristics to a material  with ideal hexagonal packing of 
mcsopores.  

C h a r a c t e r i s t i c  f e a t u r e s  o f  the  s tructure  o f  the s i l i cate  
~-all in C I o - - S i O 2 - - M M M .  It is known tYorn a number 
of publications (see. for example  Refs. 1 6 - 1 9 ) l b a i  the 
Cr , , - -S i ( )2 - -MMM structure  is highly thermally stable; 
it does not change upon removal of the surfactant 
cations by oxidative heat t reatment  but is destroyed 
upon water adsorption at temperatures close to -20 ~C. 
This destruction ha.,, been attr ibuted 4,18'i'~ to the h,,dro- 
philicity o f  the silicate mesophase,  t tence,  it has been 
propoaed to enhance  the hydrophobic  properties of this 
material by modifying the surface of the silicate walls by 
various organosi l icon compounds ,  in order to increase 
the stability of  the ca lc ined  C I 6 - - S i O 2 - - M M M  lbrm. 
However,  only in a few papers,  did the authors pay 
attention to the s tructural  properties of the silicate 
mesoporous material under  consideration. Therelore,  it 

could be suggested that a low hydrolyt ic  stability, is 
peculiar only to rnalerials with de fec t ive  structure. 

Nov, we cons ider  the state o f  the  ,,vail in the initial 
form of the op t imal  C , .6 - -S iO2- -MM M. To this end.  we 
analyzed in this study the var ia t ion  o f  the s tructure-  
textural paraineters o f  C l a - - S i O 2 - - M M M  following the 
gradual extract ion o /  me surfac tant  cat ions by acid 
treatment.  

Hydrolysis (see above and Fig. 4) results in a de- 
crease in the surl:actant c o n c e n t r a t i o n  in the material 
even at the H T T  stage. In the case o f  extract ion with an 
acid. it is reasonable to expec t  that  equi l ibr ium of  
hydrolysis would be shifted to the right and the surfac- 
rant cations would be removed m o r e  flHly from the 
iniliat sample even when the mater ia l  is treated at a 
lower temperature  and I o r a  shor te r  period than during 
synthesis. Indeed (Table I), "lcid t r ea tment  results in a 
decrease  in the (N : St) a t o m i c  ratio in all the 
C I 0 - - S i O 2 - - M M M  samples syn thes ized  at different l em-  
peraiures. The  removal  o f  the suf fac tan t  is not a c c o m p a -  
nied by a change in the latticc pa rame te r  a 0 but de- 
creases the relative intensity o f  the [100] rellection. It is 
clear that those fragments o f  the C i 0 - - S i O 2 - - M M M  
structure from which the surfactant  cat ions have been 
extracted are destroyed and, therefi)re,  the}' cannot  be 
observed in the X-ray diffraction pat terns .  For the rest of  
the structure, which has not lost the  surlactant  cations 
during the extract ion,  the latt ice paramete r  remains 
t, nchanged.  " lherefore ,  the texture  character is t ics  of  
C ! 6 - - S i O 2 - - M M M  are expected to change upon ex- 
traction. 

Measurements  of  the texture parameters  of  the ex- 
tracted samples (see Table I) show that the degree of  
removal of  the surt:actant can be increased  by increasing 
the temperature  o f  extraction to 120 ~  and the interior  
surface area and the specific v o l u m e  o f  the mesopores  
can thus be diminished.  S imul taneous ly ,  the outer  sur- 
face area of  the samples markedly increases.  On further 
increase in the extract ion t empera tu re ,  the outer  surface 
of  the mesoporous  material also decreases .  

Table i. Change in the structural-textural paranlelers of Cla--SiO2--MMM prepared at the optimum alkalinity of the initial mixture 
after extraction treatment 

T;~,,~lh Extraction conditions The N : Si ilor~ a 5~p/m 2 g-f  t,,~,t, 
:it o m J c 

/~C TI~ t/h ratio (%) /nm of mesopores outer /cm 3 g-I 

qO Wilhout e• 0. 165 >95 4.5 907 130 0.775 
80 4 0.07S 85 --90 4.5 477 428 0.460 

100 4 0054 50--60 4.5 31 I 493 0.330 
t 20 4 0.034 30--40 4.5 37 59~ 0.083 
140 4 0 023 < 10 ? -0 217 ~0 

135 ~.,ithout extraction 0.13g 100 4.9 930 45 07'-)6 
121) 23 0.05S 50--60 4.9 302 200 0.242 

t40 Without extraction 0.137 100 49  848 63 f).762 
100 4 0.060 50--00 4.9 446 367 0.502 

150 Without exwaction 0.125 g0 5. I 865 48, 0.757 
120 23 0.058 40--50 5.0 233 243 0.2(12 
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The  c o n d i t i o n s  used for the ext ract ion t r e a t m e n t  
were m i l d e r  t h a n  the synthesis  condit ions.  There fore ,  in 
the m i x t u r e s  p r epa red  at about  neutral pH,  the state o f  
SiO 2 in t he  m a t e r i a l  of  the walls has hardly changed  a l te r  
ex t rac t ion .  T h e  changes  h3 the texture pa rame te r s  o1 
C ~ , -  S iO2-- -M M M obse~ ' cd  upon extract ion of  the  sur- 
h c t a n t  (see Tab le  1) can  be accounted  for o n b  by 
specific f e a t u r e s  of  the s t ructure  of the sil icate wall. 
I n d e e d ,  d e s t r u c t i o n  o f  the  hexagona l  p a c k i n g  o f  
mesopores  s h o u l d ,  evident ly ,  be :~ccompanied by a de-  
crease in t he  relat ive in tensi ty  of  the 11001 ref lect ion and  
by a d e c r e a s e  in the specific surface area and  vo lume o f  
the m e s o p o r e s .  The  texture o f  the material  i"ormed after 
ex t rac t ion  w o u l d  titlly reproduce the s t ruc ture  o f  the 
silicate wal l  in the  initial C t B - - S i O 2 - - M M M  fbrm,  As 
the ini t ia l  f o r m  is des t royed  during extract ion,  the ou t e r  
surface s u b s t a n t i a l l y  increases;  therefore,  the des t royed  
material  c o n s i s t s  apparen t ly  of  silicate blocks whose  
n u m b e r  i n c r e a s e s  as the  initial hexagonal packing  col -  
lapses. O w i n g  to  the  collapse,  the ou te r  surface in-  
creases. T h e  d e s t r u c t i o n  of  the initial str t ,cture descr ibed  
here is pos s ib l e  on ly  in the case where the sil icate wall in 
the ini t ial  C i6- -SiO2-- -b l  M M sample m cons t ruc t ed  f rom 
blocks not  l i n k e d  to one  ano t he r  by chemica l  bonds .  

Th i s  w o r k  was suppor ted  by the Russian F:oundat ion 
tot Basic  R e s e a r c h  {Project  No. 98-03-32390) .  the 
I N T A S - - R F B R  in t e rna t iona l  loundat ion  I G r a n t  I R - 9 7 -  
676"1, a n d  by the  jo in t  Russ i an -French  research p rog ram 
C N R S - R A S  ( P r o j e c t  No. 5015). 
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