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A recently developed homogeneous precipitation method was used for the investigation of
the influence of pH on the structure of mesoporous silicas prepared from sodium
metasilicate in the presence of a quaternary alkyl ammonium surfactant as a structure di-
recting agent. The rate of pH decrease affects the assembly of mesoscopically ordered com-
posites and, consequently, the porous structure of mesoporous silicas prepared from them
by calcination. Pure MCM-41 molecular sieve was prepared by controlling the pH decrease
of the reaction mixture so as to achieve the final pH 7.8. The as-made material prepared at
higher pH (final value 10.1) is characterized by a lower degree of silica polycondensation.
Due to the shrinkage of this material during calcination, a less well-ordered silica with ex-
traordinary large surface area was prepared. A large decrease in pH (final value 5.2) led to
non-organized polycondensation of silica species besides the organized assembly of the or-
dered material, which resulted in the formation of silica with a bimodal mesoporous struc-
ture.

Keywords: Mesoporous silicas; Silicates; Molecular sieves; Homogeneous precipitation;
MCM-41; 295i MAS NMR spectroscopy; Powder X-ray diffraction.

Since the first synthesis of mesoporous molecular sieves2, micelle-
templated mesoporous silica has attracted considerable and still growing at-
tention due to the fact that it offers a large surface area (=1 000 m?/g) and
porous volume (up to =2.5 cm®/g) with a narrow pore size distribution
which can be adjusted between 2 and 30 nm. The preparation of this mate-
rial is based on synergistic self-assembly between silica species and
surfactant micelles to form mesoscopically ordered composites®. The origi-
nally developed mesoporous silicas called MCM-41 and MCM-48 with the
hexagonal and cubic structure, respectively, were prepared using quater-
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nary alkyl ammonium surfactants. The introduction of anionic*, neutral®
and non-ionic® surfactants has led to a number of various frameworks of
mesoporous silica. Alkyl poly(oxyethylene) and poly(oxyalkylene) block co-
polymers, such as triblock copolymer poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide), proved to be suitable templates for the synthe-
sis of a large family of highly ordered mesoporous silicas of different struc-
ture types’:8.

At present, different silica sources such as colloidal silica, water-soluble
inorganic silicates or esters of orthosilicic acid are used in the syntheses of
templated mesoporous silica. Like the synthesis of non-templated porous
silica®, the pH of the reaction mixture plays an important role influencing
final structure of the product. In particular the synthesis routes utilizing in-
organic silicates are very sensitive to pH. Depending on its value, micelle-
templated silicas with different porous structures or morphology features
were obtained!%-16,

Recently, a new procedure for the synthesis of mesoporous silica has been
developed, which is based on homogeneous precipitation of a solid product
from water solution of sodium silicate and a cationic surfactant’’-1°. The
uniform acidification of the reaction mixture without local variations in pH
is achieved by hydrolysis of appropriate ester of acetic acid. As the pH de-
crease rate and final pH value can be simply controlled, this synthesis route
is suitable for the investigation of the pH influence on the structure of
templated silica.

In this work the homogeneous precipitation method was used for the
study of the pH influence on the porous structure of mesoporous silicas
prepared using sodium metasilicate as a silica source and hexadecyl-
(trimethyl)ammonium bromide as structure directing agent. The effect of
the degree of polycondensation of silica species in the as-made
mesoscopically ordered composite on porous structure of the calcined ma-
terial has been investigated using 2°Si MAS NMR spectroscopy.

EXPERIMENTAL

Materials
All the reagents used were obtained from Aldrich: sodium metasilicate (Na,SiO3), hexa-
decyl(trimethyl)ammonium bromide (HDTMABr) and methyl acetate (MeOAc).

Synthesis

The reaction mixture was prepared in a poly(methylpentene) (Nalgene) bottle. In the syn-
thesis, 1.96 g of HDTMABr followed by 2 g of Na,SiO; was dissolved in 1 000 ml of distilled
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water, resulting in a clear solution. Afterwards 1.5-5.0 ml of MeOAc was quickly added un-
der vigorous stirring, which was stopped after 30 s. The corresponding molar composition of
the reaction mixture was 1 Na,SiO5 : 0.33 HDTMABr : 3 390 H,0 : 1.15-3.84 MeOAc.

The reaction mixture, which turned cloudy after 5-10 min after the addition of MeOAc,
was aged at ambient temperature for 60 h followed at 90 °C for another 40 h. During the ag-
ing at 90 °C, organic vapour was allowed to evaporate through leaks in the cap of the bottle.
The resulting solid product was recovered by filtration, washed with distilled water followed
by ethanol, and dried at ambient temperature. The template was removed by calcination at
600 °C (2 °C/min) under flowing air for 20 h.

The samples prepared are listed in Table I.

Instrumentation

29si MAS NMR spectra were measured at 39.76 MHz on a Bruker DSX200 spectrometer
equipped with an MAS probe head using the Hahn echo pulse sequence 1/2-1-1t with proton
decoupling. An excitation rf pulse of the Hahn echo pulse sequence was applied with /2
pulse 4.5 ps and delay T = 200 ps in the 2°Si channel. Repetition delay from 10 up to 120 s
was used. Samples were loaded in 7-mm zirconium oxide rotors spinned at 5 kHz.

Adsorption isotherms of nitrogen at 77 K were taken with a Micromeritics ASAP 2010 in-
strument. The as-made samples were degassed at ambient temperature for at least 50 h until
a pressure of 0.1 Pa was attained; the calcined samples were degassed at 350 °C at the same
pressure overnight. Powder X-ray diffraction (XRD) patterns were collected on a Siemens D
5005 diffractometer in the Bragg—-Brentano geometry arrangement with CuKa radiation.

Transmission electron microscopy (TEM) was performed using a Philips CM30T electron
microscope with a LaBg filament as the source of electrons, operated at 300 kV. Samples
were mounted on a Quantifoil microgrid carbon polymer supported on a copper grid by
placing a few droplets of a suspension of ground sample in ethanol on the grid, followed by
drying in ambient conditions.

TABLE |
Preparation of mesoporous silicas using various amounts of methyl acetate

MeOAc/Na,SiO4

. a 4/~3b
Silica (molar ratio) pH Q7Q
A 1.15 10.1 0.99
1.92 7.8 1.22
C 3.84 5.2 1.67

8 pH was measured after ageing the reaction mixture at 90 °C and subsequent cooling to am-
bient temperature. b Ratio of integral intensities of Q* and Q° lines.
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RESULTS AND DISCUSSION

The initial pH value of the solution of Na,SiO; and HDTMABr used for the
synthesis of mesoporous silica was 11.8. The rate of the pH decrease
strongly depended on the amount of MeOAc added to this solution. Figure 1
shows the time evolution of pH of the reaction mixtures of samples A, B and
C during the aging at ambient temperature. As the hydrolysis of MeOAc is
not finished during this aging, the decrease in pH continues in the course of
the aging at 90 °C. The final values of the pH are given in Table I.

Nitrogen adsorption isotherms (Fig. 2) demonstrate that the rate of the
pH decrease and its final value strongly influence the porous structure of
silicas prepared. As all pores in the silica framework of as-made samples A
and B are filled with the surfactant micelles, adsorption isotherms of these
materials (not shown) are typical of non-porous solids with flat open sur-
face. The isotherm on the calcined sample B exhibits a sudden increase in
the adsorption at the relative pressure =0.35, which is typical of well-
ordered MCM-41 molecular sieves. The adsorption isotherm on the cal-
cined sample A suggests that the pore size of this sample is smaller than
that of sample B. The isotherm on calcined sample C shows the presence of
a bimodal mesopore structure consisting of smaller MCM-41 mesopores
and larger non-MCM-41 ones, which are responsible for the hysteresis loop.
In the case of the as-made sample C, the nitrogen isotherm displays a hys-
teresis loop at relative pressures larger than 0.8, very similar to that ob-

0 100 200 300 400 500
t, min

Fic. 1
Time evolution of pH of the reaction mixtures at MeOAc/Na,SiO; molar ratios 1.15 (A), 1.92
(B) and 3.84 (C) during aging at ambient temperature
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tained on the calcined sample (Fig. 2). After calcination of this sample the
increase in adsorption at relative pressures 0.30-0.35 has appeared as conse-
quence of the surfactant elimination from MCM-41 pores.

The structure parameters of as-made and calcined samples are summa-
rized in Table Il. The calcined sample A exhibits an extremely large BET sur-
face area of 1 512 m?/g. As with this sample the BET equation is valid in the
range of relative pressures from 0.06 to 0.11 only, its use cannot be re-
garded as an appropriate method for the determination of the surface area.
The more realistic surface area of sample A was derived using the compari-
son plot method. In this method the amount adsorbed on the solid under
investigation (mmol/g) is plotted against that adsorbed on a non-porous
reference silica (mmol/m?) at the same equilibrium pressure. The slope of
the linear part of the comparison plot going through the origin determines
the total surface area of the investigated solid?°. The surface area of 1 235
m2/g was obtained in this way; it was used for the evaluation of the mean
pore diameter of sample A being 2.69 nm. As for the calcined sample B, the
pore size of 3.27 nm and volume of 0.719 cm?3/g are typical of the MCM-41
prepared with HDTMABr as the structure directing agent. The sample C is
characterized by relatively large volume of the non-MCM-41 mesopores;
their mean diameter of 14 nm is identical for both as-made and calcined
materials. The non-MCM-41 mesopore surface area and the volume of
as-made sample C are smaller than the corresponding parameters of the cal-

p/pg

Fic. 2
Adsorption isotherms of nitrogen at 77 K on calcined silicas A and B and as-made and cal-
cined silica C. Solid points denote desorption
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cined one, which is an obvious result of the presence of surfactant micelles
in the as-made material containing a smaller proportion of silica.

Figures 3 and 4 show the XRD patterns of as-made and calcined samples
A and B and calcined sample C. With sample A, the XRD pattern shows
some deterioration of structure ordering during calcination. With samples B
and C, XRD data confirm a high degree of ordering of sample B and the
presence of the MCM-41 structure in sample C. Lattice constants of
as-made samples A, B and C, and calcined samples B and C are practically
identical ranging from 4.33 to 4.43 nm (Table I1). Consequently, the
shrinkage of samples B and C during calcination is insignificant. The lattice

TasLE Il
Texture parameters of mesoporous silicas

Silica
Parameter
A as-made A calcined B as-made B calcined C as-made C calcined

a5, Nm 4.43 3.61 4.42 4.35 4.39 4.33
Sger, M2 gt 78 1512 60 976 277 688
Sepy m2 gt - 1235 - 972 - 658
Sexys M2 gt 78 107 60 94 277 357
Svcmars M2 gt - 1128 - 878 - 301
Vyemar cm® gt - 0.759 - 0.719 - 0.230
Dpcmarr NM - 2.69 - 3.27 - 3.07
Sycmoar, NM - 0.92 - 1.08 - 1.27
Snon-mcmar M> g™ - - - - 231 357
Voon-memar €m® g7 - - - - 0.808 1.299
Dnon-Mcm-41: NM - - - - 14 14

ag, Sgety Scp and Sgxt denote respectively the lattice constant, BET surface area, total surface
area (determined using the comparison plot method) and the external surface area
remaining free after filling up the MCM-41 mesopores. Sycpm.a1r = Scp = Sext VMmceM-41r
Dycem-a1 = 4 Vmem-41/Svem-a1 @nd dycm.41 Stand for the surface area, volume, pore diame-
ter and pore wall thickness of the MCM-41 structure, respectively. S, . vcm-a1r Vnon-McM-a1
and D, .mcm-41 denote the surface area, volume and mean pore diameter of the system of
large mesopores, respectively. Methods for the determination of MCM-41 structure parame-
ters from adsorption and XRD data are given elsewhere?®, The parameters of the non-
MCM-41 mesopore structure were determined from the desorption branch of the hysteresis
loop by the Barrett-Joyner-Halenda method??.
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constant of 3.61 nm of calcined sample A reveals its large shrinkage; it is
evident that due to this shrinkage sample A is characterized by a worse pore
ordering, smaller pore diameter and larger pore wall thickness than sample

B (Fig. 3, Table I1).

Intensity, a.u.

Fic. 3
X-Ray diffractograms of as-made and calcined silica A

Intensity, a.u.

B as-made

Fic. 4
X-Ray diffractograms of as-made and calcined silica B and calcined silica C
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The 2°Si MAS NMR spectra of the as-made samples show the degree of sil-
ica crosslinking (Fig. 5). The main lines at about —-100 and -110 ppm corre-
spond to Q2 and Q* silicate species, respectively. (Q" species are defined as
Si(0Si),(OH),_,,.) The ratio Q*/Q3, which characterizes the degree of silica
polycondensation, depends on the final pH value of the reaction mixture
(Table I). With sample A, which was prepared in the region of relatively
high pH, the Q*/Q2 ratio being 0.99 reveals the lowest degree of silica
polycondensation. With samples B and C, the Q%/Q?2 ratio increased to 1.22
and 1.67, respectively, due to a higher degree of silica polycondensation,
which is related to the decrease in the final pH of the reaction mixture.
Therefore, a large shrinkage of sample A during calcination occurs due to
the low degree of silica polycondensation of the as-made material.

Thermogravimetric results confirmed completion of the silica polycon-
densation of sample A due to calcination. The weight loss of this sample in
calcination is 55.2 wt.%. The weight loss of sample B equals 38.6 wt.% only,
which is similar to the published values, corresponding to the theoretical
content of surfactant?2.

TEM examination of the calcined samples provides structure information,
which could not be gained from nitrogen adsorption or X-ray diffraction
measurements. The structure of sample A is characterized by the presence
of small domains of an ordered mesoporous structure with smaller pore size
than that of sample B, which are embedded in the disordered mesoporous

C as-made

Intensity, a.u.

B as-made

0 -40 -80 -120 -160
ppm

Fic. 5
29si MAS NMR spectra of as-made silicas A, B and C
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material (Fig. 6). Thus the TEM image reveals the character of structure de-
terioration, which is not apparent from other experimental techniques. The
TEM images of sample B (Figs 7 and 8) show a perfect symmetry of pore or-
dering; no presence of amorphous material or another material with a dis-
ordered arrangement of pores was observed. The MCM-41 structure of
sample C is viewed side-on with respect to the pores (Fig. 9). The larger
mesopores are visible as lighter areas, but their structure is less clear than
that of the MCM-41 material. These mesopores are not regularly arranged
and do not run through the whole thickness or length of the particle.

Fic. 6
TEM image (100 nm x 100 nm) of silica A

Fic. 7
TEM image (100 nm x 100 nm) of silica B: end-on view of mesopores showing their hexago-
nal arrangement
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A relatively small volume of the MCM-41 mesopores of sample C indi-
cates that only a fraction of silica species was assembled under the organis-
ing action of surfactant micelles. As the non-MCM-41 mesopores of
as-made sample C are practically empty, they were formed without the con-
trolling action of surfactant micelles because of a too fast and large decrease
in pH of the reaction mixture. This conclusion is supported by the TEM ex-
amination of sample C because analysis of a number of images of this sam-
ple has shown that non-MCM-41 mesopores are mostly present in the
particle shell, its core consisting of the MCM-41 structure.

Fic. 8
TEM image (100 nm x 100 nm) of silica B: side-on view with respect to pores

Fic. 9
TEM image (100 nm x 100 nm) of silica C
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The conclusions concerning the pore structure of the sample C are also
supported by in situ investigation of the hexadecyl(trimethyl)ammonium
surfactant/silicate system?3, which suggests that the first step in the forma-
tion of mesocomposite is the formation of siliceous oligomers. As these oli-
gomers grow, they bind an increasing amount of surfactant ions and, at
some point, precipitation of a mesomorphous surfactant ion/polymerized
silica complex takes place. If the pH decrease is too fast, the rate of forma-
tion of this complex can be smaller than the rate of silica oligomer growth,
which causes formation of a non-organized solid phase.

CONCLUSIONS

The rate of the pH decrease during the preparation decisively determines
the porous structure of mesoporous silica prepared from sodium
metasilicate under the organizing action of quaternary ammonium
surfactant micelles. The best-quality silicecous MCM-41 molecular sieve can
be prepared by controlling the pH decrease of the reaction mixture so as to
reach the final value of 7.8. The as-made material prepared at higher pH is
characterized by a lower degree of silica polycondensation. Due to its
shrinkage in calcination, a less well-ordered silica with an extraordinary
large surface area was prepared. A fast pH decrease causes a partly unorga-
nized polycondensation of silica species, which results in a material with a
bimodal mesoporous structure.
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