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Abstract

The article deals with the synthesis of mesoporous ordered material MCM-41 from sodium silicate. The series of MCM-41
materials are prepared from industrial sodium silicate using cetyltrimethylammonium bromide (CTAB) as a template and
characterized by N, physisorption and small-angle X-Ray scattering. The MCM-41 sample prepared from the sodium silicate
is characterized by high values of specific surface area (1118-1513 m2/g), pore volumes (0.81-0.96 cm3/g), and a well-
ordered structure. It was found that the primary assembly of the ordered MCM-41 structure occurs in the solution at room
temperature and the MCM-41 may be prepared from the sodium silicate even without hydrothermal treatment. The MCM-41
with a well-ordered structure and a narrow pore size distribution may be synthesized even at a very low CTAB/Si ratio of
0.025-0.125. The MCM-41 prepared from the sodium silicate is stable up to 700 °C and the specific surface area and pore
volume were decreased only after the calcination at 800 °C. Thus, the MCM-41 synthesized from the sodium silicate at low
CTAB/Si ratio is a promising cheap material for sorption, catalysis and other applications.

Graphical Abstract

Primary assembly of MCM-41 Growth of MCM-41 crystals

CTAB, H20,
sodium silicate
stirring at RT
for2h

)
a

@
1=}

N
o

growth of ordering
during hydrothermal
treatment

N
1=}

o

5 Seet, m?/g
~ ——TEOS, NaOH 932
—o— Na20*nSiOz, with HTT 1362
—a— Na20*nSiOz, without HTT 1312

0-f—— T T T T T T T T T
00 0.1 02 03 04 05 0.6 0.7 08 09 1.0 T ! T T T
Relative pressure

=)

Quantity adsorbed (mmol/g)

=)

o

o
o
I3

< G. V. Mamontov 2 Boreskov Institute of Catalysis, Siberian Branch of Russian
GrigoriyMamontov @mail.ru Academy of Sciences, Prospekt Akademika Lavrentieva 5,
Novosibirsk 630090, Russia
1 . . .
E?lrsllil: State University, Lenin Avenue, 36, Tomsk 634050, 3 Novosibirsk State University, Pirogova Street 2,

Novosibirsk 630090, Russia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05034-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05034-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05034-y&domain=pdf
http://orcid.org/0000-0001-7007-8389
http://orcid.org/0000-0001-7007-8389
http://orcid.org/0000-0001-7007-8389
http://orcid.org/0000-0001-7007-8389
http://orcid.org/0000-0001-7007-8389
mailto:GrigoriyMamontov@mail.ru

Journal of Sol-Gel Science and Technology (2019) 92:496-505 497
Highlights

e The MCM-41 material with well-ordered structure was prepared from sodium silicate.

e Decreasing of CTAB/Si ratio from 0.4 to 0.05 leads to narrower pore size distribution.

e The MCM-41 prepared from sodium silicate is stable up to 700 °C.

Keywords MCM-41 - Sodium silicate - CTAB/Si ratio * Well-ordered structure - Mesoporous silica

1 Introduction molecules and silicate framework. The cetyl-

The MCM-41 is a mesoporous ordered silica material from
the MS41 family developed by the Mobil Oil Corporation
in 1992 [1]. The MCM-41 material has a hexagonal-ordered
structure with mesopores with sizes of 3—5 nm. The MCM-
41 is a promising material for application because of its
high specific surface area (above 1000 m?*/g) and a pore
volume of ~1 cm®/g. The MCM-41 is successfully used for
sorption of organic pollutants from air due to relatively
large pores that provide an easy mass transfer [2]. The mass
uptake of the volatile organic compounds (VOCs) for
MCM-41 was shown to exceed those for SBA-15 and other
commercial sorbents based on silica, carbon, and polymers
[3, 4]. The structure and functional properties of the MCM-
41 can be changed significantly by a direct or post mod-
ification [5]. More often, the active organic functional
groups are immobilized by grafting on the inner surface of
the material [6]. The high surface area and large pores of the
MCM-41 allow creating organically functionalized meso-
porous silica with the high concentration of the active
groups per mass of the material [7]. Such materials may be
used for sorption of heavy metals [8, 9] and other water
pollutants [10]. The opportunity to create the biocompatible
MCM-41-based materials increases the interest to MCM-41
for drug delivery applications [11]. The slow rate of drug
release from the porous structure of MCM-41 is used in
their delivery to cancer cells [12, 13]. Due to small sizes of
the active component nanoparticles formed inside the nar-
row MCM-41 pores [14, 15], the MCM-41-supported
metals and metal oxides are promising catalysts in organic
synthesis [16, 17], catalytic purification of air from VOCs
[18], green energy [19], etc.

The synthesis of the MCM-41 involves few processes
and the structure of resulting material significantly
depends on the conditions: silica precursor, CTAB/Si
ratio [20], hydrothermal treatment (HTT) [21], etc. Sur-
factants are often removed by calcination, or burning, to
produce molecular sieves with narrow pore size distribu-
tions and highly ordered mesostructures. When extraction
of templates is used instead of calcinations, organic
functional groups can be incorporated into the materials
during synthesis. The MCM-41 is synthesized by the
templating method based on the formation of the
inorganic—organic composites from the surfactant

trimethylammonium bromide (CTAB) is used as a tem-
plate [1] and silicate highly ordered mesoporous system is
assembled on the micelles of the CTAB. The calcination
removes organic component and silica maintains the hard-
ordered mesoporous structure. The synthesis can utilize
different silica precursors: tetraethyl ortosilicate (TEOS),
metasilicate, fumed silica, etc. The synthesis of MCM-41
from TEOS has been described in literature in details [3]
and occurs under basic conditions and sodium or ammo-
nia hydroxides can be used as a basic catalyst. Na™ cations
are assumed to create the ordered structure of MCM-41
silica [22]. The MCM-41 synthesis from TEOS is limited
because of expensive TEOS and high amount of the
required CTAB. The alkyl-silicate precursors also pollute
the environment, which limits their application in a large-
scale manufacturing [23].

Some publications are devoted to the use of alternative
precursors, including sodium silicates [24, 25]. The idea to
recycle the silica wastes, fly ash, rice husk, and diatomite
through the preparation of MCM-41 may have important
economical and environmental implications [26]. The pre-
sence of aluminum and other impurities (Mg, Ca, Fe, etc.)
makes MCM-41 silica more active and stable [27, 28]. The
influence of the sodium impurities on the MCM-41 prop-
erties is also very important, and it was found that the
loading of sodium above 0.1 wt% makes MCM-41 material
more unstable to water vapor [29]. Thus, the sodium silicate
is an eco-friendly and cheap alternative precursor of silica,
but the influence of conditions of synthesis and the loading
of sodium should be taken into account. The change of the
precursor from TEOS to sodium silicate requires the opti-
mization of conditions of the synthesis: the amount of sol-
vent, the CTAB/Si ratio, and the hydrothermal treatment
that determines the structure of the resulting MCM-41. The
additional way to reduce the cost of MCM-41 is to reduce
the CTAB concentration, but the systematic studies are
required.

The present work is devoted to the synthesis of the
MCM-41 material from sodium silicate as a cheap and eco-
friendly precursor of silica. In this paper, we reduce the
CTAB/Si ratio from generally used 0.4 to up to 0.025. The
study is related to the cheapening of MCM-41 production
and the searching for optimal conditions to synthesize the
MCM-41 from sodium silicate.
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2 Materials and methods

In the present work, MCM-41 was prepared using an
industrial sodium silicate with a module Si/Na = 1.5 (Sal-
avat Catalyst Plant) and TEOS (chemically pure) as a silica
precursors. The CTAB (minimum 99%, Sigma-Aldrich)
was used as a template. The first series of MCM-41 was
synthesized using TEOS and sodium silicate as silica pre-
cursors. The molar ratio of components was used to mini-
mize the amount of CTAB [30] and it was the same for
synthesis from TEOS and sodium silicate: 525(H,0):0.125
(CTAB):1(Si). The ammonia hydroxide (chemically pure)
or sodium hydroxide (chemically pure) were dissolved in
850ml of distilled water to obtain the pH= 11, then the
CTAB (4.09 g) was added and the mixture was stirred
during 1h for total dissolution of the CTAB. Then TEOS
(18.73 g) was added and the mixture was stirred during 2 h
at room temperature and then placed into an autoclave and
exposed at 110 °C for 16 h. The solid product was filtered,
washed with distilled water, dried at ambient temperature
and calcined in air at a heating rate of 1°C/min, and
exposed at 540 °C for 10 h. The synthesis from the sodium
silicate was carried out without the catalysts, since the pH of
the aqueous solution of CTAB and sodium silicate was
about 11. All conditions of the MCM-41 synthesis from
sodium silicate were similar to those for the sample pre-
pared from TEOS.

The second series of samples were synthesized from
sodium silicate using molar ratio of components: 4200X
(H,0):X(CTAB):1(Si), where X was 0.025; 0.05; 0.075;
0.1; 0.125; 0.2; and 0.4. All conditions were similar to those
used in the first series. To study the thermal stability of the
MCM-41, the sample with a CTAB/Si ratio of 0.075 was
calcined at 540, 600, 700, or 800 °C for 10 h.

The structure of the samples was studied by nitrogen
sorption, powder XRD, and small-angle X-ray scattering
(SAXS). Nitrogen adsorption—desorption isotherms of the
MCM-41 samples were measured by “3Flex” analyzer from
p/p° = 107° by fine adjustment of the N, portions and pre-
cision detecting of the pressure. The samples were outgassed
at 200 °C for 2 h prior to the analysis. The specific surface
area was calculated by straightening of the adsorption iso-
therm in Brunauer—-Emmett-Teller (BET) coordinates in the
range from 0.05 to 0.20 [31]. The pore size distributions for
the MCM-41 were calculated by BJH-Desorption method
(mesopores) or by density functional theory combined with
non-negative regularization (DFT method) with N,-Cylind-
rical Pores-Oxide Surface model [32].

XRD studies were carried out using Miniflex 600 dif-
fractometer (Riguku) applying CuKa radiation (1=
1.5418 A) with a monochromator, a scanning rate of
0.2 deg/min in the range of 20 from 2° to 90°. SAXS pat-
terns were registered by a S3-MICRO diffractometer
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(Hecus, Austria) with a Cu anode (Acyky = 1.541 A) and the
point collimation system. The scattering vector magnitude
q = 4n sin(0)/A (where 20 is the scattering angle, and 1 =
1.541 A is the radiation wavelength) was used as the scat-
tering coordinate. The scattering intensity was measured in
the range of the scattering vector magnitudes 0.01 <g<
0.6 A~!. The powder samples were placed in special cuvette
with scatterless thin polymeric walls. The cell parameter a
(nm) was evaluated from the (100) reflection [1]. The pore
wall thickness value b, was calculated by subtracting pore
diameter value (nm) from the cell parameter a (nm) by
using the equation from reference [24]. The chemical
composition of sample was studied by X-ray fluorescence
analysis using the XRF-1800 spectrometer (Shimadzu,
Japan).

3 Results and discussion

3.1 Synthesis of MCM-41 from TEOS and sodium
silicate

The ratio of CTAB/Si = 0.2-0.7 is usually used to synthe-
size MCM-41. To minimize the amount of CTAB, the
synthesis of MCM-41 from TEOS with a low amount of
CTAB was carried out by Cai et al. [30] using the molar
ratio CTAB/Si =0.125. To explore the opportunity to pre-
pare MCM-41 from sodium silicate using the same low
CTAB/Si ratio of 0.125, the synthesis of MCM-41 from
both TEOS (NaOH or NH4OH as a catalyst) and sodium
silicate (without an alkali catalyst) was carried out. Figure 1
shows the isotherms of nitrogen adsorption—desorption for
the synthesized samples.

The isotherms are characterized by an intensive growth
of sorption at relative pressure below 0.02 that is attributed
to high surface area of the samples (Table 1). The samples
prepared from TEOS are characterized by Sggr of 824 and
932 mz/g, while those made from sodium silicate have Sggt
of 1312 and 1362 m*/g. The step on the isotherms at relative
pressures from 0.2 to 0.4 is attributed to the presence of
narrow mesopores that is typical for the MCM-41 material
[33]. A hysteresis loop at relative pressures of 0.85-1.0 for
the samples prepared from TEOS indicates the presence of
wide mesopores. The nitrogen adsorption—desorption iso-
therm for the sample prepared from sodium silicate is fully
reversible that indicates the presence of the material with
the ordered pore system without the additional wide
mesopores. It can be seen from the pore size distributions
(Fig. 1b) that narrow pores from 2.5 to 4.3 nm are pre-
dominant in the structure of the samples that confirms the
formation of the material with the MCM-41 structure.
Besides, the additional amount of mesopores with sizes of
10-60 nm is observed for the samples prepared from TEOS.
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Fig. 1 The nitrogen adsorption—desorption isotherms (a) and the corresponding pore size distributions (BJH-Desorption method) (b) for MCM-41

samples synthesized from TEOS and sodium silicate

Table 1 The textural

. 2 3 a b
characteristics of MCM-41 Sarnple5 SBET (II] /g) Vpore (Cm /g) Dpore (nm) Dpore>5nm (nm) Wl/Zh (nm)
synthesized from TEOS and TEOS_NH,OH 824 0.99 3.87 26.89 0.46
sodium silicate

TEOS_NaOH 932 0.84 345 37.05 0.50

Na,O nSiO, (with HTT) 1362 0.93 3.26 - 0.42

Na,O nSiO, (without HTT) 1312 0.86 3.14 - 0.74

*Maximum of pore size distribution according to BJH-Desorption method

®Second maximum of pore size distribution according to BJH-Desorption method
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Fig. 2 The XRD patterns of MCM-41 samples prepared from TEOS
and sodium silicate

The use of the NH,OH as catalysts leads to the formation of
MCM-41 with narrower pore size distribution; however, the
amount of wide mesopores is also higher for this sample.
Figure 2 shows the XRD patterns from 20 of 2°. The
wide halo at 10-35° is the same for all samples and can be
attributed to the amorphous structure of the silica. The
reflections at angles from 2 to 8° correspond to the hex-
agonal MCM-41 structure [31]. It can be seen from the

XRD patterns that the intensity of the reflections in a small-
angle range is significantly higher for the MCM-41 pre-
pared from the sodium silicate. This indicates a higher order
of the structure of MCM-41 synthesized from sodium sili-
cate in comparison with the one synthesized from TEOS
under the same conditions.

Two main mechanisms of assembly of the MCM-41
structure in the solution are known [1]. The first mechanism
includes the formation of liquid crystals of hexagonal
packed cylindrical micelles of CTAB followed by con-
densation of silicate species onto the external surface [34].
The second mechanism is based on the formation of the
cylindrical micelles of CTAB and their spontaneous pack-
ing/assembly into a highly ordered mesoporous phase with
an energetically favorable hexagonal arrangement accom-
panied by the silicate condensation [34, 35].

To study the possible route of the MCM-41 assembly
from the sodium silicate at a relatively low CTAB/Si ratio,
the synthesis of the materials without HTT was carried out.
The mixture of sodium silicate with CTAB with a molar
ratio of 525(H,0):0.125(CTAB):1(Si) was stirred during
2h at room temperature and then filtered, washed, and
calcined at 540°C. It can be seen from the N,
adsorption—desorption isotherm (Fig. la) that the sample
Na;0 nSi0O; without HTT has the same shape of isotherm
that indicates the assembly of the ordered structure from the
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Fig. 3 The isotherms of N, adsorption—desorption (a) and pore size distributions (b) for MCM-41 synthesized with different CTAB/Si ratio

sodium silicate in the solution even without hydrothermal
conditions. This sample has insignificantly smaller Sggt and
pore volume values (Table 1), and the pore size distribution
is shifted towards smaller sizes (a maximum of pore size
distribution at 3.14 nm). Figure 2 shows the XRD pattern
for this sample. The reflections of the hexagonal MCM-41
structure appear, while their intensity is smaller in com-
parison with the one for the same sample prepared with a
HTT. Therefore, the formation of the ordered well-
organized cylinders occurs in the solution, and the HTT
provides the subsequent growth of the MCM-41 particles
with the corresponding ordering enhancement.

Thus, it can be concluded from the obtained results that
silica with structure of MCM-41 may be prepared from
sodium silicate using low amount of CTAB (CTAB/Si =
0.125) even without HTT. The prepared MCM-41 is char-
acterized by higher Sggt, narrow pore size distribution, and
a well-ordered structure. The easy formation of the well-
ordered material MCM-41 from sodium silicate may be
associated with a self-assembly of the hexagonal structure
from the CTAB and silicate species under these conditions.
The assembly of TEOS-derived MCM-41 structure is lim-
ited by two reactions: a hydrolysis of TEOS and a con-
densation of silicate monomers. Probably, the molar ratio of
CTAB/Si=0.125 is low to form only MCM-41 from
TEOS, and a competitive formation of the unordered large
silica particles occurs under basic conditions. The assembly
of the ordered structure of the MCM-41 made from sodium
silicate is easy due to the presence of the predominantly
monomeric silicate species in this solution at pH = 11.

3.2 Synthesis of MCM-41 from sodium silicate using
different CTAB/Si ratio

To study the influence of the CTAB/Si molar ratio on the
structure of MCM-41, the series of samples were

@ Springer

synthesized from sodium silicate using CTAB/Si ratio from
0.025 to 0.4. The CTAB/H,O ratio was of 1/4200 for all
samples in these series to keep the same state of the CTAB
micelles in the solution as in the first series of samples.
Figure 3a shows the isotherms of nitrogen
adsorption—desorption and pore size distributions for the
synthesized series of samples. All isotherms may be
assigned to type IV isotherms with type H1 hysteresis loop
according to [UPAC recommendations [36, 37]. The high
nitrogen uptake at a relative pressure of 0.2-0.35 is attrib-
uted to capillary condensation in narrow cylindrical meso-
pores that is typical for the MCM-41 material [31]. Thus,
the observed shape of the isotherms confirms the prepara-
tion of the samples with the structure of MCM-41. The
isotherms for the samples obtained with the CTAB/Si ratio
of 0.2 and 0.4 are characterized by a relatively shallow
slope of the isotherms at 0.15-0.3, while the one for the
samples with CTAB/Si = 0.025-0.125 is sharper and shif-
ted to 0.25-0.35. This indicated the formation of the
structure with more uniform and large mesopores.

Figure 3b shows the pore size distributions (DFT
method) for the synthesized samples. Narrow pore size
distributions from 2.3 to 4.3 nm are observed for all samples
that indicate the formation of the materials with the uniform
pores. The wider pore size distribution from 2.3 to 4.3 nm
with a maximum at ~3 nm is observed for the sample pre-
pared with a CTAB/Si molar ratio of 0.4. The decreasing of
the CTAB/Si leads to narrower pore size distributions and a
shift of maximum of distribution at higher width to up to
~3.9 nm for the sample with the CTAB/Si ratio of 0.05. The
peak width at the %2 height (Wyy,) is 0.42 nm for this sample
(Table 2). The regular decreasing of Wy, from 0.94 to
0.42 nm with a decreasing of the CTAB/Si ratio from 0.4 to
0.05 takes place, and a more homogeneous porous structure
is formed in case of the sample with the CTAB/Si ratio of
0.05.
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Table 2 The textural
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different CTAB/Si ratio £ £
0.025 1136 0.88 3.62 0.57 4.22 0.91
0.05 1118 0.96 3.87 0.42 4.62 0.94
0.075 1126 0.93 3.83 0.46 4.48 0.93
0.1 1222 0.91 3.62 0.59 4.32 0.91
0.125 1229 0.94 3.58 0.51 4.17 0.86
0.2 1513 0.92 3.14 0.65 3.70 0.78
0.4 1456 0.81 3.02 0.94 3.57 0.82
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Fig. 4 SAXS patterns of MCM-41 synthesized with different CTAB/Si ratio

The decreasing of the CTAB/Si ratio up to 0.025 leads to
a reverse shift of the pore size distribution to 3.0—4.1 nm
with the increase of the Wy, value up to 0.57 nm. Thus,
introduction of an extremely small amount of CTAB
(CTAB/Si < 0.05) leads to decreasing of the homogeneity in
the structure of MCM-41 material prepared from sodium
silicate. Probably, this is attributed to the assembly and
polymerization of silica precursor both over CTAB micelles
and without CTAB. The thin hysteresis loop from 0.45 to
0.6 is observed on the isotherm for sample with the CTAB/
Si ratio of 0.025 (Fig. 3a). This hysteresis loop indicates the
formation of thin mesopores with geometry that differs from
cylindrical pores of MCM-41. Thus, the porous structure of
the sample with the CTAB/Si ratio of 0.025 is less homo-
geneous due to presence of two types of thin mesopores.

Figure 4 shows the SAXS patterns for the synthesized
series of MCM-41 samples. The presence of peaks for all
samples confirms the formation of the ordered hexagonal
MCM-41 structure [1, 20]. The cell parameter a calculated
from SAXS data is in the range from 3.57 to 4.62nm
(Table 2). The sample prepared with the CTAB/Si ratio of
0.4 is characterized by a low intensity of djo peak that
indicates the low-ordered structure in comparison with other

samples. The cell parameter for this sample is the smallest
one (3.57 nm) that is in agreement with the sorption results.
The decreasing of the CTAB/Si ratio leads to rise of
intensity of this peak and its shift to smaller angles. The
corresponding increasing of the cell parameter is observed
with a maximal value for the sample with the CTAB/Si =
0.05 (@ =4.62nm). The high intensity and narrowness of
this peak for the samples with the CTAB/Si ratio <0.4
indicate a well-ordered MCM-41 structure. However, the
CTAB/Si=0.025 sample is characterized by the peak
shifted to larger angles, the cell parameter decreases to up to
4.22 nm. Generally, SAXS results are in good agreement
with the results of N, adsorption and confirms the well-
ordered structure for the samples with the CTAB/Si ratio
<0.4.

The textural characteristics of these series MCM-41 are
summarized in Table 2 and dependencies of characteristics
from CTAB/Si ratio are shown in Fig. 5. All samples have
high specific surface areas (1118-1513 m%g) and pore
volumes (0.81-0.96 cm3/g). It was found that increasing of
CTAB/Si ratio from 0.05 to 0.2 led to rising of the specific
surface area (the value of error of the method is less than 5
relative percents, the error bars are shown in Fig.5). This is
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Fig. 5 The dependences of the textural characteristics of MCM-41 on the CTAB/Si ratio

accompanied with decreasing of cell parameter and average
pore size (Fig. 5a). Thus, the Sggr is a function of the pore
diameter for the synthesized series of MCM-41. The pore
diameter (Dpore) is changed insignificantly (Fig. 5b), but the
maximal Vo = 0.96 cm?/g is observed for the sample with
the CTAB/Si=0.05, and a minimal V.. = 0.81 em’/g is
observed for the sample with the CTAB/Si = 0.4. Regard-
less of the smallest specific surface area 1118 and
1126 m?%/g for the samples with the CTAB/Si ratio of 0.05
and 0.075, respectively, these two samples are characterized
by the narrowest pore size distribution and the minimal
Wion value (0.42 and 0.46 nm, respectively). This indicates
the most homogeneous ordered structure compared to other
samples. Similar small Wy, values for the MCM-41 were
achieved by Lin in reference [21] during the synthesis of
MCM-41 from sodium silicate with the CTAB/Si ratio of
~0.4 CTAB/Si and HTT for 10-30 days. Also, the growth
of the wall thickness with a decreasing of the CTAB/Si ratio
is observed (Table 2) that may be caused by the increased
amount of silica which was formed on the surface of the
CTAB micelles from the adsorbed silicate species. The
formation of loose swelled silica occurs during HTT and the
wall thickness of primary assembled MCM-41 is deter-
mined by amount of silicate species absorbed onto CTAB
micelles. The calcination leads to both burning of CTAB
and compaction of silica carcass. This leads to increasing of
pore size and cell parameter a.

Thus, both increased pore size and wall thickness for
samples prepared with low CTAB/Si ratio are a result of
high amount of silicate species assembled onto CTAB
micelles. It was shown above that the primary assembly of
MCM-41 occurs in the solution. The H,O/CTAB ratio of
1/4200 was kept in this series of samples, and the formation
of similar CTAB micelles in solution and similar diameter
of primary channels in the CTAB@MCM-41 hybrid com-
posite are expected. The thickness of the primary silica—gel
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walls depends on the amount of silica precursors and is
higher for the samples with small CTAB/Si ratio. The
heating of the sample during the calcination leads to a
significant compacting of the silica wall due to poly-
condensation processes, release of water, and increasing of
density. Therefore, the decreasing of the wall thickness and
corresponding growth of pore diameter are expected during
the calcination. Thus, the maximal compaction of the
silica—gel wall is observed for sample with the highest
amount of silica and the corresponding largest wall thick-
ness, i.e., the samples with small CTAB/Si ratio (0.05 and
0.075). This explains the widest pore diameter for these
samples.

Thus, the CTAB/Si ratio affects the textural character-
istics of the MCM-41 prepared from the sodium silicate.
The CTAB/Si ratio of 0.2-0.4 provides the synthesis of
MCM-41 with higher specific surface area (1456-1513 m?/g)
and smaller pore sizes (maximum of pore size distribution at
3.02-3.14 nm). The homogeneity of the structure of these
samples is not high, and a small intensity of the SAXS peak
and a relatively wide pore size distribution are observed.
The decreasing of the CTAB/Si ratio to up to 0.05-0.125
provides the decreasing of the Sggr to up to 1118-1229 m%/
g, increasing of the pore diameter to up to 3.58-3.87 nm,
but the high homogeneity of the porous structure is
observed. Thus, the MCM-41 with a well-ordered porous
structure may be synthesized even at a very low CTAB/
Si ratio.

3.3 Effect of calcination temperature on the MCM-41
structure

It is known that the main disadvantage of the MCM-41
synthesized from sodium silicate is the presence of Na®
impurities which leads to a low thermal stability [29]. The
chemical composition of the sample synthesized with the
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Fig. 6 The isotherms of N, adsorption-desorption (a) and pore size distributions (b) for MCM-41 exposed to different temperatures

Table 3 The textural characteristics of MCM-41 after calcination at
different temperatures

'I;cal SBI%T Dporea a(m)  Wall Vpor§ Wiph (nm)
(°C) (m7/g) (nm) thickness (nm) (cm’/g)

540 1126 3.84 4.48 0.93 0.94 0.46

600 1131 3.75 4.42 0.91 0.94 0.42

700 1118 3.73 4.37 0.92 0.91 0.45

800 981 3.45 4.22 1.06 0.72 0.48

*Maximum of pore size distribution according to DFT method

CTAB/Si ratio of 0.075 was analyzed by XRF method. The
loading of Na™ is 0.04 wt% and can be attributed to a weak
binding with the silica matrix and easy leaching during the
washing.

The thermal stability of the MCM-41 was studied by
comparing this sample after the calcination at 540, 600,
700, and 800°C during 10h. The isotherms of N,
adsorption—desorption and the corresponding pore size
distributions for MCM-41 are demonstrated in Fig. 6. The
isotherms and textural characteristics (Spgr and Vo, see
Table 3) for samples calcined at 540, 600, and 700 °C are
similar. This indicates the good stability of the MCM-41
synthesized from sodium silicate at temperatures up to
700 °C. The isotherm for MCM-41 after the calcination at
800 °C is characterized by both a decreased adsorption
value and a shift of the step from the relative pressures of
0.25-0.35 to 0.20-0.30. Figure 6b shows the shift of the
pore size distribution to smaller width. The surface area for
this sample decreased from 1118 to 981 m?/g (Table 3) and
the pore volume decreases from 0.94 to 0.71 cm’/g. A
dramatic decrease of the Sggr from 1114 to up to 403 mz/g
with an increase of the calcination temperature from 650 to
750 °C was observed for the MCM-41 synthesized from
TEOS [38]. When the fumed silica was used as a precursor,
the decreasing of the Sggr from 970 to up to 879 m*/g was
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El
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C
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Fig. 7 SAXS patterns of MCM-41 after calcination at different
temperatures

observed. Thus, the nature of the silica precursor influences
on the thermal stability of the MCM-41.

Figure 7 demonstrates the SAXS patterns of the MCM-
41 after calcination at different temperatures. There are no
significant changes in the spectra that indicate the stability
of the ordered structure. The insignificant shift of the
reflections takes place for the MCM-41 after exposing at
800 °C. The cell parameter a decreases from 4.48 nm to
4.22 nm with a growth of the calcination temperature from
540 to 800 °C (Table 3). The wall thickness is stable after
the calcination at 540, 600, and 700 °C (Table 3), while the
increased wall thickness up to 1.06 nm is observed for the
sample after the calcination at 800 °C. The decreased cell
parameter and the pore diameter together with an increased
value of wall thickness indicate the compression of the
MCM-41 structure.

Thus, according to the N, sorption and SAXS data, the
growth of the calcination temperature of the MCM-41
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prepared from the sodium silicate to up to 700 °C does not
lead to significant changes of its structure that indicates the
high thermal stability. Only the calcination at 800 °C leads
to the decreased Spgr and Vo with a decreasing of the
pore width due to the compression of the structure and
partial degradation of the porous structure. On the other
hand, the stability of the SAXS peaks intensity after the
high-temperature treatment indicates the keeping of the
ordered hexagonal structure. Therefore, the decreasing of
the pore volume of pores with sizes of 3—4 nm (Fig. 6b) and
Sger may be attributed to the blocking of the ends of the
cylindrical pores. Thus, despite the small Na impurities, the
high thermal stability of the MCM-41 allows using the
prepared material in different high-temperature applications,
including sorption and catalysis.

4 Conclusions

Thus, it was shown that the MCM-41 with a well-ordered
structure and higher specific surface area can be synthe-
sized from the sodium silicate even without the HTT. The
MCM-41 synthesized from TEOS under the same con-
ditions had lower surface area and a poor ordered struc-
ture. The influence of the CTAB/Si molar ratio from
0.025 to 0.4 on the MCM-41 structure was studied. It was
found that the samples with a CTAB/Si ratio of
0.05-0.125 were characterized by the more homogeneous
(narrow pore size distribution) and a well-ordered struc-
ture. The correlations between the CTAB/Si ratio and the
SgeT, pore diameter, wall thickness, and cell parameter
were revealed. It was established that the structure of the
MCM-41 prepared from the sodium silicate was stable up
to 700 °C, and the insignificant reduction of the textural
characteristics was observed after the calcination at
800 °C.

To sum up, the synthesis of the MCM-41 from sodium
silicate as an eco-friendly, cheap, and incombustible pre-
cursor and with the extremely low CTAB concentration
provides the formation of the MCM-41 with a well-ordered
structure, high textural characteristics, the narrow pore size
distribution, and the high thermal stability. The elaborated
approaches make the mesoporous ordered silica with the
MCM-41 structure a promising material for a wide field of
applications.
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