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Abstract. Spherical micro-mesoporous submicron particles of amorphous silica with a specific
surface area (SSA) up to 2050 m?/g, comparable with that of nanoporous carbon materials, have
been synthesized. Particle structure and chemical composition variations were studied by the
adsorption porosimetry, thermogravimetric analysis and IR spectroscopy methods at formation
stages. Sequential elimination of various organic porogens forming the particles’ structure by
washing and annealing in different ambients leading to pore opening and corresponding SSA
growth were demonstrated. The distinctive feature of the developed post-treatment procedure

is the stabilization of the fragile silica backbone due to the formation of a distributed network
of surface silanol groups that maintain the achieved characteristics of high porosity.
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XAPAKTEPUCTUKU NMOPUCTOCTU YACTULU KPEMHE3EMA
CO CBEPXBbICOKOM YAEJ/IbHOU MNOBEPXHOCTbIO
HA 3TANMNAX ®OPMUPOBAHMUA
3. C. banbi, /1. B. Bonoguna, C. A. l'pyaumukuu, Ai. A. Eypos,
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Annoranua. CUHTE3MpOBaHBl CepuuecKre MHUKPOME30MOPUCThIE YaCTHIB aMOpP(GHOTO
KpeMHe3eMa, MUMEIOIIe YIeIbHYIO ITIOBEPXHOCTh mop 10 2050 m?/r. MeTtogamMu ancopOLKMOHHOM
IIOPOMETPUHU, TEPMOTIPABUMETPUUYECKOIO aHaIM3a U UH(PPaKpaCHOU CIIEKTPOCKOIIMU UCCIIEI0-
BaHbl U3MEHEHUSI CTPYKTYPHI YaCTHUIl M MX XMMHUYECKOIO COCTaBa Ha 3Tamax ()opMUpOBaHUS.
ITokazaHo MoOCTENMEHHOE MCKITIOUEHUE M3 CTPYKTYPHI YAaCTUI] Pa3IMIHBIX OPraHWYCCKUX IT0-
pOOOpPa3yOIINX BEIIECTB, IMIPUBOIAIICE K OTKPBITAIO ITOP M COOTBETCTBYIOIIEMY YBEIMICHUIO
YIEJIbHON TOBEPXHOCTH MaTepuaja B IIPOILECCe OTMBIBKA M OTXKUTAa B Pa3IMYHBIX Cpemax.
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OTAMUNTETbHON 0COOEHHOCTHIO MPOIEAYPHI ITOCTCUHTETUIECKOM 00pabOTKM SIBJISIETCS CTa0u-
JIM3alus XPYIKOro KpeMHE3eMHOIO KapKaca 3a Cu4eT B3aMMOJEICTBUS ITOBEPXHOCTHBIX CHJIa-
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Introduction

Recently, there has been strong interest in developing porous materials with high specific
surface area (SSA). The largest SSA values (typically 1200 — 2300 m?/g) are observed in nanop-
orous carbons having subnanometer pores [1]. Nanoporous carbon materials are extensively used
in, e.g., hydrogen storage devices, Li-ion batteries, and catalysts. However, numerous chemical
processes (e.g., catalytic purification of vehicle exhaust gases) require incombustible supports. In
particular, these are synthetic zeolites with an SSA of 400 — 600 m?/g [2] and mesoporous silicas
(M41S family, SBA, etc.) with an SSA of up to 1200 m?/g [3].

The goal of our study was to obtain high-SSA submicrometer spherical particles of MCM-41
type silica. The large values of SSA (up to 2050 m?/g) are obtained by addition of various orga-
nosilanes and pore-forming substances to the reaction mixture, which act like soft templates and
resulted in a formation of an interconnected system of micro- and mesopores within the particles.
To determine the composition and structure of the high-SSA particles IR spectroscopy and ther-
mogravimetric analysis (TGA) were used. A post-synthetic modification technique was developed
comprising washing and annealing stages to stabilize the fragile silica backbone by formation of a
distributed network of surface silanol groups and preserve the achieved high porosity characteris-
tics. We believe that the obtained material, which combines all the benefits of silica (hydrophilic-
ity, large number of functional groups, thermal and chemical stability) with a huge specific surface
area comparable with that in nanoporous carbon will have significant impact for the processes,
where the effectiveness of the materials used directly depends on the extent of available surface
and the number of active centers, such as catalysis, sorption, separation.

Experimental

The high-SSA SiO, particles were obtained in a water-ethanol-ammonia mixture contain-
ing dissolved cetyltrimethylammonium bromide (CTAB) by joint hydrolysis of tetraethoxysilane
(TEOS) and 3-methacryloxypropyltrimethoxysilane (MPTMOS) [4, 5]. The reagents

MPTMOS : TEOS : NH, : H,O : C,H,OH : CTAB

were taken in molar ratio of 1 : 3 : 240 : 3120 : 1250 : 0.4, respectively. TEOS+MPTMOS were
introduced 10 min after the beginning of a vigorous stirring of the rest of the components. The
temperature of the reaction mixture was 42°C. The synthesis of particles was carried out for 5 hrs.
under stirring at 200 r.p.m. The as-synthesized particles were treated as follows:

Option No. 1. The particles were washed once in the ethanolic solution (0.01 M) of HCI at a
temperature of 70°C for 2 hrs. Then the material was annealed at 350°C in air for 2 hrs.

Option No. 2. The particles were washed in the ethanolic solution (0.01 M) of HCI at a
temperature of 70°C for 2 hrs. Then they were collected by centrifugation and washed once more
at the above conditions. The washed particles were dried at ambient conditions.

© Banbin 3. C., Bonoguna JI. B., I'pynunkun C. A., Eypos [I. A., Kypaiokos [I. A., T'ne6osa H. B., Crosnsra E. 1O.,
2026. Usnarenn: Cankr-IlerepOyprekuil moantexHuyeckuii yausepcuret Ilerpa Benmukoro.
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Option No. 3. The particles were washed twice in the ethanolic solution (0.01 M) of HCI at a
temperature of 70°C as described above (Variant No. 2). Then the resulting material was annealed
at 350°C in air for 2 hrs.

Option No. 4. The particles were washed twice in the ethanolic solution (0.01 M) of HCI at a
temperature of 70°C as described in Variant No. 2. Then the particles were preliminary annealed
at 350°C in air for 2 hrs. After that the final annealing at 430 °C in air for 5 hrs. was carried out.

Option No. 5. The particles were washed twice in the ethanolic solution (0.01 M) of HCl at a
temperature of 70°C as described in Variant No. 2. Then the particles were preliminary annealed
at 350°C in air for 2 hrs. After that the final annealing at 430 °C in a flow of oxygen for 5 hrs.
was carried out. The oxygen supply system was equipped with a U-tube filled with bidistilled
deionized water. As a result, the gas supplied to the reactor contained water vapor (H,O content
~20 g/m’).

The adsorption structural analysis was carried out on a 3FLEX analyzer (Micromeritics, USA)
with the use of gaseous nitrogen and argon as adsorbates at 77 K. SSA, pore volume and pore size
distribution (PSD) were calculated using the built-in software of the analyzer. At 77 K, nitrogen
has a saturation pressure of 760 Torr, whereas argon has the one of 200 Torr. The Brunauer —
Emmet — Teller (BET) SSA value for N, isotherms was determined in the relative pressure range
between 0.06 and 0.20. This range provided a correlation coefficient of at least 0.999. In the case
of Ar isotherms, the “standard” relative pressure range for BET (0.05-0.30) was chosen, since
a correlation coefﬁ01ent above 0.99 could not be achieved. The total pore volume V of samples
was determined at the relative pressure P/P, — 0.991. An analysis of SSA, pore volume and pore
size distribution was also carried out by the NLDFT method [6] for plllared clay in the case of
N, adsorption branch and for Ar77@Zeolite, H-Form in the case of Ar adsorption branch. The
model was chosen in such a way that the minimum value of RMS error (< 4 cm?/g) was achieved.
Non-negative regularization values were 0.3 and 0.2 for N, and Ar isotherms, correspondingly.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) study were
performed using a TGA/DSCI1 analyzer (Mettler-Toledo, Switzerland) with a heating rate
10 °C/min. FTIR spectra were measured using an IFS 113v spectrometer (Bruker, USA).

Results and discussion

The goal of the post-synthetic treatment was mild organic removal, to form pores in place of
organic groups and prevent polycondensation or other damage of the silica framework, but rather
to stabilize it. Removal of organics was carried out in three stages: washing, pre-annealing and
final annealing. Most of the CTAB was removed on the first stage involving washing the particles
in an alcoholic solution (0.01 M) of HCI at 70°C (see Figs.1, 2).

Then, a preliminary annealing was carried out at 350°C in air. At the final stage, the particles
were annealed at 430°C in a flow of oxygen containing saturated water vapor. The post-synthetic
treatment of the particles under the above-described conditions provided the formation of silica
with the maximum BET SSA (see Fig. 3 and Table). The obtained particles had submicron size
(their average diameter was 450 nm) and spherical shape (see inset in Fig.4, b).

According to FTIR results, at different stages of post-synthetic treatment of particles (wash-
ing, annealing) various organic moieties were gradually removed [7 — 9], which was accompanied
with an increase in the amount of adsorbed water and silanol groups. The as-synthesized silica
particles contain various associates of CTA and MP groups (see curve / in Fig. 1). Along with
the vibrational mode’s characteristic of silica [7], there are bands corresponding to vibrations of
N—CH, groups (characteristic of CTAB [8]), C—0, C=0 and C=C groups (present in MPTMOS
[9D. Aﬁer the washing step, the spectrum of partlcles (see curve 2 in Fig. 1) contains almost no
bands corresponding to methylammonium (N—CH,) group vibrations in the CTAB molecule and
the intensity of vibrational modes of methylene groups (—CH.) prevailing in CTAB significantly
decreases, which confirms almost complete removal of CTAﬁ moieties from the particles. The
presence of the bands corresponding to C—H, —CH, and —CH, vibrations is caused by that
MPTMOS, which remains within particles after CTAI% washing, contalns these groups. A broad
band at 3450 cm! corresponding to —OH stretching vibrations in hydrogen-bound molecules of
physically adsorbed water [7] becomes more pronounced indicating that some pores turn out to
be accessible to water after CTAB elimination. After annealing of particles at 350°C in air, the
bands corresponding to atomic vibrations in organic molecules almost completely disappeared
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Fig. 1. FTIR spectra in the wavenumber ranges of 750 — 1800 cm™' (a) and
2575 — 4000 cm™" (b) for the high-SSA SiO, particles just after synthesis (curves /)
and after different post-treatment routes (2 — 4): Option No. 2 (2), Option No. 3 (3),
Option No. 5 (4). Characteristic bands are designated
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Fig. 2. DSC, TG and DT curves (from top to bottom in each panel) for the
high-SSA SiO, particles just after synthesis (@) and after different post-treatment
routes (b — d): Option No. 2 (b); Option No. 3 (¢); Option No. 5 (d).

Characteristic mass loss steps are marked.

(see curve 3 in Fig. 1). A broad band in the range 3500 — 3800 cm™! appears, which corresponds
to vibrations of various types of silanol groups. According to FTIR, the particles finally annealed
in wet oxygen contain the largest number of single and geminal silanols and no organic groups
(see curve 4 in Fig. 1).
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There are features on DSC, TG and differential thermal (DT) curves of as-synthesized and
washed particles (see Fig. 2, a, b) determined by thermal decomposition of CTA [10] and MP
[11] groups, correspondingly. Note, that the as-synthesized particles contain almost no physically
adsorbed water (see Fig. 2, a). Its content increases from stage to stage of post-synthetic treat-
ment and reaches 20% of sample mass after final annealing in oxygen, which correlates with the
FTIR results (see Fig. 1). Moreover, the temperature of the adsorbed water removal increases
from 67 to 107°C (see Fig. 2, b — d), which is caused by the formation of hydrogen bonds be-
tween molecules of H O and Si—OH groups. At the same time, the mass of organics gradually
decreased and after preliminary annealing at 350°C its value became less than 4% (see Fig. 2, ¢)
since the observed step in the temperature range of 300 — 950°C is associated not only with the
oxidation of organics, but also with the removal of surface silanols (the contents of absorbed and
chemically bonded water are presented in Table).
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Fig. 3. Adsorption isotherms of gaseous N, (77 K) (a) and NLDFT PSD (b)
for the high-SSA SiO, particles after different post-treatment procedures:
Option No. 1 (curves [); Option No. 3 (2); Option No. 4 (3); Option No. 5 (4)

Table

Porosity characteristics of particles and the content of adsorbed
and chemically bonded water at the different stages of organic removal

5 Physisorbed water OH group content
Posttreatment | oo SSA,m¥g | ¥, em’/g (at (TGA) at 950°C (TGA)
(Option No.) PIP=0.991)
BET | DFT mmol/g | H,O/(nm)* | mmol/g | OH/(hm)

1 1335 | 1423 0.61 —

3 N 1516 | 1644 0.76 44 | 18 | 44 | 19

4 2 1137 | 1382 0.57 -

5 1713 | 1785 0.83 11.1 3.9 8.2 3.6

5 Ar 2057 | 2035 0.70 11.1 3.2 8.2 3.0

Notations: Vp is the total pore volume, P/P, is the relative pressure; SSA is the Specific Surface Area, BET is
the Brunauer — Emmet — Teller method; DFT is the Density Functional Theory; TGA is the thermogravimetric
analysis. Footnote: The amount of sorbed water and the number of OH groups, in mmol/g, (see the 2 right

columns of the Table) were determined from the TG curves by the value of mass loss in temperature ranges of
35 — 120°C and 120 — 950°C respectively.
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Fig. 4. Adsorption isotherms (77 K) in 2 scales: linear (a) and logarithmic (b),
as well as NLDFT PSD (c) for the high-SSA SiO, particles.
Gaseous adsorbate used: Ar (/) and N, (2).

Inset: a micrograph of the particle

The stepwise isotherms of N, and Ar adsorption (see Fig. 3, a) belong to type IV [12] and
are characteristic of M41S materials. The values of the SSA and pore volume of the particles are
summarized in Table. Note, that two-fold washing leads to higher porosity, likely due to almost
complete removal of CTAB molecules. This indicates that the temperature of the final anneal-
ing 430°C was optimal, lower temperatures would not have been able to provide a complete
oxidation of all the organics (see Figs. 1, 2), while higher temperatures led to the sintering of
the material and collapse of the pores. The composition of the gas mixture is also important. In
particular, the final annealing at 430°C in air drastically decrease SSA value of the particles (see
Fig. 3 and Table). The above-mentioned annealing without water possibly leads to a significant
loss of hydroxyl (silanol) groups due to their polycondensation with the subsequent formation of
—Si—O—Si— bonds. As a consequence, the pore walls became thicker and the porosity of the
material decreased. The addition of saturated water vapor to oxygen during annealing was accom-
panied by a jump in the SSA values (see Fig. 4), which was caused by high content of surface
silanols that came to replace the organics that stabilized the structure before. Taking the above
into the account, the Option No. 5 of the post-treatment route is the optimal.

Summary

Submicrometer spherical micro-mesoporous SiO, particles with external diameter of 450 nm
have been synthesized with a specific surface area of up to 2050 m?/g, comparable with that of
nanoporous carbon materials. The particles have two pore subsystems: micropores and mesopores
with relatively broad size distributions and two pronounced maxima: at ~1.2 and 1.9 nm respec-
tively. We suggest that the smallest 0.5 nm micropores may be located inside the framework of
silica-oxygen tetrahedra, what could explain such a large value of the specific surface area. The
mild post-treatment procedure we developed included several washing and annealing stages and
allowed forming the micro- and mesopores in the place of various organic groups, preventing
polycondensation or other damage of the silica framework and its stabilization with surface silanol
groups.
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