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Fumed silica has found widespread application in industry due to variety of fascinating properties. Owing to its
specific manufacturing process, it consists of finely dispersed particles and is featured with large specific surface
area covered by profoundly reactive silanol groups which are available for chemical grafting. Spherical shape of
fumed silica particles and lacking porosity provides a space-filling structure. These characteristics implement the
fume silica’s utilization as high-surface-area carriers for various catalysts, i.e. metallic nanometer-sized particles,
organic moieties, etc. Currently a great attention is called to on-surface grafting to improve the silica-based carrier.
Most of research is carried out in area of liquid phase chemistry involving an abundance of expensive and often
toxic solvents while the space-filling properties of silica are favoring reactions in fluidized bed conditions.

In current research fumed silica (A-300) was a subject for hydridesilylation with triethoxysilane under fluidized
bed conditions. In all synthesis reported in current research the insignificant amount of solvent (1.00 wt. % of the
amount used in typical wet-chemical modifications method) was spent for the silica surface silylation. While the
mass ratio of silica/TES was kept constant, other conditions, i.e. solvent/catalyst presence, surface pretreatment,
additional treatment with water, and the fluidized bed heating mode have been varied. FTIR spectroscopy revealed
the interaction between groups of triethoxysilane and silica surface silanol groups and demonstrated the effect of
modification conditions on the density of the hydridesilyl groups coverage.

The results of FTIR spectroscopic studies have confirmed the presence of grafted silicon hydride groups on the
surface of modified silica, as well as the presence of ethoxy and/or silanol groups — either intact or formed due to
hydrolysis of the ethoxy groups. Titrimetric and spectrophotometric analysis was performed to estimate the
concentration of grafted SiH groups (in all samples prepared under fluidized bed conditions their concentration
ranged within about 0.28-0.55 mmol/g as dependent on the reaction conditions). Other important aspects of
fluidization such as the presence of solvent and/or hydrolyzing agent, bed heating mode and the effect of the silica
sample thermal pre-treatment are also discussed.
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INTRODUCTION as well as in the processes of catalytic
hydrosilylation of alkene bonds in monomers
during their polymerization with the formation of
reinforced polymers [7]. Hydridesilylation [8, 9]
refers to the reaction of grafting silicon hydride
groups on silica surface. The resulting
chemically modified fumed silicas containing
silicon hydride (=SiH) groups are called great
research attention due to the possibility of
reaching relatively high concentration of surface
silicon hydride groups (0.4-0.8 mmol/g) [4, 8]
and versatile practical application, e.g. metal
nanoparticles formation [4], catalytic CO;
reduction [10], etc.

Traditionally, HFSs are synthesized in a
liquid-phase manner by chemically modifying
the FS surface with triethoxysilane in an organic
solvent (e.g., ethanol or acetic acid) [4, 12]

Fumed silica (FS) is one of the major
chemical compounds of industrial importance
and is widely used in many sectors of the
economy [1,2]. Typically, FS is produced as
aggregates under high-temperature flame [3].
Conversely to other nanoscopic materials, fumed
silica surface is covered with silanol groups,
which favor their surface modification. To
improve  performance, such as specific
adsorption properties, redox activity, colloid
stabilization, as well as for development of
nanostructured materials preparation, etc., the FS
surface is usually modified with corresponding
functional groups [4, 5]. In particular, silica with
grafted silicon hydride groups (hydridesilylated
fumed silica, HFS) has proved to be active in the
processes of reduction in aqueous solutions [6],
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followed by filtration (or centrifugation) and
drying of the solid phase to remove any solvent
residues and reaction products from the surface
of the modified silica. This and other methods of
HFS fabrication, such as silane thermal
decomposition [13], Si(100) etching [14] and
even the low-pressure silane plasma clustering
[15], are expensive and/or time consuming,
therefore the HFS producing with the simplified
synthetic protocols is in high demand.

To simplify the procedure and to develop the
more cost-effective synthetic methods, we aimed
to investigate the process of the HFS fabrication
via modifying of FS surface with triethoxysilane
without the solvent. Due to the high specific
surface area of the FS and a spherical shape of its
primary particles the effect of a fluidized bed
[11], with a high degree of mass transfer (to
attain a relatively uniform distribution of its
molecules on the FS surface via modifier
addition through dripping or spraying) is
achievable with an intensive stirring in the
reactor. Subsequent heating of the mixture
provides chemisorption of the physically sorbed
modifier, removal of low-boiling products of
chemical interaction of its molecules with
hydroxyl groups of the surface of fumed silica,
as well as removal of the residue of the modifier
that did not chemically react with surface groups
of FS.

The focus of present paper is on the design
and operation of the centrepiece of the
hydridesilylation process itself, emphasising the
reason for choosing fluidized bed rather than
typical alternatives such as a liquid phase
chemistry in the context of a particular process.

MATERIALS AND METHODS

Fumed silica (A-300) where 300 is the
specific surface area (m%g) given by the
manufacturer (Pilot plant of the Chuiko Institute
of Surface Chemistry of NAS of Ukraine
(Kalush, Ukraine)), abbreviated in the following
text as FS, was used for the studies. FS was used
as obtained, and for some samples (noted below,
ref. Table) was heated (i.e. pre-treated) at 150 °C
for 2 h before the use to remove the adsorbed
water [16]. Triethoxysilane (TES, 95 %, Acros
organic) and glacial acetic acid
(Khimlaborreaktiv) were used without further
purification. De-ionized water (DI) was used in
all experiments (where required).
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Thermal analysis was performed using a
MOM Derivatograph (Hungary) with
simultaneous record of TG-DTG/DTA curves, in
air with the heating rate of 10°/min within the
20-800 °C range. Fourier-transform infrared
(FTIR) spectra were recorded for samples mixed
with dry KBr (at mass ratio 1:10) using a
Thermo Nicolet FTIR spectrometer. UV-vis
spectra were obtained using a SF-46 LOMO
spectrophotometer  (Lenigrad  Optical &
Mechanical Enterprise). SEM images were
captured with a Zeiss Gemini 500 (Carl Zeiss,
Germany). The specific surface area of silica was
calculated from their low-temperature nitrogen
adsorption isotherms using the BET method
(Quantachrome AUTOSORB-6B sorptometer,
USA).

EXPERIMENTAL

Fluidized bed setup. The main body of the
reactor is a three-neck spherical vessel with a
mass distributor at its lower end, the distributor
being a dished plate. The spherical shape of the
vessel is enabling some entrained particles to be
returned to be below. Neck of the reactor is
equipped with the airlock, and inlets for the
modifier injection and thermocouple attached to
control the temperature of reactor. Whole reactor
is insulated in order to maintain the reaction
temperature constant. Since the primary variable
in fluidized “solid-emulsion” is a solid-to-
modifier ratio [11], the dependant variables, i.e.
catalyst, solvent, heat mode requires a trial-and-
error approach. In the research reported, the
silica-to-modifier mass ratio was kept constant
and an influence of other conditions (temperature
regime, silica surface pretreatment,
solvent/hydrolyzing agent presence) on the final
product properties were investigated.

Silica surface hydridesilylation (SSH).
Chemical modification of FS with TES (Fig. 1.)
was performed in the fluidized bed reactor via
mass distributor operating at the speed above the
minimum fluidization velocity allowing the
assembly of solid particles to become fluidized.
In all cases the TES/silica ratio was kept as
I mmol per 1g and the resulting reaction
mixture was heated at 140 °C for 2 h (unless
stated otherwise).

Reaction conditions for synthesised samples
under investigation are summarized in Table. In
the typical procedure 5.0 g of FS (with or
without pre-treatment) were placed into the
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three-neck fluidized bed glass reactor and then at
ambient temperature and at fluidization velocity
of the mass distributor (1000 rpm) 1.0 mL of
triethoxysilane (pure or mixed with a glacial
acetic acid (ref. Table)) was added drop-wise (at
the approximate speed of 0.5 mL/min) ensuring
the homogeneous distribution of the modifier
over the bed. Glacial acetic acid was used as
non-hydrolyzing solvent for TES to improve its
miscibility over the bed and as the FS surface
acidifier [4]. The modification was conducted in

H3C—\

the fluidized bed reactor for 1 h at ambient
temperature. Then the mass distributor was
turned to a low velocity mode (300 rpm) or
turned off and then reactor was firstly heated up
to 90 °C (2 h in order to remove the reaction by-
product — ethanol) and then to 140 °C (1 h, to
remove the non-reacted modifier and acetic acid,
when used). HFS sample obtained via routine
wet-chemistry method (in glacial acetic acid) in
regards to the method reported elsewhere [6] was
used as control (SiH-1).

CH,

o/

O0—SiH CH,
\
(0]
Fig. 1. Triethoxysilane structural scheme
Table. Variation of the SSH procedure
Sample FS Surface pre- TES vol,, Aceticacid H:0 vol., Reaction mode
denotation mass, g treatment mL vol., mL. mL
1 SiH-1 5.0 No 0.84 Media, 120 No Wet-chemistry, 90°C,
3h[4]
2 SiH-2 5.0 Yes 1.00 No No Stirring, 90 °C (2 h),
(150°C, 2 h) 140 °C (1 h)
3 SiH-3 5.0 No 1.00 No No Stirring, 90 °C (2 h),
140 °C (1 h)
4 SiH-4 5.0 Yes 1.00 1.00 No Stirring, 90 °C (2 h),
(150 °C, 2 h) 140 °C (1 h)
5 SiH-5 5.0 No 1.00 1.00 No Stirring, 90 °C (2 h),
140 °C (1 h)
6 SiH-6* 10.0 No 2.00 1.00 No No stirring, 90 °C (2 h),
140 °C (1 h)
7 SiH-61t 5.0 No 1.00 1.00 No No heating, stirring (3 h)
8 SiH-7 5.0 No 1.00 1.00 0.5 No stirring, 90 °C (2 h),
140 °C (1 h)
9 SiH-8* 20.0 No 4.00 No 1.0 No stirring, 90 °C (2 h),
140 °C (1 h)

* — SiH-6 and SiH-8 samples are made from large samples of FS (10.0 and 20.0 g of FS) therefore volume of
triethoxylsilane was increased (2.0 and 4.0 mL, respectively)

Spectrophotometric determination of silicon
hydride  groups concentration.  Spectro-
photometric determination of the concentration
of grafted silicon hydride groups is based on
their reducing activity towards metal ions in
solution [4]. Acid aqueous solutions (pH < 3) of
molybdates (Mo"") in the presence of reducing
agent are prone to formation of nanostructured
“molybdenum blue” (MB) with characteristic
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blue colour [17]. Despite the fact that MB is in
use in analytical chemistry for more than two
centuries, the “molybdenum blue” refers not to a
single compound but rather to a family of
reduced molybdate species with properties
strongly dependent on a reducing reaction of
their synthesis. Therefore, the UV-vis absorption
bands (Amax) given in the literature for MB are
ranging from 700 to 750 nm and must be
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accepted as reference values while the ‘“real”
experimental values need to be measured for
each analyte. Acidic 2.5% solution of
ammonium orthomolybdate (AO, (NH4)M00O4)
was prepared by dissolving of 25 g of AO in the
hot DI water (500 mL) followed by filtration and
acidification with a glacial acetic acid (50 mL)
and volume adjustment to 1000mL [18]
(solution maintains stable for 7 days). The Amax of
MB under experimental conditions was
determined to be 700 nm (Fig. 2). In order to
quantify =SiH groups, a calibration curve was
built using TES solution as a standard. To each

700

400 ‘ SCI)O ‘ 660 I 760 ‘ 800
A [nm]

Fig. 2. Typical UV-vis spectra of MB solutions

obtained by the reduction of ammonia

orthomolybdate solution with silicon hydride

groups (a — SiH-1, b — SiH-8, ¢ — TES)

The method of spectrophotometric detection of
MB formation is based on measuring of absorption
at Amax of MB complex with a molar absorption
coefficient (e) for silicon hydride groups slightly
higher than 2000 cm?/mmol (calculated according
to the Beer-Lambert Law). For =SiH groups
quantification in the obtained modified silicas,
about 5 mg of the sample in a single run were taken
instead of TES used in the technique described
above. The concentration of silicon hydride groups
(in mmol/g) was calculated using the following
formula: C=A-V/(lI'e'm), where A — the optical
density measured; V' — the solution volume, cm’
(5 mL); / — the path length, cm (1 cm); e — molar
absorption coefficient, cm?/mmol
(2229 cm?mmol); m — the sample mass, g. For
each sample at least three independent runs were
carried out.

RESULTS AND DISCUSSION

Scheme of possible FS hydridesilylation with
TES wvia the mechanism of electrophylic
substitution of protons in free (isolated) and
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test tube with 4.0 mL of the AO solution the
measured amounts of TES (to obtain
concentration in a range from 0.1 to 0.8 mmol/L)
were added and the total volume was adjusted
with isopropanol to 5.0 mL. Test tubes then were
placed in a water bath under continuous stirring
(300 rpm) for 10 min at 80 °C. Full UV-vis
spectra (200-800 nm) were measured in a quartz
cuvette (path length 10 mm) against to 4.0 mL of
AO solution with 1.0 mL of isopropanol. Fig. 3
shows the calibration curve generated by the
method. Said method presented a correlation
coefficient for the linear form equal to 0.9961.
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y=2.2289x - 0.0348 4
R*=0.9961

UV absorbance

0 OIE 0‘4 0‘5 08
Concentration SiH group. mmol/L

Fig. 3. Dependence of optical density (/=1 cm,

A=700nm) on TES concentration

(calibration curve)

neighbouring (condensed) surface silanol groups is
given in Fig. 4. Three ethoxy groups in a silylating
agent (Fig. 1) ensure its high reaction ability
towards the silica surface hydroxyls but in turn lead
to formation of variable structures as a result of
mono-, bi- and three-dentate attachments
(Fig. 4a,b,c). If the reaction media contains
enough moisture to hydrolyse the lateral ethoxy
groups, then a bridge-like structure (Fig. 4 a*)
formation and elongation of the siloxane chain
(Fig. 4 a**) in the monodentate attachment
locations is possible. The grafted ethoxy groups
can be partially hydrolyzed with moisture from the
air into silanol groups. However, at a sufficiently
high concentration of grafted silicon hydride
groups (above 0.3 mmol/g), the sample is
hydrophobic and is poorly wetted with water.
Directed hydrolysis of ethoxy groups via controlled
water addition into the modification system will
lead to silica hydrophilization due to the
substitution of ethoxy groups with hydroxyl
groups; however, upon this some part of silicon
hydride groups can be hydrolyzed as well.



P.O. Kuzema, A.V. Korobeinyk, V.A. Tertykh

ar*
b a* ¢ —_—
a — A A R H
X e - N N/
H H H o) H J Si
/ R NN Si oo R
R N AVA ZARN X
R i
R0 o o ou o R o 0 0
’ kb b L] é
1 1 1 1 1 1 1 1
N S INY 1NN AN TNy AN 1O
7ol o/ [N o 07NN N 07
i N N
Si Si
/ N\ \ VAN
Hydpridesilylated silica surface (R = OC,H; (in moistureless conditions) or OH (in water))
HSI(OC,Hs); | - C,H;0H
1 2 2 1
OH OH OH OH OH OH OH OH OH

OH
] | |

Si Si_ Si_ _sSi Si Si Si Si Si Si_
//\O\ ,/o// \O/|1\O/|1\O/| \O/ |\0\ /o/|1\0/‘1\0//\0\ /o/|l

/N

Innitial silica surface

Si Si
/N /N

Fig. 4. Scheme of TES interaction with the FS surface through isolated (/) and condensed (2) silica surface
hydroxyls resulting in mono- (@), bi- (b) and three-dentate (c¢) attachments

Fig. 5 shows the FTIR spectra of A-300
with and without pre-treatment. In the spectra of
both silicas the noticeable narrow absorption
band is present at 3750 cm ', characteristic for
stretching vibrations of isolated silanol groups
[19]. The chemical modification of silica with
TES, regardless to the method of silica surface
modification (liquid phase or under fluidized bed
conditions) causes the decrease in the intensity
of the Si-OH mode at 3750 cm™' (Figs. 6-10).
The lower intensity of the Si-OH band when
compared to unmodified silica, as well as the
appearance of  absorption  bands at
2240-2260 cm™" (stretching vibrations of Si-H
groups) and at 2985 cm™' (stretching vibrations
of C-H bonds) indicates the presence of surface
silicon hydride groups, residual ethoxysilyl
groups, as well as free silanol groups — both
residual and formed as a result of hydrolysis of
ethoxy groups.

When comparing the FTIR spectra of HFS
obtained in different ways (liquid-phase or
fluidized bed conditions) under other equal
conditions (Fig. 6), it is distinctly seen that in
both cases the absorption band corresponding to
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the grafted SiH groups (2260 and 2257 cm™' for
SiH-1 and SiH-5, respectively) is quite intense,
which may indicate a high degree of grafting of
these functional groups to the surface of silica
modified via both pathways. The difference in
the position of the peak maxima is due to the
diverse nature of the substituents at the silicon
atom bearing the hydride group, to which the
absorption bands vSiH have a high sensitivity
[8]. These substituents in the vast majority are
hydroxyls in the case of SiH-1 and ethoxy
groups — in the case of SiH-5, which is
confirmed by the diametrically opposite ratio of
intensity vSiOH and vCH (3750 and 2985 cm™
respectively), characteristic of FTIR spectra of
these silicas. The solvent (acetic acid) apparently
promotes the interaction of ethoxysilyl groups
with its molecules according to the scheme:
=SiOC,Hs+HO(O)C-CH3—=SiOH+C,Hs0(O)C-CHs.
As a result, silanol groups are formed, the
revelation of which is observed in the FTIR
spectra of SiH-1 sample. In the case of a
fluidized bed condition of the HFS synthesis, due
to the negligible amount of acetic acid in a
system, the influence of the above process is
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insignificant. Therefore, under the conditions of
a fluidized bed using acetic acid as a catalyst for
the SSH process, due to the higher concentration
of organic groups grafted to the surface, a more

Wavenumber, cm

Fig. 5. FTIR spectra of A-300: non-treated («) and
pre-treated at 150 °C for 2 h (b)

The influence of the FS surface pre-
treatment (heat treatment) on the SSH process
under the fluidized bed conditions can be
determined via the analysis of the FTIR spectra
shown in Figs. 7, 8. As can be seen from Fig. 7,
in case of modification with triethoxysilane
without a catalyst (acetic acid), pre-treatment of

2240

Transmittance, %

%
R —
;

2985

2254

T T T T
4000 3500 3000 2500 2000 1500
Wavenumber, cm

Fig. 7. FTIR spectra of HFS samples obtained via
fluidized bed method without catalyst, with
(SiH-2, a) and without (SiH-3, b) the
surface pre-treatment

Likewise, the shift of the vSi-H peak
maximum to the low-frequency region in the
case of SiH-2 (approximating vSi-H in the
triethoxysilane molecule [8]) — 2240cm’,
compared to 2254 cm™' of SiH-3 (Fig. 7 a, b),
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hydrophobic sample is obtained than that in the
case of liquid-phase method of silica
hydridesilylation using acetic acid as solvent and
reaction medium.

Transmittance, %a

2260

T T T T T T T T T
4000 3500 3000 2500 2000 1500
Wavenumber, cm

Fig. 6. FTIR spectra of HFS samples obtained
via wet-chemistry (SiH-1, @) and fluidized
bed (SiH-5, ) methods

the FS surface promotes more complete grafting
of organic groups (higher intensity vC-H,
Fig. 7a) and substitution of hydroxyl groups
(lower intensity vSiOH) probably due to water
removal, which is more active agent with respect
to ethoxy groups of TES molecules than are the
FS surface structural silanol groups.

Transmittance, %

2257

T T T T T T T T
4000 3500 3000 2500 2000 1500
Wavenumber, cm

Fig. 8. FTIR spectra of HFS samples obtained
via fluidized bed method with catalyst,
with (SiH-4, @) and without (SiH-5, b) the
surface pre-treatment

indicates the presence of mainly ethoxy-silicon-
hydride groups, disparately, to the case of the
sample synthesized from the FS without
preheating the surface, where the substituents on
the silica atom bearing the hydride group, are



P.O. Kuzema, A.V. Korobeinyk, V.A. Tertykh

hydroxyl groups. The same trend is observed in
the case of the acid catalyst utilization. However,
this variation is significantly lesser due to the
effect of the catalyst on the ethoxy groups
conversion into hydroxyls, according to the
above reaction scheme. This assumption is
confirmed if one compares the FTIR spectra of
SiH-2 and SiH-4, as well as of SiH-3 and SiH-5
(Figs. 7, 8). Indeed, in the presence of acetic acid
in the modifying agent, the intensity of vC-H
decreases, and the maximum of vSiH shifts to
the right. It should be noted that the higher
intensity of vC-H for the sample SiH-5 compared
to SiH-3 and not vice versa, as would be natural
if the hypothesis of a decrease in the
concentration of ethoxy groups in the presence
of acid is correct. This can be explained by the
possible contribution of acetic acid to the
intensity of vC-H combined with the competitive
interaction of acid and adsorbed water on the
unheated surface with ethoxy groups.

Stirring of the mixture at the heating stage
virtually has no effect on the modification final

Transmittance, %

2885

2257
T T
2000

T T T
4000 3500 3000 2500 1500

Wavenumber, cm
FTIR spectra of HFSs obtained with
catalyst via fluidized bed, without pre-
treatment, and: without heating but under
3h stirring (SiH-61t, a), without stirring
but under heating (SiH-6, ») and with
both stirring and heating (SiH-5, ¢)

Fig. 9.

In order to check the possibility of tuning the
resulting sample hydrophobicity level (or
hydrophilic-hydrophobic rate), samples were
synthesized without (SiH-6) and with (SiH-7)
water addition before the heating stage (three
times the excess relative to the stoichiometric
amount required for complete hydrolysis of
ethoxy groups) and the relevant FTIR spectra
were analyzed (Fig. 10). As can be seen from the
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result under the fluidized bed conditions because
the FTIR spectra for samples SiH-5 and SiH-6
(Fig. 9) are roughly identical. This finding is of
practically importance because it makes possible
(which is crucial) to heat the mixture in the
reactor without stirring as it prevents the partial
volatilization of the silica from the reaction
medium together with vaporous SSH products.
As for the effect of heating itself during
modification, when comparing the FTIR spectra
of SiH-6 and SiH-6rt samples (the latter was
obtained at room temperature) (Fig. 9), it can be
concluded that at ambient temperature
triethoxysilane is only fractionally chemisorbed;
on heating, a part of the physically sorbed
modifier is removed (the intensity of the vSiH
band for SiH-6 is lower than that for SiH-6rt),
and an additional substitution of isolated silanol
groups with ethoxy-silicon-hydride groups
occurs (the intensity of the vSiOH band for
SiH-6 is lower than that for SiH-6rt, and the
intensity of the vCH band, on the contrary, is
higher).

Transmittance, %

2257

3000 2500 . 2000 1500
Wavenumber, cm
FTIR spectra of HFSs obtained via
fluidized bed, without pre-treatment,
and: with heating and no stirring (SiH-6,
a), with heating and no stirring but with
added water (SiH-7, b) and with heating
and no stirring with added water but

without catalyst (SiH-8, ¢)

T
4000 3500

Fig. 10.

spectra, water partially hydrolyzes the ethoxy
groups (VCH intensity decreases in the case of
the SiH-7 sample, but the band does not
disappear completely) with the formation of
silanol groups (vSiOH intensity increases). One
should also note only slight decrease in the
intensity of vSiH with the addition of water and
subsequent heating, so no noticeable hydrolysis
of the grafted silicon hydride groups is fixed by
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FTIR spectroscopy. The as-obtained hydrophilic- hydride groups attached to the surface. However,
hydrophobic hydridesilylated silica (SiH-7) is if one takes into account the reaction yield (the
immediately wetted upon contact with water, and real degree of grafting vs the theoretically
therefore the approach itself proved to be possible one), it is approximately the same for
convenient and effective for solving the task of these four samples (about 0.55). Upon this, the
hydrophilization of customarily hydrophobic surface pre-treatment (SiH-2 and SiH-4) or the
HFS. Such hydrophilized silica (SiH-8) can be presence of catalyst (SiH-4) does not have
obtained without the acid catalyst. Fig. 10 shows statistically significant influence on
that FTIR spectra of SiH-7 and SiH-8 are concentration of =SiH groups in the resulting
similar; a slightly higher intensity of vCH for sample. The sample obtained without stirring
SiH-8 compared to SiH-7 may be the result of only during the heating in the reactor under fluidized
two-, not three folds of the water excess taken for bed conditions (SiH-6) had 0.45+0.03 mmol/g of
hydrolysis of ethoxy groups in the case of SiH-8. grafted SiH groups, which is about of mean for
However, this sample is relatively easily wetted this investigation. The water addition during the
upon contact with liquid water, as well. modification process reduces the concentration
Quantification of grafted surface silicon of grafted surface silicon hydride groups by up to
hydride groups for the samples obtained under one and a half times (0.28+0.01 and
current investigation was performed with the 0.35+£0.01mmol/g of SiH groups for SiH-7 and
iodometric titration (iodometry) and SiH-8, respectively). This reduction is probably
spectrophotometric  determination using the due to the hydrolysis of the silicon hydride
molybdenum blue. Spectrophotometric method groups with the water in the reaction vessel. To
(Fig. 11) revealed that the sample obtained by compare two methods for determination of
the conventional wet-chemistry method (SiH-1) grafted Si-H groups concentration, selected
had 0.47+£0.01 mmol/g of SiH groups, which is samples (SiH-3 and SiH-8) were chosen as
roughly the mean value for samples obtained subject for iodometric titration. The obtained
through experiment without water addition. values were similar to those obtained with
Employment of the fluidized bed method spectrophotometry (0.5540.03 and 0.3440.02 mmol/g
improves those values for samples SiH-2, SiH-3 of SiH groups respectively for SiH-3 and SiH-8
and SiH-4 up to 0.5-0.55 mmol/g of silicon samples).
0.6
= %
Gﬁ 0.5 § . +
N g
§ 0.3
g, 0.2 4
E
0.1
Samples

Fig. 11. Graph of SiH groups concentration (mmol/g) determined for synthesized samples using
spectrophotometric determination with molybdenum blue (z = 3)

Since the SiH-8 sample, in our opinion, silicon hydride groups for the SiH-8 sample was
summarizes the most technological pathway of in the range of 0.35+0.01 mmol/g, which is
the  hydrophilic-hydrophobic  silica-hydride about 35 % of their quantity in the corresponding
fabrication, further studies, in comparison with portion of the modifying agent used for
the pristine FS, were performed using this hydridesilylation (1 mmol). This percentage may
sample. By the results of spectrophotometric indicate the loss of =SiH groups both as a result
analysis, the quantified concentration of surface of removal of residues of unreacted modifying
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agent and due to hydrolysis of these groups.
Modification with triethoxysilane in a fluidized
bed reactor reduces insignificantly the specific
surface area of the initial FS — from 319 to
310 m%*/g. SEM photographs (Fig. 12) also

confirm the minimal effect of surface
modification on the structure and morphology of
primary particles and agglomerates of fumed
silica.

water (SiH-8, right)

SEM images of FS prior to modification (A-300, left) and after modification with TES in the presence of
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Fig. 13. TG (a), DTG (b) and DTA (c) curves of FS before (A-300) and after (SiH-8) modification with TES and

water under fluidized bed conditions

The thermogravimetric analysis (TGA) was
used to follow thermal degradation of silica
samples under isothermal heating mode. In case
of the initial FS (A-300), the TG curve have
steady character of mass loss (Fig. 13 a) with
one pronounced mass loss peak (25-150 °C) on
the DTG curve (Fig. 13 ) with a maximum in
the region of 100 °C, associated with the
removal of physically sorbed water. This process
is accompanied by a slight endo-effect on the
DTA curve (Fig. 13 ¢). Subsequently, a slight

322

weight loss can be caused by the removal of
strongly bound water and water formed by
condensation of surface silanol groups. The total
weight loss is 3.9 %, of which about two thirds
(2.7 %) occurred at temperatures up to 150 °C.
The similarity in TGA curves in the same
temperature range is observed for SiH-8
(Fig. 13) but the weight loss is twice less
(1.7 %), which may be due to the hydrophobicity
of grafted silicon hydride groups and residual
ethoxy groups that do not act as centers of
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physical adsorption for water molecules when
the sample is in contact with moist air. Another
difference is an increase in sample weight in the
temperature range 400—465 °C (Fig. 13 a). This
process is accompanied by an exo-effect
(Fig. 13 b) and is associated with the oxidation
of silicon hydride groups (=SiH+0.50, — =SiOH),
which indirectly confirms their presence in the
chemisorbed state on silica surface. The total
weight loss is 3.2 %, of which about half (1.7 %)
occurs at temperatures up to 150 °C and the
difference between the total weight loss of both
silica is about 1 %.

CONCLUSION

Fumed silica (A-300) undergone
modification with triethoxysilane under fluidized
bed conditions in order to prove a concept for
such reaction and to reduce (avoid) the usage of
solvent in the reaction. Control sample was
synthesized via conventional wet-chemistry
method. Parameters of the fluidized bed
conditions, i.e. silica surface thermal pre-
treatment, presence/absence of solvent or
hydrolyzing agent were analyzed in respect to
their effect on the contents of surface layer of
obtained modified silicas.

Successful grafting of silicon hydride groups
was confirmed with FTIR spectroscopy by
appearance of characteristic band at about
2260 cm™  for all samples under current
investigation. It has been found that the degree
of surface hydridesilylation for the majority of
samples obtained under fluidized bed conditions
without the water addition is about the same as
that for control sample (about 0.55). The silica
surface pre-treatment promotes more complete
grafting of organic groups and reduction in
hydroxyl groups, however it does not have
noticeable influence on the final concentration of
grafted SiH groups.

Chemical modification under fluidized bed
conditions is suitable for obtaining HFS samples
with high functional groups loading, with no
need to use of solvents/acid catalysts, and with
minimal impact on the morphology of fumed
silica aggregates and its specific surface.
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CrnekTpockonivyHe J0CTiKeHHsI 0cO0IMBOCTeH IiApuACLIiIIOBAHHS MiPOreHHOI 0
KpeMHe3eMy TPHETOKCHCHJIAHOM B YMOBaX IICeBA03PilKEeHOr0 mapy

I1.0. Ky3ema, A.B. Kopobeiinuk, B.A. TbopTux

Tnemumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayxk Yxpainu
syn. I'enepana Haymosa, 17, Kuis, 03164, Yrpaina, coralchance@gmail.com

ITipocennuii kpemnesem (I1K) 3uatiuiog wupoke 3acmocy8anisi 6 NPOMUCIOB0CTMI 3ABO0SIKU DIZHOMAHIMHUM
671aCMUBOCMAM. 34 PAXYHOK Cneyu@iuHoCmi UpOOHUY020 Npoyecy GiH CKIA0AEMbCS 3 OPIOHOOUCNEPCHUX YACTMUHOK
i Mae po3GUHEHY NUMOMY NOBEPXHIO, GKPUMY PEaKyiliho 30aMHUMU CUTAHOTLHUMU SPYNAMU, AKI OOCMYNHI Ol
peaxyitl ximiunozo npuuennenns. Chepuuna opma uacmuHox O0iOKCUOy KpeMHilo ma i0CymHuicmb NOPUCIOCE
3abe3neuyoms 00’ €MHe 3ano6HeHHs npocmopy cmpykmypoio. Lli xapaxmepucmukiu 003801510Mb GUKOPUCAHHS
NIPO2EHHUX KpeMHe3eMi8 K HOCIi8 3 PO36UHEHO NOGepXHelo OJid Kamanizamopis, HAaHOYACOK Memanie, OpeaHiyHux
KOMnoHeHmie mowo. B Oanuil uac enuka ysaea npuoiiaemovcs NpuenieHHI0 Ha No8epxHi 051 NOAINUIEHHs HOCII8
Ha OcHO8i Oiokcudy Kpemuito. binvuiicms peaxyiii 8 ybomy HANPAMKY HPOBOOUMbCSA 8 POZUUHAX, WO BKIIOUAE BENUKI
00°eMU KOWMOBHUX | MOKCUYHUX POYUHHUKIB, MOOI AK 61ACMUBOCHMI KpeMHe3eMy, W0 3aNn06HIOE NPOCMIp,
CHpUAIOMb PEeaKyiaM 8 YMOBAX NCeBO03PIOHCEHO20 UAD).

Y oanwomy oocniosiceni nipoeennuti  dioxcuo kpemnito  (A-300) 6ye 06’ekmom  2iOpUOCUNINIOBAHHSL
mpuemoxcucuianom (TEC) 6 ymosax ncesdospiodcenozo wapy. Y 3anpononosanomy aemopamu cunmesi ne 0yio
3acmocosano abo 6yno eumpaueno Hesnawny Kinekicme (1.00 mac. % 6i0 Kintbkocmi, w0 GUKOPUCMOBYEMbCS 6
munogomy memooi MOOUGIKYEAHHS) POZYUHHUKA, uLie O/ POZYUHEHHS MOOUIKamopa ma Kamanisy npuujenieHHs
cunany. Macoee cnigsionouenns kpemuesem/TEC niompumyeanu nocmitiHum, iHuli YMOGU, HANPUKIAO), HASEHICMb
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PO3UUHHUKA/KAMAni3amopa, nonepeodts oopodbKa nogepxwi, 000amKo8a 0OpobKa 8000 MA PeXHCUM HASPIBAHHS 6
Kunaasomy wapi, eapitosanu. Ananiz I'4 cnekmpis ausasus 63aemodito mixc emoxcunoHumu epynamu monexyn TEC ma
CUNAHONIbHUMU  2PYNAMU  NOGEPXHI, d MAKONC NPOOEMOHCMPYBAG 6NIUE YMO8 MOOUPDIKY8AHHS HA  CKIAO
2I0PUOCUNLIILHO20 NOKPUIMMIL.

Pesynomamu 19 cnexmpockoniunux 00caiodceHb niomeepouny HAsA6HICMb HA NOBEPXHI MOOUDIKOBAHO20
KpeMHe3eMy NPULYENTIeHUX KPEeMHIUCIOPUOHUX 2PYN, a MAKOJC eMOKCUNbHUX Ma/abo CUNAHONbHUX 2pyn — SIK
BUXIOHUX, MAK [ YMBOPEHUX 8 pe3ynomami 2ioponizy emoxcu-epyn. Tumpumempuynuil ma cnekmpoghomomempuiHuil
auaniz noKazas, Wo 6 3ajedCHOCMI 8i0 yMo8 cunme3y Kouyenmpayis npuwenienux SiH epyn 6 ycix eunadkax
MOOUQIKy8anus y ncesoo3piodceHomy wapi xKoausaiace y medcax npubauzuo 0.28—0.55 mmonv/e. Obzosopero
MAKONC BANCIUGL ACNEKMU 3aNPONOHOBAHO20 Memoody MOOUDIKY8AHHA ) NCe8O03piddiceHoMy wapi, a came —
HAABHICMb POZUUHHUKA MA/AO0 2i0PONI3YI0U020 A2eHmMd, PedCUM HASPIBAHHA md 6NIUE NONepeOHboi 00pOOKU 3paszKa
OIOKCUOY KDEeMHIFO.

Knrouosi cnoea: kpemnesem, Mooughixy8anus noeepxmi, KpemMHiuciopuoHi epynu, ncesoo3pioxiceHutl wap
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