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Abstract: Spherical silica particles were synthesized by modified Stober method using tetracthoxysilane and 3-
mercaptopropyltrimethoxysilane (MPTMS). It was shown that their size (500-760 nm) depends on the nature of the
catalyst used in the prehydrolysis of MPTMS (at constant alkoxysilanes ratio). Elemental analysis, thermogravimetry
and IR spectroscopy data indicate the presence of thiol groups (2.8 mmol/g) in the surface layer. It was established that
obtained nanospherical silica particles can adsorb Ag(I) ions from their acidified aqueous solutions.
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1. Introduction

Silica has been widely used in industry [1]. However, the increasing attention is recently drawn to micro-and
nanoparticles of silicon oxide, primarily of spherical shape, which are used in many areas, such as ceramics production,
chromatography, chemical sensory, biomedicine [2,3]. In addition, they increasingly began to be used as stabilizers,
emulsifiers, binders, in creating coatings for glass, etc. [4]. Necessity to develop new ways to obtain these materials and
more detailed study of their structure and properties has increased with the increasing demand on the silica particles
for high-tech industries (such as pharmaceutics and biotech). Nano- and microparticles of silica with functional groups
in the surface layer are of special interest. Functional groups endow the particles with new specific properties, which
significantly expands the practical application of such materials [5-7].

Monodisperse silica spheres 50-1700 nm in size are usually obtained by Stober method, i.e. hydrolytic
polycondensation of tetracthoxysilane in the environment of low-molecular alcohol (catalyst - ammonium hydroxide)
[8]. The same method in one- and two-stage version was used for the synthesis of silica spheres containing functional
groups in the surface layer [9-11].

The aim of this work is to develop one-stage method of obtaining monodisperse silica spheres with complexing
groups in the surface layer. The synthesis of silica particles with 3-mercaptopropyl groups =Si(CH,),SH is considered
as the first example.

2. Experimental

The following reagents were used for the synthesis of spherical silica particles: tetraethoxysilane (TEOS),
Si(OCHy), (99%, Aldrich); 3-mercaptopropyltrimethoxysilane (TMPTMS), (CH,0),Si(CH,)),SH (95%, Aldrich);
ammonium hydroxide (25%, Khimlaborreaktyv, Ukraine); 0.1 M hydrochloric acid (Khimlaborreaktyv, Ukraine); NH,F
(98%, Fluka); absolutized ethanol.

Synthesis of silica spheres with 3-mercaptopropyl groups (TEOS/MPTMS = 3:1 (mol.)). Sample 1. 21 cm’
of 25% NH,OH was dissolved in 40 cm’ of ethanol with stirring, after that 4.5 cm® (0.3 mol) of TEOS was added.
Opalescence appeared in 2 min. Suspension was stirred for 1 hour. Then 1.2 cm?® (0.1 mol) of MPTMS was added
and stirring continued for 24 hs. In this case, there was further increase in opalescence. The resulting precipitate was
centrifuged at 7000 rpm for 15 min. The filtrate was elutriated and a new portion of ethanol was added (25 cm?), treated
with ultrasound for 3 min. and again centrifuged. The procedure was repeated two more times. The obtained white
precipitate was dried in vacuum:1 h — at room temperature, 1 h — at 50°C, 4 hs — at 100°C. The yield was 1.86 g.

Considering sample 2, first 1.2 cm? (0.1 mol) of MPTMS was dissolved in 4 cm?® of ethanol and then 2.5 cm® of
0.1M HCI was added. After stirring for 1 h, the resulting solution was added to another solution — 4.5 cm?® (0.3 mol) of
TEOS in 40 cm® of ethanol and 21 ¢cm® of 25% NH,OH, which previously also stirred for 1 h. Suspension was mixed 23
h more and further processed as described for sample 1. The yield was 2.13 g.

In case of sample 3, first 1.2 cm?® (0.1 mol) of MPTMS was dissolved in 4 cm? of ethanol and the solution of
NH,F (5 pg NH,F in 2.5 cm® H,0) was added. The obtained (within 2 min) clear solution was added to TEOS (which was
also previously stirred for 1 h in alcohol with ammonia) and suspension was mixed for 23 h more. Further processing
was carried as described for sample 1. In this case, the formed precipitate featured curd-like consistency. The yield was
2.06 g.
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Elemental analysis was performed in the certified analytical laboratory of the Institute of Organic Chemistry
of NAS of Ukraine. IR spectra were recorded on Thermo Nicolet Nexus Fourier-transform infrared spectrometer in the
400-4000 cm™ range, working in “Nexus Smart Collector” mode and averaging 50 scans with a resolution of 8 cm™.
The samples were previously ground with solid KBr (“Fluka”, for IR spectroscopy) at a ratio of 1:30. The spectra of the
initial alkoxysilanes were recorded in liquid form between the KRS plates.

The scanning-electron microphotographs were taken with Scanning Electron Microscope JSM 6060 LA (Jeol,
Japan) using secondary electrons at an accelerated voltage of 30 kV. Samples were stuck on the objective table. Their
surface was coated in vacuum with thin continuous layer of gold by cathodic sputtering to prevent the accumulation of
surface charges and to receive a contrasting picture.

Thermogravimetric (TG) and differential thermal analyses (DTA) were performed on a Paulik-Paulik-Erde
(Q-1500D) instrument operating in the 20—1000°C range, with a heating rate of 10°C/min. The sensitivity of thermal
scales was +0.1 mg.

The measurement of low-temperature (-196°C) nitrogen adsorption and desorption isotherms was carried out on
“Kelvin-1042" (Costech Microanalytical) analyzer. Sample outgassing was achieved at 100°C during 2 hs. Data were
processed using BET equation [12].

Investigation of Ag" sorption from nitrate solutions was carried out in static mode (m = 0.05 g (+0.0005), V =
20 cm?, initial solution pH ~ 2, t = 20°C). The concentration of Ag" in initial solution and filtrate were determined by
atomic absorption method at the spectrophotometer C-115-M1.

3. Results and discussion

Stober et al. in [8] showed that 2 hs mixing time is sufficient for obtaining spherical silica particles by hydrolytic
polycondensation of TEOS in ammonium alkali medium. Moreover, they found that sometimes particles reach their final
size during the first 15 min. In [13] during the synthesis of silica spheres with 3-aminopropyl groups in the surface layer,
the suspension was stirred for 1 hour. For this reason, at first, this term was used for suspension stirring after MPTMS
addition (synthesis of sample 1). Indeed, in this case the formation of spherical particles is observed (Fig. 1a), but their
IR spectrum lacks the absorption band of valence v(SH) vibrations. It means, that thiol groups are practically absent
in the surface layer of the particles. That is why suspension stirring time was increased to 24 hs for further syntheses.
In addition, we established that using two-component systems (TEOS/MPTMS), the best results are obtained during
successive addition of reacting components with prehydrolysis of trifunctional silane.
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Figure 1. SEM microphotographs for: a — sample without thiol groups, b — sample 1,
¢ —sample 2, d — sample 3.
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Fig. 1 represents SEM microphotographs of synthesized samples. Note that Fig. 1a shows silica spheres without
3-mercaptopropyl groups. Their size is about 410 nm. Silica spheres with thiol groups always have greater diameter.
So, according to Fig. 1b, the average diameter of silica spheres in sample 1 is 740 nm. In the case of samples 2 and 3
(Fig. 1c and 1d, respectively), there are some isolated spheres that differ in size significantly. If they are taken out of
consideration, the average size of silica spheres is 760 nm for sample 2, and 510 nm for sample 3. Thus, varying the
nature of catalyst used in the hydrolysis of MPTMS, one can obtain spherical silica particles with sizes in the range
500-760 nm.
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Figure 2. Thermoanalytical curves for sample 3.

Estimation of specific surface area has shown that it is in the range of 7-9 m?/g for synthesized hybrid
materials.

The data of element analysis testified he presence of thiol groups in the obtained powdery materials. Thus,
sulfur content is 9.06% for sample 2. On this basis we can calculate the content of functional groups (2.8 mmol/g). It is
close to the content, calculated from the molar ratio of reacting alkoxysilanes (3.6 mmol/g).

Thermogravimetry data indicate the presence of carbofunctional groups in the synthesized samples. Thus, the
DTG curve of sample 3 (Fig. 2) has three exoeffects. The first centered around 120°C is associated with removal of
adsorbed residual water (weight loss is ~5%). Second exoeffect on the DTG curve is centered around 280°C, which,
likely, corresponds to the removing (or oxidation) of thiol-containing fragments — H,S and CH,SH [14] (weight loss
is 4%). The third exoeffect with a maximum at 350°C corresponds to more significant mass loss (19,1%), indicating
the complete burnout of the organic residues. Therefore, endothermic effect is observed in the DTA curve in the range
350-450°C (Fig. 2). The total weight loss during the second and the third stages (3.1 mmol/g) agrees with the content of
functional groups, calculated on the basis of elemental analysis (see above). TGA data (Fig. 2) make it easy to conclude
that the destruction of the organic layer begins at 230°C. This is also typical for xerogels with thiol groups [15].

The presence of 3-mercaptopropyl groups in the surface layer is also confirmed by IR spectroscopy data. Thus,
in the FT-IR spectra of all three samples (Fig. 3) the absorption band of medium intensity at 2555 cm’!, attributable
to v(SH), is clearly recorded, and a low-intense absorption band at ~685 cm' is associated with valence vibrations
of C-SH [16]. There is also a group of absorption bands at 2800-3000 cm™!, which can be attributed to the valence
vibration v__ (CH) of the propyl chain. Its presence is also reflected in the presence of a group of bands of weak intensity
in 1300-1490 cm'! region (Fig. 3). In addition, the IR spectra of obtained materials have the most intense absorption
band at 1000-1200 cm™ with a high-frequency shoulder (Fig. 3). Its occurrence is associated with the existence of
three-dimensional network of polysiloxane bonds, =Si-O-Si= [17]. Since all the synthesized samples contain water,
there is a characteristic absorption band of deformation vibrations of H,O molecules at ~1630 cm™, and a broad intense
absorption band above 3000 cm™' due to the OH groups vibrations of water molecules participating in the formation of
hydrogen bonds. There also should be mentioned the presence of characteristic absorption band of valence vibration for
silanol groups at ~3625 cm'. Thus, the obtained spherical particles are composed of polysiloxane network with attached
carbofunctional groups. Besides, there also can be an insignificant number of surface alkoxygroups, which is indicated
by the presence of additional low-intense absorption bands in the 1300-1490 cm™ and 2800-3000 cm™' regions (Fig.3).
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Figure 3. IR spectra of initial alkoxysilanes and synthesized spherical materials.

Sorption properties of functionalized spherical silica particles to silver(I) ions were investigated for sample 2.
It was experimentally determined that 1.28 mmol/g of silver (I) ions can be adsorbed for 1 h. It means that the obtained
materials could be perspective in the sorption of heavy metal ions from aqueous solutions.

4. Conclusions
The procedure of synthesis of silica spheres with 3-mercaptopropyl groups in their surface layer using two-

component system (TEOS and MPTMS) was developed. SEM microphotographs showed the formation of spherical
particles with sizes in the range 500-760 nm, which is determined by the nature of the catalyst used in the reaction of
MPTMS hydrolysis. IR spectra indicate the presence of thiol groups and three-dimensional network of polysiloxane
bonds in samples. The obtained silica spheres with 3-mercaptopropyl surface layer can sorb Ag(I) ions from their
acidified aqueous solutions.
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