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Highly dispersed powders of amorphous silica (silicon dioxide) with a purity of 99.98 % using ammoni-
um fluoride were synthesized from the man-made waste of copper-smelting production. The amorphous
state of the obtained silica samples was confirmed by XRD analysis. It was found that the particle size dis-
tribution of SiO2 in an aqueous medium is mainly represented by aggregates (100-220 nm) and agglomer-
ates of aggregates (1300 and 5500 nm). It is shown that an increase in the time of ultrasonic treatment
does not significantly affect the bi- or trimodal character of the particle size distribution. The effective di-
ameter Des of agglomerates of silica particles decreases by 3 times during the first 10 min of ultrasonic
treatment. With a subsequent increase in the processing time, D.; does not change significantly, but fluctu-
ates around some specific value. IR spectra of silica samples have characteristic bands related to bending
vibrations of Si—O—Si at 468 cm-! (intense) and O—Si—O at 800 cm -1 (average intensity), as well as bands
related to stretching vibrations of Si—O-Si in the range 1000-1200 cm -1, which are responsible for the re-
activity. It was found that the process of thermal desorption from the surface of the SiO2 sample proceeds
in several stages, with the most intense release of the following main volatile products: O (m/z 16), OH (m/z
17), H:O (m/z 18), and CO (m/z 28). The textural characteristics of the synthesized powders were deter-
mined by the method of low-temperature nitrogen adsorption. It is shown that the shape of the adsorption
isotherm and the hysteresis loop corresponds to the texture porosity of aggregates of non-porous nano-
materials. The adsorption isotherm is well linearized, which made it possible to calculate the specific sur-
face area according to BET (64 m?/g) and Langmuir (93 m¥/g), the total pore volume, micropores, and the
total area of micropores.
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1. INTRODUCTION

Amorphous silica, silicon dioxide (Si02), can be ob-
tained naturally or synthetically, and is known to have
a wide range of applications. Despite numerous studies
over the past few decades, the investigation of the
structural properties of amorphous silica and composite
materials based on it continues to arouse great interest
among both researchers and consumers of this product.
This is due, firstly, to its widespread use in various
industries (construction, rubber industry, production of
adhesives, gels and sealants, as well as the creation of
heat-resistant materials, polymers, hydrophobic and
antifriction coatings, etc.) [1-5]. Composite materials
based on highly dispersed amorphous silica are also
widely used in optoelectronics and optotelecommunica-
tion technologies [6, 7]. Secondly, the study of the
amorphous silica structure makes it possible to reveal
its new properties, which depend heavily on the method
and conditions of synthesis, as well as on the character-
istics of the raw materials [7, 8].

At present, to obtain highly dispersed powders of
silicon dioxide, both chemical (sol-gel, pyrolysis, plas-
ma-chemical) and physical (dispersion, electron-beam,
laser ablation and plasma-arc) methods are used [9-14].
The traditional methods used for the synthesis of high-
ly dispersed SiOz powders have their own advantages,
but also disadvantages, including the multistage pro-
cess, high cost of equipment, special and expensive raw
materials used, etc.
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In this work, the study of the properties of highly
dispersed SiO2 powders synthesized from industrial
waste (copper smelting slags) with a specific chemical
composition and structure using ammonium fluoride
was carried out [15-17].

Thus, the question of the connection between the
structural and other characteristics of silicon dioxide is
of purely practical importance when using materials
based on it as a filler, since the definition of the "struc-
ture — property" dependence will allow direct control
over the synthesis of new materials.

2. EXPERIMENT
2.1 Materials

Slags from the copper-smelting production of the
Almalyk Mining and Metallurgical Combine (AMMC)
are the product of the smelting process of copper con-
centrates containing copper from 10 to 30 %, which are
obtained by beneficiation of sulfide copper-molybdenum
ores. In this work, dump slags of copper production
were used. According to the chemical composition, their
main macrocomponents are silicon dioxide SiOz and Fe
with a content (wt. %) of 29.8-40.0 and 30.7-41.4, re-
spectively. The content of other components, Al2Os (up
to 6.0 %), CaO (up to 2.5 %), Cu (up to 0.9 %), MgO
(1.3 %), Zn (1.2 %) etc., is insignificant.

Thus, the use of dump slags from AMMC is aimed
at developing resource-saving technologies and solving
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environmental problems associated with the utilization
of man-made waste from mining and metallurgical in-
dustries.

2.2 Synthesis

For the synthesis of highly dispersed particles of
amorphous silica dioxide, ammonium fluoride (NH4F,
Guangzhou Yijia Supply Chain Co Ldt, China) >98 %
purity) was used. Fluorination was carried out in a spe-
cially designed reactor made of nickel alloy according to
the following reaction:

Si0,+6NH,F=(NH, ), SiF; +4NH,+2H,0. (1)

After filtration, by separation from the (NH4)2SiFs
solution under the action of ammonia water (NH4OH),
according to the reaction

(NH, ), SiF,+4NH,0H=Si0, +6NH,F+2H,0  (2)

a highly dispersed powder of amorphous SiO2 was
obtained.

2.3 Characterization

X-ray diffraction (XRD) patterns were obtained on a
DRON-4-07 X-ray diffractometer (NPO Burevestnik,
St. Petersburg, Russia) in filtered CoKa radiation with
the Bragg-Brentano survey geometry. Diffraction pat-
terns were recorded in the 26 angle range from 10 to 70°
at room temperature with a step of 0.05° and exposure
at a point of 1 s. A glass cell was used as a substrate.

Particle size distribution (PSD) was studied using a
Zetasizer Nano ZS (Malvern Instruments) apparatus
using a universal dip cell (ZEN1002) with a wavelength
of A=633 nm and a scattering angle of 13 and 176°.
Accuracy and reproducibility of particle size are + 1-2 %.
Suspensions of synthesized silicon dioxide samples with
a concentration of Csioz =1 wt. % were prepared in de-
ionized water using ultrasonic dispersion (Sonopuls HD
2040 homogenizer, Bandelin, 20 kHz, 80 W). To carry
out measurements and to process the results obtained,
a computer program from Malvern Instruments was
used, which assumes that the particles are spherical.

The transmittance infrared (IR) spectra were rec-
orded in the range of 4000-300 cm~! using a Specord
M80 (Carl Zeiss, Germany). The samples were mixed
with KBr (Sigma-Aldrich, for spectroscopy) in a ratio of
1:100, stirred and pressed into thin pellets 8+28 mm in
size and 20+0.5 mg in mass.

Thermal desorption mass spectra were studied us-
ing one-pass (OP) temperature programmed desorption
(TPD) time-of-flight (ToF) method with mass-
spectrometry (MS) control using a MSC-3 (“Electron”,
Sumy, Ukraine) ToF mass-spectrometer [18]. The pres-
sure in the chamber was 4 x 106 Pa, the sample mass
was 7 mg (with a short distance (~ 0.5 cm) between the
sample and the MS detector), and the heating rate ()
was 1.2 K/s. The sample was heated to a maximum
temperature of 600 °C in 75 min linearly in time at a
rate of 0.15 °C/s. At the same time, with the heating of
the sample, the mass spectra were recorded on a com-
puter, from which the data on the time variation of the
amplitude of the required components were then ex-
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tracted and the dependences In(f) were plotted.

To analyze the textural characteristics of the ob-
tained amorphous silicon dioxide powders, low-
temperature (77.4 K) nitrogen adsorption-desorption
isotherms were recorded on a Kelvin-1042 adsorption
analyzer (Costech Microanalytical). The samples were
degassed at 110 °C for 2 h in a vacuum chamber. The
values of the specific surface area (Sper) were calculat-
ed according to the standard BET method [19]. The
total pore volume V), was evaluated from the nitrogen
adsorption at p/po = 0.98-0.99, where p and po denote
the equilibrium and saturation pressures of nitrogen at
77.4 K, respectively [20].

3. RESULTS AND DISCUSSION
3.1 Synthesis of Amorphous SiO: Particles

The synthesis of amorphous SiOz particles was car-
ried out according to reaction (2). For this, ammonium
hexafluorosilicate (NH4)2SiFs was treated with ammo-
nia water with a concentration of 10-25 % at a pH of
8-9 and a temperature of 25 °C. After filtration from
the (NH4)2SiFs solution, a highly dispersed powder of
amorphous SiOz was obtained, having a purity of
99.98 %, according to mass spectrometry data.

The efficiency of the process of ammonia hydrolysis
(NH4)2SiF¢ depends on the values of its concentration
in the solution [16]. (NH4)2Si1Fs solutions were prepared
with a concentration of 3, 10, 20, and 30 wt. %, from
which SiO: particles were synthesized at the above
temperature. The indicators of silicon dioxide extrac-
tion were as follows: at a concentration of 3 wt. % of
(NHy4)2SiFs — 98 %; at 10 wt. % — 75 %; at 20 wt. % —
87.5 %, and at 30 wt. % — 75 %. Thus, a 10-fold increase
in the concentration of ammonium hexafluorosilicate
leads to a decrease in product extraction by 25 %.

3.2 X-ray Powder Diffraction Analysis

The XRD pattern of synthesized amorphous silicon
dioxide powder is characterized by the presence of a
wide halo in the range of 2-20°, which corresponds to
the presence of X-ray amorphous material in the sam-
ple (Fig. 1).
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Fig. 1 - XRD pattern of amorphous silicon dioxide powder
obtained from dump slags of copper smelting production

3.3 Particle Size Distribution in Aqueous Medium

It was revealed by laser correlation spectroscopy
that the PSD of amorphous SiOz in an aqueous medium
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is polymodal and is represented mainly by aggregates
of 100-220 nm and agglomerates with a maximum at
1300 and 5500 nm (Fig. 2). An increase in the time of
ultrasonic treatment of aqueous suspensions of silicon
dioxide samples from 1 to 25 min does not significantly
affect the PSD nature. This indicates the formation of
sufficiently strong micron-sized agglomerates, which is
apparently due to the type of synthesis and subsequent
material processing. At the same time, it can be seen
from Fig. 2 that with an increase in the processing
time, the maximum values of PSD decrease almost by
more than 2 times, for example, in the Intensity curve
from 1300 (at 1 min) to 600 nm (at 25 min) and in the
Number curve — from 220 to 100 nm, which can be ex-
plained by the partial destruction of agglomerates.
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Fig. 2 — PSD related to the intensity of light scattering (I), the
volume (V) and the number of synthesized silica particles (V),
depending on the time of ultrasonic treatment in am aqueous
medium (Csioz = 1 wt. %)

The effective diameter (De) is the average value of
the diameter of the particles in the dispersion, which
makes it easier to estimate the change in particle size
during processing. Def values were determined by the
intensity of the scattered light

D, = Z N,d? /Z N,d’

where d; and N; are the diameter and number of the
i-th particle, respectively [21, 22].

The effective particle diameter of the studied silica
samples depends on the time of ultrasonic treatment
(Fig. 3). During the first 10 min, there is a significant
decrease in Def from 1600 to 659 nm (2.4 times). With a
further increase in the ultrasonic treatment time, the
Def value is in the range of 633-467 nm. This effect can
be associated with balancing between the processes of
destruction of aggregates and their formation: dis-
aggregation <> aggregation. Therefore, in this case,
according to the D.r value, it is correct to estimate not
the particles size in the suspension, but the equilibra-
tion time between the processes of destruction and for-
mation of aggregates (when D.r stops decreasing).
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Fig. 3 — The effective diameter of SiO: particles (determined
from the scattered light intensity) as a function of the time of
ultrasonic treatment in an aqueous medium (Csioz = 1 wt. %)

3.4 IR Spectroscopy

The IR spectra of silica showed the presence of
characteristic bands of bending vibrations Si—O-Si at
468 cm 1! (intense) and O-Si—O at 800 cm~! (medium
intensity) and bands of stretching vibrations Si—O-Si
in the range of 1000-1200 cm -1 (Fig. 4a). This distinct
band characterizes the reactivity of silica. The bands at
1636, 3200-3500 cm —1, related to adsorbed water, which
is associated with silanol groups by hydrogen bonds,
indicate its significant content in the sample (Fig. 4b).
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Fig. 4 — The IR spectra of amorphous silicon dioxide powder:
a) mixed with KBr in a ratio of 1:100, b) initial, taken for
transmission

3.5 TPD Mass Spectra

The mass spectra of the products of thermopro-
grammed desorption from the surface of the synthe-
sized SiOz sample at two temperatures (7T=27 °C and
T=600 °C) are shown in Fig. 5a. Interpretation of the
most intense signals in the mass spectra indicates that
the most probable volatile products are Hz (m/z 2), O
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(m/z 16), OH (m/z 17), H20 (m/z 18), CO (m/z 28), CO2
(mlz 44), NO2 (m/z 44). Analysis of the TPD mass spec-
tra shows that at low temperatures of the sample, the
lines of Hz (m/z 2) and CO2 (m/z 44) are the main ones.
At high temperatures, the lines of m/z =17, 18 indicate
that hydroxyl radicals OH and water molecules Hz20
are the main products of TPD.

I 27°C,10°5Na
I 600°C,105Ma

3.0x10™" 4
a) 18

2.5x10™
X 28

)

> 2.0x10™

1.5x10™" 4

I (arb.un

1.0x10™" 4
16,17 39,40

5.0x10%° MJIJLL-A‘M
32 36 40 44 48 52 56 60 64 68 72 76
00H ——l

0 8 16 24 32 40 48 56 64 72

m/z
0.10 ‘
miz
0.08 —2(Hp)
— 16 (0)
17 (OH)
—~ 0.064 — 18 (H20)
:‘=,_ 28 (CO)
K-l
B —— 41 (C3Hs)
= 0.04
44 (COy)
—— 45 (COOH)
0.02
0.00 T

= T = T T T
0 100 200 300 400 500 600
Temperature (°C)

Fig. 5 — TPD mass spectra obtained during thermolysis of the
Si02 sample at T'= 27 and 600 °C (a) and thermograms of the
main desorption products: He (m/z 2), O (m/z 16), OH (m/z 17),
H:20 (m/z 18), CO (m/z 28), COz (m/z 44), NOz (m/z 44) (b)

According to the analysis of the thermograms of the
main products (Fig. 5b) desorbed from the surface of
the SiO2 sample, the desorption process occurs in two
or three stages. Molecular hydrogen is desorbed in
three stages at temperatures of 95, 170 and 600 °C,
apparently due to the type of bonds with the surface
(low-temperature hydrogen may be responsible for van
der Waals forces and chemisorption, high-temperature
hydrogen — for diffusion from the volume). For curves of
oxygen, hydroxyl radical and water, only two desorp-
tion stages are observed. The desorption curve of H20
as the main component confirms the presence of a large
amount of adsorbed water in the sample (Fig. 4). The
process of H2O desorption occurs in three stages at dif-
ferent temperature maxima: at Tmax =95 and 185 °C,
adsorbed water is released, the release area 250-570 °C
is probably associated with the process of dehydroxyla-
tion of the surface of the SiO2 sample, since there are
several types of OH groups on the silica surface (single,
vicinal and geminal OH groups, hydrogen-bonded and
free) [22]. The desorption stage at Tmax= 185°C
(Fig. 5b) presumably is related to the products of CO
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and COz2. The wide maximum for m/z 44 can be respon-
sible for both COOH and NOs. This may be due to the
fragmentation of hydrocarbons under the action of an
electron beam used as an ionization source.

3.6 Textural Characterization

The nitrogen adsorption isotherm for the obtained
silicon dioxide sample is S-shaped. This isotherm shape
implies the presence of polymolecular adsorption. The
curved initial section indicates a strong interaction of
the adsorbate with the silica surface. At high pressures,
the isotherm has a bend with a hysteresis loop (type
IV) corresponding to the textural porosity of aggregates
of nonporous nanoparticles (Fig. 6a). The shape of the
hysteresis loop indicates the dominant contribution of
mainly cylindrical mesopores (filled with adsorbed ni-
trogen during measurements) [19, 21].

A study of the specific surface area and sorption ca-
pacity of the samples by the method of low-temperature
nitrogen adsorption showed that SiO2 samples have a
maximum specific surface area of about 64 m2/g accord-
ing to BET and 93 m%/g according to Langmuir. The
total pore volume is 218 mm?/g, including 3.7 mm?/g of
micropores. The total area of micropores is 10.5 m?/g,
the non-microporous surface is 53.4 m2%/g. The pore size
distribution curves calculated from nitrogen adsorp-
tion-desorption isotherms show three characteristic
maxima related to mesopores (R =2-50 nm) (Fig. 6b).
Narrow voids between particles closely located in the
same aggregates can also contribute to the porosity of
the tested sample.
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4. CONCLUSIONS

The efficiency of hydrolysis of (NH4)2SiFs depends
on time and concentration of ammonia. In this case, the
maximum extraction of SiOz, equal to 98 %, occurs at a
concentration of ammonium hexafluorosilicate of
3 wt. %. Further increase in the concentration of
(NH4)2SiFs up to 30 wt. % leads to a decrease in the
amount of recovered silicon dioxide to 75 wt. %. Thus,
an increase in the concentration of (NH4)2SiFs in the
solution during hydrolysis by a factor of 10 leads to a
decrease in the yield of silicon dioxide by 25 %.

Using the method of X-ray phase analysis, the
amorphous state of the obtained SiO2 samples was con-
firmed. It was found that the PSD of amorphous SiO2
in an aqueous medium at a concentration of 1 wt. % is
polymodal and is mainly represented by aggregates
(100-220 nm) and agglomerates of aggregates (1300-
5500 nm). An increase in the time of ultrasonic treat-
ment does not significantly change the nature of the
PSD. However, with an increase in the time of ultra-
sonic treatment to 25 min, a shift of the PSD curves
related to intensity towards lower values is observed,
which may be associated with partial destruction of
agglomerates. The effective diameter Des of agglomer-
ates of silicon dioxide particles decreases significantly
during the first 10 min of ultrasonic treatment (by
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2.4 times). With a further increase in processing time,
the value of D¢ fluctuates around a certain value.

According to thermal desorption mass spectrometry
data, the main volatile products of desorption of SiO2
powders up to 600 °C are H20, Hz, O, OH, CO2, COs.

It was shown that the synthesized SiO2 powders
have a maximum specific surface area of 64 m2/g ac-
cording to BET and 93 m%/g according to Langmuir.
The total pore volume is 218 mm3/g, including
3.7 mm3/g of micropores. The total area of micropores is
10.5 m?/g, the non-microporous surface is 53.4 m?2/g.

So, the proposed synthesis method allows to process
the man-made waste of the copper-smelting production
of AMMC and obtain from it a dispersed high-purity
silicon dioxide powder (99.98 %) with micron-sized par-
ticles and a moderate specific surface area that fully
meets the requirements for fillers used in the rubber
industry.
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CTaH OTPUMAHUX 3PA3KIB KpeMHe3eMy 0yJIo IMiITBEP/IKeHO PEHTTeHOCTPYKTYPHUM aHai3oM. BeraHoBIIeHO,
1o rpanysoMeTpuaHui ckiaas SiOg2 y BOSHOMY CEpeIOBHIIN B OCHOBHOMY IIpejcTaBienuit arperaramu (100-
220 um) 1 aromepartamu arperatis (1300 Ta 5500 um). [Tokasawo, 110 301IbIIEHHS Yacy yIbTPa3BYKOBOI 00-
pOOKHM He BILJIMBAE 1CTOTHO HA 0i- 400 TPUMOIATBHUM XapaKkTep TPAHYJJIOMETPHUIHOTO CKIamy. KderTuBHmit
miamerp Des aryioMepariB 4acTMHOK KpeMHe3eMy 3MEHIIYEThCS B 3 pasu mpoTaroM meprmx 10 XB yibTpas-
ByKOBOI 00poOku. [lpm moganemnromy 36iabmteHH] yacy 00poOku Der ICTOTHO HE 3MIHIOETHCS, & KOJIMBAETHCS
HABKOJIO JIESTKOTO KOHKPETHOTO 3HadYeHHsA. |4 CceKTpu 3pas3kiB KpeMHe3eMy MAalOTh XapaKTepHl CMYTH, I0-
B'si3aHl 3 koJmMBaHHAMHA BUruHY Si—O-—Si mpu 468 cm -1 (imrencusHi) Ta O—-Si—O mpu 800 cm -1 (cepemHbOl
IHTEHCUBHOCTI), & TAKOX CMYyTH, HOB's3aHl 3 KoJuBaHHAMHU poatary Si—O—Si B miamaszoni 1000-1200 cm -1,
STK1 BIJTIOBIJAIOTH 34 PEAKITIMHY 3aTHICTh. BCTaHOBIIEHO, II1I0 TIPOIleC TePMIUHOI JTecopOIrii 3 TOBepXH1 3paas-
ka Si02 mpoTikae B KUIbKA €TamiB, 3 HAWO1JIBII IHTEHCUBHUM BUJILJIEHHSIM TAKUX OCHOBHUX JIETKUX IIPOJYK-
tiB: O (m/z 16), OH (m/z 17), H20 (m/z 18) Ta CO (m/z 28). TekcrypHi XapaKTEepPUCTUKN CHHTE30BAHUX II0-
POIIKIB BU3HAYAJIM METOI0OM HU3bKOTEMIIepaTypHol amcopoirii asory. [Tokasamo, mo dopma i3oTepMu amcop-
O1rii Ta IeTJIi ricTepesucy BIAMOBITAE TEKCTYPHIN MOPHCTOCTI arperaTiB HEIOPHUCTUX HaHoMaTepiasis. I3ore-
pMa azcopObiii qobpe JiHeapru30BaHA, IO JI03BOJIMJIO PO3PAXyBATH IIUTOMY ILJIOILY IIOBEPXHI 32 METOJaMU
BET (64 m2/r) 1 JIeurmiopa (93 M2/1), 3arajbHuU 00'eM IIOP, MIKPOIIOP 1 3arajibHy ILJIOILY MIKPOIIOp.

Knrouoesi ciosa: Cunres, Oropun amownio, [Ipomuciosi Bigxomu, Bucokogucnepcui mopormikn, Amopduuit
JOKCH/T KpeMHi10, ['paHyIoMeTpUIHUN CKIIAT.
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