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Abstract

This paper presents the comparative analysis of the properties of highly dispersed silicas synthesized by pyrogenic and
fluoride methods. Raw materials and synthesis conditions differ significantly for the considered methods. The structure and
surface properties of synthesized silica samples was characterized by a number of methods such as IR, nitrogen adsorp-
tion, SEM, microcalorimetry, temperature programmed desorption time-of-flight with mass-spectrometry (TPDM), ther-
mogravimetric analysis. IR spectra showed presence of characteristic absorption bending bands at 468 cm™! (Si—O-Si) and
at 800 cm™' (0-Si-0) and stretching vibrations bands in the range of 1000-1200 cm™! (Si—0-Si) for all the studied samples
regardless of their synthesis method. The absorption band at 3750 cm™! attributed to free silanol groups =Si—-OH confirms
the presence of this main sorption centers evenly distributed on the surface for all silica samples. The intensity of this band
is quite low for samples obtained by the fluoride synthesis method due to the high water content. This fact is also confirmed
by the TGA and TPDM methods. The distribution functions of the activation energy of water desorption demonstrates
several maxima: (i) at 60-80 kJ/mol and 100 kJ/mol refers to desorption of molecularly adsorbed water; (ii) at 160180 kJ/
mol is due to the associatively desorbed water. All studied silica samples are hydrophilic according to values of the heat of
immersion in water and n-decane, and their Rebinder’s hydrophilicity index K}, > 1. The BET surface area and pore volume
of samples significantly depend both on the method of synthesis and on the raw materials.
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1 Introduction

Silicon dioxide has been one of the objects of increased
attention of researchers around the world for many years.
A large number of scientific works have been devoted to
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the study of its structure and properties. The main research
results are summarized in many monographs [1-8].

The most typical and stable silicon compound is SiO,.
This oxide has several crystalline modifications, among
which the main ones are quartz, tridymite and cristobalite,
which can transform into each other and each have a- and
p-forms [3, 6].

A special place among the varieties of SiO, is occupied
by amorphous highly dispersed silica (HDS), which the
main industrial method of synthesis is the high-temperature
hydrolysis of SiCl, in a hydrogen—oxygen flame [1, 3, 9],
that can be described by the following general reaction (1):

1200-1500°C

SiCl, +2H, + 0, = SiO, +4HCI (1

This method of HDS synthesis is known in the literature
as a pyrogenic technology [2, 3, 6, 9].

Amorphous silica (Si0,), in contrast to its crystalline
form, has a developed surface [1-9]. Features of the surface
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structure and physicochemical properties make SiO, a good
sorbent widely used in medicine [1] and in various industries
[10, 11]. So, unmodified silicas can be directly used as fillers
in the production of rubber, plastics, liquid thickeners and in
other industries. [5, 7, 9, 12].

The surface properties of the dispersed amorphous SiO,
(hydroxyl coating, active surface centers), developed specific
surface, pore volume, density, strength, etc. play a decisive
role in the interaction with polar and non-polar media, vari-
ous substances and largely depend on the chemical com-
position, properties of the raw material used, as well as the
conditions and technology of synthesis [13—15].

Due to the wide range of HDS applications, research on
the development of new resource- and energy-efficient tech-
nologies for the Si0, synthesis is of great interest both to
researchers and consumers of this product. At the same time,
special attention is paid to technologies that do not require
the usage of special raw materials and many reagents. For
these purposes, metallurgical industrial wastes in the form
of slags and microsilica from the copper and silicon-ferro-
silicon production, respectively, can be used [16, 17]. It is
shown that dispersed powders of amorphous silica with high
purity and a relatively small Sggy in the range 60-65 m%/g
can be synthesized from such waste products by the fluoride
synthesis method using a single reagent — ammonium fluo-
ride (NH F) at temperatures not exceeding 400 °C according
to the following reactions (2-3) [18, 19]:

200°C
SiO, + 6NH,F "> (NH,),SiF, + 4NH, + 2H,0 )
320-400°C
(NH,),SiFs +4NH,OH > SiO, + 6NH,F + 2H,0
(3)

This approach meets the requirements of resource- and
energy-efficient technologies, and also contributes to the
solution of environmental problems associated with the
production activities of metallurgical plants.

Thus, the aim of the study was to investigate the proper-
ties of the amorphous silicas, synthesized from metallurgi-
cal waste using the fluoride method as well as to analyze
and identify their features in comparison with A-60 silica
obtained by the pyrogenic synthesis method. To achieve
this purpose, we used a number of amorphous silicas sam-
ples that differ significantly both in the raw materials and

Table 1 Raw materials, synthesis method and purity of silica samples

in the synthesis conditions. This approach would reveal the
effectiveness of the application of non-traditional methods
of synthesis and at the same time using non-standard and
cheap raw materials, including technogenic metallurgi-
cal wastes. Such approach may also serve as a solution to
some problems associated with environmental pollution.

2 Materials and Methods
2.1 Materials

Non-porous fumed silica A-60 (Sgpy =80 m*/g, Pilot plant
of Chuiko Institute of Surface Chemistry, Kalush, Ukraine)
and highly dispersed SiO, powders synthesized from slag
from the copper-smelting production of the Almalyk Min-
ing and Metallurgical Combine (AMMC) (Sig),,, Table 1)
and microsilica (MS), which is dusty wastes from the
production of ferrosilicon FeSi65 of Uzmetkombinat JSC
(Siyg, Table 1).

2.2 Synthesis

For the synthesis of amorphous SiO, from the slag and
microsilica, a special device with a nickel alloy reactor
was developed. A stainless steel condenser was used to
separate and collect volatile products. The absorption
of gaseous ammonia was carried out in a vessel with
water, and the regeneration of NH,F (or NH,HF,) was
carried out in an evaporator. Fluorination of slags or
microsilica was performed at temperatures up to 200 °C
until powdered pitch was formed. Then the resulting
mixtures of ammonium fluorine silicon compounds
were processed at temperatures of 320-400 °C until the
sublimation separation of ammonium hexafluorosilicate
((NH,),SiFg) according to reaction (2). After (NH ,),SiF
hydrolysis in an ammonia solution according to reaction
(3) and filtration of the ammonia solution, Si0, pow-
ders were obtained, which were dried for three hours at
120-130 °C to obtain the final product marked as Sig),,
and Siy;g (Table 1). The synthesis technology is detailed
in [18, 19].

N Synthesis method Sample Si0, purity, % Raw materials

Pyrogenic reaction (1) A-60 99.80 SiCl,

Fluoride, reaction (2,3) Sislag 99.96 Slags from the copper-smelting production of the AMMC
3 Fluoride, reaction (2,3) Sips 99.86 Microsilica, which is dusty wastes from the production of

FeSi65 of Uzmetkombinat JSC
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2.3 Methods
2.3.1 Textural Characteristics

The low-temperature (77.4 K) nitrogen adsorption—des-
orption isotherms for all synthesized silica samples were
recorded on a Kelvin-1042 adsorption analyzer (Costech
Microanalytical). The samples were degassed at 110 °C
for two h in a vacuum chamber. The values of the specific
surface area (Sppy) were calculated consistent with the the
standard BET method [20]. The total pore volume Vp was
evaluated from the nitrogen ad-sorption at p/p, =~ 0.98-0.99,
where p and p, denote the equilibrium and saturation pres-
sure of nitrogen at 77.4 K, respectively [21]. The nitrogen
desorption data were accustomed compute the pore size
distributions (PSDy, differential f, ~dV/dR and fs~dS/dR)
using a self-consistent regularization (SCR) procedure under
non-negativity condition at a parameter of regularization
a=0.01 [22]. The differential PSDg with relation to pore
volume f, ~dV/dR, fdR ~ V|, were re-calculated to incremen-
tal PSD (IPSD) at ®y(R)) = (fy(Ri;) +fv(R)(R; ., —R)I2
at Y Oy(R) = V,,). To calculate contributions of micropores

(Viiero and Spicro at 0.35 nm < R < 1 nm), mesopores (Vi,eqo
and S, at I nm <R <25 nm), and macropores (V... and
S macro at 25 nm < R < 100 nm) the f; and fg functions were

also used.
2.3.2 SEM

Microscopic images were recorded using Tescan Mira3
LMU scanning electron microscope, each image contains
information about the shooting mode (SEM HV - acceler-
ating voltage, usually was 10 kV, magnification (kx — 1000
times). All samples were spread with a thin film of palla-
dium and gold.

2.3.3 Infrared Spectra

The transmittance infrared (IR) spectra were recorded
using a Specord M80 (Carl Zeiss, Germany) in the range
of 4000-400 cm™! and converted to absorbance. The sam-
ples of initial silicas were pressed into thin pellets with size
8 +28 mm and mass 20+0.5 mg and their mixture with
KBr (Sigma-Aldrich, for spectroscopy) as 1:100, stirred and
pressed into thin pellets with size 5 +20 mm.

2.3.4 Thermal Analysis

Thermal analysis (thermogravimetry, TG, differential TG,
DTG) these samples were carried out in air using a Q-1500D
derivatograph (Hungary) apparatus with computer data
recording. Thermogram registration parameters for sam-
ples: A-60 - 303.0 mg, Sig,, — 227.3 mg, Siy — 293 mg,

sensitivity — 20 mg, TG-500, DTG-500, DTA-250 at a
heating rate of 10 °C min~' in the temperature range of
25-1000 °C.

2.3.5 TPD MS

Thermal desorption mass spectra (TPDMS) were studied
using one-pass (OP) temperature programmed desorption
(TPD) time-of-flight (ToF) method with mass-spectrom-
etry control using a MSC-3 (‘‘Electron”, Sumy, Ukraine)
ToF mass-spectrometer [23]. Pressure in a chamber was
4% 107 Pa, sample weight was 7 mg (with a short distance
(~0.5 cm) between a sample and a MS detector), and a heat-
ing rate (f) was 1.2 K/s. The sample was heated to a maxi-
mum 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 computer, from
which data on the time variation of the amplitude of the
required components were then extracted and the depend-
ences I,,(t) were plotted.

The distribution function of the water desorption activa-
tion energy f{E) was calculated using the integral equation
for one TPD peak

E,

‘max

o, T[O(T)]" (T-T,)7 / E
A exp(———0) [ F(E)exp(———=)dE
= )E .f( Jexp(~77)

‘min

A(T) =

“
where c¢; — constant, ¢ — the half-width of the desorp-
tion peak, T,, — the temperature of the water desorption
maximum, ©(T) — dependence of the surface coverage of
hydroxyl groups on temperature, n — the reaction order (n=1
for molecularly adsorbed and desorbed water, and n=2 for
associatively desorbed water), E,;, and E,, . — minimum and
maximum value of activation energy (E) during integration.
The equation can be solved using the regularization proce-
dure, assuming that the normalized desorption and surface
coverage of hydroxyl groups ©(T) satisfy the condition [24,
25].

A(T)

min

2.3.6 Microcalorimetry

The study of heats of immersion of highly dispersed oxides
in water and n-decane carried out using a DAK-1 differential
automatic calorimeter. The thermal effect of the process was
measured with an accuracy of + 1 pW at room temperature.
Before measurements, the samples (50 mg) were placed in
special ampoules and evacuated at 393 K and a pressure of
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0.01 Pa for 2 h. After that, the ampoules were sealed off.
The hermetic ampoules placed in a container with a liquid
(distilled water, n-decane, 2 ml) in the calorimeter. The heat
of immersion (Q) was calculated from the ratio:

-4
Q=- (6)

where g — thermal effect of the process and m — mass of the
evacuated sample in the ampoule.

The hydrophilicity index (K,) was calculated as the ratio
of the heat of wetting by the polar liquid (water) to the heat
of wetting by the non-polar liquid decane [26]:

K, = 0,/0q. @)

3 Results and Discussion
3.1 Textural Characterization

The nitrogen adsorption isotherm for the obtained silicon
dioxide sample is S-shaped. This isotherm shape points the
occurrence of polymolecular adsorption. A 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. 1).
The hysteresis loop shape indicates dominant contribution
of mesopores predominantly cylindrical shape (filled by
adsorbed nitrogen during the measurements) [20-22].

The textural characteristics of A-60, Sig,, and Siyg
samples calculated from the nitrogen adsorption isotherms
(Fig. 1a) are given in Fig. 1b and Table 2. The Sgg and pore
volume of silica samples significantly depend both on the
method of synthesis and on the raw materials. According to
the low-temperature nitrogen adsorption data the SiO, sam-
ples have a Sggy about 80 m%/g for A-60, 64 m*/g for Siglag
and the smallest value 11 m?/g for Siy;g. All silica samples
demonstrate pore size distributions with a predominant con-
tribution from mesopores (Table 2, Fig. 1b). The mesopores
area is 45 and 55 m?/g for A-60 and Sigjag> Tespectively. The
minimal V.., value 0.1 m%/g is observed for Siy. But this
sample has macropores area 10.2 m%g which is apparently
related to the largest size of its particles and resulted in inef-
fective adsorption of nitrogen in macropores because the
interactions of nitrogen molecules with large distant parti-
cles are very weak. The maximal values of total pore volume
(V,) of 0.218 cm®/g and mesopore volume of 0.216 cm®/g
are inherent for sample Sig),,.

The incremental pore size distribution (IPDS) func-
tions (Fig. 1b) confirm the conclusion based on the iso-
therm shapes (Fig. 1a) that the silica samples are mainly
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Fig. 1 Nitrogen adsorption—desorption isotherms (a) and incremental
pore size distributions (b) for samples A-60, Sig;,, and Siyg

mesoporous, since contributions of micropores and
macropores are small (Table 2). Narrow voids between par-
ticles closely located in the same aggregates can also con-
tribute to the porosity of the tested sample. Broader voids
can be between distant non-porous nanoparticles in the same
aggregate or neighboring aggregates [23, 27].

It is known that HDS powders are characterized by a cer-
tain structural hierarchy since primary nanoparticles form
aggregates (501000 nm in size) and agglomerates of aggre-
gates (> 1 um) [13, 22, 25]. According to SEM data (Fig. 2),
it can be seen that all studied silica samples have aggregated
structures. Moreover, the Sig,, sample is characterized by
the predominant formation of particles in the form of flakes,
on the surface of which small germ particles are fixed. These
flakes, as well as particles of a more regular spherical shape,
generate large agglomerates (Fig. 2a—c). For the Siy;g sample
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Table 2 Textural characteristics of A-60, Sig,,,, Siyg samples

Sample SBET’ mZ/g Smicro’ m2/g Smeso7 m2/g Smacro’ mZ/g Vmicro’ Cm3/g Vmeso’ Cm3/g Vmacro’ sz/g Vp, cm3/g Rp’V nm
A-60 80 32 45 3.2 0.014 0.13 0.07 0.21 23.8
Sislag 64 8.5 55 0 0.002 0.22 0 0.22 7.6

Sins 11 0.2 0.1 10.2 0 0.06 0.02 0.08 25.6

1000 nm

Fig.2 SEM images of samples Sig),, (a—¢), Siys (d—f) and A-60 (g-i)

2000 nm
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(Fig. 2d-f), the formation of spherical particles is observed,
which coalesce during the synthesis and thus the formation
of sufficiently large particles occurs. These large coalesced
particles form loose aggregates and agglomerates with a
characteristic fractal structure. The grainy silica structures
can be seen for A-60 sample, synthesized by pyrogenic
method (Fig. 2g-1).

3.2 IR Spectroscopy

It is known, that various crystalline and anhydrous modifica-
tions of silica (with the exception of stishovite) are inorganic
3D polymers, the structural unit of which is a silicon—oxygen
tetrahedron: a silicon atom is located in the center of such
a regular tetrahedron, and oxygen atoms serve as vertices.
Tetrahedra are interconnected by their vertices, that is, each
atom is connected to two Si atoms [3, 6]. Amorphous fumed
silica is formed by similar tetrahedra, which randomly com-
bine into protoparticles (~ 1 nm in diameter) during synthesis
in the flame, which then form primary particles (5-50 nm)
and secondary structures (aggregates, agglomerates).

The surface of such silica has a rather complex structure.
The presence of randomly placed tetrahedra determines the
features of the surface structure and the arrangement of OH

groups, the placement of which at different distances from
each other complicates the study of the properties of the
HDS [1-10].

The IR spectra of all the investigated samples (Fig. 3)
demonstrate the presence of characteristic absorp-
tion bands of bending vibrations Si—O-Si at 468 cm™!
(intense) and O-Si—0 at 800 cm™! (medium intensity),
bands of stretching vibrations Si—O-Si in the range of
1000-1200 cm™! (Fig. 3a—c). This distinct band char-
acterizes the reactivity of silica. Absorption bands that
are related to OH-groups are identified as follows: (i)
the band centered at 3740-3750 cm™' is ascribed to the
Si—OH stretching vibration of isolated surface silanols;
(ii) band at 3540-3550 cm™! can be assigned to vicinal
silanols (OH---OH, isolated pairs of adjacent OH-groups
linked by hydrogen bonds); and (iii) the broad band at
3650-3715 cm™! can be attributed to silanols which are
perturbed by interparticle contact and linked with sorbed
water molecules by hydrogen bonds [28]. Bands at 1636,
3200-3500 cm™!, related to adsorbed water bonded with
silanol groups by hydrogen bonds, indicate its significant
content in the Sig,, and Siy;g samples, which is associated
with the peculiarities of the synthesis conditions. In the
insert of Fig. 3d, an absorption band at 3750 cm~! is vis-
ible, which corresponds to the main sorption centers — free

Flg 3 IR spectra of amqrphous () 1112510.1 2.4 ®) SLOSi
silicon dioxides A-60, Sigj,,, 16 S KB (1100 1104
Siys samples: a—c) with KBr 64[—A-60 : KBr (1:100) | 2_0A| — Sigaq KBr (1:100) ‘
in a ratio of 1:100, d) without
KBr, taken for transmission § g 1.6
8 ]
2 £
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Fig.4 Schematic illustration of the most common variants of the sur-
face structures of highly dispersed silica [3, 29, 30]

silanol groups =Si-OH, which are evenly distributed on the
silica surface. The intensity of this band is quite low due to
the high water content in samples Sig;,, and Siys. A slight
increase in the intensity of this important band is possible
after additional heating of the samples at a temperature
120-150 °C.

The conditions for the synthesis of highly dispersed silica
(high temperature in a hydrogen—oxygen flame, the pres-
ence of a large amount of water vapor during cooling) con-
tribute to the formation of particles of a regular spherical
shape with a narrow size distribution and the formation of
a hydroxyl cover on its surface [20, 29, 30]. Based on the
analysis of studies summarized in [3, 29, 30], a fragment of
the hydroxylated surface of the HDS can be conventionally
represented as a diagram (Fig. 4):

According to this scheme, the surface consists of free
isolated (terminal) silanol groups (1), which in the IR
spectra correspond to the band at 3750 cm™!; silanediol
(geminal) groups (2) — 3750 cm™!, connected by hydro-
gen bonds of neighboring (vicinal) silanol groups (3),
located at a distance of ~0.3 nm from each other and
which correspond to the band 3550 cm™! and siloxane
bridges (4) [2, 4, 6, 31]. For pyrogenic forms of amor-
phous silica, the overwhelming majority of surface
hydroxyl groups are isolated, and the distance between
them for pyrogenic HDS calcined at 700-900 K is about
0.62 nm [3, 4, 32-34].

3.3 Thermal Analysis

Thermal analysis is a method for studying chemical and
physico-chemical processes occurring in a substance under
conditions of a temperature changing [35]. One of its func-
tions is to determine the amount of evaporated structural
water and hydroxides in materials. In addition, the method
makes it possible to determine the structure of thin water
films in the composition of materials. Along with the trans-
formations of matter that occur under the impact of the ther-
mal effect, a change in the mass of the sample is recorded
which can be determined by the thermogravimetric method
(TG) with great accuracy.
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Fig.5 TG, DTG, and DTA curves of A-60, Sig,, and Siy;g amor-
phous silicon dioxide powders
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Figure 5 exhibits the data of thermal analysis of the
studied samples of silica A-60, Sig,,; and Siys. The
DTA curves (Fig. 5a) for the A-60 and Sig,,, samples do
not have any features, but for the Si;g, small peaks are
observed in the temperature range of 115 and 330 °C, cor-
responding to endothermic processes. According to the
DTG data (Fig. 5b), when the HDS samples are heated
from 0 to 1000 C, one endothermic process is observed
with a maximum at 100 °C, which indicates the removal of
physically adsorbed water, and stops before 200 °C. Sam-
ple Siyig has the highest intensity of this peak, while A-60
has the lowest intensity. In this case, up to 200 °C, the
weight loss is 1.1% for A-60; 6% for Sig,,; and 9% for Siy
(Fig. 5¢). With an increase in the heating temperature of
silica, silanol groups are able to condense, forming silox-
ane bonds, and water is removed in the steam form. With
a gradual increase in the heating temperature to 1000 °C,
a further decrease in the mass of samples Sig),, and Siyg is
observed, which is probably associated with the process of
dehydroxylation of the surface of the SiO, samples, since
there are several types of OH-groups on the silica surface
(single, vicinal and geminal OH-groups, hydrogen bonded
and free) [24, 25]. The mass loss for silica samples after
complete cooling of the furnace was: A-60 — 1.6%, Sig),,
-9.2%, Siys — 13.0% (Fig. Sc¢).

It is known that the content of different forms of
water adsorbed on the surface of dispersed or porous
oxides depends on the surface nature, preparation
temperature and can vary in wide range: from almost
zero (heated samples retaining mostly single hydroxyl
groups Si—OH) to ten or more percent, when most of
the water adsorbed on the surface is in molecular form.
Adsorption and desorption of water from the pyro-
genic oxides surface depends on the concentration and
types of surface hydroxyl groups, specific surface area
and type of packaging of primary particles in oxide
aggregates. Almost all properties of dispersed oxides
depend on the content and type of surface OH groups
[13, 22-24], which contribution to the total TPD spec-
trum of desorbed water depends on the concentration
of these groups and their location on the surface and
texture characteristics of the material.

The mass spectra of the products of thermoprogrammed
desorption from the surface of the synthesized SiO, sam-
ples at two temperatures (T =27 °C and T =600 °C) are
shown in Fig. 6a, c, e. Interpretation of the most intense
signals in mass spectra indicates that the most probable
volatile products are m/z 2 (H,), m/z 16 (0), m/z 17 (OH),
m/z 18 (H,0), m/z 28 (CO), m/z 44 (CO,), m/z 44 (NO,).
Analysis of TPD mass spectra demonstrates that the main
the lines of m/z 2 (H,) and m/z 44 (CO,) are at low tem-
peratures. At high temperatures, the lines of m/z=17, 18

@ Springer

indicate that hydroxyl radicals OH and water molecules
H,0 are the main product of TPD.

According to the analysis of the thermograms of the main
products (Fig. 6b, d, f) desorbed from the surface of the
Si0O, samples, the desorption process occurs in two or three
stages. Molecular hydrogen is desorbed in three stages at
temperatures of 95 °C, 170-185 °C, and 570-600 °C, appar-
ently because of the type of bonds with the surface (low-
temperature hydrogen can be responsible for Van der Waals’
forces and chemisorption, and high-temperature hydrogen
— for diffusion from the volume. For curves of oxygen and
hydroxyl radical, only two desorption stages are observed.
The H,0 desorption curve as the main component confirms
the presence of a large amount of adsorbed water in the sam-
ples (Fig. 6). The H,O desorption process occurs in three
stages at different temperature maxima: at T, ,, =95 and
T« =185 °C adsorbed water is released, the release area
250 °C—600 °C is probably associated with the process of
dehydroxylation of the surface of the SiO, samples, since
there are several types of OH groups on the silica surface
(single, vicinal and geminal OH groups, hydrogen bonded
and free) [24, 25]. The desorption stage at T, =185 °C
(Fig. 6b) presumably is related to the products of CO and
CO,. The wide maximum for m/z 44 can be responsible for
both COOH and NO,. this may be due to the fragmentation
of hydrocarbons under the action of an electron beam used
as an ionization source.

The thermogram of water desorption for a sample of
pyrogenic silica A-60 obtained in a vacuum of ~ 107> Pa
(Fig. 6b) indicates that the amount of molecularly
adsorbed water (peaks at 125 and 286 °C), which remains
after degassing at room temperature, is two times higher
compared to the associative desorbed water (peak at
560 °C), but this amount is generally an order of magni-
tude lower than the water amount in the samples obtained
by the fluoride method of synthesis Si;,, and Siyg. This
is due to the features of each synthesis method.

Several factors affect the distribution functions of the
activation energy of water desorption: (i) different con-
tent of terminal and bridged hydroxyl groups for different
samples (as sources of associatively desorbed water mol-
ecules); (ii) differences in the surface topology (i.e., in the
distribution of distances between neighboring groups and
the resulting stresses during the associative desorption of
water) and the morphology of primary and secondary par-
ticles (which affects the adsorption potential for molecu-
larly adsorbed water, its amount and the desorption rate
and interparticle mass transfer); (iii) differences in Sggy
values (i.e., in the adsorption amount per gram of adsor-
bent) and (iv) different amount of adsorbed water (due to
all of the above factors), which also depends on the sample
temperature [13, 23, 24].
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As seen from Fig. 7a, the distribution function of the
activation energy of water desorption (mass 18) from the
surface of the A-60 silica sample demonstrates the presence
of weakly bound water, which corresponds to peaks I and

2 at 70 and 108 kJ/mol, as well as peak 3, characteristic of
strongly bound water in the region of 160 kJ/mol. The inten-
sity of this peak is two times lower than peak 2, which may be
due to the significantly lower amount of strongly bound water
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in this silica sample. But these value of activation energies
are an order of magnitude lower than ones for silica samples
obtained by the fluoride synthesis method (Fig. 7b, c).

The activation energy obtained from TPD data is
60-80 kJ/mol during water desorption from the surface
of samples Sig),, and Siy;g, which corresponds to peak I
of the f(E,) function, as well as peak 2 with a maximum
of 100 kJ/mol at 180 °C and refers to the desorption of
molecularly adsorbed water (Fig. 7b, c). Moreover, for
sample Siyg, peak 2 has a two times greater intensity than
for Sig),,, which indicates a significant amount of water in
this sample, which remains after degassing at room tem-
perature [23].

The position of peaks 3 of the function f{E,) for samples
Sigjag and Siyig at 160-180 kJ/mol is due to the associatively
desorbed water at 400-600 °C (Fig. 7b, ¢). For sample Sig,,,
this peak has three times higher intensity as for Sigj,,. This
may be due to both the structure of the aggregates, the fea-
tures of the hydroxyl cover, and the localization of water
molecules, which, in turn, can form clusters and domains,
as well as be localized in the interparticle gaps and pores.

3.4 Thermal Effect of Inmersion

The heats of immersion of highly dispersed silicas Sig),,,
Siys and fumed silica A-60 in polar (water) and non-polar
(n-decane) liquids have been studied. For the study, the
samples were preliminarily degassed and heated to remove
physically adsorbed water from their surface.

Wetting is a process in which a decrease in free energy
occurs in a system of three phases in contact. Therefore,
heat is released during the wetting process. The heat of
immersion can serve as a characteristic of the liquid ability
to wet a solid.

The decrease in the free energy of the system upon wetting
depends both on the surface area and the surface nature. The
hydrophilicity index (K, eliminates the surface area factor,
since the surface area remains constant when wetted with both
water and n-decane. Thus, the hydrophilicity index is a con-
venient characteristic for assessing the influence of the surface
nature on the interaction with polar or non-polar liquids.

The thermal effect of immersion according to the
Gibbs—Helmholtz equation is

I ®)

where g — thermal effect of immersion, ¢ — surface energy,
T — temperature.

It follows that the thermal effect depends on the
temperature.

At the end of the formation of the first layer of adsorbed
water, 55—70% of heat from the total amount is released.

@ Springer

0.010
(@) A-60
0008' —a- Peak 1
Peak 2
-a- Peak 3
—~ 0.006-
S
8
@ 0.004 -
S
0.002-
0.000
0 40 80 120 160 200 240
E4 (kJ/mol)
0.07
(b)
0.06 Slgg ﬂ
005 ] = Peak 1 5 )
N Peak 2 ]
S5 0.041 = Peak 3 I
s . .
—~ i . .
g 0.03 ] :l
" .
0.02- : b
: [
0.01- ) ]
[ ]
0.00 1 s et \
0 40 80 120 160 200 240
E (xJ/mol)
0.07
(c)
0.064  Siys
-=- Peak 1
0.057 . peak 2
§ 0.041™ Peak 3
S
@0.03—
0.02
0.011
0.00 1 s f—— T
0 40 80 120 160 200 240

E (kJ/mol)

Fig. 7 Distribution function of the activation energy of water desorp-
tion (mass 18) from the surface of silica samples A-60, Sig,,, and Siyg



Silicon (2023) 15:1221-1233

1231

Eiler in his review noted the dependence of the heat
of immersion on the surface hydration degree [4]. Thus,
according to his data, at a maximum degree of hydrox-
ylation of 4.7 OH groups/nm?, the heat of immersion
can approach a value of 200 mJ/m?. The unwettability
or hydrophobic nature that the siloxane surface exhibits
during its contact with water allowed Laskowsky and
Kitcher [4] to conclude that the work of the adhesive
forces of water in contact with a solid surface consists
of three components: i) dispersion forces (Van der
Waals’ forces); ii) hydration of non-ionic polar centers
(i.e. binding of water molecules to Si—OH groups) and
iii) dissociation.

Figure 8 shows the calorimetric curves of immersion in
water and n-decane of silica samples obtained using various
synthesis methods, calculated per 1 g of the initial sample
and 1 m? of its surface. From the data obtained, it can be
concluded that all the systems under study are hydrophilic,
that is, the hydrophilicity index for all the studied samples
is greater than one.

Moreover, according to the heat of immersion in water
(Q,,) normalized per 1 m? of surface and K, values, the
hydrophilicity of the studied samples Sig;,, and Siyg 18 sig-
nificantly higher than the hydrophilicity of fumed silica
A-60, which may be due to a higher concentration of surface
silanol groups and water molecules adsorbed on the surface
of the samples silica Sig),, and Siyg, and is explained by the
peculiarities of their synthesis. The hydrophilicity indexes of
samples Sig;,, and Siyg are 10 and 20, respectively, which is
significantly higher than for pyrogenic silica A-60, for which
K, =2 (Table 3).

4 Conclusions

Thus, silica samples Sig;,, and Siy;g synthesized by the fluo-
ride method have a developed hydroxyl cover and contain
various forms of adsorbed water on their surface, which is
removed at different temperatures in several stages. This
is confirmed by the methods of IR, derivatography and
TPDMS. In addition, sample Si,; contains greater amount
of water than sample Sig,,. This may be due to the presence
of several layers of adsorbed water on its surface. At the
same time, the heat of immersion in water (as a polar liquid),
calculated per m? of its surface, is higher than for A-60 and
Sigjag- The hydrophilicity indexes of samples Sig;,, and Siy;g
are 10 and 20, respectively, which is significantly higher than
for pyrogenic silica A-60, for which K, =2.

According to nitrogen adsorption—desorption data, the
Sig,e sample has a developed surface area Sgpr= 64 m%/g,
which is close to that of A-60 silica obtained by the pyrogenic
synthesis method (Sz;;=80 m?%/g) and is predominantly
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Fig.8 Calorimetric curves of immersion in water and n-decane for
silica samples: A-60, Sig),, and Siys (Mg, = 100 mg)
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Table 3 Heats of immer§if)n in Sample S, mg 0, 0, K,
water and n-decane for silica
samples obtained by different J/g J/m? J/g J/m?
synthesis methods
A-60 80 11.17 0.14 6.2 0.078 2
Sigiag 64 4291 0.68 4.39 0.069 10
Sivs 11 24.27 1.75 1.15 0.083 20

mesoporous (S, =55 m?/g with R ,,=7.6 nm). At the
same time, the Siyq sample synthesized from microsilica by
the same fluoride synthesis method has a significantly lower
specific surface (Szr=11 m%g), and does not have micro
and mesoporosity. Such significant differences between sil-
ica samples obtained by the fluoride synthesis method are
associated with the use of different raw materials.
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