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ТЕРМОДИНАМИЧЕСКИЙ АНАЛИЗ ПРОЦЕССОВ 

ВЗАИМОДЕЙСТВИЯ ТЕТРАФТОРИДА КРЕМНИЯ И 
ГЕКСАФТОРСИЛИКАТОВ С ВОДОРОД- 

И КИСЛОРОДСОДЕРЖАЩИМИ ВЕЩЕСТВАМИ
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Термодинамическими расчетами показано, что в системе элементов Si-F-H-O при 
температуре выше 1300 K основным кремнийсодержащим веществом является диоксид 
кремния, а основным фторсодержащим – фторид водорода. Указанная температура 
реализуется при проведении реакций взаимодействия тетрафторида кремния и 
фторсиликатов с водородсодержащими и кислородсодержащими веществами в режиме 
горения. Высокотемпературная обработка тетрафторида кремния и фторсиликатов в 
режиме горения может стать основой промышленной технологии производства фторида 
водорода.

Ключевые слова: тетрафторид кремния, фторид водорода, диоксид кремния, 
термодинамическое равновесие, энергия Гиббса 
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Introduction

Hydrogen fluoride (HF) is the main fluo-
rinating agent used in production of uranium 
fluorides in the nuclear fuel cycle, halocar-
bons, electron gases, etc. Production of an-
hydrous HF reaches 1.5 million tons per year 
[1, 2].

Hydrogen fluoride is obtained from fluor-
spar (natural CaF2) by decomposition of sulfu-
ric acid [1]:

2 2 4 4CaF + H SO CaSO + 2HF .sol liq sol gas→ (1)

The subscripts here indicate the aggregate 
states of substances: solid (sol), liquid (liq) 
and gaseous (gas).

Only high-quality fluorspar with at least 
95% content of the original material and a 
silicon dioxide admixture of not more than 
1.5% is used to produce HF [1, 2].

The annual world production of fluorspar 
exceeds 4 million tons. The main producers are 
China (generating over 50% of the total world 
output), Mexico, Mongolia, and South Africa 
[1, 2].

The deposits of fluorspar in the Russian 
Federation are depleted, so fluorspar has to 
be imported. Therefore, developing alterna-
tive methods for producing hydrogen fluoride 
is an important task.

Production of wet-process phosphoric acid 
from fluorapatite, using the reaction 

5 4 3 2 4 3 4

4

Ca (PO ) F + 5H SO 3H PO +

+ 5CaSO + HF ,
sol liq liq

sol gas

→
(2)

forms a substantial amount of hydrogen fluo-
ride, which in turn forms silicon tetrafluoride 
SiF4 reacting with silicon dioxide SiO2 (an ad-
mixture in fluoroapatite):

2 4 2SiO + 4HF SiF + 2H O .sol gas gas gas↔ (3)

Tetrafluoride is then hydrolyzed, and the 
obtained hexafluorosilicic acid H2SiF6 is neu-
tralized, and solid fluorine-containing wastes 
are disposed to landfills.

The amount of these wastes generated 
in processing fluorapatite is about 2 million 
tons per year (in terms of fluorine content). 
Therefore, these wastes from processing fluoro-
apatite can serve as the main industrial source 
of fluorine. 

There is a great number of chemical com-
pounds in the Si-F-H-O system. Some of these 
compounds and data on their interaction with 
water, hydrogen and oxygen are given in Table 
1 [3–13]. It follows from the data that the most 
stable compounds in the Si-F-H-O system are 
SiO2, HF, SiF4, H2O; in addition, it can be 
seen that hydrogen fluoride can be obtained by 
hydrolysis of silicon tetrafluoride.

Determination of the temperature range

In order to determine the preferable tem-
perature range for hydrolysis of silicon fluo-
ride, we calculate the Gibbs energy change 
depending on temperature for the following 
process: 

4 2 2SiF + 2H O SiO + 4HF .gas gas sol gas↔ (4)

More than ten crystalline modifications of 
SiO2 are known. The most stable of them are 
β-quartz, β-tridimite and β-cristobalite, whose 
melting points are 1550, 1680 and 1720 °С, re-
spectively [4]. The heat capacities and other 
thermodynamic parameters of these crystalline 
modifications differ only slightly (by units of 
percent), so we performed further calculations 
for one modification, β-tridymite.

The procedure for calculating the Gibbs en-
ergy change is given in [14]. We approximated 
the temperature dependence of heat capacity 
by a first-degree polynomial. The calculation 
results are shown in Fig. 1.

Reaction (4) is reversible (↔); the forward 
reaction rate is equal to the reverse reaction 
rate at a temperature of 1170 K (referred to 
as critical, Tcr, for convenience from now on). 
Therefore, hydrogen fluoride can be obtained 
by hydrolysis of silicon fluoride at a tempera-
ture above Tcr, quickly cooling the products at 
temperatures below Tcr.
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We propose to treat SiF4 in flames of hydro-
gen-containing fuel and an oxygen-containing 
oxidizing agent for high-temperature hydrolysis:

SiF + C H O N + O

SiO + 4HF +

+ CO

4 1 m n k l 2 2

2 /

1 y

gas gas gas

sol liq gas

ga

x x

y

�

�

ss gasy Q+ N ,2 2 �

(5)

where СmHnOkNl is the volatile 
hydrogen-containing substance, m ≥ 0, n > 0, 
k ≥ 0, l ≥ 0; nx1 ≥ 4, 2x2 > 2,y = 1; 2; the stan-
dard enthalpy of formation is Q ~ 102–103 kJ; 
the adiabatic temperature of the reaction prod-
ucts is Тad > 103 K.

Hydrogen, methane and ammonia can serve 
as hydrogen-containing fuel, and oxygen and 
air as an oxygen-containing oxidizing agent.

Fig. 1. Temperature dependence of Gibbs energy change for hydrolysis of silicon tetrafluoride (4)

Tab l e  1
Physico-chemical properties of silicon compounds

Compound Interaction with water Characteristic
reaction

SiF4
Si2F6

3SiF4 + 2H2O → SiO2 + 2H2[SiF6]
(T = 100 °C),

SiF4 + 2H2O → SiO2 + 4HF 
(T > 800 °C)

Si2F6 → SiF2 + SiF4 (700 
°C)

H2SiF6 Exists in aqueous solution only H2SiF6 → SiF4 + HF

H3SiF
H2SiF2 
HSiF3

H3SiF + H2O → 2HF + (SiH3)2O
2H3SiF → SiH4 + H2SiF2,
4HSiF3 → 3SiF4 + Si + 

2H2 (20 °C)

SiH4, Si2H6, Si3H8, 
(SiH x)4

SiH4 + 2Н2О → SiO2 + 4Н2,
Si2H6 + 4H2O → 2SiO2 + 7H2

SiH4+2O2 → SiO2+2H2O,
SiH4 → Si + 2H2
(400–1000 °C)

H2SiO3 H4SiO4 Sparingly soluble H2SiO3 → H2O + SiO2

SiO, SiO2
SiO + H2O → SiO2 + H2 

(T > 500 °C)
SiO2 + 2H2 → Si + 2H2O 

(800 °C)
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The products of the process are a slightly 
dust-laden gas flow, i.e.,

Vsol/V ~ 10–5,

where Vsol, V are the volumes of the solid phase 
and all products of the process, respectively. 

For this reason, the flow should be cooled 
in a convective heat exchanger of the double 
pipe type.

Table 2 shows the thermal enthalpies and 
adiabatic temperatures Tad of the products for 
process (5). A nonhomogeneous flame loses 
up to 40% of the released energy due to ther-
mal radiation [15]. In view of this, the tem-
peratures Trad of the reaction products given in 
Table 2 were calculated taking into account 
this loss.

Table 3 gives Tad and Trad depending on the 
initial temperature of the reagents for three 
crystalline modifications of SiO2 for the pro-
cess described by the reaction

4 2 2

2 /liq

SiF + 2H + O

SiO + 4HF .
gas gas gas

sol gas

→

→
(6)

It follows from the data given in Table 3 
that the values of Tad and Trad are significantly 
higher than the values of Tcr for all cases, so 
the preferable method for producing hydrogen 
fluoride from silicon tetrafluoride is by scheme 
(5). In addition, it is evident that Tad and Trad 
weakly depend on the structure of crystalline 
modification of SiO2.

Fig. 2 shows the Gibbs energy change ΔG 
depending on temperature in the range of 300–
1800 K for reactions (6)–(8) with the ratio of 
starting components corresponding to produc-
tion of SiO2 and HF:

4 3 2

2 2

3SiF + 4NH + 3O

3SiO + 12HF + 2N ,
gas gas gas

sol gas gas

→

→
(7)

4 4 2

2 2

SiF + CH + 2O

SiO + 4HF + CO .
gas gas gas

sol gas gas

→

→
(8)

It can be seen from Fig. 2 that the ΔG val-
ues are negative for the given processes, which 
means that processes (6)–(8) are not thermody-
namically forbidden for this temperature range.

Tab l e  2

Main thermal parameters for reactions 
occurring in interaction of silicon tetrafluoride with different compounds (T0 = 500 K)

Reaction –Q, kJ
Tad Trad 

K

SiF4 gas + 2H2 gas + O2 gas → SiO2 sol/liq + 4HFgas 384 2491 1843

3SiF4 gas + 4NH3 gas + 3O2 gas →  
→ 3SiO2 sol/liq + 12HF gas + 2N2 gas

969 2083 1562

SiF4 gas + CH4 gas + 2O2 gas →  
→ SiO2 sol/liq + 4HFgas + CO2 gas

703 3020 2214

SiF4 gas + 2H2 gas + O2 gas + 4N2 gas →  
→ SiO2 sol/liq + 4HFgas + 4N2 gas

384 1836 1407

3SiF4 gas + 4NH3 gas + 3O2 gas + 12N2 gas → 
→  3SiO2 sol/liq + 12HFgas

 + 14N2 gas
969 1598 1248

SiF4 gas + CH4 gas + 2O2 gas + 8N2 gas →  
→ SiO2 sol/liq + 4HFgas + CO2 gas + 8N2 gas

703 1982 1501

Nota t i on s :  Q is the thermal effect; Tad and Trad are the adiabatic and radiation tempera-
tures; T0 is the temperature of the starting reagents.
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Fig. 3 shows the temperature dependences 
of the Gibbs energy change ΔG for β-quartz, 
β-tridymite, and β-cristobalite for process 
(6).

The Gibbs energy change in reaction (8) 
weakly depends on the structure of crystalline 
modification of SiO2: the difference in ΔG 
does not exceed 5%. 

As noted above, the most thermally stable 
elements in the Si-F-H-O system are SiO2, 
SiF4, H2O and HF. The thermodynamically 
equilibrated composition of substances in 
this system was calculated by minimizing the 
Gibbs energy for the mixture, varying the 
concentration of the components with the 
given atomic ratio [16]:

1 4 2 2 3 2

1 2 sol 2 4

3 4 2 ,

SiF + H + O

SiO + SiF +

HF + H O
g

gas gas g

as

gas g

a

s

s

a

x x x

y y

y y+

→

→ (9)

where xi, yi are the stoichiometric coefficients.
The atomic balance equations have the fol-

lowing form: 

1 2 1 2 3 1

3 4 2 1 4 3

: ; : 4  4 ; 
:  2  2 ;  : 2  2 .

Si y y x H y y x
F y y x O y y x

+ = + =
+ = + =

(10)

If we express y2, y3, y4 in terms of x1, x2, x3 
and y1, i.e., 

y2 = x1 – y1; y3 = 4y1; y4 = x2 – 4y1, 
we obtain:

Fig. 2. Temperature dependences of Gibbs energy change 
for reactions (6) (1), (7) (2) and (8) (3) 

Fig. 3. Temperature dependences of Gibbs energy change for process (6), 
for three crystalline modifications of silicon dioxide: 
β-quartz (1), β-tridymite (2) and β-cristobalite (3)
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1 2 1 1 2 

1 1 4 

1 2 1 2

G , ,  G SiO   
– G SiF   

+ 4 G HF   –  4 G H O .

( ) ( )
( ) ( )

( ) ( ) ( )

so

g

ga

a

s

l

s

gas

x x y y
x y

y x y

∑ = +
+ +

+
(11)

Given fixed values of x1, x2, x3, we varied y1 
in increments of 0.001, constructing a matrix 
and then selecting its minimum by comparison. 

Fig. 4 shows the temperature dependences 
for the concentration of products of process (6) 
in a thermodynamically equilibrated mixture, 
calculated using the model we formulated [16]. 

SiO2 is the main silicon-containing sub-
stance at temperatures above 1300 K, and HF 
is the main fluorine-containing substance; the 
concentration of SiF4 does not exceed 3%, and 
that of H2O does not exceed 8%.

Calculations in the ASTRA  
software package

 
We have tested the model using the ASTRA 

software package, allowing to calculate the 
thermodynamically equilibrated composition 
by entropy maximization [17]. The calculated 
results for the Si-4F-4H-2O system are given 
in Table 4.

The results obtained with the ASTRA soft-
ware package are in qualitative agreement with 
the calculated data on equilibrium compo-
sitions obtained by the method that we have 
developed.

The ASTRA package was also used to calcu-
late the equilibrium compositions of substances 
in the Si-4F-C-4H-4O system. The calculated 
results are given in Table 5.

Fig. 4. SiO2 (1), SiF4 (2), H2O (3) and HF (4) concentrations depending on temperature for Si-F-H-O system 
(SiF4-2H2-O2 mixture is thermodynamically equilibrated, i.e., x1 = x3 = 1, x2 = 2)

Tab l e  3

Temperature parameters of reaction (6) 
depending on initial temperature of reagents 

for different crystalline modifications of silicon dioxide

T0

Tad Trad Tad Trad Tad Trad 

β-quartz β-tridymite β-cristobalite

400 – – 2544 1760 – –

600 – – 2886 2120 2812 2055

800 – – 3226 2476 3161 2415

1000 3547 2803 3563 2829 3508 2773
Note .  All temperatures are given in degrees Kelvin (K).
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Hydrogen fluoride is the main 
fluorine-containing substance at temperature 
above 1100 K in the Si-4F-4H-1C-4O system. 
Upon reaching 1900 K, the hydrogen fluoride 
content in the equilibrium mixture amounted 
to about 50 mol.%, and the silicon tetrafluoride 
content to about 5 mol.%.

Thus, analyzing the calculated equilibrium 
compositions of the substances in Si-F-H-O 
and Si-F-H-C-O systems, we can assume that 
HF can be the main fluorine-containing sub-
stance for SiF4 processed in flames of hydro-
gen-containing fuel with an oxygen-containing 
oxidizing agent at temperatures above 1300 K, 
and SiO2 can be the main silicon-containing 
substance.

Metal and ammonium hexafluorosilicates 
can be obtained from aqueous solution of 
H2SiF6 and SiF4 [18, 19]:

2 6  

2 6  

H SiF + 2NaCl  
Na SiF + 2HCl ,

liq liq

sol liq

→

→
(12)

2 6 4  

4 2 6 

H SiF + 2NH OH
 NH SiF ,( )
liq liq

liq

→

→
(13)

4  4 

4 2 6 

2NH F + SiF
 NH SiF ,( )

liq liq

liq

→

→
(14)

H SiF + ! aCO �

 ! 0SiF + H CO .

2 6 3 

6 2 3 

liq sol

sol liq

→

→
(15)

Therefore, we considered whether it was 
thermodynamically possible to produce hy-
drogen fluoride from hexafluorosilicates in 
flames of hydrogen-containing fuel and an 
oxygen-containing oxidizing agent.

No data are available in literature on thermo-
dynamic functions of the CaSiF6, (NH4)2SiF6, 
Na2SiF6 hexafluorosilicates; however, these 
salts are thermally unstable at temperatures 
above 370, 250 and 600 oC, respectively [7]:

6 2 4 CaSiF CaF + SiF ,sol sol gas→ (16)

4 2 6 

3 4  

(
,

NH SiF  
2NH + SiF + 2HF

) sol

sol gas gas→
→

(17)

2 6 4 .Na SiF  2NaF + SiFsolsol gas→ (18)

For this reason, we performed further cal-
culations for their decomposition products.The 
equations for hydrolysis of sodium and calcium 
fluorides have the form

 2  

 /  

NaF  + H O
NaOH + HF ,

sol gas

sol liq gas

→

→
(19)

2 2  

  .
CaF  + H O

CaO + 2HF
sol gas

sol gas

→

→
(20)

Tab l e  5 

Thermodynamic equilibrium 
compositions of substances (mol.%) 

in Si-4F-4H-1С-4O system 
depending on temperature 

T, K H2O HF CO2 SiO2 SiF4

500 48.6 1.7 24.7 0.4 24.4
700 43.3 8.8 23.9 2.2 21.7
900 35.1 19.8 22.5 5.0 17.6
1100 27.0 30.6 21.1 7.6 13.5
1300 20.7 39.0 20.1 9.8 10.4
1500 16.1 45.1 19.3 11.3 8.1
1700 12.9 49.3 18.8 12.3 6.5
1900 10.6 52.3 18.2 13.1 5.4

Note. The data were calculated using the ASTRA 
software package.

Tab l e  4 

Thermodynamic equilibrium 
compositions of substances (mol.%) 

in Si-4F-4H-2O system 
depending on temperature 

T, K H2O HF SiO2 SiF4

500 64.5 2.2 0.5 32.5
700 57.3 10.8 2.7 28.9
900 46.1 24.3 6.1 23.3
1100 35.3 37.3 9.3 17.8
1300 26.9 47.4 11.9 13.6
1500 20.8 54.6 13.7 10.6
1700 16.7 59.6 14.9 8.5
1900 13.7 63.1 15.8 7.1

Notes. 1. The data given were calculated using the 
ASTRA software package. 2. The O2 content was less 
than 0.2 mol.% at all temperatures.
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We calculated the Gibbs energy change as 
function of temperature for these reactions. We 
found (Fig. 5) that the Gibbs energy change 
for this reaction follows the inequality ΔG > 0 
in the entire temperature range considered. 
Consequently, reactions (19) and (20) are ther-
modynamically forbidden in the temperature 
range T = 300–2000 K.

The local maximum on curve 2 (Fig. 5) is 
due to the fact that the crystal lattice of calcium 
fluoride changes at a 1424 K, and this compound 
melts at 1691 K [5]. 

Table 6 gives the calculated standard enthal-
pies of formation, temperatures Tad and Trad for 
the interaction of products of thermal decom-
position of hexafluorosilicates in flames of hy-
drogen-containing fuel and oxygen, with the 
ratio of the starting components corresponding 
to production of SiO2 and HF at the initial tem-
perature T0 = 500 K. Hydrogen-containing fuel is 
contained in the molecule of hexafluorosilicate in 
case of ammonium hexafluorosilicate.

The values of Trad in Table 6 significantly ex-
ceed the value of Tcr obtained for SiF4 (see Fig. 
1), and, therefore, hydrolysis of SiF4 is thermo-
dynamically possible in the given processes (see 
Table 6). Notably, sodium and calcium fluorides 
are not hydrolyzed in the temperature range 
T = 300–2000 K, so only 67% fluorine regener-
ation is possible from hexafluorosilicates of these 
elements.

Fig. 6 shows the Gibbs energy change ΔG de-
pending on temperature in the range of 300–1800 
K for interaction of thermal decomposition prod-
ucts of hexafluorosilicates with hydrogen-con-
taining substances and oxygen (all reactions in 
Table 6).

The Gibbs energy changes are negative in the 
given temperature range, therefore, all the reactions 
in Table 6 are not thermodynamically forbidden 

As the dust-laden gas flow formed by com-
bining the reagents 

SiO2 sol + 4HFgas, (21)

is cooled at temperatures below 1170 K, fluori-
nation of SiO2 occurs:

2  

4 2  

SiO + 4HF
 SiF + 2H O .

sol gas

gas gas

→

→
(22)

Because of this, flow (21) should be cooled 
at the highest rate possible.

Calculation of heat transfer parameters

Kinetic models for reaction (22) are not 
described in literature. It is thus impossible to 
give a quantitative assessment for the necessary 
cooling rate.

We made estimates for the characteristic 
cooling time of the dust-laden gas flow (21) 
and the parameters of the convective heat ex-
changer of the double pipe type with a ther-
mostatically controlled wall for SiF4 flow rates 
corresponding to the pilot and industrial-scale 
setups, based on the data from [20].

The Nusselt number for the dust-laden gas 
flow was calculated by the following relations:

0.8 0.4

0.41
0.8 1.12

0.023Re Pr

1
(1 ) (1 ) ,

1

ï ï ï

sol gas

Nu

C C
Nu

µ
µ β

µ

−

= =

 +
= + −  + 

(23)

Fig. 5. Temperature dependences of Gibbs energy change
for hydrolysis of sodium (1) and calcium (2) fluorides 
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,
1

,

sol sol sol

gas gas gas

sol sol

s sol gas sol sol

gas gas

G V
G V

F F
F F F V

V

β ρµ
β ρ

µβ
ρ µρ

= =
−

= = =
+   + 

 

(24)

where Gsol, Vsol are the flow rate and velocity of 
the powder; Ggas, Vgas are the flow rate and veloc-
ity of gas; Сsol, Сgas are the heat capacities of the 
solid component and gas; ρsol, ρgas are the densi-
ties of the solid phase and gas, respectively; μ is 
the flow rate concentration; β is the volumetric 

concentration of the solid component; Fsol, F gas 
are the volumes of the solid component and gas, 
respectively; Fs is the system volume. 

Table 7 gives the cooling characteristics for 
slightly dusty (β = 2·10–5 at Т = 1100 K) flow 
(21) at temperatures from 1100 to 500 K and 
for the heat exchanger depending on the SiF4 
flow rate and the diameter of the cylindrical 
heat exchanger. 

It follows from the results given in Table 7 
that the characteristic cooling time of the flow 
from 1170 to 500 K is of the order of 10–2 
s provided that the diameter of the heat ex-
changer is of the order of tens of millimeters, 

Fig. 6. Temperature dependences of Gibbs energy change 
for interaction of thermal decomposition products of hexafluorosilicates 

with hydrogen-containing substances and oxygen 
The numbers of the curves correspond to the numbers of reactions in Table 6

Table 6

Main thermal parameters for interaction 
of thermal decomposition products of hexafluorosilicates 

with different substances (T 0 = 500 K)

Reaction -Q, kJ
Tad Trad 

K

SiF4 gas + 2NH3 gas + 2HF gas + 1,5O2 gas →  
→ N2 gas + SiO2 sol/liq + 6HFgas + H2Ogas

539 2211 1643

2NaFsol + SiF4 gas + СH4 gas + 2O2 gas →  
→ 2NaFsol + SiO2 sol/liq + 4HFgas + CO2 gas

708 2354 1763

CaF2 sol + SiF4 gas + СH4 gas + 2O2 gas →  
→ CaF2 sol + SiO2 sol/liq + 4HFgas + CO2 gas

708 2687 1978

The notations for the parameters are given in the caption to Table 2
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its length is of the order of units of meters, and 
the pressure difference in the heat exchanger is 
1.5 kPa. The cooling time is 0.02 seconds for 
a heat exchanger diameter of 20 mm, so this 
diameter is considered to be optimal. 

Main results and conclusions

Considering the regeneration of fluorine from 
fluorine-containing materials, we analyzed the 
existing methods for producing hydrogen fluoride. 
We have carried out thermodynamic calculations 
of adiabatic temperature, Gibbs energy change 
and the equilibrium composition of the reaction 
products of interaction of silicon tetrafluoride 
with hydrogen and oxygen-containing substances.

Analysis of the obtained simulation data al-
lowed us to draw the following conclusions.

It is preferable to carry out hydrolysis of SiF4 
aimed at producing SiO2 and HF at a tempera-
ture above 1170 K, followed by rapid cooling 
of the reaction products.

When SiF4 is processed in flames of hydro-
gen-containing fuel (H2, CH4, NH3) and an oxy-
gen-containing oxidizing agent (oxygen, air), the 
temperature of the reaction products, taking into 
account thermal radiation of non-homogeneous 
flame, is significantly higher than 1170 K. The 
crystalline form of SiO2 practically does not affect 
the adiabatic (Tad) and radiation (Trad) tempera-
tures exceeding 1500 and 1200 K, respectively. 

SiO2 is the main silicon-containing substance 
at temperatures above 1300 K in an equilibrium 
mixture of substances of the Si-4F-4H-2O sys-
tem, and HF is the main fluorine-containing 
substance. The content of SiF4 is not more than 
3%, of water not more than 8% (estimate by the 
Gibbs energy minimization method). 

The results calculated using the ASTRA 
software package indicate that SiF4 and H2O 
contents in the equilibrium mixture at a tem-
perature of 1900 K are 7% and 14%, respec-
tively. Calculations for the Si-4F-1C-4H-4O 
system confirm that hydrogen fluoride is the 
main fluorine-containing substance at 1900 K, 
the SiF4 content in an equilibrium mixture is 
about 5%, carbon dioxide content is 18% and 
water content is 10%.

HF and SiO2 can be obtained in flames of 
hydrogen-containing fuel and an oxygen-con-
taining oxidizing agent using CaSiF6, Na2SiF6, 
(NH4)2SiF6, etc., as starting materials: these 
processes are not forbidden thermodynam-
ically, and the temperature of their products 
Trad > 1170 K. Moreover, hydrolysis of calcium 
and sodium fluorides is thermodynamically 
forbidden in the temperature range T = 300-
-2000 K. Therefore, only 67% regeneration of 
fluorine is possible from sodium and calcium 
hexafluorosilicates.

The (SiOsol + 4HFgas) flow is classified as 
slightly dusty, so it should be cooled in a con-
vective heat exchanger of the double pipe type. 
The cooling time can amount to about 10–2 s 
in the temperature range from 1170 to 500 K.

Processing SiF4 or fluorosilicates in flames of 
hydrogen-containing fuel and an oxygen-con-
taining oxidizing agent may serve as the basis 
for producing hydrogen fluoride.

 
Technology for producing hydrogen fluoride from 

fluorine-containing by-products and waste products 
of phosphate fertilizers processed in methane and 
oxygen flames developed using experimental setup 
No. 05.608.21.0277. ID RFMEFI60819X0277

Table 7

Characteristics of heat exchanger and slightly dust-laden flow (21)
depending on heat exchanger diameter

D, mm α,  
W·m–2·K–1 L, m u, m/s ΔP, 

kPa t, s Re Ref 

20 382 0.68 81 1.47 0.02 16280 24635

30 184 0.94 36 0.29 0.05 10847 16413

Nota t i on s :  D, L are the diameter and length of the heat exchanger, α is the heat 
transfer coefficient; u is the dust-laden gas flow velocity; ΔP, t are the pressure difference in 
the heat exchanger and the cooling time of the dust-laden gas flow with a decrease in tem-
perature from 1170 to 500 K; Re, Ref  are the Reynolds numbers for dust-laden gas flows.
No t e .  The table gives the calculated data for silicon fluoride with the flow rate 
of 10 g/s (industrial value is 300 tons per year); the wall temperature of the heat 
exchanger Twall = 100 оС. 



95

Physical Materials Technology

REFERENCES

1. Hydrogen fluoride. The Essential Chemical 
Industry – online, University of York, UK, 
URL: http://www.essentialchemicalindustry.org/
chemicals/hydrogen-fluoride.html.

2. Obzor rynka flyuorita (plavikovogo shpata) v 
SNG [A review of the fluorite (fluorspar) market 
in the CIS], 8th edition, Informain Research 
Team, Moscow, 2016.

3. Glushko V.P., Termodinamicheskiye svoystva 
individualnykh veshchestv. Spravochnoye 
izdaniye [Thermodynamic properties of the 
individual substances. Reference book], the 3d 
Ed,, Vols. 1–4, Nauka, Moscow, 1979.

4. Lidin R.A., Molochko V.A., Andreyeva L.L., 
Khimicheskiye svoystva neorganicheskikh veshchestv 
[Chemical properties of the inorganic substances], 3d 
ed., Chemistry Publishing, Moscow, 2000.

5. Khimicheskaya entsiklopediya [Chemical 
encyclopedia], In 5 Vols., Vol. 5, Knunyants I.L. 
is an editor-in-chief, Sovetskaya Entsiklopediya, 
Moscow, 1990.

6. Hofmann U., Rudorff V., Haas A., et al., 
Handbuch der Prдparativen Anorganischen 
Chemie, Herausg. von G. Brauer, Band 3, 
Stuttgart, Ferdinand Enke Verlag, 1978.

7. Nekrasov B.V., Osnovy obshchey khimii 
[Fundamentals of general chemistry], Vol. 1., 3d 
Ed., “Chemistry” Publishing, Moscow, 1973.

8. Simons J.H. (Ed.), Fluorene chemistry, 5 
Vols., Vol. 1, Academic Press, New York, 1950. 

9. Ryss I.G., Khimiya ftora i yego 
neorganicheskikh soyedineniy [Chemistry of 
fluorine and its inorganic compounds], Scientific 
and Technical State Publishing House for Books 
on Chemistry, Moscow, 1956. 

10. Remy H., Treatise on inorganic chemistry: 
introduction and main groups of the periodic 
table, Vol. 1, Elsevier, 1959.

11. Khimicheskaya entsiklopediya v 5 t 
[Encyclopedia on chemistry, 5 Vols.], Vol. 4, Ed. 
Zefirov N.S., Bolshaya Rossiyskaya Entsiklopedia, 
Moscow, 1995. 

12. Eseev M.K., Goshev A.A., Horodek P., 
et al., Diagnostic methods for silica-reinforced 
carbon nanotube based nanocomposites, 
Nanosystems: Physics, Chemistry, Mathematics. 
7 (1) (2016) 180–184.

13. Nitride ceramics: combustion synthesis, 
properties and applications, Eds A.A. Gromov, 
L.N. Chukhlomina, Weinheim: Wiley-VCH 
Verlag, Germany, 2015. 

14. Maslova A.S., Pashkevich D.S., 
Thermodynamic analysis of the process of 
producing hydrogen fluoride from silicon 
tetrafluoride in a flame of a hydrogen-containing 
fuel and an oxygen-containing oxidizing agent, 
SPbPU Science Week, Materials of Scientific 
Conference with International Participation, 
Institute of Applied Mathematics and Mechanics, 
Polytechnical Institute Publishing, St. Petersburg 
(2017) 245–247.

15. Souil J.M., Joulain P., Gengembre E., 
Experimental and theoretical study of thermal 
radiation from turbulent diffusion flames to 
vertical target surfaces, Combustion Science and 
Technology. 41 (1–2) (1984) 69–81.

16. Zimin A.R., Pashkevich D.S., 
Thermodynamically equilibrium composition of 
substances in the system of elements U-F-O-H, 
SPbPU Science Week, Materials of Scientific 
Conference with International Participation, 
Institute of Applied Mathematics and Mechanics, 
Polytechnical Institute Publishing, St. Petersburg 
(2017) 222–224. 

17. Trusov B.G., Code system for simulation 
of phase and chemical equilibriums at higher 
temperatures, Engineering Journal: Science 
and Innovation. Electronic Science and 
Engineering Publication. (1(1)) (2012) DOI: 
10.18698/2308-6033-2012-1-31.

18. Galkin N.P., Zaytsev V.A., Seregin M.B., 
Ulavlivaniye i pererabotka ftorsoderzhashchikh 
gazov [Capture and processing of fluorinated 
gases], Atomizdat, Moscow, 1975.

19. Zaytsev V.A., Proizvodstvo ftoristykh 
soyedineniy pri pererabotke fosfatnogo syrya 
[Production of fluoride compounds in phosphate 
processing], Chemistry Publishing, Moscow, 
1982. 

20. Gorbis Z.R., Teploobmen i 
gidromekhanika dispersnykh skvoznykh 
potokov [Heat exchange and hydromechanics 
of the dispersed through flows], Energiya, 
Moscow, 1970. 

Received 06.12.2019, accepted 20.12.2019.



St. Petersburg State Polytechnical University Journal. Physics and Mathematics 13 (1) 2020

96

THE AUTHORS

ZIMIN Arseniy R.
Peter the Great St. Petersburg Polytechnic University
29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
fz1min@yandex.ru

PASHKEVICH Dmitriy S.
Peter the Great St. Petersburg Polytechnic University
29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
pashkevich-ds@yandex.ru

MASLOVA Anastasia S.
Peter the Great St. Petersburg Polytechnic University
29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
maslovanastya95@gmail.com

KAPUSTIN Valentin V.
Peter the Great St. Petersburg Polytechnic University
29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
Valentin.Kapustin.2014@yandex.ru

ALEXEEV Yuriy I.
LTD “New Chemical Products”
11 Moika River Emb., St. Petersburg, 191186, Russian Federation
alexeev-588@yandex.ru

СПИСОК ЛИТЕРАТУРЫ

1. Hydrogen fluoride. The essential chemical 
industry – online. University of York, UK. URL: 
http://www.essentialchemicalindustry.org/chemi-
cals/hydrogen-fluoride.html.

2. Обзор рынка флюорита (плавикового 
шпата) в СНГ. М.: Исследовательская группа 
Информайн. Изд. 8-е, 2016. 87 с. 

3. Глушко В.П. Термодинамические свой-
ства индивидуальных веществ. Справочное 
издание (3-е изд.). В 4-х тт. М.: Наука, 1979. 

4. Лидин Р.А., Молочко В.А., Андреева Л.Л. 
Химические свойства неорганических ве-
ществ. 3-е изд., испр. Под ред. Р.А. Лидина. 
М.: Химия, 2000. 480 с.

5. Химическая энциклопедия. В 5 тт. Т. 2: 
Д. – М. Редколлегия: Кнунянц И. Л. (гл. ред.) 
и др. М.: Советская энциклопедия, 1990. 671 
с.

6. Гофман У., Рюдорф В., Хаас А., Шенк 
П.В., Губер Ф., Шмайсер М., Баудлер М., 
Бехер Х.-Й., Дёнгес Э., Шмидбаур Х., Эрлих 
П., Зайферт Х.И. Руководство по неоргани-
ческому синтезу. Пер. с нем. / Под. ред. Г. 
Брауэра. В 6 тт. Т. 3. М.: Мир, 1985. 392 с.

7. Некрасов Б.В. Основы общей химии. 
Изд. 3-е., испр. и доп. В 2 тт. Т. 1. М.: Химия, 
1973. 656 с.

8. Фтор и его соединения. Пер. с англ. Под 
ред. Д. Саймонса. В 2 тт. Т. 1. М.: Изд-во 
иностр. лит-ры, 1953. 510 с.

9. Рысс И.Г. Химия фтора и его неоргани-
ческих соединений. М.: Гос. науч.-техн. изд–
во хим. лит-ры, 1956. 718с.

10. Реми Г. Курс неорганической химии. 
Пер. с нем. Т. 1. – М.: ИИЛ, 1963. – 922 с., 
ил.

11. Химическая энциклопедия В 5 тт. Т. 4. 
П. – Т. Редколлегия: Зефиров Н.С. (Гл. ред.) 
и др. М.: Большая Российская энциклопедия, 
1995. 639 с.

12. Eseev M.K., Goshev A.A., Horodek 
P., Kapustin S.N., Kobets A.G., Osokin C.S. 
Diagnostic methods for silica-reinforced carbon 
nanotube based nanocomposites // Nanosystems: 
Physics, Chemistry, Mathematics. 2016. Vol. 7. 
No. 1. Pp. 180–184.

13. Nitride ceramics: combustion synthesis, 
properties and applications. Ed. by A.A. Gromov, 
L.N. Chukhlomina. Weinheim: Wiley-VCH 
Verlag, Germany, 2015. 331 p.

14. Маслова А.С., Пашкевич Д.С. 
Термодинамический анализ процесса по-
лучения фторида водорода из тетрафторида 
кремния в пламени водородсодержащего 



97

Physical Materials Technology

© Peter the Great St. Petersburg Polytechnic University, 2020

топлива и кислородсодержащего окислителя 
// Неделя науки СПбПУ. Материалы научной 
конференции с международным участием. 
Институт прикладной математики и меха-
ники. СПб.: Изд-во Политехн. ун-та, 2017. С. 
245–247.

15. Souil J.M., Joulain P., Gengembre E. 
Experimental and theoretical study of thermal 
radiation from turbulent diffusion flames to ver-
tical target surfaces// Combustion Science and 
Technology. 1984. Vol. 41. No. 1–2. Pp. 69–81.

16. Зимин А.Р., Пашкевич Д.С. 
Термодинамически равновесный состав ве-
ществ в системе элементов U-F-O-H // 
Неделя науки СПбПУ. Материалы науч-
ной конференции с международным уча-
стием. Институт прикладной математики и 

механики. СПб.: Изд-во Политехн. ун-та, 
2017. С. 222–224.

17. Трусов Б.Г. Программная система моде-
лирования фазовых и химических равновесий 
при высоких температурах // Инженерный 
журнал: наука и инновации. Электронное на-
учно-техническое издание. 2012. № 1 (1). 21 c. 
DOI: 10.18698/2308-6033-2012-1-31.

18. Галкин Н.П., Зайцев В.А., Серегин М.Б. 
Улавливание и переработка фторсодержащих 
газов. М.: Атомиздат, 1975. 240 с.

19. Зайцев В.А. Производство фтористых 
соединений при переработке фосфатного сы-
рья. М.: Химия, 1982. 248 с.

20. Горбис З.Р. Теплообмен и гидроме-
ханика дисперсных сквозных потоков. М.: 
Энергия, 1970. 424 с.

Статья поступила в редакцию 06.12.2019, принята к публикации 20.12.2019.

СВЕДЕНИЯ ОБ АВТОРАХ

ЗИМИН Арсений Романович – аспирант кафедры гидродинамики, горения и теплообмена 
Санкт-Петербургского политехнического университета Петра Великого. 

195251, Российская Федерация, г. Санкт-Петербург, Политехническая ул., 29
fz1min@yandex.ru

ПАШКЕВИЧ Дмитрий Станиславович – доктор технических наук, профессор кафедры 
гидродинамики, горения и теплообмена Санкт-Петербургского политехнического университета 
Петра Великого. 

195251, Российская Федерация, г. Санкт-Петербург, Политехническая ул., 29 
pashkevich-ds@yandex.ru

МАСЛОВА Анастасия Сергеевна – студентка Высшей школы прикладной математики и 
вычислительной физики Санкт-Петербургского политехнического университета Петра Великого.

195251, Российская Федерация, г. Санкт-Петербург, Политехническая ул., 29
maslovanastya95@gmail.com

КАПУСТИН Валентин Валерьевич – аспирант кафедры гидродинамики, горения и теплообмена 
Санкт-Петербургского политехнического университета Петра Великого. 

195251, Российская Федерация, г. Санкт-Петербург, Политехническая ул., 29
Valentin.Kapustin.2014@yandex.ru

АЛЕКСЕЕВ Юрий Иванович – кандидат технических наук, главный конструктор ООО 
«Новые химические продукты».

191186, Российская Федерация, г. Санкт-Петербург, наб. р. Мойки, 11. 
alexeev-588@yandex.ru


