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TepMoauHaAaMUUECKMMM pacyeTaMM IMOKa3aHo, 4To B cucteme 3jemeHToB Si-F-H-O npu
temrepaType Boime 1300 K 0oCHOBHBIM KpeMHUICOAEePKAIIM BEIIECTBOM SIBJISIETCST TUOKCHU
KpEeMHMS, a OCHOBHBIM (TopcoiepKamnM — (TOpHUI BOAOPOIA. YKa3aHHasg TeMIlepaTypa
peanusyeTrcs IIpA IPOBEICHUM peakluii B3aMMOACHCTBUSI TeTpadTopuma KpeMHUS U
GTOPCHIIMKATOB C BOJOPOACOAECPKAILMMUA M KUCIOPOACOAEPXKAIIMMU BEILIECTBAMU B PEXUME
ropeHusi. BelcokoTremmepaTypHass obpaboTrka TeTpadTopuga KpeMHUs U (HTOPCUIUKATOB B
peXrMe TOPEHUST MOXKET CTaTh OCHOBOI IMPOMBILIJICHHO TEXHOJOTMA TIPOM3BOACTBA (DTOpUAA
BOIOpOJA.

KmoueBbie ciaoBa: TerpadTopua KpeMHUS, (GTOpuUI BOAOpOAA, JIMOKCHUI KpPEMHUS,
TepMOJMHAMUUEeCKoe paBHOBecue, saHeprus ['mboca



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics 13 (1) 2020

>

Ccbuika mpu murupoBanun: 3uMuH A.P., TTamkesuu JI.C., MacnoBa A.C., Kanyctun B.B.,
AnexceeB F0.M. TepmommHaMUYecKWii aHaaW3 IPOLIECCOB B3aMMOIEHCTBUS TeTpadTopuaa
KPEMHUS M TeKcadTOPCUIMKATOB C BOAOPOJA- M KHUCIOPOACOMEPXKAIIMMU BellleCTBaMU //
Hayuno-texanueckue Bemomoctu CIIOITIY. dusmko-marematnueckue Hayku. 2020. T. 13.

Ne 1. C. 92—105. DOI: 10.18721/JPM.13108

CraTbhs OTKPBITOTO nOCTyMma, pacrmpoctpaHsemas mno juneHsun CC BY-NC 4.0 (https://

creativecommons.org/licenses/by-nc/4.0/)

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 CaF,) by decomposition of sulfu-
ric acid [1]:

CaF

2 sol

+ HZSO4liq - Caso4sol + 2HFgas' (1)

The subscripts here indicate the aggregate
states of substances: solid (so/), liquid (/iq)
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

Ca (PO,),F,,+ SHZSOMiq - 3H3PO4liq+
+5CaSO, ,+ HF

4 sol gas?®

(2)

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

SiO, + 4HFgas <> SiE

4 gas

2 sol + 2H20gas' (3)

Tetrafluoride is then hydrolyzed, and the
obtained hexafluorosilicic acid H,SiF, is neu-
tralized, and solid fluorine-containing wastes
are disposed to landfills.
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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
SiO,, HF, SiF,, H,0O; 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:

SiF

4 gas 2 sol

+2H,0,, < SiO, ,+4HF, . 4)

More than ten crystalline modifications of
SiO, are known. The most stable of them are
B-quartz, pB-tridimite and B-cristobalite, whose
melting points are 1550, 1680 and 1720 °C, 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, B-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, 7, , for convenience from now on).
Therefore, hydrogen fluoride can be obtained
by hydrolysis of silicon fluoride at a tempera-
ture above T, quickly cooling the products at
temperatures below T, .
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We propose to treat SiF, in flames of hydro-
gen-containing fuel and an oxygen-containing
oxidizing agent for high-temperature hydrolysis:

where C H ON, is the volatile
hydrogen-containing substance, m > 0, n > 0,
k>0,1>0; nx >4, 2x,> 2,y = 1; 2; the stan-

dard enthalpy of formation is Q ~ 10>—10° kJ;

SiF, ,,t x,C,H,ON, ,+x,0,,, — the adiabatic temperature of the reaction prod-
. uctsis 7, > 10°K.
= 810, 1y T AHE, F ®) Hydrodgen, methane and ammonia can serve
+yCO, .+ »N, . -0, as hydrogen-containing fuel, and oxygen and
v ¢ air as an oxygen-containing oxidizing agent.
Table 1
Physico-chemical properties of silicon compounds
Compound Interaction with water Charactgné’uc
reaction
3SiF, + 2H,0 — Si0, + 2H,[SiF ]
SiF, (T=100 °C), Si,F, — SiF, + SiF, (700
Si,F, SiF, +2H,0 — SiO, + 4HF °C)
(T> 800 °C)
H,SiF, Exists in aqueous solution only H,SiF, — SiF, + HF
H,SiF 2H,SiF — SiH, + H,SiF,,
H,SiF, H,SiF + H,O — 2HF + (SiH,),0 4HSiF, — 3SiF, + Si +
HSiF, 2H, (20 °C)
iH + i0_+
SiH,, SiH, SiH,| SiH,+2H,0 — SiO, +4H,, SIH“Sf}? ) Ssi1+o zzé o
: oy D+ . 5
(Sle)4 Si,H, +4H,0 — 28i0, + 7H, (400-1000 °C)
H,SiO, H,SiO, Sparingly soluble H,SiO, — H,0 + SiO,
Si0, Si0 SiO+H,0 — EiO2 +H, Si0O, + 2H, —; Si+2H,0
2 (T > 500 °C) (800 °C)
AG, kJ

30

™~

500 1000

1500 T.K

Fig. 1. Temperature dependence of Gibbs energy change for hydrolysis of silicon tetrafluoride (4)
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The products of the process are a slightly
dust-laden gas flow, i.e.,

Vv~ 107,

where V., 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 7, 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 7, of the reaction products given in
Table 2 were calculated taking into account
this loss.

Table 3 gives T ,and T , depending on the
initial temperature of the reagents for three
crystalline modifications of SiO, for the pro-
cess described by the reaction

SiF, +2H

4 gas

— Si10

+0 -

2 gas 2 gas

6
+4HF, . ©)

2 sol/liq

>

It follows from the data given in Table 3
that the values of T, and T , are significantly
higher than the Values of T for all cases, so
the preferable method for producrng hydrogen
fluoride from silicon tetrafluoride is by scheme
(5). In addition, it is evident that 7, and T ,
weakly depend on the structure of crystalline
modification of SiO,.

Fig. 2 shows the Gibbs energy change AG
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 SiO, and HF:

3SiF,, +4NH

4 gas

— 3S10

+30 -

3 gas 2 gas

(7)
+12HE,, + 2N

2 sol 2 gas?®

SiF, +CH

4 gas

— Si0O

+20 -

4 gas 2 gas

8
+4HE,, + CO ®)

2 sol 2 gas*

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

Table 2

Main thermal parameters for reactions
occurring in interaction of silicon tetrafluoride with different compounds (7, = 500 K)

. Td d
Reaction -0,kl ‘ -
K
SiF, +2H, +0, —SiO, , +4HF 384 | 2491 | 1843
gas gas gas sol/lig gas
3SiF, +4NH, +30, —
— 3SlO2 ol + 12HF +2N 969 2083 1 1562
SiF, +CH, m+2o -
. Sig)z ot 4HF + CO 703 3020 | 2214
SlF4 as + ZH + 02 gas + 4N2 gas
—'Si0, . - 4HF, + 4N, | 384 | 1836 1 1407
3SlF + 4NH 30, + 12N —
— 3SlO2 ol + 12HF + 14N 969 1598 | 1248
SiF, +CH, +20,  +8N, s
- Sioésol/l +4HF + CO + 8N - 703 1982 | 1501
Notations: Q is the thermal effect, T ,and T are the adiabatic and radiation tempera-

tures; 7 is the temperature of the starting reagents.

88



500

1000

Physical Materials Technology >

1500 T.K

=== 00— 00— b

-500
2
-1000
1500
3
-2000
AG, kT

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

Fig. 3 shows the temperature dependences
of the Gibbs energy change AG for B-quartz,
B-tridymite, and pB-cristobalite for process
(6).

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

As noted above, the most thermally stable
elements in the Si-F-H-O system are SiO,,
SiF,, H,0 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]:

700

x,SiF, + x,0
- ylsIOZ sol+ yZSlF + (9)

4 gas

+y3HFgas+ y,H,0

+x,H —>

gas 2 gas 2 gas

gas?

where x, y are the stoichiometric coefficients.
The atomic balance equations have the fol-
lowing form:

Si:y+y,=x;H:4y,+y,= 4x; (10)
F:y,+2y,=2x,;0:2y, +y,= 2x,.

If we express y,, y,, y, in terms of x,, x,, x,
and y, i.e.,
V=X Ty, =AYy, = x, T4y,
we obtain:

1000 1300 TLK

-363

=370

-373

-380

-383

-390

TR

AG, kT

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

Temperature parameters of reaction (6)
depending on initial temperature of reagents
for different crystalline modifications of silicon dioxide

TO Tad Trad Tad ]:‘ad Tud rad
B-quartz B-tridymite | B-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).

2G(x,,x,,y,) =G(Si0, ) +
+('x1 - yl )G(SlF4 gas) +
+ 4y1G(HFgax) + (x2 - 4y1)G(H20gas)’

(1)

Given fixed values of x|, x,, x;, we varied y,
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].

SiO, is the main silicon-containing sub-
stance at temperatures above 1300 K, and HF
is the main fluorine-containing substance; the
concentration of SiF, does not exceed 3%, and
that of H,O 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-20 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-40 system. The calculated
results are given in Table 5.

4

—

Fal

R ? ;
i =
3

60 _ /
T
/\\

1300

1700 T.K

Fig. 4. SiO, (1), SiF, (2), H,0 (3) and HF (4) concentrations depending on temperature for Si-F-H-O system

(SiF,-2H,-O, mixture is thermodynamically equilibrated, i.e., x, =

90

x,=1,x,=2)



Table 4

Thermodynamic equilibrium
compositions of substances (mol.%)
in Si-4F-4H-20 system
depending on temperature

T,K | HO | HF | SiO, | SiF,
500 645 | 22 | 05 | 325
700 573 | 108 | 2.7 | 289
900 46.1 | 243 | 6.1 | 233
1100 | 353 | 37.3 | 93 | 17.8
1300 | 26.9 | 47.4 | 119 | 13.6
1500 | 20.8 | 54.6 | 13.7 | 10.6
1700 | 16.7 | 59.6 | 149 | 85

1900 | 13.7 | 63.1 | 158 | 7.1

Notes. 1. The data given were calculated using the
ASTRA software package. 2. The O, content was less
than 0.2 mol.% at all temperatures.

Table 5

Thermodynamic equilibrium
compositions of substances (mol.%)
in Si-4F-4H-1C-40 system
depending on temperature

T,K | HO | HF | CO, | SiO, | SiF,
500 | 48.6 | 1.7 | 247 | 04 | 244
700 | 433 | 88 |23.9 | 22 | 217
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 | 104
1500 | 16.1 | 45.1 | 193 | 11.3 | 8.1
1700 | 12.9 | 49.3 | 188 | 123 | 6.5
1900 | 10.6 | 52.3 | 182 | 13.1 | 5.4

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

Hydrogen fluoride is the main
fluorine-containing substance at temperature
above 1100 K in the Si-4F-4H-1C-40 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.%.

Physical Materials Technology >

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 SiF, processed in flames of hydro-
gen-containing fuel with an oxygen-containing
oxidizing agent at temperatures above 1300 K,
and SiO, can be the main silicon-containing
substance.

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

H,SiF, ,,+ 2NaCl ,, —

: (12)
— Na,SiF, ,,+2HCl
H,SiF,,,+ 2NH,OH , — (
: 13)
— (NH,),SiF, .
ONH,F, +SiF,, —
4% lig . 4 lig (14)
— (NH,),SiF, .,
H,SiF,, + ! aCO, >
W ig 3 sol (15)

— 1 0SiF,,,,+ H,CO, .

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 CaSiF,, (NH,),SiF,
Na,SiF, hexafluorosilicates; however, these
salts are thermally unstable at temperatures
above 370, 250 and 600 °C, respectively [7]:

CaSiFé sol - CaF2 sol+ SlF4 gas?® (16)
(NH4)ZSiF6sol -

— 2NH, ,,+ SiF, , +2HF (17)

Na,SiF,,, — 2NaF, +SiF, . (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

NaF_, +H,0 s
— NaOH + HF

sol/lig

CaFZ sol + HZO gas -
—Ca0,+2HF,, .

(19)

gas?

(20)

o1
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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 AG > 0
in the entire temperature range considered.
Consequently, reactions (19) and (20) are ther-
modynamically forbidden in the temperature
range 7= 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 7, , and 7, 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 SiO, and HF at the initial tem-
perature 7; = 500 K. Hydrogen-containing fuel is
contained in the molecule of hexafluorosilicate in
case of ammonium hexafluorosilicate.

The values of T, in Table 6 significantly ex-
ceed the value of T obtained for SiF, (see Fig.
1), and, therefore, hydrolys1s of SiF, 1s thermo-
dynanucally poss1ble 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 AG 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).

AG. KT

>

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

Sio, ,+ 4HFgaS, 21
is cooled at temperatures below 1170 K, fluori-
nation of SiO, occurs:

Si0, ,,+ 4HF,, —>
— SiF, ,,+2H,0

4 gas

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

(22)

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 SiF, 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:

Nu, =0.023Re)* Pr* =

0.4
1+C_uC (23)

:N 1+ 0.8 1— 1.12 sol gas )
u(l+ )= (1-p) [—Hﬂ J

150

100

50

300 1000

1500 T.K

Fig. 5. Temperature dependences of Gibbs energy change
for hydrolysis of sodium (/) and calcium (2) fluorides
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Table 6
Main thermal parameters for interaction
of thermal decomposition products of hexafluorosilicates
with different substances (7', = 500 K)
. T, T,
Reaction -0, kJ ¢ “
K
SiF, +2NH, +2HF +1,50, —
4 gas 3 gas as 2 2 ga
- %\12 gas + SlOgZ sol/liq T 6%1: gas + HZgO gas 539 2211 1643
2NaF_ +SiF, +CH, +20, —
— 2NaF T SlO2 " + 4HF T CO 708 2354 1763
CaF, +SiF, +CH, +20, —
2 sol 4 gas 2 gas
— CaF, + SlO2 o T éngF +éCO2 708 2687 1978
2 sol sol/liq gas gas
The notations for the parameters are given in the caption to Table 2
300 1000 1300 LK
=300 T T T T T T T )
500
700
-200
2,2
000
AG. KT

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

,U — Gsol — IB psoleol
Ggas 1 - ﬂ P gangas
(24)
ﬂ _ Fvol F;ol — /u
F1s Esol + Fgas psolV% + y7i
P gangas

where G, V. are the flow rate and velocity of
the powder Gw, Vas are the flow rate and veloc-
ity of gas; C_, C are the heat capacities of the
solid component and £as; P, P, are the densi-
ties of the solid phase and gas, respectlvely, uis

the flow rate concentration; B is the volumetric

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

Table 7 gives the cooling characteristics for
slightly dusty (B = 2-107 at 7= 1100 K) flow
(21) at temperatures from 1100 to 500 K and
for the heat exchanger depending on the SiF,
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 1072
s provided that the diameter of the heat ex-
changer is of the order of tens of millimeters,
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Table 7

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

a, AP,
D, mm Wem 2K Lom |u,m/s Pa 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

Notations: D, L are the diameter and length of the heat exchanger, o is the heat
transfer coefficient; u is the dust-laden gas flow velocity; AP, f 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.
Note. 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 T, ,= 100 °C.

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 SiF,
aimed at producing SiO, and HF at a tempera-
ture above 1170 K, followed by rapid cooling
of the reaction products.

When SiF, is processed in flames of hydro-
gen-containing fuel (H,, CH,, NH,) 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 SiO, practically does not affect
the adiabatic (7], and radiation (7 ) tempera-
tures exceeding 1500 and 1200 K, respectively.

SiO, is the main silicon-containing substance
at temperatures above 1300 K in an equilibrium
mixture of substances of the Si-4F-4H-20 sys-
tem, and HF is the main fluorine-containing
substance. The content of SiF, is not more than
3%, of water not more than 8% (estimate by the
Gibbs energy minimization method).
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The results calculated using the ASTRA
software package indicate that SiF, and H,O
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-40
system confirm that hydrogen fluoride is the
main fluorine-containing substance at 1900 K,
the SiF, content in an equilibrium mixture is
about 5%, carbon dioxide content is 18% and
water content is 10%.

HF and SiO, can be obtained in flames of
hydrogen-containing fuel and an oxygen-con-
taining oxidizing agent using CaSiF, Na,SiF,,
(NH,),SiF, etc., as starting materials: these
processes are not forbidden thermodynam-
ically, and the temperature of their products
T > 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 (SiO,, + 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 1072 s
in the temperature range from 1170 to 500 K.

Processing SiF, 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 RFMEFI160819X0277
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