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Processing of industrial waste by plasma-chemical method

In this paper, the results of the processing of magnesium fluoride by plasma-chemical method to obtain
periclase and a solution of hydrogen fluoride (hydrofluoric acid) were presented. For the industrial implemen-
tation of plasma technologies, it is necessary to study the main parameters of plasma processes for obtaining
reducing gases and processing metal oxides with them, to solve the issues of their hardware design, to in-
crease the service life of plasma torches for their use in continuous metallurgical processes. The purpose of
this work was to determine the conditions for the plasma-chemical process of processing magnesium fluoride.
Thermal analysis of magnesium fluoride on a TGA/DSC2 thermogravimetric analyzer was performed.
Thermogravimetric analysis showed that in the temperature range under consideration the process is endo-
thermic, and at a temperature of ~1280°C a phase transition of the Ist kind is observed due to the melting of
magnesium fluoride. The fractional composition of MgF, and MgO powders was studied using the
Analysette-22 Nanotech laser diffraction analyzer. The results of the evaluation of the fractional composition
of powders have a significant difference. At the same time, the convergence of the data obtained using laser
diffraction and electron microscopy methods was found.

Keywords: industrial waste processing, plasma chemistry, magnesium fluoride, magnesium oxide,
thermogravimetric analysis, granulometric composition.

Introduction

In plasma metallurgy, the processing of ores (oxides, etc.) is carried out by their thermal decomposition
in plasma. A reducing agent (carbon, hydrogen, methane, etc.) or a sharp cooling of the plasma flow that vio-
lates the thermodynamic equilibrium is used to prevent reverse reactions. Plasma metallurgy allows for direct
reduction of metal from ore, significantly accelerate metallurgical processes, obtain clean materials, and re-
duce fuel consumption (reducing agent) [1, 2]. The disadvantage of plasma metallurgy is the high consump-
tion of electricity used to generate plasma. However, the use of low-temperature plasma makes it possible to
comprehensively solve the problems of metallurgy and energy and significantly improve the environmental
situation in industrial areas through the use of gaseous energy fuels and reducing agents used in blast furnace
smelting and metallurgy processes. In the future the role of plasma chemical technologies will increase and
will be quite profitable in industrial applications. Having a high reduction potential, plasma gases can pro-
vide elective processing of slurries of the main metallurgical processing processes, containing, in particular,
non-ferrous and rare metals. Thus, the use of plasma can solve the problems of creating waste-free technolo-
gies and the shortage of raw materials in non-ferrous metallurgy [3, 4].

Beryllium is obtained by reducing beryllium fluoride with magnesium according to the technological
scheme in JSC “Ulba Metallurgical Plant”. In this case, the follaving reaction is carried out:
BeF,+Mg—MgF,+Be. The requirements for beryllium for use in the nuclear industry in terms of the content
of impurities are of fundamental importance [5]. Beryllium fluoride BeF, must be of high purity, since the
impurities are practically not removed during the reduction process. When conducting a reaction with a stoi-
chiometric component ratio it is not possible to obtain a good separation of the reaction products, so a signif-
icant excess of BeF, is usually introduced into the charge. Good results are achieved when administered in a
mixture of magnesium in an amount of only 75 % stoichiometric. Excess BeF, makes the slag more fusible
and fluid, dissolves BeO, reduces the equilibrium amount of magnesium in the reaction mixture, and partial-
ly binds MgF, with magnesium fluoride. To remove slag, magnesium and intermetallic impurities from
magnesium-thermal beryllium, it is subjected to vacuum melting in induction furnaces in crucibles made of
beryllium oxide at a rarefaction of 133-267 Pa and a temperature of 1500—550 °C. In this case, free magne-
sium and beryllium fluoride evaporate, and non-volatile impurities MgF,, VeO, Ve,C, etc. in the form of slag
float to the surface of the melt or settle to the bottom of the crucible. After this operation, the MgF, is fil-
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tered, washed, and sent to the dump. Thus, there is an urgent task of processing the waste of magnesium flu-
oride formed at beryllium production in the process of magnesium thermal reduction of beryllium fluoride
and the sale of magnesium fluoride as a commercial product.

The authors of the work carry out experimental work on the processing of magnesium fluoride by a
plasma-chemical method, by exposure to steam plasma to produce periclase (MgO) and capture gaseous
products and to obtain a solution of hydrogen fluoride (hydrofluoric acid). For the industrial implementation
of plasma technologies, it is necessary to study the main parameters of plasma processes for producing re-
ducing gases and treating metal oxides with them, to evaluate the economic efficiency of plasma-
metallurgical processes, to solve the issues of their hardware design, to increase the service life of plasma
torches for their use in continuous metallurgical processes.

Experimental part

Experimental-industrial plasma-chemical plant for processing industrial waste was created on the basis
of JSC “Ulba Metallurgical Plant”. In the process of plasma-chemical decomposition of magnesium fluoride
by ionized water vapor with the formation of solid magnesium oxide, a large amount of hydrogen fluoride
gas is released, the workplace must be equipped with exhaust ventilation. Effective protection of personnel
requires a set of sanitary measures: from personal respiratory protection to extensive measures to prevent air
pollution. In addition, the operation of the plasma torch is accompanied by a strong whistling sound and a
very bright flame of the torch. Therefore, when working a gas mask, a welding light filter and anti-noise
headphones are used. Prevention of environmental air pollution involves the prevention of unorganized air
escape from rooms with high pollution, as well as the cleaning of industrial and ventilation emissions.

The installation for studying the process of plasma-chemical decomposition of magnesium fluoride to
produce its oxide and hydrogen fluoride consists of a plasma torch, a steam generator, a power source and a
reaction chamber. For the operation of the plant, a power source of the DV-1 ore-thermal furnace with an
operating voltage of 600 V was used. A plasmatron was developed and created for the plasma chemical pro-
cess (Fig. 1).

clamp

electrode with hafnium

Figure 1. Assembly drawing of the plasma torch

A low-pressure steam generator (up to 2 kgf/cm?) is manufactured to supply the plasma torch with wa-
ter vapor, which provides the plasma torch with steam at a temperature of up to 130°C. During the tests, a
coil for superheating steam to temperatures of about 300°C was additionally included in the design of the
installation, which excludes steam condensation in the cooled areas of the plasma torch.

The dimensional characteristics of MgF, and MgO powders were studied using the Analysette-22
Nanotech laser diffraction analyzer (Fritsch, Germany). The device allows to determine the particle size dis-
tribution in the range of 0.01-2000 microns. The principle of operation is the diffraction of coherent laser
radiation on small particles. The samples are dispersed in a liquid medium (in this case, water), and the sta-
bility of the colloid is maintained by ultrasonic treatment. Micrographs of the powders were obtained using a
scanning electron microscope JSM-5610 (Jeol, Japan).

Thermal analyses were performed on a TGA/DSC2 thermogravimetric analyzer (METTLER TOLEDO,
Switzerland) [6]. The sensitivity of the balance is 0.1 micrograms over the entire measurement range. The
sample weight was 88.366 mg. The sensitivity of the scales is 0.1 micrograms. The experiments were carried
out in the temperature range of 20-1300°C, in the atmospheric air current, at a heating rate of 10 ° per min in

46 BecTHuk KaparaHauHckoro yHusepcuTeTta



Processing of industrial waste by plasma-chemical method

corundum and platinum crucibles. The phase transition heats were calculated as the area under the measured
peak according to ISO 11357-1 DIN 51007.

Research results

The research resultsof the dimensional characteristics of MgF, and MgO powders are shown in Figures
2 and 3: each point of the integral curve Q3(x) shows how many percent of the particles have a size less than
or equal to this one; each point of the histogram dQ3 (x) shows the number of particles in percent with this
size. Table 1 shows the results of the study of the size distribution of microparticles.
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Figure 2. Size distribution of MgF, powder microparticles
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Figure 3. Size distribution of MgO powder microparticles
Table 1
Results of the particle size study
MgF, MgO
QBR). % X, pm QBR). % X, pm
10 55,1 10 28,5
20 84,2 20 151,4
30 109,2 30 256,8
40 135,7 40 353,6
50 167,2 50 470,6
60 208,7 60 612,1
70 269,1 70 7278
80 368,8 80 835,9
90 617 90 968,3
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As can be seen from Table 1 and Figure 3, the size distribution of MgO particles has a polymodal dis-
tribution and contains large agglomerates (Fig. 4 b, d). The obtained data coincide with the results obtained
using electron microscopy (Fig. 4). It is worth noting that in the method of processing solid waste particles
suspended in the plasma stream, an important parameter is the particle size of the initial substance (in our
case, MgF,), which is fed to the plasma in the form of a powder. The following processes take place in the
plasma flow: heating of raw material particles to a high temperature, their melting, evaporation, chemical
reactions, formation of product particles, cooling. However, there is a possibility of heterogeneous interac-
tion of solid and liquid particles of the feedstock with the plasma, leading to the appearance of larger parti-
cles. The product may contain impurities of the starting metals and the reducing agent. This is the main dis-
advantage of the plasma-chemical method — a wide particle size distribution and low selectivity of the pro-
cess [7]. As can be seen from Figure 2, the size distribution of MgF, particles is monomodal. This particle
distribution does not contribute to the dense packing of the particles in the process of making MgF, bri-
quettes, since the voids between the particles are filled with a binder. To solve this problem a method for
manufacturing MgF, briquettes is being developed to improve the homogeneity of the chemical process in
the plasma in the future.

Figure 4. SEM image of powders and detailed analysis: a) and b) MgF,; ¢) and d) MgO

The vapor-water plasma, depending on the temperature, consists of hydrogen, oxygen and their deriva-
tives H, O, OH, H+, O+, O++, and electrons. This composition of steam-water plasma determines its redox
character and high environmental friendliness during various plasma chemical processes. Strong intraatomic
bonds, due to the small size of the hydrogen atom, determine the highest values of the enthalpy in the steam-
water plasma. For example, its enthalpy at 5000 K is 7.25 times greater than the enthalpy of air with the
same temperature. This determines the high rate of thermal interaction with other technological components
involved in the plasma chemical process, compared to other plasmas. In addition, the steam-water plasma
does not contain in its composition ballast components such as nitrogen in the air plasma, which means that
the plasma chemical reactions are carried out with the highest possible thermal efficiency. The operating
temperature in the low-temperature plasma jet is 5000°C or more, which makes it possible to implement a
large number of high-temperature metallurgical processes. To assess the possibility of their implementation,
first of all, it is necessary to perform a thermogravimetric analysis of magnesium fluoride (Fig. 5).

48 BecTHuk KaparaHauHckoro yHusepcuTeTta



Processing of industrial waste by plasma-chemical method

exo 25-1300/10 MgF2 05.11.2020 15:12:57
£25-1300/10 MgF2
mg - q Samplemass
P r'—l‘_\_#‘ 1+ 25-1300/10 MgF2, 88,3660 mg
—
58 e
~~
_ 723 o ™~
87 Stage 35,1139¢-03 % Stage :i'gzﬁ r:'g \\‘
31,0287¢-03 mg - . S
1 Resultsdisplaymode Sample temperature Resisdhplymod: Sample temperature N
86 T \‘f\
b Stage 1 ]
i | 1 a
85 Resulsdisplymode " mperature A
L T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 °C
"‘WH_ . 825-1300/10 MgF2
~% T T O I E T T e rrrma Heat flow
¥ TR3 e 25-1300/10 MgF2, 88,3660 mg
1 = S
-100 Mnnw—fu . i 4
Integral Integral ELL| y
] normalized normalized -8748,88 m) \
-200 Effect start Effect start =59,01 Jg”-1 \
] P 25.5 : 816,11 °C \
cak 325,50 °C Peak 1060.73 5¢ \
3 Resultsdisplaymode sample temperature Results display mode Sample temperature |
] Integral .33,57e+03 m) ‘|
normalized 90 Jg~-1 |
1 ffect start 1 C
-400-| Peak 1260,5
Resutts displaymode Sample temperature
T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 °c
Lab: METTLER STAR® SW 14.00

Figure 5. Results of thermogravimetric analysis of magnesium fluoride MgF,

The thermogravimetric analysis of magnesium fluoride showed that the sample is practically stable
when heated to 1080.73°C. A small gain of 0.035% can be attributed to the oxidation of magnesium fluoride
when heated to 325.5°C. The sample combustion process starts at 1080.73°C and ends at 1260°C. The endo-
thermic effect at 1260.54°C and the mass loss are associated with the melting of magnesium fluoride.

Conclusion

A pilot plasma chemical plant for processing industrial waste has been created. The installation for
studying the process of plasma-chemical decomposition of magnesium fluoride to produce its oxide and hy-
drogen fluoride consists of a plasma torch, a steam generator, a power source and a reaction chamber.
Aplasmatron was developed and created for the plasma chemical process. The condition of the plasma-
chemical process of processing magnesium fluoride is determined. Thermogravimetric analysis has shown
that the process temperature range under consideration is endothermic, i.e., its implementation requires an
external heat supply, and the combustion process of magnesium fluoride begins at 1080.73°C and ends at
1260°C. On the basis of the conducted experimental studies aimed at studying the granulometric composition
of the initial MgF, powder, it was found that the particle size distribution has a monomodal character and
contains large agglomerates. This can lead to incomplete recycling of magnesium fluoride waste into magne-
sium oxide of low-temperature and high-temperature modifications.
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OHOIpicTIK KAJIABIKTAPABI IJIA3MOXUMHUSJIBIK JAIiCIIEH OHIEY

Makanana mepukia3 oHe (TOpibl cyTeri (IUIaBUK KBIMIKBUIBI) EPITIHAICIH aly MakcaTbIHAA MarHuit
GTOpUIIH IUIA3MOXHUMMSUIBIK TOCUIMEH KadTa eHmey OOMbIHINA HOTIXKeNIep YCHHBUIIBL [lnazmainbik
TEXHOJIOTHSUIAPbl OHEPKACINTIK iCKe achlpy YIIIH KajllblHA KEJNTIpYy Ta3fapblH alyIblH JKOHE OJNapMeH
MeTaJul OKCHATEpiH OHACY[IH IUIa3MaliblK MPOLECTEPiHiH HEeri3ri mapaMeTpiepiH 3epTrey, OJapbl
anmapatypaiblK peciMaey, Y3AIKCI3 MeTauTyprusuiblK MpoLecTepie KOJAaHy YINiH IUIa3MOTPOHIAPABIH
JKYMBIC PECYpPCHIH apTThIPy MOCEJENEepiH IIelly KaXeT. Bys KyMBICTBIH MakcaTbl MarHui ¢ropuui
OHJICYNIH IUIa3MOXMMUSIBIK TIPOIECIHIH IIapTTapblH aHBIKTay. MarHuil (GTOpHUIiHEe TEPMIUSUIBIK Taiaay
TGA/DSC2  TepMOrpaBHMETPUSUIBIK ~ aHAIM3ATOPBIHAA OKYPri3inai. TepMorpaBHMETPHSUIBIK — Tangay
KapacTBIPBUIBIT OTBIPFaH TEMIIEpaTypa [Hala3OHBIHIA IPOLECC OJHAOTEPMHSUIBIK koHe ~1280 C
TeMIeparypaia MarHuil GTOpuAiHIH epyiHe OaiimaHbICThI 1-1i THHITET] (ha3anblK aysICy Oap eKeHiH KOpCeTTi.
MgF, xxone MgO yHTakTapbiHbIH (GpakiusuiblK KypaMbl Analysette-22 Nanotech nasepiik Au(pakuusiIbIK
AHAJIM3aTOPbIH/A 3EPTTENreH. YHTAKTap/AblH (pakuusiblK KypaMmblH Oarajiay HOTHXKENEpl aiTapiibIKTai
alipIpMaIIbUIBIKKa Me. Bbyn skarnmaiina nasepuik Audpakumst »OHE >JICKTPOHABI MHUKPOCKOIHMS SAICTepiH
KOJIJIaHy apKbUIbI AJIBIHFAH MAJIIMETTEP/IIH YKCACTBIFbI QHBIKTAJIIBL.

Kinm ce30ep: eHEpKACINTIK KAIIBIKTAPABI KaiiTa oHJCY, IIIa3MOXHMUS, MarHuil (QTOpHI, MarHUH OKCHI,
TEPMOTPaBUMETPHUSUIBIK TAIAAY, TPAHYIOMETPHSIIBIK KYpaMm.

M.K. Keuibiikanos, K. A. Illectakos, XX.b. Carqonauna, b.K. Paxagunos, A.b. KenecOexos

HepepaﬁoTKa NPOMBINIVICHHBIX OTX00B IJIAa3MOXUMHUYEC€CKUM crnocooom

B crarpe ObLIH IpeAcTaBICHBI Pe3yJIbTaThl 10 epepaboTke Gropuaa MarHus MIa3MOXUMHUYECKUM CIIOCOO0M
C LEJIBIO MOJIy4eHUsl eprKIIa3a U pacTBopa (HTOPUCTOro BOAOPOAa (IUIABUKOBOM KUCJIOTHI). [y mpoMbILI-
JICHHOH peann3anuyl IUIa3MEHHBIX TEXHOJOTUH HEOOXOAMMO HCCIIeOBAaTh OCHOBHBIC NTapaMeTphl IUIa3MeH-
HBIX HPOIECCOB MOyYEeHHsS BOCCTAHOBHUTEIBHBIX I'a30B U 00paOOTKH MMM OKCHAOB METAIJIOB, PEHIUTH BO-
TIPOCHI UX amIapaTypHOro o(opMiIeHus, MOBBIIIEHHS pecypca paboThI IIIa3MOTPOHOB [UISl IPUMEHEHHUS UX B
HETIPEePHIBHBIX METAJUTyprHYEeCKUX nponeccax. L{enbro qanHoi paboTh SBISUIOCH ONpeeIeHHe YCIOBUS MIPo-
BEJCHMS IUIa3MOXUMHUUYECKOTo Iporecca nepepaboTku ¢ropuna marHus. [IpoBeaeH TepMHYECKUi aHaIM3
¢dTopuna Maruust Ha TepMmorpasuMerpudeckom ananuzarope TGA/DSC2, koTopslii mOKa3aj, 4To B paccMmar-
pHBacMOM [MaIa30HE TEMIEPATyp IPOLECC SIBISIETCS dHAOTEPMHUYECKHUM, U pu Temuepatype ~1280 °C Ha-
6aronaercs pa3oBblii epexon 1-ro pona, 00ycIoBICHHbIH IaBaeHueM Gropuaa Maraus. OpakHOHHbIH cO-
craB mopomkoB MgF, n MgO wuccrnenoBan Ha ja3epHOM IudpakIoHHOM aHanmm3atope Analysette-22
Nanotech. Pe3ynbraTsl oneHKH (QpakIHOHHOTO COCTaBa MOPONIKOB MMEIOT CYIIECTBEHHOE paszinuume. Ilpu
9TOM OOHapy)XeHa CXOAUMOCTb JAaHHBIX, IIOJy4EHHBIX C UCIIOJIb30BAHHEM METOJOB Ja3epHON IU(PpPaKINU U
JJIEKTPOHHONW MUKPOCKOITHH.

Kniouesvie cnosa: nepepaboTka MPOMBILIICHHBIX OTXOJOB, INIA3MOXUMHUS, (TOPUI MarHus, OKCHA MarHus,
TEPMOIPaBUMETPUYECKUN aHAJIN3, TPAHYJIOMETPUYECKUIA COCTaB.
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