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THERMODYNAMIC MODELING OF FLUX
REFINING OF PRIMARY ALUMINUM IN A BUCKET

This article provides a thermodynamic analysis of the process of processing
primary aluminum with boric acid in a ladle. HSC Chemistry 9.0 software from
Outotec Technologies was used for calculations. In the calculations, the temperature
range under study corresponded to the production conditions of Kazakhstan
Electrolysis Plant JSC within the range of 650-950 °C. The pressure range was taken
based on the technological conditions for flux processing of aluminum in a transfer
ladle with a working height of 2 m and was in the range of 101.33—-148.99 kPa. The
presence of the solid phase and low kinetics of the processes are characterized by
the lower limit of the specified temperature range. The upper temperature limit is the
closest to real operating conditions during electrolysis. The pressure at the metal
mirror is represented by the lower limit in the pressure range, the upper limit is the
pressure at the immersion depth of the flux equivalent to 2 m. The immersion depth of
the sample in the calculations varied in the range of 0.5-2 m.

The research was carried out within the framework of grant funding from the
Science Committee of the Ministry of Science and Higher Education of the Republic of
Kazakhstan under the «Zhas Galymy» competition under the project IRN AR19175493
«Development of technology for refining primary aluminum with filters with
an active surfacey.

Thermodynamic analysis in the studied range of temperatures and pressures
clearly indicates that vanadium boride phases are more stable compared to aluminum
borides, and, therefore, they will form preferentially in this temperature range. The
order of stability also suggests that vanadium can be easily removed from aluminum
melts by adding boron.

Keywords: aluminum, thermodynamic modeling, flux, boric acid, refining.

Introduction

In the production of anodes for electrolysis baths in the conditions of Kazakhstan
Electrolysis Plant JSC (KEZ JSC), coke produced by UPNK-PV LLP (Pavlodar) is
partially involved in the production. Locally produced coke contains a high degree of
vanadium and other impurities, which in turn limits its use at the enterprise.
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A literature review showed that there are methods for refining primary aluminum
from vanadium impurities with boron compounds, which have not received widespread
industrial use [1-15].

From works [13 — 15] it is known that the occurrence of chemical reactions in the
Al-V-B system is complex. VB, compounds are thermodynamically stable at operating
temperatures of the electrolysis and aluminum casting process of 950-650 °C. The
kinetics of chemical reactions with the formation of VB2 compounds during refining
with Al-B based alloys is characterized by a low rate due to the formation of an insoluble
ring of reaction products consisting of vanadium diboride (VB,).

Materials and methods

In this work, a thermodynamic analysis of the process of processing primary
aluminum with boric acid was carried out according to the method described in [16].
HSC Chemistry 9.0 software from Outotec Technologies was used for calculations.

When refining a molten raw aluminum with boric acid at a temperature in the range
0f 650-950 °C and a pressure in the range of 101.33 kPa, boric acid (H,BO,) undergoes
a transformation into boron oxide (B,0,), which in turn interacts with the molten
aluminum and then with compounds vanadium according to the following formulas:

B,O, + 3Al — AIB, + ALO, (1)
AIB, + ALV = VB, + 4Al )
AIB,+V =VB, + Al 3)

In the calculations, the temperature range under study corresponded to the production
conditions of KEZ JSC within the range of 650-950 °C. The pressure range was taken
based on the technological conditions for flux processing of aluminum in a transfer
ladle with a working height of 2 m in the range of 101.33—148.99 kPa. The presence
of a solid phase and low kinetics of processes are characterized by the lower limit of
the specified range. The upper limit is the closest to real operating conditions during
electrolysis. The pressure at the metal mirror is represented by the lower limit in the
range, the upper limit is the pressure at the immersion depth of the flux equivalent to
2 m. The immersion depth of the sample varies in accordance with the height of the ladle
and was in the range of 0.5-2 m. The temperature range was taken in accordance with
the operating conditions in the workshop: from 650 °C to 950 °C, corresponding to the
highest density of aluminum melt (2380 kg/m?) in the considered temperature range.

Results and discussion

The thermodynamic parameters were calculated for compounds AIB2 and VB2.
Table 1 and Figure 1 show the calculated values Cp, AG, AH, AS.
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Table 1 — Calculated values Cp, AG, AH, AS for compounds AlB, and VB,

Compound | Parameter Design temperature range, °C (at a pressure of 102.39 kPa)
650 °C 700 °C 750 °C 800 °C 850 °C 900 °C 950 °C
AlB, Cp 75,764 77,363 78,938 80,494 82,033 83,560 85,075
AH 23,587 27,416 31,323 35,309 39,372 43,512 47,728
S 103,132 107,171 111,086 114,889 118,590 122,196 125,715
AG -71,619 76,877 -82,334 -87,984 -93,821 -99,841 -106,039
VB, Cp 79,019 80,232 81,361 82,409 83,381 84,277 85,524
AH -161,700 -157,719 -153,678 -149,584 -145,439 -141,247 -137,004
S 102,968 107,168 111,216 115,123 118,898 122,549 126,090
AG -256,755 -262,009 -267,469 -273,128 -278,979 -285,016 -291,232

At temperatures of 650 — 950 °C and atmospheric pressure, the change in Gibbs
energy for compounds VB, is -256.755 and — 291.232 kJ/mol, and AlB, is -71.619
and -106.039 kJ/mol, respectively. The change in enthalpy is a negative value for the
reactions of vanadium diboride; therefore, the formation of this compound is exothermic
in nature, while the formation of aluminum diboride, on the contrary, is endothermic
in nature due to positive enthalpy.
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Figure 1 — Dependence of the change in Gibbs energy

and change in enthalpy for VB2 and AlB2 on temperature
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The work also included a calculation of the thermodynamic parameters of the
chemical reaction AlB, + V = VB, + Al. Table 2 and Figure 2 show the calculated

values AG, AH, AS, log k.
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Table 2 — Calculated values AG, AH, AS, log k for a chemical reaction
AlB, +V = VB, + Al

Chemic al|Parameter Design temperature range, °C (at a pressure of 102.39 kPa)
reaction 650 °C 700 °C 750°C | 800 °C 850 °C 900 °C 950 °C
AlB, + V = VB, | AH -163,214 | -173,692 |-173,476 |-173,302 -173,176 -173,102 -173,076
+Al S 22,900 11,668 11,885 12,051 12,166 12,232 12,253
AG -184,354 | -185,047 |-185,637 |-186,235 -186,841 -187,451 -188,063
log k 10,432 9,933 9,478 9,066 8,690 8,347 8,032
-156 Temperature -182
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-160
=162 -184
S
-164 ~ -
~ - -185
o -166 ~ . _
=]
g -168 S - -186 2
= - =
o -170 o -187
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= o
- -~ -188
=174
-176 e e B . . . oo 189
650°C  T00°C T750°C BOOCC  850°C  900°C  950°C

= == AG -184.354 -185047 -185,637 -186,235 -186.841 -187.451 -188.063
s AH -163.214 -173,692 -173,476 -173,302 -173,176 -173,102 -173,076

Figure 2 — Graph of changes in Gibbs energies and enthalpy for a chemical
reaction AlIB, + V = VB, + Al depending on temperature

Analysis of thermodynamic parameters confirms that at atmospheric pressure and
temperatures from 650 to 950 °C the reaction AlB, + V = VB, + Al proceeds with
the formation of vanadium diboride (VB2) the change in Gibbs energy is — 184.354
and — 188.676 kJ/mol, respectively. An increase in the Gibbs energy with increasing
temperature indicates an increase in the stable nature of the occurrence of chemical
reactions. The change in enthalpy as a whole is a negative value; therefore, the formation
of these compounds is exothermic in nature. It can be concluded that the chemical
reaction is thermodynamically favorable.

Further in the work, a thermodynamic analysis was carried out for the conditions
of immersion of the flux into the melt to a depth of 0.5 m, 1 m, 1.5 m, 2 m.

Table 3 and Figure 3 show the calculated values of the Gibbs energy for compounds
VB, and AIB,.
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Table 3 — AG for compounds AIB, and VB, at a depth of 0.5 m, I m, 1.5 m, 2 m.

Compound | Depth of flux Design temperature range, °C
immersion into | 650 °C 700°C |750°C  |800°C 850 °C 900 °C 950 °C
the melt, m

AlB, 0,5 197,56 |-202,81 |-20827 |-213,92 [-219,76 225,78 231,98
1,0 44373 |-448,99 |-45442 |-459,14 |-46545 472,77 479,51
L5 688,84  |-694,05 |-700,67 |-70641 |-714,63 -720,70 727,58
2,0 936,06 |-941,27 |-947,71 |-953,11  |-960,61 966,71 973,54

VB, 0,5 307,17 |-312,42  |-317,88  |-323,54  [-329,39 335,43 -341,64
1,0 689,91 |-694,82 |-700,28 |-706,13 |-713,28 719,41 726,74
1,5 -1070,94 |-1076,01 |-1083,34 |-1091,45 |-1100,63 -1107,26 -1118,38
2,0 -1455,38 | -1461,57 |-1468,48 |-147558 |-1485,12 -1491,89 -1511,17

At a temperature of 650 °C and pressures of 102.39 kPa (at the surface of the melt)
and 148.99 kPa (when introducing flux to a depth of 2 m), the change in the Gibbs
energy for the formation of compound VB, is -256.755 and -1455.3 kJ/mol, respectively.
For the AIB, compound under such conditions, the change in Gibbs energy is -71.619
and -936.06 kJ/mol. for the initial temperature, and -291.232 and -1511.17 kJ/mol for
a temperature of 950 °C, respectively, for VB,. For AIB,, the change in Gibbs energy
1s -106.039 and -973.54 kJ/mol.

-200 oy
H'-.,.' g, I
3 e
5 "y
t"‘-\_.;-
= 1000
e 0 05 1 15 2
""" 650 =C -71,619 -197 36 -H3 73 628 B4 03606
—T00°C 76,877 20281 43,90 604,05 84127
750°C & 334 0827 45442 20067 771
B0 =C -87.084 -X392 450 14 -0641 053 11
— §50°C 95,821 21976 48545 714,63 960,61
o0 *C -00 241 =125 78 472 77 -1207 -066,71
a—50"C -106,039 -B198 478,51 72758 7354

Figure 3 — Dependence of the change in Gibbs energy for VB, and AlB, on
temperature and immersion of boron-based flux into the
aluminum melt at different temperatures

Further in the work, similar thermodynamic calculations were carried out to

change the isobaric-isothermal potential of the system for a chemical reaction
AlB,+V =VB,+ AL
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Table 4 and Figure 4 show the calculated Gibbs energy values for the chemical reaction
AlB2 +V = VB, + Al

Table 4 — AG for the chemical reaction AlB, + V = VB, + Al at a depth of 0.5 m,
Im,1.5m,2m

Compound | Depth of flux im- Design temperature range, °C
mersion into the | 650 °C 700 °C 750 °C 800 °C 850 °C 900 °C 950 °C
melt, m
AIB2+V=|0 -184,354 |-185,047 |-185,637 |-186,235 |-186,841 |-187.451 -188,063
VB,+Al o5 276,08 278,13 |-279,25 279,90 280,55 | -281,12 282,55
1,0 -511,98 515,85 |-520,12 | -526.85 -53335 | -540,22 -545.23
1,5 -794,788  |-799,556 |-810,453 |-830,612 |-850,463 |-856,123 -860,462
2,0 -1080,034 |-1100,236 |-1122,123 |-1135,185 |-1145,252 |-1148,22 -1173,54
= -2 I}H
£ 490
5 3%
r::’ -
= -1200
-1400) - -
0 0.3 1 1.3 2
. 5 5100 -184.354 276,08 511,98 794 788 -1080.,034
s | () 185,047 27813 -313.83 -199 356 1100236
730 183,637 27925 520,12 -810.453 -1122.123
300 -186,233 2789 -326.83 -330.612 1133183
s 8 510 -186.841 280,35 -533.35 -8350.463 1145232
s O () -187.431 281,12 -540.22 -836,123 114822
s 0} 51} -188.063 282,35 543,23 -360.462 117354

Iimmersion depth

Figure 4 — Dependence of the change in the Gibbs energy for the chemical
reaction AIB, + V= VB, + Al on the temperature and depth of immersion of a
sample of boron-based flux into the aluminum melt at different temperatures

At a temperature of 650 °C (Figures 4 and 5) for pressures of 102.39 kPa (at the
melt surface) and 148.99 kPa (at a flux immersion depth of 2 m), the change in Gibbs
energy for the chemical reaction AIB, + V= VB, + Al is -184.354 and - 1080.034 kJ/
mol, respectively. For a temperature of 950 °C these values are -188.063 and -1173.54
kJ/mol.

This important observation shows that as pressure increases at constant temperature,
the magnitude of the difference in changes in isobaric-isothermal potential decreases,
especially noticeably at elevated temperatures. On the other hand, as the temperature
decreases at constant pressure, the value of the difference in Gibbs energy changes also
decreases, and this trend is more noticeable as the pressure in the system increases.

At a temperature of 650 °C (Figures 4 and 5) for the reaction AIB, +V = VB, + Al,
the difference in changes in the Gibbs energy when the pressure in the system increases
from 102.39 kPa to 114.04 kPa is - 91.726 kJ/mol, from 114.04 kPa to 125.69 kPa
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-235.9 kJ/mol, from 125.69 kPa to 137.29 kPa -282.808 kJ/mol, and from 137.29 kPa
to 148.99 kPa -285.246 kJ/mol. At 950 °C these Gibbs energy changes are -94.487 kJ/
mol, -262.68 kJ/mol, -315.232 kJ/mol and -313.078 kJ/mol respectively.

AG, kIimol
=)
8

650°C T00°C  750°C g00°C  850°C 900°C 950°C
"""" 0  -184354 -185.047 -185.637 -186235 -186.841 -187.451 -188.063
—===05 -27608 -278,13 -279.25 -2799  -280,55  -281.12  -28255
1 -51198 -51585 -520.12  -526.85 -533.35 -54022  -54523
1.5 -794.788 -799.556 -810.453 -830.612 -850.463 -856.123 -860.462
= 2 -1080,034 -1100.236 -1122,123 -1135,185 -1145.252 -1148.22 -1173.54

Figure 5 — Graph of the difference in changes AG for the chemical reaction AIB,
+V = VB, + Al on temperature with a fixed increase in the depth of immersion of a
sample of boron-based flux into the aluminum melt with

a change in the depth of immersion.

-800
-1000
-1200
-1400 0 0.5 1 13 2

m——[lpu 630 C -184.354 -276,08 -511,98 -794.788 -1080,034
= =« «[Ipm 950 C  -188,043 282,33 -543.23 -360.462 -1173.34

AG, klimaol

Immersion depth m

Figure 6 — Graph of the difference in changes AG for the chemical reaction AIB,
+V =VB, + Al on the depth of immersion of a sample of boron-based flux into the
aluminum melt as the temperature changes

This observation emphasizes that chemical reactions between primary aluminum
and impurities, including vanadium with boron with the formation of intermetallic
compounds, can proceed in a certain direction in the considered range of temperatures
and pressures (Figure 6).
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Figure 7 — Dependence of the difference in changes in the isobaric-isothermal
potential of the reaction on the immersion depth of the sample

As can be seen from Figures 1-7, in the temperature range from 650 to 950 °C
and pressures from 102.34 kPa to 149.88 kPa, vanadium boride phases are more stable
compared to aluminum borides, and, therefore, they will be formed predominantly in
this temperature range. The order of stability also suggests that vanadium can be easily
removed from aluminum melts by adding boron.

Conclusions

Thermodynamic analysis in HSC Chemistry 9.0. in the Al-V-B system in the studied
range of temperatures and pressures showed that the values of the Gibbs energy (AG)
over the entire range of operating temperatures of the process of electrolysis and casting
of primary aluminum for VB2 are significantly lower than AIB2, therefore, they will
be formed predominantly in this temperature range. The order of stability also suggests
that vanadium can be easily removed from aluminum melts by adding boron.
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IIEJEKTEI'T BACTAIIKBI ATIOMUHUIII AFBIHMEH
TA3APTY]IbIl TEPMOJAUHAMUKAJIBIK MOJEJBAEY

byn maxanada wenexmeei 60p KblUKbLIbIMEH OACMANKbL ATOMUHULOL 6HOey
npoyecine MePMOOUHAMUKANLIK manday ocacanovl. Ecenmey ywin Outotec
Technologies komnanusicoinviy HSC Chemistry 9.0 6az0apramanviy Kypaivl
navoanranvinovl. Ecenmeynepoe sepmmenemin memnepamypa ouanazonvt 650-950
'C weeinde «Kazaxcmanowix snexmponus 3aysimoly AK endipicmix wapmmapvina
cotikec Kkendi. Kvicbim ouanazouvl scymvic Ouikmiei 2 m yiecmipmeii wieiekmeei
AMOMUHUUOL  a2blHMeH — OHOEYOIH — MEeXHONOSUSIbIK — Jica20aiilapvl — Heli3iHoe
KabwvLioanowl gicone 101,33—-148,99 «lla apanvizvinoa 6onovl. Kammul ¢hazanviy
Oonybl dicoHe npoyecmepoiy MOMeH KUHEMUKACbl KOpcemileeH memnepamypa
OUANA30HBIHBIY MOMEN2] We2iMeH cunammanaovl. DNeKmpoau30eci HaKmbl HCYMblc
AHCAZOAUNAPBIHA eH HCAKbIH memnepamypa weel kepceminedi. Memann alinacvinoazol
KbICHIM KbICHIM OUANA30HbIHOA2bL MOMEH2I ueK 00nbln Kopineodi, dcoaapabl Haabl
2 M 9K8UBALEHMMI A2bIHHBIH Oamblpy mepenoiciHoe2i KblCbiM O0Nbln MAabbLIAObL.
Ecenmeynepoeei cycnensuanviy bamuipy mepenoiei 0,5—2 m ouanazonvinoa e32epoi.

3epmmeynep Kazaxcman Pecnybauxacet Foinoim  owcone  oicozapul  Oinim
munucmpiniei fouroin xomumeminiy «Kac eanvimy xonxypcul 6otvinuwa KPH
AP19175493 «bencenodi bemi bap cyszeinepmen 6acmankvl amOMUHULOL mazapmy
MEXHONIOSUACHIH  93ipaeyy»  x#o0acvl  OOUbIHWA  SPAHMIBIK  KAPAHCLLIAHOBIPY
wenbepinoe Hcypeizinoi.
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3epmmencen memnepamypa men Kblcoblm OUANAZOHLIHOA2bL THEPMOOUHAMUK ALK,
manoay eanaoutl bOpudiniy dazanrapvl arOMUHUNL OOPUOMEPIMEH CANbICMbIP2AHOA
MYPaAKmulpax, eKeHiH aHblK KopcemeOi, COHObIKMAH 0Jap HeliziHen OepineeH
memnepamypa ouanazonvinoa mysinedi. Typaxmouiivl mopmioi cOHbIMeH Kamap
B8AHAOULIOT OOP KOCY apKbLIbL ANIOMUHUL DATKBIMALAPLIHAH OHAL Albll MACmayed
00NAMBIHOBIZLIH KOPCEMEOL.

Kinmmi ce30ep: antomunuti, mepmMoOUHAMUKATBIK MOOenboey, deblH, 0Oop
KbIUUKDBLIbL, TA3APTY.
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TEPMOANHAMMNYECKOE MOJAEJIMPOBAHUE ®JIIOCOBOI'O
PAOUHHUPOBAHUSA IEPBUYHOI'O AJIIOMUHMUSA B KOBIIE

B 0annoii cmamve nposeden mepmoouHamuueckuil anaius npoyecca oopabomxu
NEePEUUHO20 amOMUHUs OOPHOU KUCIOMOU 8 Kogule. [[lisl pacuemos ucnoib308a10Ch
npoepammuoe ovecneuenue HSC Chemistry 9.0 xomnanuu QOutotec Technologies.
B pacuemax uccredyemviii  memmepamypuviii  OUANA30H  COOMBEMCMBOBAL
npouszeoocmeeHuvim ycrosusm AO «Kazaxcmanckuil 1eKkmponushslil. 3a600» 6
npedenax 65050 °C. [uanazon 0asieHuil RPUHUMALCS UCXOOS U3 MEXHOLOSUYEeCKUX
VCA0BUTL (hIHOCOBOT 0OPAOOMKU ANFOMUHUSL 8 PAZOAMOUHOM KOGULE C pAOOYEll 6bICOMOTL
2 m u Haxoouncs 6 npedenax 101,33—148,99 klla. Hanuuue meepooii pazvl u HuzKas
KUHeMUKA NPoYeccos Xapakmepuszyemcs HUICHUM Npeodesiom YKAa3aHH020 OUanas3ond
memnepamyp. Haubonee npuOiusicennvim K pearvHubIM padouum YCI08UaM npu
NEKMPOaU3e OeMOHCPUpYem 6epXHull npeden memnepamyp. /lasnenue y 3epraia
Memania npeocmaginencs HUNCHUM npeodeiom 6 Ouanazone OAGleHUll, GePXHUM
npeocmasneno O0asieHue Ha 2iyOuHe NospyiceHus Gaioca IKEUBANEHMHO20 2 M.
Inybuna noepysicenus Hagecku 8 paciemax 8apbuposaiacs ¢ ouanazoue 0,5-2 m.

Hccenedosanus npogoounics 8 pamxax 2panmogozo unancuposanus Komumema
Hayku Munucmepcemea nayku u evicuie2o oopazosanus Pecnyonuxu Kazaxcman no
xkoukypcy «Kac Ianvimy no npoexmy UPH AP19175493 «Paspabomka mexuonocuu
PpaguHuposanus nepeULHO20 ATIOMUHUS PUILIMPAMU C AKMUBHOU NOBEPXHOCTHBION.

Tepmoounamuueckutl anaiu3 6 UCCIe008AHHOM OUANA30He MmMeMnepamyp u
0asieHull 00HO3HAYHO CBUOEMEeNbCMBYen 0 MoM, 4mo gaszvl bopuda sanadus boaee
CMAabUIbHbl RO CPABHEHUIO ¢ OOPUOAMU ATIOMUHUL, U, CTe008AMENbHO, OHU OYO0ym
00paA306b16AMBCA  NPEUMYUWECTNBEHHO 8 OAHHOM MeMNepamypHoM Ouanasowe.
Tlopsiook cmabunbHoCmu marxoice npeonoaazaenm, Ymo 6aHAOUL MOdcem Obimb J1e2Ko
yoanen uz pacniagos ArioMuHUs nymem 000agietus bopa.

Kniouesvie cnosa: amomunuil, mepmoouHamuyeckoe Mooeiuposgauue, @awoc,
OopHas Kucioma, paguHuposanue.
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