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Abstract: Non-equilibrium and equilibrium thermodynamic conditions of direct reduction of
magnetite to free iron and oxidation of vanadium (3) to vanadium (5) in granules fluxed by soda
vanadist titanomagnetite concentrates using a mixture of natural gas and hydrogen were
determined. To determine temperature dependences of Gibbs free energy of redox reactions, the
Temkin-Schwartsman equation was modified with due regard for the Gibbs free energy of
formation of magnetite-based substitution solid solutions and the vapor pressure of the
components in the flow system where the mixture of methane and hydrogen is continuously fed
while gaseous reaction products are removed . 3D modeling of the Gibbs free energy difference
of reactions proceeding under equilibrium and non-equilibrium conditions was carried out. On
the basis of the free energy of the system deviation from the equilibrium state, it revealed that the
greatest effect of reducing the temperature of redox reactions is observed in terms of low values
of the reaction products pressure As a result of the thermodynamic analysis, the temperature
range of 950-970K was chosen to produce metallic iron and sodium vanadate.
Keywords: thermodynamics, equilibrium and non-equilibrium reactions, titanomagnetite, iron,
vanadium.
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Introduction

Owing to the depletion of rich magnetite
ore reserves, the research has been developed
on technology of titanium ore processing to
produce iron, titanium, chromium and
vanadium [1-4]. To determine optimal
conditions of oxidation-reduction reactions,
thermodynamic calculations are widely used
[5-8]. In [5], thermodynamic calculations and
experiments showed principal possibility of
one-stage processing of ilmenite concentrate
for obtaining artificial rutile of commercial
quality. In the works [6-8], natural gas was
used as a reducing agent in the course of
processing of titanium-magnetite concentrates
fluxed with soda. In particular, in [6-8], on the
basis of the physicochemical theory of
granulation in a drum apparatus in line with
thermodynamic-kinetic analysis, it was found
that the reduction reactions of titanium-

magnetite concentrates with natural gas to
produce iron powder proceed in the
kinetically-diffusion region and are conjugate:
in the reactions of reduction of CO and H; -
inductors, and CH,4 - acceptor.

In [8], the -equilibrium thermodynamic
conditions for the direct reduction of magnetite
to free iron and the oxidation of vanadium
oxide (3) to vanadium oxide (4) and vanadium
oxide (5) in granules with fluxed soda
vanadium titanomagnetite concentrates were
determined. The purpose of this work is to
determine  and model non-equilibrium
thermodynamic conditions for the reduction of
magnetite to iron and the oxidation of V** to
and V°* in titanium-magnetite concentrates
using a mixture of natural gas and hydrogen.
Note that a subject of the study are
titanomagnetite concentrates, in which the
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content of the target components is as follows:
Fe(total)- 51-54 mass. %, TiO, - mass. 5-7%
and 1-1.5 mass% V205 and V,0s.
Thermodynamic equations of oxidative

reduction reactions. The total oxidation
reaction of vanadium oxide (3) to vanadium
(5) and the reduction of magnetite to iron has
the following form:

3Fe304(s)+V203(s)+2CH4(g)+2H2(g)+Na,COs(l)=

9Fe(s)+2NaVO3(1)+3C0O,(g)+6H,0(g)

Titanium dioxide TiO,, not involved in the
redox process, is not included in the reaction
equation.  To determine the temperature
dependences of the Gibbs free energy of the
reaction (1) in the temperature range 900-

D)

1200K, Temkin-Schwartsman equation [9]
was used with due regard for thermodynamic
functions of the formation of solid solutions
and the vapor pressure values of gaseous
components:

. 0 T 298 T 2987
M;r=aﬂzgs—aszgsT—T[aa(m(ﬁ)—?—1)+ab E+ ST —298 |+
gt T? +2953 29872 LA T‘2+295‘1 +295‘2
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RT[xInf(x) + (1 —x)In(1 —x)] + RT X v, InP,

)

Equation (2) allows for the temperature dependence of the specific heat in the form as follows:
Co=a+bT+cT?+ cT?

AGy ,AH2., ASq.o-free  energies, standard
enthalpies and entropies of the reaction (1);
vi— stoichiometric coefficients;

Pi-partial pressures of components in a non-
equilibrium state (reaction proceeds in the
reactor under the flow regime of the gas
mixture).

RT[xInf(x) + (1 — x)In{1— x)] —is the
free energy of formation of solid solutions due
to the replacement of ions V** in the crystal
cell FesO, of ions Fe** accompanied by the

formation of solid solutions
xFe;0,+ (1 — x)1,0, — Feg,Vaor1— 2040
n- the total number of unlike cations in the
solid solution;

The last term RT X v, InP,of equation (2)

allows for the deviation from the standard
state. Therefore, the following equation
presents the temperature dependence of the
standard Gibbs free energy in the equilibrium
as follows:

AGy = AHD, — ASS.T —T(A (i (T) 298 1)+ﬂb T+2982 298 | +
= - —_— - — ﬂ- n —_— —_—— —_— —
T 258 258 298/ T 2 2T

Aot T2+2953 2987 ‘A T‘2+298'1+E‘38_2

Cotzr TGt 7 )

RT[xInf(x) + (1 — x) In(1 — x)]

Thermodynamic parameters of simple
substances and compounds involved in the
AHS. (V,0,) = —1218.7425 kJ/mol;

AH2 (NaV0,)=-1148.612.5;

3)

reactions arise from [10]. The following values
were used in the calculations:
ﬁH;@s(FEEUJ:_

1117.242.5; AH,e(Na,C0,)=—1129.412.5; AHJ..(CH,)=-T74.840.5; AH . (€0,)=-393.5+0.5;
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AH s (H,0, gas)=—241.840.5, S2..(V,0,) =98.32£1.5 J/(mol.K); 57,.(NaV0,)=99.98+1.5;

S3eg (Fe;0,)=146.2142.5; 5eg(Na,C0;)=134.97+2; 525(CH,)=186.19+2.5;

5% .(c0,)=213.610.5; 58_.(H,0,ra=)=188.74+2.5, 5% _(H,)=130.61+1.5, 5% (Fe)=27.15+0.5,

Cse (V,05) = 103.2+0.5J/(mol.K);

Coss (Na,C0,)=112.3+1.5;

cg'}s (NaVO,)=

CYss (CH,)=35.840.5;

97.6£0.5; 24 (Fey0,)=150.8+1.0;

€%, (€0,)=37.110.5;

C2sg (H,0,raz)=33.6£0.5, C2,; (H,)=28.840.5,C2.; (Fe)=25.210.5.

In this temperature range the sodium
carbonate and sodium metavanadate melt as

follows: T"(Na,CO3)=1137K,
T"(NaVO3)=963 K. Therefore, when
determining the temperature dependence of

the Gibbs free energy of the reaction (1) by

equation (2, 3), the enthalpy and entropy of
melting of these compounds were used:
AH™(Na,C03)=28080 J/mol,
AH"(NaV03)=28310 J/mol,
AS™(Na,C0O3)=24.77 J/(mol.K),
AS™(NaV03)=31.38 J/(mol.K).

Results and discussion

Figure 1 presents the results of calculations

using equations (2 and 3).

AG K

]
i

=300

T.K

Fig. 1. Temperature dependences of the Gibbs energy of the reaction (1): 1- in the flow mode of
the gas mixture (non-equilibrium state, Eq. 2); 2-equilibrium state (Eq. 3).

Fig.1 shows the temperature dependences
of the Gibbs free energies of the reaction (1)
for both the equilibrium state (line 2,
calculation by equation 3) and the non-
equilibrium state (line 1, calculation by

equation 2). In the reactor, where methane and
hydrogen are continuously supplied, the
gaseous reaction products are removed, so for
the Gibbs free energy we can write:

AG;/RT = (AG, —AG;)/RT = X7 InP" (4)

where AG;in (4) is a measure of the system
deviation from the equilibrium state. In terms
of the equilibrium standard state, the total
vapor pressure Pi}.[ is equal to 1 atm. In a non-

equilibrium state where gaseous products are
removed, this value decreases. In particular, in
the reaction (1) in the non-equilibrium state,
the quantity PZ, P§_o/Pgs, Pe varies from 0.1

(dependence 1 in Fig. 1) to 1 atm. (dependence
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2 in Fig. 1). From Fig. 1 it follows that the
reaction 1 in the equilibrium state is directed
towards the products starting from 1000 K,
and under total pressure of 0.1 atm — starting
from 900 K.

To identify the nature of dependence
on the deviation from the equilibrium state, 3D

ER e

[N

4‘, .A_
Upe, e e e

modeling of the dependence AG; (Eq. 4) on
the total ratio of partial pressures in the flow-
through mode of reducing iron and vanadium
with a mixture of methane and hydrogen (Fig.
2) was carried out. For 3D modeling of
the AG;, an analytical method was used and

tested in [11-13].

Fig. 2. 3D model of dependence AG; (Eq. 4) on the total ratio of partial pressures in the flow
mode of methane and hydrogen mixture in the reaction of iron reduction and vanadium

oxidation.
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Fig. 3. Temperature dependences of the Gibbs free energies of reactions (5 and 6) at temperature
in the equilibrium state (lines 5, 6/, calculation by Eq.3) and non-equilibrium state (lines 5”, 6",

calculation by Eq. 2).

In the work [8], for the oxidation of vanadium  magnetite, only methane was used:

oxide (3) to vanadium (5) and the reduction of

4Fe304(s)+V203(s)+CH4(g)+Na,COs(s,1)=

12FeO(s)+2NaVOs(s,1)+2C0O(g)+2H20(qg)
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Fe304(s)+V203(s)+CH4(g)+Na,COs(l)=
3Fe(s)+2NaVO;(1)+2C0O(g)+2H,0(0g) (6)

Temperature dependences of the Gibbs free
energy for these reactions are shown in Fig. 3.

From Fig. 1 and 3 it follows that
reactions 1, 5, 6 proceed at lower temperatures
where  gas products of the reaction are
removed, and the reactions proceed under non-

equilibrium thermodynamic conditions. At the
lowest temperature at 900 K, the reaction (1)
begins. This is due to the fact that the redox
gas phase in addition to methane still contains
hydrogen.

Conclusion

In order to determine the equilibrium and
non-equilibrium thermodynamic conditions of
direct reduction of magnetite to free iron and
oxidation of V* * to V° * in granules of
vanadist titanomagnetite concentrates with the
participation of natural gas, it is necessary to
allow for free energies of the formation of
solid solutions based on magnetite and the
vapor pressure of the components in the flow
system when methane is continuously supplied
and gaseous reaction products are removed.
The 3D model (Fig. 2) of the free energy of
the system deviation from the equilibrium state
depending on the total ratio of partial pressures
in the flow mode of iron reduction and

vanadium oxidation shows that the greatest
effect of reducing the temperature of redox
reactions is observed under low vapor pressure
of the reaction products.

Based on the
thermodynamic analysis, the temperature
range 950-970 K was chosen for the
implementation of reaction (1,6) in a flow-
through mode when a mixture of methane and
hydrogen is continuously supplied, and
gaseous reaction products are removed. The
selected temperature conditions allowed us to
successfully solve the problem of obtaining
iron and sodium vanadate.

performed
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TORKIBINDO VANADIUM OLAN TITANMAQNETIT KONSENTRATLARININ OKSiDLOSMO-
REDUKSIYA REAKSIYALARININ QEYRi-TARAZLIQ TERMODINAMIKASI

U.N. Sarifova’, A.M. Qasimova', A.N. Mammadov'?

! Akademik M.Nag:yev adina AMEA Kataliz va Qeyri-iizvi Kimya Institutu
H.Cavid pr., 113, AZ 1143, Bak:
?Azarbaycan Texniki Universiteti
H. Cavid pr. 25, AZ-1073 Bak:
e-mail: asif. nammadov.47@mail.ru

Tabii gaz va hydrogen garusigindan istifada edarak soda alavasi olan vanadium tarkibli titanomagnetit
konsentratlarzun qranullarzndak: magnetitin sarbast damira reduksiyasinin va vanadiumun (111)-dan
vanadium (V) gadar oksidlagmasinin geyri-tarazl:q va tarazl:q termodinamik sartlori miayyan edilmigsdir.
Redoks reaksiyalar:nin Gibbs sarbast enerjisinin temperaturdan as:/iligin: muayyan etmak Gglin Temkin-
Svartsman tanliyi magnetit asasl: avazedici bark mahlullarin amalagalmasinin Gibbs sarbast enerjisini va
axin sistemindaki komponentlarin buxar tazyiqini nazaro alaraq modifikasiya edilmigdir. Proses zaman:
metan va hydrogen garzs:g: fasilosiz olaraq sistema daxil edilir vo gaz reaksiya mahsullar: sistemdan
¢ixardir. Tarazliq va geyri-tarazl:q saraitinda gedan reaksiyalarin Gibbs sarbast enerjilarinin farginin 3D
modellagdirilmasi aparimusdir. Sistemin tarazl:q vaziyyatindon konara cixmasin sarbast enerjisi
asasinda, redoks reaksiyalarz:n temperaturunun azald:Imas: reaksiya mahsullarizin tazyiq parametrinin
cox Kicik qiymatlori bolgasindo musahida olunur. Termodinamik analiz naticasinda metal damir va
natrium vanadat: almaq t¢iin 950-970K temperature interval secgilmisdir.

Acar sozlar: termodinamika, tarazl:q va geyri-tarazl:q reaksiyalar:, titanomagnetit, domir, vanadium.
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HEPABHOBECHAA TEPMOJAHHAMHUKA OKUCIIHTE/IBHO-BOCTAHOBUTEJ/IBHBIX
PEAKITUH BAHA/ITUHCOAEPKAILIIUX TUTAHOMATI'HETUHTOBbIX KOHLIEHTPATOB

V.H. Hlapugposa*, A.M. Kacumosa', A.H. Mamedoe"*

1HHcmumym Kamanuza u Heopeanuueckou xumuu um. M.Hazcuesa
Hayuonanvnoii AH Azepbaiioscana
A3 1143, baxy np. I'. /icasuoa, 113
2 . . .
Azepbaiioncanckuti Texnuyeckuil Ynugepcumem
AZ 1073 Baxy, np.I. [casuoa, 25
e-mail:asif.nammadov.47@mail.ru

Onpedenenvl HepagHOBeCHbIE U PABHOBECHbIE MEPMOOUHAMUYECKUE VCI0BUL NPAMO20 BOCCMAHOGNCHUS
maznemuma 00 c800600H020 diceneza u okucienus eanaous (3) oo eanaous (5) 6 epamynax
8aHAOULICOOEPICAWUX — MUMAHOMACHEMUMOBbIX — KOHYEHMpPAmos, — OQUOCO8AHHbIX — COOOU, €
UCNONb306AHUEM —CMeCU NPUPOOHO20 eaza U 60o0opodd. [lis onpedeneHus meMnepamypHbix
3asucumocmeti  c60000HOU 3Hepeuu L ubbca OKUCTUMENbHO-80CCMAHOBUMENbHBIX PeaKyuil  ObL1o
Mmoougpuyuposaro ypasnenue Temxuna-Llleapymana ¢ yuemom c60600rnou 3uepeuu I'ubbca obpazosanus
MEepobIX PACMBOPO8 3aMeUjeHUs HA OCHOBE MACHEMUMA U OA61eHUsl NAPO8 KOMNOHEHNO8 6 NPOMOYHOT
cucmeme, K020d CMeCb MEMAHA U 8000POOA HENPEePbIBHO NOOAEMCsl, d 2a3000pa3zHble NPOOYKMbl PeaKyuu
yoansromes. Ilposedeno 3D  moodenuposanue paswocmu c80600HbIX 3Hepeutt [ubbca peaxyuil,
NPOMEKAIOWUX 8 PABHOBECHBIX U HEPABHOBECHbIX Yycaosusx. Ha ochosanuu c60000HOU SHepeuu
OMKIIOHEHUs. CUCIEMbl OM  PABHOBECHO20 COCMOAHUAL ObLIO BbISAGIEHO, YMO Hauborbwull dPpexm
CHUDICEHUs. MeMnepamypbl  OKUCIUMETbHO-80CCIMAHOBUMENbHBIX peakyull Habmooaemcs 6 obaacmu
HU3KUX 3HAYeHUll 0aeleHust npoOyKMog peaxyuu. B pezynivmame mepmMoouHamuieckoeo aHaiusa Oull
evlopan memnepamypHuiii unmepsan 950-970 K 0ns nonyuenus memaniuueckozo dcene3a u eaHaoama
Hampusi.

Kniwouesvie cnosa: mepmoOuHamuka, pasHoBecHvle U HEPAGHOBECHble Peaxyuu, MumaHoMacHemun,
JKceneso, 6aHaoull.
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