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THE INFLUENCE OF TEMPERATURE ON
THE CHANGE OF THE GIBBS FREE ENERGY
IN THE THERMODYNAMIC INTERACTION
OF IRON PHOSPHATE WITH HYDROGEN
AND CARBON MONOXIDE

Abstract. Today, the Lisakovskoye deposit of oolitic iron ores is one of the raw material bases of the ArcelorMittal Temirtau Joint Stock Company. However,
their use in metallurgical production is currently limited due to the high content of phosphorus. It has been established that phosphorus in the Lisakovsky
concentrate is in the form of various minerals (oolites, vivianite, hydrogoethite) and compounds (iron phosphates, hydrated phosphorus-containing components).
By interacting with gaseous compounds of these various iron phosphates, conditions can be created to reduce excess phosphorus. This article discusses the
thermodynamic interaction of iron phosphate with hydrogen and carbon monoxide.
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Temip ¢ochaTbIHBIH cyTeri MeH KoOMipTeri TOTHIFbIMEH TEPMOAMHAMHUKAJIBIK JpeKeTTecyi Ke3inae

TeMnepaTypanbiH I'n60c¢ 60c 3HeprusCHIHBIH 03repyiHe dcepi

Anpatna. Byrinri tanjga JIMcakoBCKOe OOJHUTTIK TeMip pynaainapbl KeH oOpHbI «ApcenopMurran Tewmipray» axkIMOHEpIiK KOFAMBIHBIH IIMKi3aT
OasanapblHbIH Oipi O0JbIn TabbLIaAbl. bipak oJapAblH METAUIYPrUsJIbIK OHAIpiCTe KOJIAaHBLTYhI Ka3ipri yakeiTTa (ochOpAbIH )KOFaphl 00IybIHA OailiaHbl-
CTHI LIeKTeYJIi. JINCaKOBCKMI KOHIEHTpAThIHAAFb! hocdop opTypii MuHepangap (OOIUTTEp, BUBHAHHUT, FHAPOTOITHUT) JKOHE KOChUIbIcTap (Temip docdar-
Tapsl, ruaparranFa Gocdopsl Gap KOMIOHEHTTEP) TypiHAE O0NaThIHBI aHBIKTANABI. OCBI OPTYPIli TeMip (ochaTTapblHbIH ra3 TOPi3/i KOCBUIBICTAPBIMEH
opeKeTTece OTHIPHIN, apThIK (hochopasl a3aliTy yuIiH jKarjaai xxacayra Oosansl. byn Makanaga temip GocdaThIHBIH CyTeriMEH XoHE KOMIpTEri OKCHIIMEH
TEPMOJAMHAMUKAIIBIK OPEKETTECYi KapacThIpblIaibl.

Tyuinoi co3oep: pocghop, kemipmezi momuievl, cymeei, ecenmey, IHMALbNUL, MEMAILLYPRUAILIK OHOIPIC, KYPAMbIHOA hocdopbl 6ap komnonenmmep.

Bansinue TeMnepaTypbl Ha H3MeHeHHe cB000AHOI YHepruu 'n66ca mpu TepMoOAUHAMUYECKOM B3aUMOAEHCTBUH

docdara xkese3a ¢ BOAOPOAOM U MOHOOKCH/IOM yrJiepoaa

Annoranusi. Ha cerogusimaee BpeMst JINCaKOBCKOE MECTOPOXKIACHHE OOJMTOBBIX JKEJIE3HBIX DY/ SBISETCS OJHHM M3 CHIPHEBBIX 0a3 AKIIHOHEPHOTO
obuectBa «ApcenopMurran Temupray». OHAKO B HACTOSIIEE BPEMS HCIIOIb30BAHNE HX B METAJIIIY PrUYE€CKOM IIPOU3BOCTBE OTPAHUYEHO H3-3a BEICOKOTO
coaepxkanus pocdopa. YcTaHOBICHO, 4TO (HOCcHOp B INCAKOBCKOM KOHIIEHTPATE HAXOAUTCS B BHIE PA3JIMYHBIX MHHEPAJIOB (OOJMUTHI, BUBUAHUT, IHAPOTe-
THT) U coenuHenuit (Gpocdarsl xenesa, ruapaTupoBanHsie Gochopocomepkanmme KOMIOHSHTbI). B3auMoAeHCTBYsI ¢ Ta3000pa3HBIMU COCIUHEHUSIMH STHX
pasnuuHbIX hocdaToB jKene3a, MOKHO CO3JaTh yCIOBHS JUIs CHIKCHHS N30bITKa pochopa. B 910l cTaThe paccMaTpuBaeTCss TEPMOJUHAMUYECKOE B3aHMO-
neictBue ocdara xenesa ¢ BOAOPOIOM U OKCHIOM yIriiepoa.

Knwoueswie cnosa: pocghop, oxcuo yenepooa, 6000poo, paciem, SHMaibnusi, MEMAauLypeuieckoe npou3eoocmeo, Gochopocodepaicauue KOMNOHEHMbL.

Introduction

The Lisakovskoye deposit is located within the central
part of the western side of the Turgai trough and is confined
to the Middle Oligocene river valley. The sedimentary
deposit of oolitic iron ores extends over a latitudinal strip
more than 100 km long and from several hundred meters
to 6 km wide. The ore reserves are 1.7 billion tons with an
average Fe content of 35.2%. Oolitic ores are confined to
the Middle Oligocene river valley with a length of more
than 100 km and a width of 2-8 km. The thickness of the
ore-bearing strata is 25-35 m. The quality of the ores
worsens the presence of phosphorus in them (0.45-0.55%),
which limits their use in metallurgical production'.

In the Lisakovsky concentrate, phosphorus is found
in the form of various minerals (oolites, vivianite,
hydrogoethite) and compounds (iron phosphates, hydrated

phosphorus-containing components). To create conditions
for reducing the excess of phosphorus in the concentrate,
the thermodynamic interaction of iron phosphate with
hydrogen and carbon monoxide is considered [1].

Materials and methods

Thermodynamic interaction of iron phosphate with
hydrogen and carbon monoxide will be calculated using
a software package®® HSC-5.1. The HSC-5.1 software
package is designed for calculating thermodynamic
functions (molar heat capacity of enthalpy, entropy, Gibbs
energy) of an individual substance or changes in these
thermodynamic functions during a chemical reaction. To
calculate the thermodynamic functions that characterize
an individual substance, the standard values of enthalpy
H298, entropy S298, and coefficients of the polynomial
A, B, C, D are used, which are stored in the database,

http://www.mining-enc.ru/l/lisakovskij-gorno-obogatitelnyj-kombinat/

2Shevko V., Serzhanov G., Karataeva G., Amanov D. Calculation of the equilibrium distribution of elements in relation to the software package HSC-5.1
computer program. / Certificate for the object protected by copyright of the Republic of Kazakhstan Nel501 dated january 29, 2019.
SRoine A. Outokumpu HSC Chemistry for Windows. Chemical Reaction and Eguilibrium loftware with Extensive Thermochemical Database. — Pori:

Outokumpu Research Oy, 2002.

“Antti R., Jarkko M., Tuukka K., Peter B., Pertti L. HSC Chemistry 6.0 User’s Guide. — Pori:Outotec Research Oy, 2006.
*Ageev N.G., Naboichenko S.S. Metallurgical calculations using the HSC Chemistry application package: textbook. allowance. — Yekaterinburg: Ural

University Press, 2016. — 124 p.
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Table 1
Influence of temperature on the thermodynamic
characteristics of the interaction of iron phosphate
FePO,with hydrogen H,
Kecme 1
Temnepamypanoiy FePO, memip pochamoinoiy H,
cymezimeH apeKxemmecyiniy mepmoouHamuKaiIblk
cunammamanapovina acepi
Tabnuua 1
Bnusnue memnepamypol Ha mepmoouHamudecKue
xXapakmepucmuku e3zaumooeiicmeusn gpochpama rnceneza
FePO, c 6000opooom H,

Table 2
Influence of temperature on the thermodynamic
characteristics of the interaction of iron phosphate
FePO, with carbon monoxide CO
Kecme 2
Temnepamypanoiy memip pochamotnoiyy FePO,
Komipmezi momoizvimen CO apekemmecyiniy
MepMOOUHAMUKATIBIK, CURAMMAMANAPLIHAG ICePL
Tabauya 2
Brusnue memnepamypol Ha mepmoounamudecKue
xXapakmepucmuku e3zaumooeiicmeusn pochama rnceneza
FePO, ¢ monookcuoom yenepooa CO

T,K AH, kJ 4S8, J/IK 4G, kJ T,K AH, kJ 4S8, J/IK 4G, kJ
100 258,707 277,982 244,808 100 97,237 -42,774 97,771
150 261,916 329,921 237,172 150 98,293 22,068 97,879
200 265,219 367,923 228,427 200 100,562 125,550 97,424
250 268,516 397,353 218,847 250 103,601 233,586 96,301
300 271,765 421,054 208,607 300 107,239 339,471 94,509
350 275,076 441,456 197,821 350 111,431 442,696 92,063
400 278,560 460,053 186,549 400 116,094 542,235 88,983
450 282,193 477,166 174,831 450 121,139 637,230 85,294
500 285,964 493,054 162,701 500 126,503 727,609 81,027
550 289,864 507,919 150,187 550 132,142 813,572 76,209
600 293,889 521,922 137,312 600 138,021 895,399 70,866
650 298,033 535,190 124,097 650 144,111 973,381 65,024
700 302,297 547,825 110,558 700 150,388 1047,788 58,706
750 306,677 559,912 96,710 750 156,827 1118,861 51,934
800 311,174 571,518 82,566 800 163,408 1186,814 44,727
850 315,786 582,702 68,138 850 170,112 1251,838 37,105
900 320,513 593,509 53,434 900 176,927 1314,156 29,085
950 325,356 603,982 38,465 950 183,849 1374,035 20,683
1000 330,315 614,154 23,238 1000 190,875 1431,688 11,914
1050 335,389 624,056 7,760 1050 197,992 1487,243 2,791
1100 340,579 633,713 —-7,963 1100 205,191 1540,829 -6,673
1150 345,888 643,152 -23,924 1150 212,466 1592,568 —-16,466
1200 351,314 652,389 —-40,119 1200 219,810 1642,575 —-26,576

and the value of the molar heat capacity is calculated at an
arbitrary temperature T in accordance with the expression.

Thermodynamic modeling of the joint interaction of
iron phosphate FePO, with hydrogen H, and carbon
monoxide CO performed using a software package HSC-
5.1. The reaction Equations subfunction allows you to
calculate AH, AS, AG and Kp of these reactions® 7, the
Eqluilibrium Compositions subfuntion allows you to

simulate the interaction in the system under study with the
equilibrium quantitative distribution of substances in the
system under study. Calculation of the equilibrium by the
HSC-5.1 Outokumpu complex is based on the principle
of minimum Gibbs energy [2-4], taking into account the
activities of substances based on the following expression:

f ia
G =2 xj;,‘Xj[Cj +In(X,/X,) + lnyj] — G(x)min;

"https://helpiks.org/3-93906.html
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Table 3

Thermodynamic parameters per 1 g/mol of FePO,

phosphate in the interaction of iron phosphate with

hydrogen
Kecme 3
Temip ghocpamuinviyy cymecimen o3apa
apexemmecyi Kkezinoe I 2/mons FePO, pochamoina
mMepMoOUHAMUKATIBIK napavempJiep
Taonuua 3
Tepmoounamuueckue napamemput Ha 1 2/monv
gocghama FePO, npu e3aumooeiicmeuu ghocghama
JHcenesza ¢ 6000p0O0OM

Table 4

Thermodynamic parameters per 1 g/mol of FePO,

phosphate in the interaction of iron phosphate with

carbon monoxide
Kecme 4
1 2/mons FePO, pochamvina apnanzan
MepMOOUHAMUKATBIK napamempiiep memip hochamoinoiy
Komipmezi momoi2biMeH IpeKkemmecyi Ke3inoe
Tabnuua 4
Tepmoounamuueckue napavempot Ha 1 z/mono
pochama FePO  npu s3aumodeiicmeuu ghocghama
JHcene3qa ¢ MOHOOKCUOOM yenepooa

T,K AH, kJ 4S8, J/IK 4G, kJ T,K AH, kJ 48, J/IK 4G, kJ
100 258,707 277,982 244,808 100 97,237 -42,774 97,771
150 261,916 329,921 237,172 150 98,293 22,068 97,879
200 265,219 367,923 228,427 200 100,562 125,550 97,424
250 268,516 397,353 218,847 250 103,601 233,586 96,301
300 271,765 421,054 208,607 300 107,239 339,471 94,509
350 275,076 441,456 197,821 350 111,431 442,696 92,063
400 278,560 460,053 186,549 400 116,094 542,235 88,983
450 282,193 477,166 174,831 450 121,139 637,230 85,294
500 285,964 493,054 162,701 500 126,503 727,609 81,027
550 289,864 507,919 150,187 550 132,142 813,572 76,209
600 293,889 521,922 137,312 600 138,021 895,399 70,866
650 298,033 535,190 124,097 650 144,111 973,381 65,024
700 302,297 547,825 110,558 700 150,388 1047,788 58,706
750 306,677 559,912 96,710 750 156,827 1118,861 51,934
800 311,174 571,518 82,566 800 163,408 1186,814 44,727
850 315,786 582,702 68,138 850 170,112 1251,838 37,105
900 320,513 593,509 53,434 900 176,927 1314,156 29,085
950 325,356 603,982 38,465 950 183,849 1374,035 20,683
1000 330,315 614,154 23,238 1000 190,875 1431,688 11,914
1050 335,389 624,056 7,760 1050 197,992 1487,243 2,791
1100 340,579 633,713 —-7,963 1100 205,191 1540,829 —-6,673
1150 345,888 643,152 —23,924 1150 212,466 1592,568 —16,466
1200 351,314 652,389 —-40,119 1200 219,810 1642,575 —-26,576

under restrictions in the form of a system of linear equations
of the mass balance of a substance:

Sa,

j=1"i

G=Bii
and the normalization condition:
La
2X=X.
=1 "J a

where:

f—total number of the phases;

B, — total number of independent component i in the system;

J, — the weight of numbers representing the i-th independent components

in the phase and system;

n —number of independent components of the system;

Cj — empirical thermodynamic function;

X, — the total number of moles of phase a in the system;
X./X — dependent mole fraction of component j in phase a;
Y - the activity coefficient of the j component.

Results and its discussion

The equilibrium parameters of a thermodynamic
system are determined by solving the mathematical
problem of finding the extremum, taking into account all
restrictions, using Langrange functions and the method
of successive approximations of Newton.
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When working with the HSC-5.1 complex, the initial
information is presented in the form of the quantitative (kg)
distribution of substances in the system under study. Then,
in accordance with the algorithm developed by us, the
equilibrium degree of element distribution (aEL, %) over
the interaction products was calculated.

Thermodynamic interaction of iron phosphate FePO, with
hydrogen /, and carbon monoxide CO. Results of the study:

These reactions were considered:

2FePO, + 8H (g) = Fe,P + 0,25P (g) + 8H,0(2) (1)
8FePO, +32C0(g) = 4Fe,P + P (g) +32C0(2) (2)

Table 1 shows that the interaction of iron phosphate
FePO, with hydrogen H, is characterized by energy
absorption. This is evidenced by the positive values
of the enthalpy 4H in the second column of the table,
which means that the process is accompanied by energy
absorption. When the temperature increases from 100 K
to 1200 K, the 4G in the process changes from a positive
to a negative value. In table 2, the interaction of iron
phosphate FePO, with carbon monoxide CO is also
characterized with energy absorption. This can be seen
from the positive value of the enthalpy 4H.

The temperature of the beginning of the reduction of
Fe,P by hydrogen starts (according to 4G = 0) from 1074,7
K and by carbon monoxide starts (according to 4G = 0)
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Figure 1. Influence of temperature on the change
in the enthalpy 4H and Gibbs energy 4G by 1 g/mol
FePO, in the interaction of iron phosphate FePO,
with hydrogen H,.

Cyper 1. Temip pochareiabin FePO, cyteriven H,
dpekeTTecyi Ke3iHae TeMIepaTypaHbIH SHTANbNUA A H
MeH ['n66¢ sneprusiceinbin AG 1 r/moub FePO ke
e3repyiHe acepi.

Puc. 1. Bausinue Temnepatypbl Ha M3MEeHEHHUe
3HTAJAbNNU AH v 3Hepruu I'n6dca 4G Ha 1 r/moab
FePO, npu B3aumoneiicteuu gocdara xeiesa FePO, ¢
Bojopoaom H.,.

T'opnuui scyprnan Kazaxcmana Ne2’ 2022

from 1070 K. Therefore, as the temperature increases,
FePO, is reduced to Fe,P.

1 mol of the initial phosphate, FePO,, was selected
to bring the thermodynamic parameters to 1 mol of the
substance. For this purpose, the enthalpy content at
different temperatures was divided by the number of
moles of phosphate contained in the initial formulas (1, 2).
Table 3 shows the thermodynamic parameters per 1 g/mol
of FePO, phosphate in the interaction of iron phosphate
with hydrogen. Table 4 shows the thermodynamic
parameters per 1 g/mol of FePO, phosphate when iron
phosphate reacts with carbon monoxide. Figures 1 and 2
show the effect of temperature on changes in the enthalpy
AH and the Gibbs energy 4G during the interaction
of iron phosphate with hydrogen and carbon monoxide.

Conclusion

Using the HSC-5.1 software package, we performed
thermodynamic modeling of the joint interaction of iron
phosphates FePO, with hydrogen H, and carbon monoxide
CO. During the calculation at 4G = 0, the temperature of
the beginning of the reduction of Fe P from iron phosphate
FePO, with hydrogen (1074,7 K) and carbon monoxide
(1070 K) was determined. At a real process temperature of
1100-1200°C, based on the above figures, when the Gibbs
energy changes, the decomposition of FePO, proceeds with
the highest thermodynamic possibility.
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Figure 2. Influence of temperature on the change in the
enthalpy 4H and Gibbs energy 4G by 1 g/mol FePO, in

Puc. 2. Bausiaue TemMnepaTypbl HA H3MEHEHHe
sHTaAbLNNU AH n 3Hepruu I'n6oca 4G Ha 1 r/moab
FePO, npun B3aumoseiicreuu gocdara xenesa FePO,

Cyper 2. Temip pocharer FePO, komipreri
TOThIFbIMEH CO dpeKeTTeCKeH Ke3/le TeMIlepaTypaHbIH
sHTaJabnusa AH ven I'nooc sneprusicblnbIH 4G

200 400 600 800

——AH —8—AG

1000 1200

the interaction of iron phosphate FePO,
with carbon monoxide CO.

1 r/moub FePO ke o3repyine acepi.

¢ MOHOOKCH/I0M yriepoaa CO.
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