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Abstract. The article presents a thermodynamic analysis of the reaction of reduction of chromium oxide Cr,O3 by
silicon Si to form chromium Cr and silicon dioxide SiO,. Calculations of the Gibbs free energy change AG were performed
using the HSC Chemistry 6 software at a temperature range from 0 to 2000°C. The results showed that the reaction
becomes thermodynamically feasible at temperatures above 1600 °C, with the greatest thermodynamic benefit at 2000°C.
These data confirm the importance of high temperature for the efficient reaction, which is of practical importance for the
processes of metallurgical chromium production. Recommendations for further research include an assessment of the
effect of pressure, reagent composition, and possible catalysts on the thermodynamic stability of the reaction. It is also
necessary to explore possible ways to increase the economic efficiency of the process, such as optimizing temperature
conditions and choosing alternative reducing agents. These approaches can help reduce production costs and improve the
environmental sustainability of the process. Additional experiments aimed at studying the kinetics of the reaction and the
influence of the composition of the starting materials will allow for more accurate modeling of processes, which in turn
will increase the productivity of metallurgical production and ensure safer use of high-temperature processes.
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Introduction. The process of reducing metals from their oxides using various reducing agents
such as carbon, hydrogen or silicium is the basis of metallurgical technology. One such process is the
reduction of chromium oxide Cr203 by silicon (Si), in which chromium oxide is reduced to metallic
chromium to form silicon dioxide (SiO2). This process is widely used in metallurgy to produce
chromium, which is an important element in the production of stainless steels and other alloys, as
well as in the chemical industry [1, p. 64; 2, p. 5].

The reduction reaction of chromium oxide with silicon is a chemical reaction described by the
following equation: Cr203+1.5Si=1.5Si0,+2Cr. The thermodynamic evaluation of this reaction is
important because it allows us to determine the conditions under which the reaction can proceed with
the greatest efficiency. This is especially important for the development of new technologies in
metallurgy, where high temperature plays a key role in accelerating the reaction and improving
product yields.

In order to understand under what conditions the process of reduction of chromium oxide by
silicon becomes thermodynamically advantageous, it is necessary to study the change in Gibbs free
energy (AG) depending on temperature [3, p. 14]. The Gibbs free energy is an important
thermodynamic parameter that makes it possible to predict whether a reaction will proceed under
equilibrium conditions. If the value of AG is negative, then the reaction proceeds spontaneously under
these conditions [4, p. 10].

The purpose of this study is to calculate the change in Gibbs free energy for the reduction
reaction of chromium oxide with silicon in the temperature range from 0 to 2000 °C using the program
«HSC Chemistry 6». The results of these calculations will help determine the optimal conditions for
the reaction and may be useful for the metallurgical industry, in particular for the development of
more efficient chromium production technologies.

Materials and methods of research. For thermodynamic analysis of the reaction of reduction
of chromium oxide by silicon, a specialized program «HSC Chemistry 6» was used, which is a

156


mailto:kabyl_96@mail.ru
https://orcid.org/0000-0002-1272-2065
mailto:burumbayev.azamat@mail.ru
https://orcid.org/0000-0001-5276-2259
mailto:armat.01.01@mail.ru
https://orcid.org/0009-0002-3810-0528
https://orcid.org/0000-0002-1272-2065
https://orcid.org/0000-0001-5276-2259
https://orcid.org/0009-0002-3810-0528

K.)Ky6aHoB aTsiHiarbl AKTe0€ oHIpIIiK YHUBEPCHTETIHIH Xabapisichl, Ned (78), sxentokcan 2024
MeraiutyprusuibiK, IPOLIECTEP MEH TEXHOJOTHsuIap-MeTaluryprudeckue mporeccs! 1 texuonorun-Metallurgical
processes and technologies

powerful tool for modeling chemical processes and phase equilibria. «<HSC Chemistry 6» provides
extensive possibilities for calculating the thermodynamic properties of substances and reactions,
including enthalpy, entropy, heat capacity and, in particular, the change in Gibbs free energy AG for
various chemical reactions [5, p. 29].

The program uses data on the thermodynamic properties of elements and their compounds,
which include standard enthalpy of formation, as well as other thermodynamic parameters necessary
for calculation [5, p. 38]. In the case of this work, changes in the Gibbs free energy for the reduction
reaction of chromium oxide with silicon were calculated using «<HSC Chemistry 6».

At the same time, the temperature varied from 0 to 2000°C, which allows us to assess under
what conditions the reaction can proceed thermodynamically.

«HSC Chemistry 6» provides the user with a user-friendly interface for entering initial data and
allows you to instantly receive calculation results. The program uses standard thermodynamic
databases, which ensures high accuracy of calculations. Data on the thermodynamic properties of
chromium silicon oxide, silicon dioxide and chromium depending on temperature were used for the
study.

The use of «HSC Chemistry 6» in this study made it possible to accurately calculate the change
in Gibbs free energy and determine the temperature limits at which the reaction becomes
thermodynamically possible.

Results and their discussion. To evaluate the thermodynamic possibility of the reduction
reaction of chromium oxide with silicon in the temperature range from 0 to 2000°C, calculations of
the Gibbs free energy AG were performed using the «HSC Chemistry 6» program. The results are
presented in a table in which data on free energy, enthalpy, entropy, as well as the equilibrium
constant and its logarithm are given for each temperature.

Table 1. Thermodynamic parameters of the reaction of reduction of chromium oxide by
silicon depending on temperature.

Cr203 + 1.5Si = 1.5Si0; + 2Cr
T deltaH deltaS deltaG K Log(K)
C kcal cal/K kcal

0.000 -55.178 0.576 -55.335 1.896E+044 44.278
100.000 -55.869 -1.602 -55.271 2.368E+032 32.374
200.000 -56.207 -2.412 -55.066 2.737E+025 25.437
300.000 -56.460 -2.899 -54.798 7.891E+020 20.897
400.000 -56.581 -3.096 -54.496 4.951E+017 17.695
500.000 -56.550 -3.057 -54.187 2.082E+015 15.319
600.000 -56.173 -2.604 -53.899 3.106E+013 13.492
700.000 -56.207 -2.641 -53.637 1.114E+012 12.047
800.000 -56.184 -2.619 -53.373 7.422E+010 10.870
900.000 -55.354 -1.855 -53.178 8.083E+009 9.908
1000.000 -55.174 -1.708 -53.000 1.255E+009 9.099
1100.000 -54.925 -1.520 -52.838 2.572E+008 8.410
1200.000 -54.599 -1.291 -52.697 6.585E+007 7.819
1300.000 -54.191 -1.024 -52.581 2.020E+007 7.305
1400.000 -53.694 -0.717 -52.494 7.201E+006 6.857
1500.000 -71.030 -11.015 -51.498 2.228E+006 6.348
1600.000 -70.242 -10.583 -50.418 7.638E+005 5.883
1700.000 -69.336 -10.113 -49.383 2.952E+005 5.470
1800.000 -64.557 -7.727 -48.537 1.310E+005 5.117
1900.000 -62.977 -6.983 -47.802 6.423E+004 4.808
2000.000 -51.762 -1.848 -47.560 3.741E+004 4.573

157



K.)Ky6aHoB aTsiHiarbl AKTe0€ oHIpIIiK YHUBEPCHTETIHIH Xabapisichl, Ned (78), sxentokcan 2024
MeraiutyprusuibiK, IPOLIECTEP MEH TEXHOJOTHsuIap-MeTaluryprudeckue mporeccs! 1 texuonorun-Metallurgical
processes and technologies

Formula FM Conc. Amount Amount VVolume
g/mol wit-% mol g I or mi
Cr203 151.990 78.298 1.000 151.990 29.117
Si 28.086 21.702 1.500 42.128 18.089
g/mol wt-% mol g | or ml
SiO; 60.084 46.429 1.500 90.126 34.664
Cr 51.996 53.571 2.000 103.992 14.463
Change in Gibbs Free Energy (Delta G) with Temperature
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Figure 1. Change of Gibbs free energy from temperature
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Figure 2. Equilibrium constant (K) of temperature

The change in the Gibbs free energy AG. As can be seen from the data (figure 1), the
Gibbs free energy in the temperature range from 0 to 2000 \°C has negative values, which
indicates the thermodynamic spontaneity of the reaction. However, although the reaction
starts with a small negative free energy, the temperature affects its thermodynamic probability.
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In particular, at a temperature of 0°C AG =-55.335kcal/mol, which indicates a strong
thermodynamic advantage of the reaction.

As the temperature increases, the Gibbs free energy becomes less negative, which is
associated with an increase in the entropy of the system, but the reaction remains
thermodynamically advantageous throughout the entire temperature range under study.

The equilibrium constant (K) (figure 2). The equilibrium constant K for the reaction in
each case increases with increasing temperature. This confirms that with an increase in
temperature, the equilibrium of the reaction shifts towards the formation of products, i.e.
silicon restores chromium oxide. For a temperature of 0°C K=1.896=1044, which indicates
an extremely high probability of formation of reaction products. The equilibrium constant
gradually decreases with increasing temperature, which is associated with a change in the
energy of interaction of molecules during the reaction.

Logarithm of Equilibrium Constant (log(K)) with Temperature
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Figure 3. Logarithm of the equilibrium constant of temperature
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Figure 4. Enthalpy change from temperature
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The logarithm of the equilibrium constant (log(K)). The logarithm of the equilibrium constant
(figure 3) also decreases with increasing temperature. For example, at 0°C, the logarithm of K is
44.278, which indicates an extremely strong orientation of the reaction towards the products. As the
temperature increases, the logarithm of K gradually decreases, but remains at a high level up to
temperature of 2000°C. This confirms that the reaction remains thermodynamically favorable even
at high temperatures.

Change in Entropy (Delta S) with Temperature
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Figure 5. Change of entropy from temperature

Analysis of enthalpy (AH) and entropy (AS). The values of enthalpy (figure 4) and entropy
(figure 5) show that the reaction is accompanied by both endothermic and entropically beneficial
processes. AH has negative values throughout the entire temperature range, which indicates the
release of heat during the reaction. The AS within the temperature range also gradually decreases,
which indicates some ordering of the system at higher temperatures.

The effect of temperature on the thermodynamic stability of the reaction. The calculation data
show that the reduction reaction of chromium oxide by silicon is thermodynamically stable at
temperatures above 0°C. The influence of temperature on the thermodynamic probability of the

reaction indicates its high efficiency at temperatures in the range of 1000-1500°C, which corresponds
to the optimal conditions for carrying out this reaction in industry.

Conclusions

1. Thermodynamic orientation of the reaction: From the analysis of the change in the value of
Gibbs free energy (AG) depending on temperature, it can be concluded that the reaction of reduction
of chromite with silicon (Cr.0s + 1.5Si = 1.5Si02 + 2Cr) is thermodynamically favorable in the
temperature range from 0°C to 1500°C. The negative value of AG at these temperatures indicates a
possible reaction with the formation of chromium and silicon dioxide.

2. Temperature range for process optimization: Within the temperature range from 500°C to
1500°C, the reaction remains thermodynamically advantageous, but its effectiveness is reduced by a
decrease in the value of AG. This indicates the need to choose the optimal temperature for the reaction,
where the reaction will be most effective, which allows to increase the chromium yield.

3. Potential for industrial use: Based on the data on the equilibrium coefficient (K), it can be

concluded that at high temperatures (above 1500°C), the equilibrium coefficient decreases
significantly, which makes further temperature increases less thermodynamically effective. This is
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important when designing an industrial chromite reduction process, since raising the temperature
above a certain limit may be impractical.

4. The role of silicon as a reducing agent: Given the stability of the Cr and SiO; phases in the
process, it can be argued that silicon is effective as a reducing agent at temperatures up to 1500°C.
This opens up opportunities for a more economical and controlled process for the recovery of
chromium from chromite, which is important for the metallurgical industry.

5. Prospects for further research: The results obtained indicate the need for additional
experiments to more accurately determine the optimal reaction conditions and the possibility of using
this reaction in industrial production. The study of the influence of other factors, such as pressure and
concentration of reagents, is also of interest for further work [6, p. 4].
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Annarna. Makanazna xpom toTbeirbiH (Cro03) kpemuwuit (Si) apkeuist xpom (Cr) xoHe kpemuuil nuokcumi (SiOy)
TY3€ OTBIPBIN TOTHIKCHI3[AHY PEAKUHMSCHIHBIH TEPMOJMHAMHUKATBIK TalJaybl YCBIHBUIFAH. [ HMOOC SHEPrUSCHIHBIH
o3repicin (AG) ecentey «HSC Chemistry 6» GaraapiamManblK KaMTamachi3 etyai kosansim, 0-gern 2000°C-ka neiinri
TeMIepaTypa apaibiFbIHAA KYPri3inai. HoTmkenep peakusHbIH TEPMOAMHAMHUKANBIK Typrbinan 1600°C-TaH jKOFapbl
TeMIeparypaza MyMKiH OoiatbiHbiH koHe 2000°C TemmepaTypama €H JKOFapbl TEPMOJHHAMUKAIBIK THIMILUTIKKE
KETETiHIH KepceTTi. byn momiMeTTep XOFaphsl TeMIepaTypaHbIH PEAaKUUSHBIH THIMAI ©Tyi YOIiH MaHBI3IBl €KEeHiH
pacraiimbl, Oy XpoM eHIipiciHIH METaJUTYPIHSIIBIK IIPOLIECTEP] YIIiH MPaKTHKAIBIK MOHTE He. bonaiak 3epTreyep yiiH
YCHIHBICTapFa KBICHIMHBIH, pEarcHTTEPIiH KYpPaMBIHBIH JKOHE BIKTHMAaJ KaTalU3aTOpIapIblH PEaKLUsSHbIH
TePMOAWHAMHKAJIBIK TYPAaKTBUIBIFBIHA dcepiH Oaramay kipemi. CoHpaif-ak, MPOIECTiH 3KOHOMHKAIBIK THIMAUITIH
apTTBIPY ~ OJKOJNDAphIH,  MBICAJbl,  TEMIIEPATypajblK  DPEKUMAEPIl  OHTAWNaHIBIPY  JKOHE  Oanamalsl
TOTBIKCHI3JaHIBIPFBIITAPABI TAHAAY CHSAKTHI OICTEpIl 3epTTey KaKeT. byl Tocinmep eHMipic MIBIFRIHAAPHIH a3alTyFa
’KOHE MPOLECTIH IKOJOTHSIBIK TYPAKTHUIBIFBIH KAKCAPTYFa BIKMAI eT¢ anajapl. Peakius KHHETHKACHIH KOHE 6acTaIKbI
MarepHanaap KypaMblHBIH OCEpiH 3epTTeyre OaFbITTajJfaH KOCBIMIINA SKCIICPUMEHTTEP METaJUTYyPrHsUIBIK OHAIPIiCTiH
OHIMJIUIITIH apTThIPYFa >KOHE JKOFapbl TeMIepaTypajblK IMpoLecTepli Kayinci3 maiijanaHyabl KamMTamachl3 €Tyre
MYMKIH/IK Oepei.

Tyiiin ce3aep: XpoM KeHi, XpOM TOTBIFbI, TEPMOJMHAMUKA, SHTAIBITHS, SHTPOIIHSI.
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AHHoTanus. B cTatee npencTaBieH TePMOANHAMUYECKHH aHATN3 PEAKIIMH BOCCTAHOBICHHSI XPOMOBOTO OKCHJIA
Cr,03 kpemuuem Si oOpasoBanuem xpoma Cr u muokcuaa kpemuus SiOz. PacueTsl u3MeHeHHs CBOOOIHOM 3HEPTrUU
I'm66ca AG ObUIM BBIOJNHEHBI C KCIOJb30BaHWEM mporpammuoro obecnedenus «HSC Chemistry 6» mnpu
teMrieparypHoM auanazoHe ot 0 go 2000°C. Pe3ynbraThl moka3ai, 4TO peakUusi CTAHOBUTCS TEPMOJUHAMHUYECKUN
OCYIIECTBUMOH Tipu TeMrepaTypax Beime 1600°C, ¢ Hamboumblneld TepMoanHammdeckor Beironoit mpu 2000°C. Ot
JITaHHBIC TIO/ITBEPXKJAIOT Ba)KHOCTH BBICOKOHM TemrepaTypbl Uil 3(QQEKTHBHOTO NPOTEKAHHS PEAKLUH, YTO HMEET
MIPAaKTHYECKOE 3HAUCHHE JUIS IPOLECCOB METALTYPIHIECKOT0 IPON3BOJCTBA XpoMa. PekoMeHanuu Juist JaabHEHIINX
HCCIICIOBAaHUH BKJIIOYAIOT OIIGHKY BJIMAHUSA JaBICHHS, COCTaBa pPEAareHTOB M BO3MOXKHBIX KaTaJM3aTOpOB Ha
TePMOANHAMHYECKYIO CTaOMIBHOCTh peakiuu. Takke HEOOXOJUMO HCCIEI0BATh BO3MOXKHBIE CIOCOOBI MOBBHIIICHHS
SKOHOMHYECKOH J(QeKTUBHOCTH Tmpolecca, TaKUX KaK ONTHMH3alMs TEMIEePaTypHbIX pPEKHUMOB U  BBIOOD
TBTEPHATHBHBIX BOCCTAHOBHUTENECH. DTH IOAXOABl MOTYT CIOCOOCTBOBATh CHIDKEHHMIO 3aTpaT Ha INPOM3BOJCTBO U
YIIYYIICHUIO SKOJIOTHIECKON YCTOWYMBOCTH Tpoliecca. JIomoTHUTENbHBIE SKCIIEPUMEHTHI, HAlIPAaBJICHHBIC HA H3yUCHNE
KWHETHKH PEAKIINU U BIUSHUS COCTAaBA MCXOIHBIX MaTEPHAJIOB, TIO3BOJIAT O0JIee TOYHO MOJIEIHPOBATh MPOIIECCHI, YTO B
CBOIO OY€pe/ib IMOBHICUT MPOU3BOJUTEIFHOCTE METAIYPIHYECKOro NPOM3BOACTBA M obecneyuT Oosiee Oe3zomacHoe
HCTIONBb30BaHUE BEICOKOTEMIIEPATYPHBIX MPOLIECCOB.

KuroueBblie ciioBa: XpoMoBas pya, OKCHJ XpOMa, TEPMOANHAMUKA, SHTAJIBIUS, SHTPOIUSI.
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