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Abstract. The article considers the problem of using hydmoge a reducing agent in the processing
of oxides of strategically important metals under transition of the metallurgical industry to low-
carbon technologies. The influence of the oxidemik®y features of nickel, cobalt, vanadium, and
rare earth elements on the thermodynamic feasilwfithydrogen reduction processes is analyzed.
The role of the main thermodynamic parameters,ufio the Gibbs free energy change, the
temperature factor, and the composition of theplese, as well as their influence on the extent and
direction of reduction reactions, is studied. Sakattention is paid to the technological aspeéts o
implementing hydrogen reduction, such as the choiceeactor type, mass transfer and kinetic
limitations, and control of the partial pressuréngfirogen and water vapor.
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AnHotammsi. B cratee paccmarpuBaercss mpoOreMa INPUMEHCHHS BOIOPOAAa B KAdeCTBE
BOCCTAHOBHTEJISI MpPH MepepabOTKe OKCHIOB CTPATETHUCCKH BAXKHBIX METAJUIOB B YCIOBHUSAX
Mepexofa METAJUTyPru4ecKOi OTpacid K HU3KOYIJICPOIHBIM TEXHOJOTHAM. AHAIM3UPYETCS
BIUSIHAC OCOOCHHOCTCH OKCHIHOW XUMHHM HHKENs, KOoO0ajabTa, BaHAJAHI M PEIKO3EMEIbHBIX
JJIEMEHTOB Ha TEPMOJMHAMHYECKYIO Peal3yeMOCTh IPOLECCOB BOJOPOIHOIO BOCCTAHOBIICHHSI.
Hccnenyercss pojib OCHOBHBIX TEPMOAMHAMUYECKUX I[1apaMeTPOB, BKIIOYAs M3MEHEHHE DHEPrHu
I'mb66ca, TemmeparypHbIii (aKTOp W COCTaB Ta30BOHM CpeIbl, a TaKXKe WX BIUSHUEC HA TIIYOWHY U
HANpPaBJICHHOCTh BOCCTAHOBUTEIBHBIX peakuuit. OTAenbHOe BHUMAHKUE YACICHO TEXHOJIOTHYECKUM
acleKTaM peanu3aldd BOJOPOIHOTO BOCCTAHOBJICHHS, TaKHM KakK BBIOOp THIIA PEaKTOPOB,
MaccOOOMEHHBIE U KHHETHYECKHE OIPaHUYCHHS, YIIPABIICHNE MapLUaIbHbIM JaBICHHEM BOAOPOIA U
BOJISIHOTO Tapa.

I ntroduction

The process of reducing oxides of strategically antgmt metals is an
essential step in creating high-tech value chdias provide the foundation for the
development of the energy sector, electronics imgusnechanical engineering,
battery production and energy storage systems. IMeatach as nickel, cobalt,
vanadium, and rare earth elements (REE) are baekbl@ments in industries that
have high demands on the efficiency, environmenhdliness, and sustainability
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of the technologies used for their production anacessing. Traditional
metallurgical processes for the reduction of metadles mainly depend on the use
of carbon-based reducing agents, which is assdciaith high costs for emissions
of CO, and other oxidizing gases.

Under the conditions of the global energy transitidthe tightening of
environmental regulations, and the development ethmnisms for regulating
greenhouse gas emissions, there is an increased) toedevelop and implement
alternative reduction technologies with a lowerbcar footprint. One of the most
promising directions in this context is the uségdirogen as a reducing (HR) agent
in metallurgical processes. In this case, the dixdgroduct is water vapor, which
fundamentally changes the environmental profiletlod processes and opens
possibilities for more flexible control of the gasmosphere. The objective of this
research is to provide a thermodynamic and teclgmb justification for the
feasibility of using HR of oxides of strategicallyportant metals.

Main part. Strategic metals and features of their oxide chemistry

Strategic metals form a special group of elememds are essential for the
functioning and development of modern high-techggloindustries. Their
significance is determined by a combination of ueigphysicochemical properties
and limited availability, which makes the technaésgfor the production and
processing of these metals a subject of increasieditdic and industrial interest

(fig. 1).

[ Strategically important ]
metals

| nickel ‘ cobalt | |vanadium’ (rare eart
elements

Fig. 1. Main groups of strategically important nigta

Nickel and cobalt are the main components of rechargeable battdress;
resistant and corrosion-resistant alloys, and ystal that determine the
performance characteristics of materials in therggnesector and the chemical
industry. Their basic oxides have a stable crys&lbtructure and, as a rule, are
reduced to a metallic state in one stage. This mdkese processes relatively
predictable from a thermodynamic point of view desls sensitive to changes in
technological parameters.

Vanadium occupies an intermediate position in terms of ¢bmplexity of
reduction processes. It is widely used in steelyall, increasing strength and wear
resistance, and is also used in electrochemicabgrstorage systems. A distinctive
feature is its pronounced multivalency, which ledadsthe existence of several
stable oxide forms. The reduction of vanadium ogidesequential and proceeds
through a series of intermediate stages, whichifggntly complicates both
thermodynamic analysis and practical implementation

The oxide chemistry oREE is the most complex. These metals play an
important role in the production of magnetic matks;i electronic components,
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optoelectronic devices, and catalysts, howevel thddes are characterized by
high thermodynamic stability. The high metal-oxydemd energy and features of
the electronic structure lead to the persistencaxafe phases over a wide range of

temperatures (T) and oxidation potentials. As a result, direct cohn is
thermodynamically difficult and, as a rule, reqsigther extreme conditions or the
use of multistage and combined technological rofifes

Thus, differences in oxide chemistry determinerthture and complexity of
reduction processes. These features form thermadgnand technological
prerequisites that must be taken into account wdralyzing the possibilities of
using HR.

Thermodynamic patter ns and conditionsfor HR of oxides of strategically
important metals

An important thermodynamic parameter characteriziing course of the
reduction reaction is thgtandard Gibbs free energy change (AG®). It makes it
possible to assess the thermodynamic feasibilitythef process under standard
conditions and is determined by the following nelaship:

AG° =AH°-TAS?, (1)
where AG°® — standard Gibbs free energy change of the reactibli; - standard
enthalpy change of the reactionS — standard entropy chang&; — absolute
temperature of the system, expressed in kelvin.

Negative values ofAG° indicate the thermodynamic feasibility of the
reduction process, whereas positive values inditeestability of the oxide phase
under the given conditiofg]. The dependence of this parameter on T plays a
crucial role, since its increase reduces the thdgymamic stability of oxides due to
an increase in the entropy contribution.

The composition of the gas phase also has a significant influence on the
equilibrium of reduction reactions. An increasethe partial pressure of hydrogen
or a decrease in the water vapor content shiftedjdibrium toward the formation
of the metallic phase, whereas an increase inrdotidn of water vapor contributes
to oxide stabilization and may lead to reverse atxah of the metal. Thus, control
of the gas-phase composition is an integral tooleiasuring the thermodynamic
feasibility of HR. Even in cases whek&° is close to zero, a decrease in the partial
pressure of water vapor through its removal frora tkaction zone makes it
possible to shift the equilibrium toward the metalhich is of fundamental
importance for the reduction of thermodynamicathb$e oxides.

These patterns manifest differently for individgmbups of strategic metals.
For nickel and cobalt oxides, HR is characterized by relatively favorable
conditions. In these systems, pronounced multistegevior is generally absent,
and the transition to the metallic state can prdagtieectly in accordance with the
reaction:

MeO+H, - Me+H,0 2
where MeO - nickel or cobalt oxide;Me - metal in the reduced state;
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H, — molecular hydrogen acting as the reducing ad¢stt;— water vapor formed as
a result of the reduction.

Within the technologically acceptabl&@ range, the reduction remains
thermodynamically favorable, which makes it possitd achieve a high degree of
conversion without the need for extreme heatinge dhpth of reduction in these
systems is largely determined by the ratio of thdi@l pressures of hydrogen and
water vapor, which is included in the expressiontfe isobaric potential of the
reaction:

AG = AG® + RT In P20 3)

pH,
where AG — Gibbs free energy change of the reaction under ceaditions;
AG® - standard Gibbs free energy change of the reactor; universal gas
constant;T — absolute temperatureH, andpH-0 — partial pressures of hydrogen
and water vapor, respectively.

For vanadium oxides, the thermodynamic picture becomes significantly
more complex due to the pronounced multivalencythef metal. The reduction
proceeds sequentially through a series of interatedoxide phases with lower
oxidation states, which can be represented bydit@rfing scheme:

V,0, - V,0, - VO -V, 4)
whereV,0s, V203, andVO — vanadium oxide phases with different oxidationesta
V — metallic vanadium. Each reduction stage is chara&d by its owm\G®, and
the temperature dependence reflects differencéiseinthermodynamic stability of
the intermediate phases.

The transition from highly oxidized forms to lesgidized ones can be
thermodynamically favorable even at moderdie however, more stringent
conditions are required to obtain metallic vanadiuim these systems, the
composition of the gas phase becomes criticallyontgmt, since even a slight
increase in the fraction of water vapor can stabibxide phases and limit the depth
of reduction.

Oxides of REE are characterized by even higher thermodynamiailisya
This is due to the significant metal-oxygen bondengrgy and the peculiarities of
their electronic structure. Over a widleange, they remain stable; as a result, their
direct HR under moderate conditions is thermodywcaftty hindered. The
implementation of this mechanism in such systenysossible either at higih, or
within the framework of combined and multi-stagehtgological routes.

For a generalized interpretation of the describalepns, it is appropriate to
use Ellingham diagrams, which repres&@°(T) for oxidation reactions. As a
reference, the following reaction is used:

H2+%Oz ~ H,0, 5)

whereH, — molecular hydroger), — molecular oxygentd,0 — water vapor formed
as a result of hydrogen oxidation.
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The AG°(T) ependence serves as a thermodynamic guidelina edrapared
with the oxide formation lines of metals on Elliragh diagrams. The intersection of
the curves corresponding to the hydrogen oxidateaction and the metal oxide
formation reactions allows us to determine the eangf T values in which the
conditionAG°< 0 is fulfilled, which indicates the thermodynanieasibility of the
reduction processes. On this basis, the regiongreferential application of
hydrogen and carbon reduction routes are idenfifeedl the boundary between
oxidizing and reducing regimes of the gas phasketisrmined.

Technological aspectsof HR

The practical implementation of HR of oxides ofasdgic metals is
determined not only by the thermodynamic feasipbibt the processes, but also by
a set of technological factors that affect reackoretics, mass transfer efficiency,
and the operational stability of the equipment.

In industrial and pilot-scale practice, various @gpof reactors are used for
HR, differing in design and in the modes of intéi@t between the gas and solid
phases. The most common include tubular and chafbsaces, shaft units, and
fluidized-bed reactors, a comparative characteanatf which is presented in table
1.

Tab. 1. Comparative characteristics of the maiesypf reactorg3, 4

Reactor

Main advantages Main limitations
type

Furnace The relative simplicity of the desighUnevenT field, difficult removal
reactors high flexibility of T control, ease of of water vapor from the reactign
use in laboratory and low-tonnageone, limited intensity of mas
processes, efficiency in the restoratiamansfer.
of relatively simple oxide systems.

7]

Mine Stable countercurrent contact of sqglihe need for careful optimizatign
reactors and gas phases, more efficient use of hydrodynamic conditions, the
hydrogen, simplified control of therisk of channeling the gas flow,
composition of the gas medium. increased requirements for
uniformity of loading.

Fluidized | Intensive mass and heat exchangegcreased requirements for the

bed uniform T distribution, high speed afgranulometric composition of raw
reactors recovery processes. materials, abrasion and
degradation of particles,

complication of hardware design

Regardless of the reactor type, the efficiency Bf isl largely determined by
mass transfer and kinetic limitations. The reduction process includes successive
stages of hydrogen diffusion to the surface of thede particle, chemical
interaction at the phase boundary, and removal atEmwapor from the reaction
zone. When dense metallic or suboxide layers formtlme particle surface,
diffusion inhibition may occur, slowing further nection. This effect is especially
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pronounced for thermodynamically stable oxides mudtivalent systems, in which
the formation of intermediate phases leads to amomplex kinetic picture of the
procesg5].

From a quantitative perspective, the influenceinétc factors on the rate of
HR can be described through thelependence of the reaction rate constant. In the
first approximation, it follows the Arrhenius ralatship:

—_ Ea
k koexp{ RT)’ (6)
wherek — the rate constant of the reduction reactian:- pre-exponential factor
characterizing the frequency of effective collisonf reacting particleskE, —
activation energy of the reduction proceRs: universal gas constant;— absolute
temperature.

This relationship makes it possible to explain #oeeleration of recovery
processes with increasifigvalues, as well as differences in reduction kosefor
oxides with different structures and metal-oxygendenergies. Under conditions
where dense metallic or suboxide layers form onphsicle surface, the kinetic
regime may shift from chemically controlled to dgfon limited.

A significant technological factor igontrol of the gas atmosphere
composition, primarily the ratio of hydrogen to water vapors Ahown in the
thermodynamic analysis, the accumulation of watgpov shifts the equilibrium
toward the oxide phase and can limit the extemedtiction even under favorable
conditions. In practical schemes, this effect ismpensated by the organization of a
flow regime, the use of counterflow of gas andd@hases, and the use of water
vapor removal and condensation systems in the sedtions of the installation.
Maintaining a low partial pressure of water vaporthe reaction zone is an
important condition for implementing HR of thermodynically stable oxides.

Additional factors affecting the efficiency of tipeocess include theverall
system pressure and recovery mode. An increase in the hydrogen potential of the
gaseous medium at a given mixture composition dortes to a shift in
equilibrium towards the metallic phase and inteesifthe kinetics of reduction
reactions. At the same time, operation at highqumesplaces significant demands
on the tightness of the equipment and the safegpefation. The modes also have
different effects on the efficiency of the proceSsntinuous circuits provide more
stable conditions and high productivity, while peliic modes provide greater
flexibility and are suitable for processing comptexvariable materials.

Overall, the analysis of the technological aspe€tdR shows that achieving
a high degree of conversion of oxides of strategetals is possible only with
coordinated optimization of the thermodynamic ahhological parameters of the
process. A rational choice of reactor type, contwbl mass transfer and gas
atmosphere composition, and proper adjustment e$spire and reaction mode
make it possible to realize the potential of hy@mgchemes and ensure their
competitiveness compared with traditional carbanes.
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Comparative analysis of methods for reducing oxides of strategically
important metals

Comparison of hydrogen and carbon technologicaesotor the reduction of
oxides of strategically important metals requireamprehensive analysis. Despite
the common objective, these approaches fundamerdéfier in the reduction
mechanism, the nature of thermal regimes, and dmsexjuences for subsequent
stages of metallurgical processing (tab. 2).

Tab. 2. Comparative characteristics of hydrogen eamtbon routes for the
reduction of oxides of strategically important nef&, 7]

Com_par_lson Hydrogen routes Carbon routes
criteria

Reducing agent Hydrogen, the reaction of hydrogerCarbon and carbon monoxide,

and gas and oxygen, resulting in thereaction of carbon with carbgn

environment formation of water with the dioxide to form carbor
possibility of flexible regulation of monoxide and limited
the reduction potential. controllability.

Energy and T | The ability of a number of oxides {oProcesses with  high T,

regime operate at moderately highT, | increased energy consumptipn

potentially lower specific energyand heat loss.
consumption when optimizing the
composition of the gas medium.

Environmental The main product of the reaction |iSignificant  emissions  of
profile water vapor, low direct carbgncarbon dioxide and relatgd
dioxide emissions when using lowgases, high carbon footprint.
carbon hydrogen.

Metal product| Minimal carburization, absence pPossible formation of carbides

quality carbide phases, simplification p&and carburization,
subsequent refining stages. complication of purification
and processing.
Regulatory Compliance with decarbonizationincreased regulatory and
factors strategies and environmentatconomic risks with stricter
requirements. environmental regulations.

Thus, the comparison shows that hydrogen-basedr&shéave significant
potential in terms of environmental efficiency gmduct quality. However, their
practical implementation is associated with a numbk thermodynamic and
technological limitations.

An important factor is thehigh thermodynamic stability of oxides of
certain metals, for which HR is possible only within a narréivrange and under
strictly controlled gas atmosphere composition.stich systems, even a slight
increase in the partial pressure of water vaporstait the equilibrium toward the
oxide phase and significantly reduce the extentedtiction. This requires the use
of intensive measures to control the gas atmos@ree@emove reaction products.

Technological risks of HR are associated both with kinetic limitaticsausd
with the specific features of process equipmenigdesThe formation of dense
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metallic or suboxide layers on the surface of phasi can lead to diffusion

inhibiton and a slowdown of reduction, especiallwhen processing

thermodynamically stable and multivalent oxide eyst. Additional problems arise
due to the requirements for tightness of equipnmeafety when handling hydrogen,
and the resistance of structural materials to Righnd a reducing atmosphere.
These factors limit the scalability of certain teological solutions and increase the
requirements for engineering development of thecgsses. For a number of
strategically important metals, HR within singlegg¢ schemes is insufficient,
which necessitates the use of combined and multistage routes.

A promising area of development is thategration of hydrogen
technologies with alternative reduction and metallothermal processes,
including the use of aluminum, magnesium or calcasireducing agents at other
stages. Such hybrid schemes make it possible tobioemthe environmental
advantages of hydrogen with the high reducing céipalof metallothermic
reactions, ensuring deeper reduction of thermodjcaliy stable oxides.
Additional opportunities arise wheHR is integrated with the processes of
preliminary chemical modification of the feedstock, aimed at reducing the
stability of the oxide phases.

Further research should focus on deeper thermodgnama kinetic analysis
of specific oxide systems, the development of ¢ffeamethods for controlling gas
atmosphere composition, and the optimization oftegadesigns. Studies aimed at
scaling processes from laboratory and pilot lewelsndustrial units, as well as
evaluating the integration of hydrogen technologie® existing metallurgical
chains, are of significant importance. Overall, tevelopment of these directions
will make it possible not only to increase the tealbgical feasibility of HR, but
also to determine its role in the long-term transiation of the metallurgical
industry under decarbonization conditig8k

Conclusion

The modern transformation of the metallurgical sty is increasingly
driven by the need to identify technological sauos that combine efficient
processing of mineral raw materials with the regmients of environmental
sustainability and resource rationality. In thisiext, HR of oxides of strategically
important metals represents one of the most proguisiirections in the
development of metallurgical processes, capabthahging traditional approaches
to the production of metallic materials. Thermodwmaand technological analysis
shows that the use of hydrogen has a solid sdeisis and can be implemented
provided that optimall regimes, gas atmosphere composition, and reagstemns
design solutions are maintained. At the same titihe,complexity of the oxide
chemistry of certain metals necessitates a diftexdl approach and, in some
cases, the use of multistage and combined techicalagutes.

From a practical perspective, the potential impletagon of HR
technologies in the metallurgical industry can easa significant reduction in the
carbon footprint of production and increase theiremvnental sustainability of the
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industry as a whole. At the same time, the tramsito hydrogen-based schemes
may contribute to the growth of the competitivenegsnetallurgy by improving
product quality, reducing regulatory risks, andegrating into the emerging low-
carbon industrial ecosystem.
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