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Abstract: The chemical reduction of iron ores has played a significant role in human
history for thousands of years, dating back to the Iron Age. This presentation focuses on
carbothermic reduction in the solid state and explores the potential to use iron oxides as
a secondary source of iron and energy. Various mechanisms for the interaction of solid
reactants at temperatures below 1000°C are discussed. An emphasis is given to the
potential of carbothermal dissociation of iron and copper oxides based on a process
mechanism involving dissociative evaporation and simultaneous condensation of the
product. The presentation also includes kinetics modeling, calculations of main kinetic
parameters, and theoretical thermodynamic calculations. It concludes with a discussion
on the potential of extracting other valuable metals from oxides by using the
carbothermic reaction in the solid state.
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INTRODUCTION

Chemical reduction of the iron ores has been an essential part of human history for the
last 4000 to 5000 years, dating back to the beginning of the Iron Age [1,2]. Today,
carbothermic reduction in solid state is gaining increased attention due to the potential
to utilize iron oxides as a secondary source of iron [3,4] or energy [5], or due to the
reducing consequences of the formation of greenhouse gases and environmental
contamination associated with the conventional processes [6,7]. Various mechanisms
have been suggested to explain how the solid reactants (oxide and carbon) interact at
temperatures below 1000 °C to produce solid metal. The most common mechanism
involves the reduction of oxides through gaseous intermediates CO and CO,, as shown
in the following reactions:
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MO(S) + CO — M(S) T COnurrrrrereeeereeeeeeeeereeeeseeeenen (1)
COs+ C(3) = 2C0 reeeeeeeeeeeeeeeeeeeeeeeeeseeesseeeseeen )

Baikov [8] and later Ryabchikov et al. [9] attempted to utilize a thermal dissociation
scheme to interpret the carbothermal reduction mechanism by direct reduction reactions,
as given in equations (3) and (4).

MO(S) — M(S) + 1/2001ceoveeeeeeeeeeeeeseeeeereeeeesseereeenns 3)
C(S) + 02> CO2 erveeeeeeeeeeeee e @)

However, the opinion is that the equilibrium partial pressure of oxygen for reaction in
equation (3) is too small to explain the achieved reduction rates. At 1000 °C, the partial
pressure of oxygen is 2x10!7 atm for FeO and 1x10® atm for Cu,O. Because of this,
most researchers usually reject this explanation regarding iron and copper oxides.

Another approach proposed in the late 1980s, considers the oxide reduction involving
the formation of gaseous carbides through the interaction of metal vapor with carbon
[10,11].

2MO(s) + MCa(g) — 3M(g) + 2CO .o (5)
2C(s) + M(g) = MCa(Z).eveeveieneeienieeecceeeienieeen (6)

Mass spectrometry's direct observation analyses revealed the existence of metals in
elemental form and corresponding gaseous carbide vapors. It is further used to interpret
the kinetics of carbon's interaction with the oxides of different elements. However,
contrary to preliminary expectations, this mechanism cannot be applied to reducing the
majority of oxides of interest due to the low saturated pressure of metals at reduction
temperatures and the impossibility of transporting metal vapor to carbon in line with the
reaction described by equation (6).

This presentation aims to assess preliminary experimental results and discuss the
potential of the carbothermal dissociation of iron and copper oxides by process
mechanism based on the dissociative evaporation of the reactant with simultaneous
condensation of the low-volatile product.

KINETICS MODELING

The calculations are based on the classical evaporation model of Hertz-Langmuir, which
has been expanded to include cases of dissociative evaporation of compounds. The
theoretical calculation of the main kinetic parameters, such as the flux of the gaseous
product (J), the rate constant (k), the product partial pressure (P), and the parameters of
the Arrhenius equation (E, and A), has been acquired from the thermodynamic databases.
In the case of a binary compound A By, decomposing in a vacuum into gaseous products,
equation can be written as follows:

ZABy(8) — aA(2) T DB(Z) cevveeeieirieieeieeeeeee (7
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the flux of product A can be expressed through the equivalent partial pressure P4 of this
product corresponding to the hypothetical equilibrium of reaction (7) in the following
form:

YMPp

JA:\/(ZnT—ART) ................................................... (8)

where M and M, are the molar masses of the reactant and product A, y is the unit
conversion coefficient (e.g., from atmospheres to Pascals), and R is the gas constant.

The partial pressure of product A (P°4) can be calculated using the equilibrium constant
K, for reaction (7). When there is no excess of reaction products in the reactor
atmosphere, which corresponds to the equimolar evaporation mode (1=0.5), the partial
pressure P4 can be expressed as per reference [12]with following equation:

P Kp 1/v MA b 3\'* a M:\ b/2v ’ AIS(,) AIH(I)
A=NTF) ) TFEr\mg) PR )P\ RT

.............. 9)
Where:
F=a"*b" e (10)
V4D e (11D
and
Ko =P # PPhoeiiiiicceeeeee (12)

Following the process described by equation (7), 4,H’r and 4,5°; represent the changes
in enthalpy and entropy, respectively. If the partial pressure P’s of one of the gaseous
components is much higher than the equivalent pressure Pp of the same component
released in the decomposition, and if P’z remains constant during the decomposition
process, we refer to this evaporation mode as isobaric.

T ASS Ar_Hg
Pa= (P.B)b/a = (P,B)b/a €xXp ( aR ) exp (- TR s (13)

As seen in equations (9) and (13), the calculated activation energies for reaction (7)
should differ between the equimolar and isobaric modes of decomposition. Therefore,
the activation energy for the equimolar mode is:

0
E§=% .................................................... (14)
while the isobaric mode is:
. 0
LR (15)

a

Table 1 presents the values of the thermodynamic functions for the discussed reactions
without considering condensation energy transfer. The most likely mechanism of energy
transfer seems to be thermal accommodation [13], which involves the direct transfer of
energy at the reaction interface through collisions between low-volatile molecules and
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the surfaces of the reactants and products. When the solid phases are at equal
temperatures, we can anticipate an equal energy distribution between the two phases,
1.e., 7=0.5.

Table 1, Investigated chemical reactions and
corresponding thermodynamical parameters [14,15,16]

AHr (kJ/mol) A:S"r (J/molK)
Reaction 1000K | 1300K | 1600 K 1000K | 1300K | 1600 K

Fe(s)=Fe(g) 409.5 | 402.1 | 398.0 1434 | 1367 | 131.0
FeO(s)=Fe(g)+1/20, 675.7 | 669.4 | 662.6 2052 | 199.7 | 195.0
FeO(s)=Fe(s)+1/20, 266.1 | 2674 | 264.6 61.8 63.0 64.1
Cu(s)=Cu(g) 332.8 | 330.8 - 1262 | 124.0 ]
Cu,0(s)=2Cu(g)+1/20, | 838.8 | 830.5 - 3192 | 3135 -
Cu0(s)=2Cu(s)+1/20, 1728 | 168.8 - 66.0 65.5 _

RESULTS AND DISCUSSION

The characteristic periods of the carbothermic reduction processes are induction,
autocatalytic acceleration, and relaxation. The most important parameters of
carbothermic reduction processes are initial temperatures and values of the activation
energies.

The autocatalytic characterization of the carbothermic reduction means that once the
reaction is initiated, the rate of isothermal reduction accelerates as the reduction
progresses, reaching a maximum. Representative examples of the variation in the
reduction rate with the degree of reduction in a vacuum for Fe and Cu oxides are shown
in Figure 1.

1) Fed b) Cu,0
4 14
%, B00'C

150'(

Rate of Reduction, (mg 0,/min)
Rote of Reduction, (mg 0,/ min)

0 0
0 02 04 06 08 10 0 0 04 06 08 MW
Fractionanal Reduction Fractionanal Reduction

Figure 1, Typical carbothermic reduction curves,
a) reduction of FeO by carbon in vacuum at different temperatures[17],
and b) reduction of Cu>0 by carbon in vacuum at different temperatures[18]
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The interpretation of the origin of these induction and acceleration periods involves the
process of congruent dissociative evaporation, along with simultaneous condensation of
the low-volatility product at the reactant/product interface. This approach involves
transferring condensation energy to the reactant (oxide), increasing its decomposition
rate. During the initial decomposition stage, when there are no nuclei on the reactant
surface to facilitate condensation of the low-volatile product vapor at the interface zone
and energy transfer to the reactant, the decomposition proceeds much more slowly. The
time it takes to form the first nuclei on the surface of the reactant is known as the
induction period. This approach also allows for the mechanism of nucleation through
condensation of supersaturated vapor of the low-volatility product (metal) to be
described explicitly [13].

The presence of defects or foreign impurities on the surface can be compared to the
appearance of nuclei in a new phase. This results in shorter or completely disappearing
induction and acceleratory periods - the time during which the product film covers the
entire surface of the reactant and the reaction reaches a steady state [19].

As a criterion for theoretically estimating the initial reduction temperatures, two critical
parameters are used: the average initial radius of oxide particles, ro, and the total
decomposition time, 7. Upon integration of the equation:

and further considering Eq. (8) by applying the relationship between sphere volume and
metal density, m = (4/3) n r’p, where m, r, and p represent the mass, radius, and density
of the reactant spherical particle(s), respectively, a simple expression is derived:

Pp= [”(ZL;ARTW] (2) o (17)

Y to

Although experimental values were obtained under various conditions, and the initial
temperatures for the thermal decomposition of oxides at a certain pressure and
temperature were calculated using specific equations and thermodynamic functions, a
comparison of the calculated and experimental values shows that the temperature
differences for various metals do not exceed 100 °C.

Figure 2 shows the Arrhenius plots for the carbothermic reduction of Fe and Cu oxides.
These plots are based on experimental data from various sources presented in graphical
or tabular form. A standard linear regression correlation is used to calculate the
activation energies and standard deviations. Table 2 lists the data and the theoretical
results calculated from equations (14) and (15).
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Figure 2, Arrhenius plots for the carbothermic reduction,
a) FeO and Cu;0O constructed from [20,21], b) FeO constructed from [22],
and c) FeO constructed from [23]

In Figure 2, various parameters were plotted on the ordinate axes. Figure 2a shows the
mass of oxygen loss (J) per 1 g of oxide in 1 minute. Figures 2b and 2c display the k;
coefficient in the Prout-Tompkins equation [24] and the rate constant k; for first-order
kinetics, respectively. Despite their differences, these plots can be compared based on
their position along a temperature scale.

The Arrhenius plots for the reduction of FeO shown in Figure 2 reveal two sets of
activation energies, distinguished by an average factor of 1.5. This aligns well with the
expectation of two modes (isobaric and equimolar) for the dissociative evaporation
scheme. The same concept is typically applied to interpret similar patterns observed in
other decomposition reactions, such as the dehydration of some hydrated salts.

The isobaric mode of FeO decomposition has been observed only under conditions of
argon flow when the partial pressure of residual oxygen in argon exceeds the equivalent
pressure of oxygen (1x107 atm) at the initial temperature. Such a situation is unlikely in
a high vacuum. The difference in the decomposition modes observed at high
temperatures (above 1000 °C) in [22], and [23] is probably due to the different content
of oxygen in argon. This is supported by a remark in [23] that purified argon gas was
used in this work. For that reason, in Figure 2c, two regions are observed in the Arrhenius
plot: isobaric and equimolar, respectively, at lower and higher temperatures.

The plots in Figure 2b show a significant impact of NaxCO3 and K>COs additions on the
rate of carbothermal reduction. This is due to the decrease in the partial pressure of
oxygen in the argon flow caused by the activation of the reducing properties of graphite
in the presence of alkali metals. This activation is likely the result of the formation and
subsequent decomposition of compounds made up of Na and K with carbon at a high
temperature, leading to structural deformation of graphite particles [25]. The
experiments described in [26] confirmed the activation effect of alkalis on graphite. The
plot shift in the presence of 1% K>COs to a lower temperature (Figure 2b) corresponds
to a 28-fold increase in the rate constant or around a three-orders-of-magnitude decrease
in the partial pressure of oxygen.
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Table 2, Activation energies for thermal decomposition of investigated oxides

Ea, (kJ/mol)
Calculated Experimental
FeO 312 (Equimolar model) 331 [17], 305 [23]
468 (Isobaric model) 465 [22], 463 [23]
CuO 202 (Equimolar model) 205 [18]

FeO AND Cu,O DECOMPOSITION IN EFFUSION (KNUDSEN) CELLS

An interesting consequence of the proposed mechanism for carbothermic reduction of
oxides is the potential for the process to occur even without carbon. Carbon's role in this
process is to react with the oxygen released from the decomposition of the oxide, thereby
maintaining a low partial pressure of oxygen in the system. Under atmospheric pressure
or in the presence of an inert gas, extracting oxygen from this volume is hindered by
diffusion limitations. However, under high vacuum conditions, this extraction should be
efficient enough. This suggests that the dissociative evaporation of oxide with
simultaneous condensation of metal can occur in a high vacuum, even without carbon.

Careful assessment of the investigation on the FeO and Cu,O dissociation results in an
effusion (Knudsen) cell [27] revealed that these oxides dissociate, forming solid metals
inside the cell. In addition, research conducted on Ni [28, 29] and Co [30] oxides showed
these metals in metallic form on the interior surfaces of the Knudsen cells. More
importantly, these results contradict what would be expected from the thermodynamic
equilibrium of the simple metal dissociation reaction:

MO(S) = M(Z) + Y5 02 oeevveeeeeeeeeeeseeeecereeereesneseenns (18)

The results presented in Table 3 show that the equilibrium partial pressure of Cu for the
gaseous dissociation of its oxides is similar to the equilibrium pressures of metal vapor
over solid metals. However, for Fe, it is much smaller. At lower temperatures, this
difference is even more pronounced. This is by comparing the activation energies for
these two processes in Table 3. Therefore, if the dissociation mechanism follows the
equilibrium described by equation (18), the formation of metal in the condensed phase
(solid or liquid) is unlikely for Cu and would be impossible for Fe.

Table 3, The equilibrium pressures and activation energies associated with the gaseous
dissociation of oxides and the evaporation of metals

Oxide | T (K) Pwum (atm) Ea (kJ/mol)
Dissociation Evaporation Dissociation Evaporation
FeO 1700 2.1%107 4.1*%10° 442 398
Cu0 1500 1.3#107 8.1%10° 329 316
Cu0 1300 2.1*#107 1.5%107 332 331

The metals’ appearance in metallic form in Knudsen cells, unforeseen by theoretical
considerations, can be explained by the dissociative evaporation of oxides, which leads
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to the simultaneous condensation of metal vapor at the oxide/metal interface. During this
process, some condensation energy is transferred to the oxide. This mechanism occurs
at much lower temperatures than oxides' simple gaseous dissociation without
considering energy transfer. Additionally, the partial pressure of oxygen discharged from
the Knudsen cell is expected to be higher than the equilibrium pressure over the MO(s)-
M(s) system. Experimental data from various publications [31, 32, 33] shows that the
experimental partial pressures of oxygen are consistently about an order of magnitude
higher than the equilibrium pressures for the condensate dissociation of oxides.
Therefore, both of these facts (the presence of metals in the condensed phase and partial
pressure of oxygen higher than equilibrium) can be considered additional supporting
arguments for the proposed mechanism.

CONCLUSIONS

The analyses conclude that the carbothermic reduction of iron and copper oxides is
typical of many other solid-state decomposition reactions. Thermodynamic
considerations imply that the reduction mechanism can be described as the dissociative
evaporation of oxide with the simultaneous condensation of metal at the oxide/metal
interface. The mechanism is quantitatively interpreted by essential features, such as
initial temperatures and activation energies. It also explains the induction and
acceleration periods in the reduction process. A similar carbothermic reduction process
may occur for oxides of other metals, such as those in the platinum group, silver, and
gold. The oxides of these elements are unstable, and their volatility at decomposition
temperatures below 1000 °C is very low. However, with the increase in volatility at
decomposition temperature, if the metal remains in the gaseous phase at the temperature
of oxide reduction, the above-described mechanism would not work. Considering
thermodynamic data, this is the case for elements such as Al, Cr, Mg, Mn, Sn, Zn, etc.
Their carbothermic reduction most likely occurs through the gaseous carbide
mechanism.

LITERATURE

[1] Vaclav Smil, Energy and Civilization: A History, The MIT Press, 2018, ISBN-
10:026253616.

[2] Muhly, J., Metalworking/Mining in the Levant. In S. Richard (Ed.), Near Eastern
Archaeology: A Reader, Winona Lake, IN: Eisenbrauns, 2003, pp. 174-183.

[3] Asadjon Kambarov, Ilhom Rakhmanov, Sherzod Karshibayev, Safarali,
Mamarakhimov, Sirojiddin Shamatov, Technology of obtaining iron powders by
thermal treatment of iron oxide-containing metallurgical waste using hydrogen,
Science and innovation, International scientific journal, Vol. 3, Iss 3, UIF-2022: 8.2,
2024, ISSN: 2181-3337.

[4] Bagatini, M.C., Kan, T., Evans, T.J. et al. Iron Ore Reduction by Biomass Volatiles.
J. Sustain. Metall. 7, 2021, pp. 215-226, doi: 10.1007/s40831-021-00337-3.

[5] Daoguan Ning, Yuriy Shoshin, Jeroen van Oijen, Giulia Finotello, Philip de Goey,
Size evolution during laser-ignited single iron particle combustion, Proceedings of

230



MINING AND GEOLOGY TODAY 2024 III INTERNATIONAL SYMPOSIUM

the Combustion Institute, Vol. 39, Iss. 3, 2023, pp. 3561-3571, ISSN 1540-7489,
doi: 10.1016/j.proci.2022.07.030.

[6] Kappler, A., Bryce, C., Mansor, M. et al. An evolving view on biogeochemical
cycling of iron. Nat Rev Microbiol 19, 2021, pp. 360-374, doi: 10.1038/s41579-
020-00502-7.

[7] Meiqing Shi, Xiaobo Min, Yong Ke, Zhang Lin, Zhihui Yang, Sheng Wang, Ning
Peng, Xu Yan, Shuang Luo, Jiahui Wu, Yangjin Wei, Recent progress in
understanding the mechanism of heavy metals retention by iron (oxyhydr)oxides,
Science of The Total Environment, Vol. 752, 141930, 2021, ISSN 0048-9697, doi:
10.1016/j.scitotenv.2020.141930.

[8] Baikov, A.A., Reduction and oxidation of metals, Metallurg, No. 3, 1926, pp. 5-24.

[9]1 Ryabchikov, L.V., Belov, B.F. & Mizin, V.G. Reactions of metal oxides with
carbon. Steel Transl. 44, 2014, pp. 368-373, doi. 10.3103/S0967091214050118.

[10] Boris V. L'vov, Gaseous carbide mechanism of the reduction of oxides by carbon:
from a graphite furnace to a blast furnace, Spectrochimica Acta Part B: Atomic
Spectroscopy, Vol. 44, Iss. 12, 1989, pp. 1257-1271, ISSN 0584-8547, doi:
10.1016/0584-8547(89)80124-7.

[11] V. L'vov, Boris, A. Vasilevich, Andrey, O. Dyakov, Alexey, W. H. Lam, Joseph, E.
Sturgeon, Ralph, Reduction of metal oxides by carbon in graphite furnaces. Part 1.
Temporal oscillations of atomic absorption in the process of slow evaporation of
Al Bi, Cr, In, Mg, Mn, Pb, Sb, Sn and Te oxides, Journal of Analytical Atomic
Spectrometry, 14, 1999, pp. 1019-1024, doi: 10.1039/A901850F.

[12] Boris V. L'vov, Interpretation of atomization mechanisms in electrothermal atomic
absorption spectrometry by analysis of the absolute rates of the processes,
Spectrochimica Acta Part B: Atomic Spectroscopy, Vol. 52, Iss. 1, 1997, 1-23,
ISSN 0584-8547, doi: 10.1016/S0584-8547(96)01541-8.

[13] J.P. Hirth and G.M. Pound, Condensation and evaporation, Pergamon Press,
Oxford, 1963, 1964, doi:10.1016/0038-1101(64)90049-8.

[14] V.A. Kireev, Methods of Practical Calculations in Thermodynamics of Chemical
Reactions, Khimiya, Moscow, 1975.

[15] V.A. Ryabin, M.A. Ostroumov, T.F. Svit, Thermodynamic Characteristics of
Substances, Handbook, Khimiya, Leningrad, 1977.

[16] L.V. Gurvich, I.V. Veits, V.A. Medvedev, et al., Thermodynamic Properties of
Individual Substances, Nauka, Moscow, 1978 — 1982.

[17] V.I. Arkharov, V.N. Bogoslovskii, M.G. Zhuravleva, G.I. Chufarov, Zh. Fiz. Khim.
29, 1955, pp. 272-279.

[18] E.P. Tatievskaya, G.I. Chufarov, N.M. Stafeeva, Zh. Fiz. Khim. 28, 1954, 843-850

[19] A.K. Ashin, S.T. Rostovtsev, O.L. Kostelov, in: Reduction Processes in the
Production of Ferroalloys, Nauka, Moscow, 1977, pp.174-178.

[20] V.I. Arkharov, V.N. Bogoslovskii, M.G. Zhuravleva, G.I. Chufarov, Zh. Fiz. Khim.
29, 1955, pp. 272-279.

[21] E.P. Tatievskaya, G.I. Chufarov, N.M. Stafeeva, Zh. Fiz. Khim. 28, 1954, pp. 843-
850.

231



MINING AND GEOLOGY TODAY 2024 III INTERNATIONAL SYMPOSIUM

[22] T. Szendrei, P.C. van Berge, S., Solid direct reduction of wiistite by graphite:
Observation of an autocatalytic mechanism and of its catalysis by alkali carbonates,
Afr. J. Chem. 31, 1978, pp. 51-58.

[23] Rao, Y.K. The kinetics of reduction of hematite by carbon. Metall Trans 2, 1971,
pp. 1439-1447, doi: 10.1007/BF02913373.

[24] E.G. Prout, F.C. Tompkins, Trans. Faraday Soc. 40, 1944, pp. 488-498.

[25] A.R. Ubbelohde, F.A. Lewis, Graphite and its Crystal Compounds, Clarendon
Press, Oxford, Oxford, Clarendon Press, 1960, 217.

[26] M.G. Zhuravleva, G.I. Chufarov, L.G. Khromykh, Dokl. AN SSSR 135, 1960, pp.
385-388.

[27] E.K. Kazenas, D.M. Chizhikov, Pressure and Composition of Vapour under Oxides
of Chemical Elements, Nauka, Moscow, 1976.

[28] Leo Brewer, Donald F. Mastick, The Stability of Gaseous Diatomic Oxides, J.
Chem. Phys. 19, 1951, pp. 834-843, doi: 10.1063/1.1748392.

[29] Steiner B, Giese CF, Inghram MG. Photoionization of alkanes. Dissociation of
excited molecular ions The Journal of Chemical Physics. 34, pp. 189-220, doi:
10.1063/1.1731566.

[30] R. T. Grimley, R. P. Burns, Mark G. Inghram, Mass-Spectrometric Study of the
Vaporization of Cobalt Oxide, J. Chem. Phys. 45, 1966, pp. 4158-4162, doi:
10.1063/1.1727472.

[31] D.M. Chizhikov, Yu.V. Tsvetkov, E.K. Kazenas, V.K. Tagirov, Zh. Neorg. Khim.
17,1972, pp. 891-894.

[32] Kumasaburo Kodera, Isao Kusunoki, Shinkichi Shimizu, Dissociation Pressures of
Various Metallic Oxides, Bulletin of the Chemical Society of Japan, Vol. 41, Iss. 5,
1968, pp. 1039-1045, doi: 10.1246/bcsj.41.1039.

[33] E.K. Kazenas, D.M. Chizhikov, Yu.V. Tsvetkov, in: Investigation of the Processes
in Metallurgy of Non-Ferrous and Rare Metals, Nauka, Moscow, 1969, pp. 28-29.

232



