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Abstract: The application of coal-based reduction in the efficient recovery of iron from refractory iron-bearing resources is comprehensively
reviewed. Currently, the development and beneficiation of refractory iron-bearing resources have attracted increasing attention. However, the
effect of iron recovery by traditional beneficiation methods is unacceptable. Coal-based reduction followed by magnetic separation is proposed,
which adopts coal as the reductant to reduce iron oxides to metallic iron below the melting temperature. The metallic iron particles aggregate
and grow, and the particle size continuously increases to be suitable for magnetic separation. The optimization and application of coal-based re-
duction have been abundantly researched. A detailed literature study on coal-based reduction is performed from the perspectives of thermody-
namics, reduction kinetics, growth of metallic iron particles, additives, and application. The coal-based reduction industrial equipment can be
developed based on the existing pyrometallurgical equipments, rotary hearth furnace and rotary kiln, which are introduced briefly. However,
coal-based reduction currently mainly adopts coal as a reductant and fuel, which may result in high levels of carbon dioxide emissions, energy
consumption, and pollution. Technological innovation aiming at decreasing carbon dioxide emissions is a new trend of green and sustainable
development of the steel industry. Therefore, the substitution of coal with clean energy (hydrogen, biomass, etc.) for iron oxide reduction

shows promise in the future.
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1. Introduction

Iron ore is one of the most important strategic resources in
modern industry and the lifeblood of the steel industry [1-2].
Iron ore resources are abundant and mainly distributed in
Brazil, Australia, Russia, and China, among which Brazil and
Australia show a high total iron (TFe) grade for the iron re-
sources [3]. Raw materials with high TFe grade are neces-
sary for ironmaking when adopting the traditional blast-fur-
nace technology [4-5]. However, iron ore resources are be-
ing rapidly consumed, and high-TFe-grade iron ores are
gradually decreasing [2,6]. For this reason, consideration has
been given to the development and utilization of low-TFe-
grade, complex refractory iron-bearing resources, such as
oolitic hematite, copper slag, nickel slag, and red mud [7-9].
However, conventional beneficiation methods, such as mag-
netic separation, gravity concentration, and froth flotation,
lose their advantages when processing these iron-bearing re-
sources, and achieving good indexes is difficult [7]. These
iron-bearing resources are inherently refractory ores, with
“inherently refractory” referring to the ores that can only be
beneficiated through complex beneficiation technology due
to their complex mineralogical composition and texture
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[10—12]. Therefore, an increasing emphasis has been placed
on pyrometallurgy. Magnetization roasting can effectively
treat a part of refractory iron-bearing resources [13];
however, numerous iron-bearing resources are not com-
pletely suitable for the magnetization roasting process
[14-16]. To develop and utilize this part of iron-bearing re-
sources, a process of coal-based reduction and magnetic sep-
aration was innovatively proposed [17-23].

In comparison with the blast-furnace ironmaking, gas-
based shaft-furnace direct reduction, and smelting reduction
processes, which usually require the use of high-TFe-grade
sinters, pellets, and lump ores, coal-based reduction has
lower requirements for raw materials; low-TFe-grade iron
ores, even fine ores, can be adopted [20-22]. In addition, giv-
en the complex mineral composition of raw minerals, the
coal-based reduction process includes not only the reduction
of iron oxides but also that of other minerals and complex re-
actions between different minerals. Different from the
products of direct reduction (direct-reduction iron) and blast-
furnace ironmaking and smelting reduction (liquid iron), the
product of coal-based reduction is metallic iron powder,
which usually has a TFe grade of more than 90wt%, which
may replace the scraps in electric arc furnace steelmaking
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[17,24]. The TFe recovery can reach more than 80wt%. An-
other attractive feature of coal-based reduction is that the un-
treated non-coking coal can be used instead of coke as a re-
ductant, from lignite with a fixed carbon content of 30wt% to
anthracite with a fixed carbon content of 90wt%. Coal-based
reduction is a process applying low-end raw materials to pro-
duce high-quality iron powder, and it is complementary to
the blast-furnace ironmaking and direct-reduction processes.
Coal-based reduction mainly includes two processes: the
reduction of iron oxides and the growth of metallic iron
particles [22—23,25-27]. In the coal-based reduction process,
iron oxides are selectively reduced to metallic iron below the
melting temperature of the ores. By controlling the reduction
conditions, the metallic iron particles continually aggregate
and grow into larger particles suitable for magnetic separa-
tion [22,26] (Fig. 1). The reduction product is often cooled by
water. Owing to the difference in thermal conductivity, rapid
cooling will cause cracking between metallic iron particles
and gangue minerals, which is beneficial to the subsequent
grinding. Through the coal-based reduction and magnetic
separation process, numerous studies have been implemen-
ted to recover iron and explore the relevant factors affecting
the process indexes, including reduction temperature, reduc-
tion time, reductant ratio, magnetic field intensity, etc. Under
optimal conditions, after the grinding and magnetic separa-
tion of the reduction product, the high-TFe-grade iron
powder with a uniform particle size can be obtained [28-30].
In recent years, to promote the development of coal-based
reduction technology, numerous researchers have invested
considerable effort from different perspectives and achieved
great progress. The possible chemical reactions in the pro-
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cess of coal-based reduction were discussed by thermody-
namic studies, and the controlling mechanism of reduction
rate was further examined through kinetic studies. The form-
ation and growth of metallic iron particles in the reduction
process have been intensively investigated. Researchers also
attempted to adopt additives to regulate the coal-based reduc-
tion process and explore its mechanism. Coal-based reduc-
tion industrial equipment has also been developed to a cer-
tain extent. Although previous researchers have performed
considerable work on coal-based reduction, systematic and
intensive reviews are still lacking. This article reviews the lit-
erature on coal-based reduction from the above perspectives.
Based on the target specified in the Paris Agreement, the
green and sustainable development prospects of carbon neut-
rality are critically discussed. Arranged in a logical order
from process principle to industrial application and then to
future development, this review will promote the technology
development and utilization of refractory iron-bearing re-
sources.

2. Thermodynamic basis of coal-based reduc-
tion

The determination of reaction direction and degree is the
premise of applying reactions to practical production, which
can be solved by thermodynamic analysis [31]. This analysis
helps in further understanding the coal-based reduction pro-
cess and optimizing its conditions.

In the coal-based reduction process, in general, fixed car-
bon is the main component of coal [17,30]. Therefore, fixed
carbon can be regarded as the reductant involved in iron ox-
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ide reduction. In an air atmosphere, carbon will react as
shown in Egs. (1)~(3) in Table 1 [17]. The Gibbs free energy
(AG®) was calculated by the Reaction Equations module in
HSC chemistry 6.0 software, and the relationship between
AG® and T (temperature) was linearly fitted by OriginPro
2022 (Learning Edition) software. The temperature of coal-
based reduction is usually above 1273.15 K. Combined with
Fig. 2(a), according to the Gibbs free energy criterion of the
reaction equilibrium, the conversion of carbon to CO is spon-
taneous in the standard state [32-33]. With the increase in
temperature, the AG® decreases gradually, which is condu-
cive to the conversion of carbon to CO. Notably, CO, as a gas
reductant, participates in the reduction of iron oxides [34].
Hematite (Fe,O;) cannot be directly reduced to metallic
iron (Fe) [33]. Theory and practice have proven that the iron
oxide reduction proceeds from a high valence state (Fe’") to a
low valence state (Fe”) [35-36]. In the coal-based reduction
process, the possible reactions of iron oxides are shown in
Egs. (4)+9) in Table 1, and the relationship between
AG® and the temperature of these reactions is presented in
Fig. 2(b). Depending on the reduction temperature, the re-
duction of iron oxides can be divided into two paths
[33,36-37]. Below 843.15 K, iron oxide reduction occurs
from Fe,O; to magnetite (Fe;O,) and then to Fe. No wiistite
(FeO) is present in the reduction process because of its in-
stability below 843.15 K. Meanwhile, wiistite is necessarily
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considered above 843.15 K, and the reduction occurs from
Fe,0; to wiistite through Fe;O, and then to Fe.

The Baur—Glaessner diagram in Fig. 3 depicts the reduc-
tion thermodynamics of iron oxides. Depending on the tem-
perature and CO concentration (volume ratio of CO to
CO+CO0,), the phases of iron oxides can be divided into dif-
ferent areas. The stable region of Fe decreases with the in-
crease in temperature, indicating that the utilization rate of
CO can be improved at low temperatures. However, given
the kinetic and economic factors, the reduction of iron oxides
must be carried out at a certain temperature to accelerate the
reduction process. The Boudouard reaction of carbon (C(s) +
COy(g) = 2CO(g)) was used to divide the Baur—Glaessner
diagram into two areas. With the excess carbon in the coal-
based reduction process, the CO concentration is above the
equilibrium line, which is conducive to the reduction reac-
tion. Moreover, given that the reduction with CO is exo-
thermic, energy needs not be added to the system to sustain a
constant temperature [33]. Fig. 3 denotes that Fe,O; is easy to
reduce to Fe;0, despite the extremely low CO concentration.
Only when the temperature is higher than 843.15 K, FeO will
appear during the reduction of iron oxides [33,38]. As men-
tioned before, the coal-based reduction temperature is higher
than 1273.15 K. Therefore, when the reaction is in equilibri-
um, iron oxides are reduced to metallic iron.

Thermodynamics analysis showed that during the coal-

Table 1. Main reactions in the coal-based reduction process; data calculated with HSC Chemistry 6.0 software and OriginPro
2022 (Learning Edition) software
Reaction processes Reaction equations Number
C(s) + Ox(g) = COx(g), AG® =—394.73 — 1.04 x 10°T 1
Carbon gasification 2C(s) + Ox(g) = 2CO(g), AG® =—-224.97 = 175.16 x 10°T )
C(s) + COy(g) = 2CO(g), AG® = 169.76 — 174.12 x 107°T 3)
3Fe,04(s) + C(s) = 2Fe;04(s) + CO(g), AG® = 134.01 —235.30 x 10°T (4)
Fe;04(s) + C(s) = 3FeO(s) + CO(g), AG® = 183.09 — 189.98 x 107°T (5)
' ) FeO(s) + C(s) = Fe(s) + CO(g), AG® = 152.14 — 152.39 x 107°T 6)
fron oxide reduction 3Fe,05(s) + CO(g) = 2Fe;04(s) + COx(g), AG® = —35.75 — 61.18 x 10°T %
Fe;04(s) + CO(g) = 3FeO(s) + CO,(g), AG® = 13.34 — 15.86 x 10°T ®)
FeO(s) + CO(g) = Fe(s) + COx(g), AG® =—17.62 +20.83 x 107°T 9)
200
(b) —v— 3Fe,04(s) + CO(g) = 2Fe;0,(s) + CO,(g)
Fe;0,(s) + CO(g) = 3FeO(s) + CO(g)
100 FeO(s) + CO(g) = Fe(s) + CO,(g)
E ER S e s CRee =T
i~ —8—C(s) + O,(g) = CO,(g) 2
o 200r —e—2C(s) + O,(g) = 2CO(g) o 100
2 —300 - —4—C(s) + CO4(g) = 2CO(g) 3
~400 K-kt*-\'*‘* -uu -200
—=— 3Fe,0,(s) + C(s) = 2Fe,0,(s) + CO(g)
500k —e—Fe,0,(s) + C(s) = 3FeO(s) + CO(g)
) ) ) ) 300 —A—FeO(s) + C(s) = Fe(s) + CO(g)
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Fig. 2. Relationship between AG® of Eqs. (1)—(9) with temperature: (a) carbon gasification; (b) iron oxide reduction. Data were cal-

culated with HSC Chemistry 6 software.
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Fig. 3. Baur—Glaessner diagram for the Fe—O—C system, in-
cluding the Boudouard equilibrium for 100 kPa and a carbon
activity of 1 [33].

based reduction process, coal and CO participate in iron ox-
ide reduction in the route of Fe,O;—Fe;0,—FeO—Fe. CO
plays a leading role in the reduction. Thermodynamics is sig-
nificant and effective. However, although the thermodynam-
ic boundary conditions manifest that the reaction can pro-
ceed, it may still be constrained in kinetics. Section 3 dis-
cusses reduction kinetic analysis.

3. Reduction Kinetics of coal-based reduction

Reaction kinetic analysis is the pillar of the application of
chemical reactions in practical industrial production [39-40];
it can determine the influence of reduction conditions on the
reduction rate and provide a basis for the optimization of
coal-based reduction. Existing studies proved that in the coal-
based reduction process, Fe,O; is gradually reduced to Fe,
with the intermediate products of Fe;0, and FeO. In addition,
considerable kinetic studies have been performed on such re-
duction processes [21,41—47]. This paper introduces typical
kinetic studies from the perspectives of isothermal and non-
isothermal reduction kinetics.

3.1. Isothermal reduction Kinetics

In general, the analysis of isothermal reduction kinetics is
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simpler than that of non-isothermal reduction kinetics. The
model-fitting method is usually used to determine the reac-
tion kinetic mechanism when analyzing the reaction kinetics
under isothermal conditions [21,41—43]. The isothermal kin-
etics results of coal-based reduction are described below
(Table 2).

Under different C/O molar ratios, the results of Sun ef al.
[41] suggested that the effect of temperature on reduction
was more significant than that of C/O molar ratios. Given the
different main substances involved in the reduction reactions
at each stage, the reduction process can be described in three
stages with various kinetic mechanisms. Fe,0; was reduced
to Fe;0, in the initial stage. Fe,0s, Fe;0,, and FeO were re-
duced to Fe in the middle stage. The rate controlling mechan-
ism of these two stages was the interfacial chemical reaction.
Fayalite (Fe,Si0,) and hercynite (FeAl,O,) were reduced to
Fe in the final stage, with the rate controlling mechanism of
solid-state diffusion.

In another study, Sun et al. [21] applied chemical analysis
instead of thermogravimetric analysis. The reduction rate
rose rapidly in the initial stage. The iron oxides were reduced
by coal (controlled by interfacial chemical reaction) and its
volatiles (controlled by gas diffusion). As the reduction pro-
gressed, the CO generated by the Boudouard reaction fully
contacted the particle surface. Thus, the surface chemical re-
action became the controlling mechanism of the middle
stage. The metallic iron gradually covered the particle sur-
face. As a result, the Boudouard reaction weakened, the car-
bon dissolution increased, and the contact between carbon
and iron oxides was complete. Therefore, the controlling
mechanism was transformed into the Boudouard reaction and
carbon diffusion in the final stage.

Prior research showed that the reduction of iron oxides
proceeds in steps. For this reason, Ahmed ef al. [42] conduc-
ted the isothermal kinetics for each iron oxide reduction stage
using three reductants. In the process of iron oxide reduction,
the reduction rate of Fe,O; to Fe;O, was low and changed
nonlinearly. The reduction rate of Fe;O, to FeO was con-
trolled by gasification rate and largely depended on the re-
ductant type. The reduction rate of FeO to Fe increased signi-

Table 2. Isothermal Kkinetics of coal-based reduction

References Samples Reductants Reduction kinetics mechanisms
Initial stage: nucleation (Avrami—Erofeev, A,) model, g(a) = [-In(1-a)]";
Middle stage: chemical reaction model (n = 2), g(@) = (1-a) '—1 for C/O molar
Sun Oolitic i Coal ratio of 1.5 and 2.0, chemical reaction model (n = 3/2), g(«) = (1—a) ""* for C/O
etal. [41] olitic iron ore oa molar ratio of 2.5 and 3.0;
Final stage: 3-D diffusion model (Zhuralev—Lesokin —Tempelman), g(a) =
[(1=a) "1
Sun Initial stage: gas diffusion and interfacial chemical reaction mechanisms;
et al. [21] Oolitic iron ore Coal Middle stage: surface chemical reaction;
) Final stage: solid state diffusion and boundary reaction
. Fe,05 to Fe304: Not applicable (N. A);
Ahmed Hematite iron ore Graphite, charcoal, Fe;0, to FeO: reduction rate controlled by gasification reaction;
etal [42] and coke

Fe;0, to FeO: N. A

Yuan
et al. [43]

Coke, charcoal, and

Hematite iron ore .
biomass

Gasification diffusion (Jander equation), g(e) = [1 — (1 — a)"*]?

Notes: « is the reduction degree; g(a) is the integral form of the kinetics mechanism function; n is the type of reaction kinetics

mechanism.
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ficantly, which may be due to the catalytic effect of freshly
formed Fe on the carbon gasification reaction.

Yuan et al. [43] attempted to reduce iron ore with bio-
mass to alleviate environmental pollution. They compared
the isothermal reduction kinetics of iron ore with coke, char-
coal, and biomass as the reductant. The results showed that at
1173.15 K, Fe,O; can be reduced to Fe faster with biomass.
Meanwhile, at 1473.15 K, the close reduction rate values
were observed for the three reductants. Yuan et al. [43] con-
sidered that the reduction of iron ore by these reductants was
mainly controlled by gasification diffusion. The reduction

rate can be characterized by the interface reaction kinetic
model. The biomass was verified as a promising reductant for
iron ore.

3.2. Non-isothermal reduction Kinetics

A part of iron oxides is reduced before reaching the preset
temperature when conducting isothermal reduction kinetics
[42]. Thus, the non-isothermal reduction kinetic analysis
must be performed to avoid this situation. The non-isotherm-
al reduction kinetics of iron oxides is briefly introduced be-
low, and the results are summarized in Table 3.

Table 3. Non-isothermal Kinetics of coal-based reduction

References Samples Reductants Reduction kinetics mechanisms
Hammam o Initial stage: gas diffusion, g(@) = o’
et al. [44] Hematite iron ore  Coal and charcoal  pjpq] srage: nucleation (Avrami-Erofeev, A,) model, g(a) = [-In(1 — a)]"
Sun et al. [45]  Oolitic iron ore Coal 3-D diffusion model (Zhuralev-Lesokin-Tempelman), g(a) = [1-(1 — a)"*]?
Sah and Hematite iron ore Initial stage: gas diffusion; op s . .
Dutta [46] pellets Coal Final stage: mixed mechanism of gas diffusion and chemical reaction

processes

o o pdized coal 3-D diffusion model (Ginstling-Brounshtein), g(a) = 1 — 2a/3 — (1 — )"

Hammam ef al. [44] showed that when the coal was used
as the reductant, the reduction route of iron ore was
Fe,0;—Fe;0,—FeO—Fe. However, when charcoal was
used as the reductant, no Fe;O, was present in the reduction
process. The non-isothermal reduction kinetic analysis indic-
ated that the controlling mechanisms of the two reductants
were the same, i.e., the gas diffusion model in the initial stage
and the nucleation model in the final stage.

Sun et al. [45] pointed out that the gangue minerals in
oolitic iron ore would react with FeO during the coal-based
reduction. They recognized that the reduction order of iron
oxides was Fe,0;—Fe;0,—FeO (FeAl,O,, Fe,Si0,)—Fe
[41,45]. The kinetic mechanism function of non-isothermal
reduction was the 3-D diffusion model (Zhuralev—Lesokin—
Tempelman). Compared with the reduction of FeO to Fe, the
activation energy of FeAl,O, and Fe,SiO, to Fe was higher,
which implied that this reduction was more difficult to
achieve.

Sah and Dutta [46] pelletized the high-TFe-grade hemat-
ite iron ore (TFe: 66.90wt%) with two kinds of coal and ex-
plored the non-isothermal reduction kinetics by thermogravi-
metric analysis. They observed that in the initial reduction
stage, the activation energy was low (0.86—8.82 kJ/mol), and
the reduction was controlled by gas diffusion, which is also a
widely confirmed phenomenon [48—49]. In the later reduc-
tion stage, the activation energy increased (12.37-38.32
kJ/mol), and the controlling mechanism changed to a mixed
mechanism of gas diffusion and chemical reaction processes.

Conventional heating has low energy transfer efficiency
and poor kinetic conditions, whereas the competitive advant-
age of microwaves was evident. Huang et al. [47] discussed
the application of microwave in the reduction of iron-oxid-
ized pellets. The reduction process can be divided into two
stages (Stage I: 827-1073 K, Stage II: 1093—1323 K), and the
reaction mechanism obeyed the diffusion-controlled model.

Analysis of the reduction mechanism revealed that the CO
generated by the Boudouard reaction of coal dominated the
reduction process. Microwaves can reduce the activation en-
ergy and improve the reduction process.

From the kinetic analysis results, given that iron oxides are
gradually reduced to metallic iron, the kinetic mechanisms at
different stages vary. In the initial stage of reduction, CO is
generated by the Boudouard reaction of coal and iron crystal
nuclei are formed first. And this process is mainly controlled
by a gas diffusion mechanism and a random nucleation
mechanism. As the reduction progresses, metallic iron
particles continually grow, and the kinetic mechanism re-
lated to gas and solid diffusion becomes the main controlling
mechanism.

4. Formation and growth of metallic iron
particles

An appropriate particle size range is an important condi-
tion for the effective magnetic separation of metallic iron and
slag [50-52]. The reduction of iron oxides to metallic iron is
a prerequisite for the growth of metallic iron particles. There-
fore, the evaluation of coal-based reduction should not only
characterize the formation of metallic iron by metallization
degree but also characterize the growth of metallic iron
particles [20,52-54], which has been systematically and
comprehensively investigated.

4.1. Formation of metallic iron phase

During the coal-based reduction process, the formation of
the metallic iron phase is affected by factors, such as reduc-
tion temperature, reduction time, type and dosage of reduct-
ant, and additives [25,55-59].

In general, the reduction temperature and time have a great
influence on the metallization degree. Sun ef al. [25] dis-
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covered that under different reduction temperatures, the vari-
ation trend of the metallization degree with time was the
same. The metallization process consisted of two stages,
namely, the increasing (<30 min) and stabilizing (>30 min)
stages. Before 30 min, the metallization degree increased
rapidly with time and gradually stabilized after 30 min. In ad-
dition, as the reduction temperature increased, the time re-
quired for the metallization degree to stabilize was shortened,
and the maximum value of the metallization degree in-
creased. Yu et al. [55] and Li et al. [56] obtained similar ex-
perimental conclusions; that is, the metallization process was
divided into two stages: rapid growth and stability.
Furthermore, with a low reductant dosage, iron oxides
cannot be sufficiently reduced to metallic iron, resulting in a
low metallization degree. This condition led to the deteriora-
tion of magnetic separation indexes. When the reductant
dosage was sufficient to reduce the iron-bearing minerals in
the raw materials to metallic iron, the reductant dosage con-
tinually increased, but the metallization degree did not
[57-58]. The reaction behavior of iron oxides also varies with
the type of reductant. Ahmed et al. [42] reported that given
that carbon gasification dominates the reduction process, the
reaction behavior is closely dependent on the type of carbon
source. Charcoal shows the highest reactivity due to its high
activated carbon content. Kamijo et al. [60] observed that the
less volatile matter in coal, the higher the metallization de-
gree of raw materials. This finding may be due to the in-
volvement of fixed carbon in coal in reduction, whereas
volatile matter cannot effectively participate in the same pro-
cess. Yu et al. [24] explored the effects of different types of
coal on the reduction and magnetic separation of high-phos-
phorus oolitic hematite ore. The results indicated that when
coarse and medium coal was used, bitumite and lignite ex-
hibited a better TFe recovery compared with anthracite, and
this advantage disappeared with the decrease in coal particle
size. In addition, the TFe grade of iron powder increased with
the increase in fixed carbon content and decreased with the
decrease in coal particle size. The size of metallic iron grains
decreased with the decrease in fixed carbon content in coal
and coal particle size. The experiment of Priyadarshi et al.
[61] also supported that a better reduction effect can be ob-
tained when using a reductant with high fixed carbon content.

Metallic iron

particles

Fig. 4.
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To date, the application of coal with high fixed carbon con-
tent for coal-based reduction is beneficial to improving the
reduction behavior of iron oxides and enhancing product
quality.

The influence of additives on the formation of the metal-
lic iron phase will be explained in detail later.

4.2. Growth of metallic iron particles

The high metallization degree does not mean that the gen-
erated metallic iron particles are suitable for magnetic separ-
ation. The growth of metallic iron particles in coal-based re-
duction must also be explored. A convenient and effective
process is the evaluation of the particle size of metallic iron
particles by optical image analysis [26,53,62—64]. Through
software, the scanning electron micrograph is processed into
a binary image, and the particle size is measured and counted
(Fig. 4).

Gao et al. [53] applied digital image processing techno-
logy to analyze the particle size of metallic iron particles and
based on this step, drew the cumulative particle size curves
for different reduction temperatures and times. Sun and co-
authors [26,62—63] investigated the size distribution behavi-
or of metallic iron particles during the coal-based reduction
of iron ore. The results presented that the particle size can be
controlled by adjusting the reduction conditions [62]. In their
previous research, Sun ef al. [63] adopted the exponential de-
cay function and Rosin—-Rammler equation to fit the size fre-
quency distribution curves and the cumulative passing per-
centage of metallic iron particles, respectively. In subsequent
research, the size frequency distribution of metallic iron
particles was well fitted by the power function, and the cu-
mulative distribution of metallic iron particles was well fitted
by the cumulative distribution function of lognormal distri-
bution [26]. Yu ef al. [55] revealed that the DoseResp sig-
moidal function can be used to characterize the particle size
distribution of metallic iron particles during the coal-based
reduction of ferronickel slag.

Evidence from several experimental studies has estab-
lished that the size of metallic iron particles has a significant
effect on product quality. Extremely fine particle size will
cause magnetic agglomeration during the magnetic separa-
tion process, resulting in a decline in product quality [65-66].

Metallic iron
particles

Optical image analysis for size measurement of metallic iron particles: (a) original metallography and (b) binary metallo-

graphy [62]. Reprinted by permission from Spring Nature: Min. Metall. Explor., Particle size distribution of metallic iron during coal-
based reduction of an oolitic iron ore, Y.X. Han, Y.S. Sun, P. Gao, Y.J. Li, and Y.F. Mu, Copyright 2014.



Q. Zhang et al., Review on coal-based reduction and magnetic separation for refractory iron-bearing resources

Only when the metallic iron particles grow to a certain
particle size, the metallic iron particles and slag can be well
dissociated during the grinding process and the iron can be
recovered by magnetic separation. The magnetic separation
experiments of Gao ef al. [53] showed that the separation in-
dexes were closely related to the change in particle size. The
larger the metallic iron particles, the easier the separation of
metallic iron particles from the slag. However, excessive
particle size will increase the cost of reduction and grinding.
Therefore, a suitable particle size range is very important, but
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it has not been determined. The relationship between metal-
lic iron particle size and magnetic separation indexes still
lacks exploration and further research.

The growth of metallic iron particles must be controlled to
obtain good process indexes. Recently, to deeply understand
the formation and growth of metallic iron particles during the
reduction process, scientists conducted several studies to ex-
plore the growth kinetics of metallic iron particles. Several
previous studies are summarized in Table 4 and discussed in
more detail below.

Table 4. Growth kinetics of metallic iron particles during the reduction of iron oxides

References  Samples Stages Growth kinetics mechanisms Kinetics parameters

Sun Oolitic 1423 K< T<1523 K, D37 =922 05exp(—103.18 x n=1.3759+0.0374, 0 =

etal. [27]  iron ore 20 min <7< 50 min 10*/RT)t 103.18 kJ/mol, K = 922.05
Stage I: 1423 K<T<1300K, ¢ Stage I: D% =17.88 x Stage I: n = 14.95, 0 = 631.41

Sun Oolitic <30 min; 10*7exp(—631.41 x 10°/RT)t; kJ/mol, K =7.88 x 10%7;

etal [25]  ironore Stage II: 1423 K< T<1573 K,  Stage II: D*® = 4.34 x Stage II: n=4.08, 0 = 184.11
30min <t 10°exp(—184.11 x 10*/RT)¢ kJ/mol, K = 4.34 x 10°

Zhang Copper 1423 K < T<I573 K, D'**=20839.38exp (—116.17 x  n=1.424+0.07855, 0 =116.17

etal [67] slag 30 min <¢< 180 min

10°/RT)t

kJ/mol, K =20, 839.38

Stage I: 1373 K< T< 1523 K,
10 min <¢ < 30 min;
Stage II: 1373 K< T< 1523 K,
30 min < ¢ < 60 min

Li Nickel
etal [56] slag

Stage I: D"**%7 =3 81 x 10%xp
(—249.04 x 10*/RT)t;

Stage II Dl/].0774 —
217.30exp(—92.93 x 10Y/RT)t

Stage I: n =0.4697, O =249.04
kJ/mol, K=3.81x10°%

Stage II: n=1.0774, Q = 92.93
kJ/mol, K =217.30

Stage I: 1473 K<T<1623 K, ¢

Yu Ferronickel <40 min;
etal [55]  slag Stage II: 1473 K< T<1623 K,
40 min < ¢

Stage I: D =(30.33 =
1.92)74900Mexp (—(52.482 + 4.448)
x 10°/RT);

Stage IT: D = (21.30 & 1.45)-108:0.043
exp (—(26.429 + 3.295) x 10°/RT)

Stage I: n=2.016 £ 0.076, 0 =
52.482 + 4.448 kJ/mol, K =30.33 +
1.92;

Stage II: n=5.960 £ 2.060, O =
26.429 +3.295 kJ/mol, K =
21.30+1.45

Notes: ¢ is the reduction time, min; D is the particle size, mm; R is the universal gas constant, 8.314 kJ/mol; » is the particle growth
index; Q is the apparent activation energy, kJ/mol; X is the pre-exponential factor, min™'.

Sun et al. [27] studied the growth characteristics of metal-
lic iron particles during the coal-based reduction of oolitic
iron ore. They observed that iron minerals on the surface
were first reduced to form metallic iron nuclei, which accu-
mulated with each other and grew and separated from the
surface under the action of interfacial tension. In accordance
with the principle of minimum Gibbs free energy, most of the
metallic iron particles grew into quasi-spheres. Moreover, in-
creasing the reduction temperature and time within a certain
range can significantly improve the particle size of metallic
iron particles. However, the growth kinetic model estab-
lished in this research [27] is different from that in another re-
search [25]. Sun et al. [25] observed that the growth of metal-
lic iron particles can be characterized via two stages. In the
first stage (before 30 min), the growth of metallic iron
particles was controlled by the chemical reaction of iron ox-
ide reduction to metallic iron. Meanwhile, in the second stage
(after 30 min), the growth of metallic iron particles was con-
trolled by surface diffusion and metallic iron diffusion.

Zhang et al. [67] adopted optical image analysis to invest-
igate the growth behavior of metallic iron particles. They ex-
plored the growth process of metallic iron particles under iso-
thermal and non-isothermal conditions. The results showed
that under isothermal conditions, the growth rate exhibited an
S-shaped growth with time. Under non-isothermal condi-
tions, the growth rate increased exponentially with temperat-
ure. On the basis of the Hillert kinetics model, Zhang et al.

[67] established the growth kinetics model of metallic iron
particles.

The coal-based reduction of nickel slag conducted by Li
et al. [56] indicated that the growth of metallic iron particles
can be divided into two stages with a boundary of 30 min. In
stage I, the metallic iron particles nucleated, and the weak
diffusion capability of metallic iron particles limited their
growth. As the reduction proceeded, the metallic iron
particles grew rapidly in stage I. The kinetic analysis showed
that the metallic iron particles more easily grew in stage II
given the higher content of metallic iron in this stage. As a
result, the driving force of crystal growth was greater.

Yu et al. [55] researched the growth kinetics of high-TFe-
grade ferronickel slag during coal-based reduction. During
the rapid formation period (stage I), metallic iron particles
with small particle sizes had large surface energy, forming a
strong driving force for particle growth that caused the rapid
growth of metallic iron particles. In the aggregation growth
period (stage II), the growth rate of metallic iron particles de-
creased significantly and was limited by the interface chem-
ical reaction. At this stage, small metallic iron particles
gradually aggregate into large metallic iron particles.

In summary, at the initial growth stage, the size of metal-
lic iron particles increases rapidly, and as the reduction pro-
ceeds, the growth rate gradually slows down. In this process,
temperature plays a decisive role in its growth.
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5. Action of additives

The coal-based reduction process can be optimized by se-
lecting an appropriate number of additives. To date, the com-
monly used additives include CaF,, NaCOs;, CaO, MgCO;,
etc. [59,68-71]. These additives can improve the process in-
dexes of coal-based reduction and magnetic separation, pro-
mote the formation and growth of metallic iron particles, and
improve product quality.

5.1. Improvement of the process indexes

Refractory iron ores often contain a number of gangue
minerals, especially SiO, and ALO; [59,72]. These gangue
minerals easily react with FeO to form intermediate products
(FeAl,O, and Fe,Si0,4) [73]. Previous kinetic studies showed
that FeAl,O, and Fe,SiO, are difficult to reduce to Fe, which
is not conducive to coal-based reduction. To improve the
process indexes of coal-based reduction and magnetic separ-
ation, numerous researchers explored the utilization of addit-
ives, such as Na,CO;, MgCOs;, CaO, and CaF,, and systemat-
ically studied their action mechanism [59,68-70,74]. Table 5
exhibits that the appropriate utilization of additives can signi-
ficantly increase the TFe grade and recovery.

In the coal-based reduction process, Na,CO; and MgCO;
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are first decomposed to form Na,O and MgO, respectively
[59,70]. Table 6 shows the possible reactions of Na,O, MgO,
and CaO with gangue minerals and intermediate products
[59,69,73,77]. Fig. 5 presents the AG® of these reactions as a
function of temperature. Within the coal-based reduction
temperature range, on the one hand, these additives can react
with gangue minerals to prevent the reaction between gangue
minerals and FeO to increase the metallization degree [70].
On the other hand, additives can react with FeAl,O, and
Fe,Si0, to substitute FeO, and the newly formed FeO can
subsequently be reduced to Fe [74,78]. The action mechan-
ism of CaF, is more complicated. The radius of F~ is close to
that of O*; thus, F~ can substitute the O”" in the silicon oxy-
gen tetrahedron to disintegrate the silicon oxygen complex-
ions, as shown in Eq. (22) [59,69]. In addition, when the ba-
sicity is high, F~ can sever the ionic bond between Al**, Ca™,
and silicon oxygen tetrahedron (Egs. (23)). This phenomen-
on decreases the surface tension of the samples and system
viscosity, optimizes the contact conditions between the
samples and pulverized coal, promotes the reduction reac-
tions, and decreases the resistance to aggregation and growth
of metallic iron particles [59,69]. Moreover, additives can
promote the Boudouard reaction of carbon and improve the
generation rate of CO to catalyze the reduction of iron oxides
and improve the process indexes [76,79—-80].

Table 5. Increase in the process indexes of coal-based reduction and magnetic separation by additives

References Additives Increase in metallization degree Increase in TFe grade Increase in TFe recovery
CaF, (6wt%) 6.19wt% 7.48wt% 3.23wt%
Gao et al. [59] Na,CO; (5wt%) 4.99wt% 2.51wt% 3.04wt%
MgCO; (4wt%) 5.59wt% 1.57wt% 0.69wt%
CaO (8wt%) 5.10wt% 2.82wt% 4.80wt%
Zhang et al- 1731 0 (8wiv) + NayCOs (Bwit) 6.60Wt% 3.79wt% 6.30Wt%
Han et al. [68] Na,CO; (5wt%) 5.99wt% 2.51wt% 4.04wt%
Long et al. [69] CaF, (1.3wt%) N. A 12.04wt% 8.81wt%
Yang et al. [75] CaO (10wt%) 0.79wt% 3.02wt% 4.26wt%
Bai et al. [76] Na,CO; (10wt%) N. A 10.40wt% 5.10wt%
Table 6. Main reaction equations of additives that may occur in coal-based reduction
Additives Reaction equations Number

Na,O(s) + SiO,(s) = Na,0-SiO,(s) (10)

Na,O(s) + 2Fe0-Si0,(s) = 2FeO(s) + Na,O-SiO,(s) (11)

Na,COs Na,0(s) + ALOx(s) = Na,0-ALOx(s) (12)

Na,O(s) + FeO-Al,O;(s) = FeO(s) + Na,O-Al,05(s) (13)

2MgO(s) + SiOy(s) = 2MgO-SiO,(s) (14)

2MgO(s) + 2Fe0-Si04(s) = 2FeO(s) + 2MgO-SiO,(s) (15)

MgCOs MgO(s) + AlOs(s) = MgO-ALOs(s) (16)

MgO(s) + FeO-Al,O5(s) = FeO(s) + MgO-Al,O5(s) 17

CaO(s) + SiOy(s) = CaO-SiO,(s) (18)

CaO(s) + 2Fe0-SiO4(s) = 2FeO(s) + Ca0-SiO,(s) (19)

a0 CaO(s) + Al,05(s) = CaO-Al,05(s) (20)

CaO(s) + FeO-ALOs(s) = FeO(s) + CaO-Al,O5(s) 21

CaF, (0Si—0-Si0) + 2F = (0Si—0—F) + (0Si—F) (22)

(0Si-0—Ca—0-Si0) + CaF, = 2(0Si-0—Ca—F) (23)
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Fig. 5. Relationship between AG® of Egs. (10) to (21) with
temperature; data calculated with HSC Chemistry 6 software.

5.2. Promotion of the growth of metallic iron particles

Large metallic iron particles are conducive to magnetic
separation. Therefore, the coal-based reduction process needs
to be regulated to promote the growth of metallic iron
particles. Researchers consider the utilization of additives to
achieve this objective.

During the coal-based reduction process, additives react
with gangue minerals to form low-melting compounds, such
as Na,0-Si0,, 3Ca0-2Si0, CaF,, and CaO-SiO, [15,59,
69,76,81]. These low-melting compounds form a micro-
melting phase under high temperatures in the coal-based re-
duction process, which can promote the diffusion of crystal-
line particles and accelerate the formation and growth of iron

crystal nuclei [59,68,82]. Li et al. [83] reported that the size
of metallic iron particles was between 10-20 pm in the ab-
sence of sodium salts, and metallic iron particles were closely
associated with gangue minerals. After the addition of sodi-
um salts, the average particle size of metallic iron particles
increased significantly to 50 um (Fig. 6). The thermodynam-
ic analysis results of Zinoveev et al. [84] showed that during
coal-based reduction, the liquid-phase content of red mud in-
creased after the addition of carbonates. Their test results also
indicated that the addition of carbonates can significantly in-
crease the size of metallic iron particles. Grudinskii et al. [85]
observed that in the temperature range of 1273-1473 K,
when graphite was used to reduce the iron oxides in red mud,
the addition of alkali metal carbonates and alkali metal
sulfates can increase the percentage of metallic iron particles
with a particle size greater than 0.04 mm, and the facilitation
effect of alkali metal sulfates was improved. Bai et al. [76,80]
noticed that in the reduction process, the addition of Na,COs
can lighten the burden of metallic iron particles surrounded
by SiO, and promote their growth and aggregation. Xing
et al. [15] stated that after adding CaF, (3wt%), the average
diameter of metallic iron particles increased significantly, in-
dicating that CaF), is advantageous to the formation, aggrega-
tion, and growth of metallic iron particles. However, an ap-
propriate dosage of additives is necessary. An appropriate
dosage is required because the excessive micro-melt phase
will seriously wrap the iron oxide particles, leading to insuf-
ficient reduction and thus decreasing the metallization de-
gree and particle size of the reduction products [59,68,86].

Fig. 6. Promotion of the growth of metallic iron particles by additives: (a) without additives; (b) with 7.5wt% sodium sulfate and
1.5wt% borax [83]. Reprinted from Int. J. Miner. Process., 124, G.H. Li, S.H. Zhang, M.J. Rao, Y.B. Zhang, and T. Jiang, Effects of
sodium salts on reduction roasting and Fe—P separation of high-phosphorus oolitic hematite ore, 26-34, Copyright 2013, with permis-
sion from Elsevier.

5.3. Enhancement of the product quality

For most types of steel, phosphorus (P) is harmful to the
properties of steel and easily result in the cold brittleness of
steel [28,72,87]. Moreover, the high P content is not condu-
cive to welding and will increase the susceptibility to weld-
ing cracks [88]. Given that P is inevitably contained in re-
fractory iron ores and is easily absorbed by liquid iron, the
presence of this element has become a restrictive indicator to
enhance the product quality. Therefore, P must be removed
from iron powder, which is the coal-based reduction product.

Currently, dephosphorization through additives is an effect-
ive method for P removal [28,74,89-90]. Three main de-
phosphorization mechanisms of additives have been recog-
nized [91].

First, the additives will react with SiO, and Al,Os, as clari-
fied in Egs. (10) to (21), thereby lessening the promoting ef-
fect of SiO, and Al,O; on the reduction of fluorapatite
[23,28,73,77,86]. Fluorapatite is the main form of P in oolitic
hematite ore. Therefore, Sun et al. [28] and Zhang et al. [73]
studied the effect of SiO, and Al,O; on the reaction behavior
of fluorapatite during coal-based reduction. SiO, and Al,O;
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can promote the reduction of fluorapatite, and the kinetics
mechanisms of these reduction processes are A;; and A,
nucleation models, respectively. Moreover, the activation en-
ergy of fluorapatite reduction catalyzed by SiO, was evid-
ently lower than that of Al,O;, which suggested that the cata-
lyzation role of SiO, was more prominent [28]. Given that the
reduction of fluorapatite will produce P, gas, liquid iron will
absorb a large amount of P, gas to form Fe—P alloy, leading
to a high P content of the iron powder [73]. Zhang et al. [73]
proposed that lowering the reduction temperature can delay
the melting of metallic iron; at a low reduction temperature,
fluorapatite was difficult to reduce [92]. The function of
Ca(OH), and Na,CO; to inhibit the reduction of fluorapatite
in oolitic hematite ore was evaluated by Yu et al [77].
Ca(OH), and Na,CO; can consume SiO, to constrain the re-
duction of fluorapatite. Ca(OH), can also enhance the melt-
ing point and viscosity of the slag, deteriorate the reaction
conditions, and suppress the reduction of fluorapatite. Simil-
arly, Zhao et al. [86] confirmed the same inhibitory mechan-
ism of CaCO; on the reduction of fluorapatite. They
removed the unreduced fluorapatite through magnetic
separation.

The oolitic structure of oolitic hematite ore severely limits
its dephosphorization [14]. Therefore, the second dephosph-
orization mechanism of additives aims to destroy the oolitic
structure, which promotes the reduction of iron oxides and
the growth of metallic iron particles and increases the libera-
tion degree of minerals in the reduction products [83,93-94].
Then, the iron powder and P-containing minerals can be sep-
arated via grinding and magnetic separation. Fig. 7 shows the
effect of the dephosphorization agent on the oolitic structure
in coal-based reduction. To separate iron and phosphorus
from oolitic hematite, Li et al. [83] carried out a coal-based
reduction with sodium salts and magnetic separation experi-
ments. The results denoted that 7.5wt% sodium sulfate
(Na,SOyy and 1.5wt% borax (Na,B,0,) can markedly ameli-
orate the magnetic separation effect of Fe and P (dephosph-
orization rate: 96.1wt%). The sodium salts reacted with
gangue minerals to destroy the oolitic structure. This event
promoted the reduction of iron oxides and the growth of
metallic iron particles, which facilitated the separation of Fe
and P. Furthermore, Li ef al. [93] endeavored to replace a part
of NCP additives with lower-price TS additives. These addit-
ives reacted with SiO, to form silicate minerals and des-
troyed the oolitic structure. This phenomenon smoothed the
contact surface between metallic iron particles and gangue
particles, which was helpful for magnetic separation. P was
still present in the form of fluorophosphate, and dephosphor-
ization was realized by fine grinding and magnetic separa-
tion.

The last dephosphorization mechanism converts P into
soluble phosphate, which is easy to remove [80,95-96]. Xu
et al. [95] confirmed that the P-containing minerals in an
oolitic hematite ore from Nigeria were mainly crandallite
(CaAl;(OH)¢(HPO,)(PO,)) and vauxite (FeAl,(PO,),OH:
6H,0), with fine particle size and embedded in oolitic hemat-
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Fig. 7. Microstructure of the raw ore (a), reduction products
without a dephosphorization agent (b), and those with a de-
phosphorization agent (c) [94]. Reprinted from Trans. Nonfer-
rous Met. Soc. China, 22, C.Y. Xu, T.C. Sun, J. Kou, Y.L Li,
X.L Mo, and L.G Tang, Mechanism of phosphorus removal in
beneficiation of high phosphorous oolitic hematite by direct re-
duction roasting with dephosphorization agent, 2806-2812,
Copyright 2012, with permission from Elsevier.

ite ore. They explored the dephosphorization effect of sodi-
um carbonate. Several P-containing minerals (51.64wt%) re-
acted with Na,COj; and gangue minerals during the reduction
process to form water-soluble phosphate, which was dis-
solved in water during the magnetic separation process. An-
other part of P-containing minerals (45.16wt%) was not re-
duced under the action of Na,CO; and entered the tailings
during magnetic separation. Yang et al. [96] observed that
after adding a dephosphorization agent, 38.78wt% of P
entered the soluble phosphate, and 56.87wt% entered the alu-
minosilicate formed by the reaction of the dephosphorization
agent, apatite, collophanite, and quartz. Therefore, P and Fe
can be separated by magnetic separation. Using Na,CO,
(5Wt%) as an additive, after coal-based reduction and mag-
netic separation, the dephosphorization of high-P siderite was
significant, and a low-P iron powder was obtained [80]. Bai
et al. [80] reported that Na,CO; can not only curb the reduc-
tion of fluorapatite but also react with insoluble fluorapatite
to form soluble phosphate (Eq. (24)).
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Ca3(PO4)2(insoluble) + 3N32CO3 g (24)
2Na3;POy(soluble) + 3Ca0 + 3CO,

6. Application and development of coal-based
reduction

To date, quantities of studies have been conducted on the
application of coal-based reduction and magnetic separation
to recover iron from various refractory iron-bearing re-
sources. The results of these studies are summarized in
Table 7 and discussed in detail below. The equipment of

coal-based reduction is different from that of traditional iron-
making and direct-reduction iron. Numerous kinds of equip-
ment are currently used in pyrometallurgy methods. In ac-
cordance with the equipment characteristics and require-
ments of the coal-based reduction process, here, the rotary
hearth furnace (RHF) [97-99] and rotary kiln (RK)
[100-102] are introduced, which has development potential
for coal-based reduction. However, given the requirements of
green, low-carbon, and sustainable development, the applica-
tion of coal-based reduction is seriously limited, and its fu-
ture application is subject to multitudinous challenges. Its de-
velopment prospect is discussed and critically prospected.

Table 7. Summary of the coal-based reduction technology applied for refractory iron-bearing resources

Reduction conditions Products
References Samples Reductants iti
P . Temperature ~ Time Dosage of additives TFe grade TFe
and reductants recovery
Li Copper slag Coke . Coke: 14wt%,
eral [29] (74 pum, 90wt%)  (—74 um, 90wt%) 73K 180min 5575 38wi% 96.21%  91.82%
Wang Copper slag Lignite . Lignite: 20wt%,
eral [103]  (~74 um, 90wt%)  (—74 pm, 90wt%) 1523K 180 min CaO: 8.9wt% 93.64%  88.08%
Wang Copper slag Coke . Coke: 14wt%,
et al. [104] (=100 um) (~0.60 mm, 69.20wt%) 1>/° K~ 120min Ca0: 6Wt% 92.96%  93.49%
Zhou Copper slag Walnut shell . Walnut shell
et al. [105] (2—4 mm) (-4 mm) IS3K 60 min char: 15wt% 73.20%  95.56%
. . Slag basicity: 1.0,
Yuan  Nickel laterite ore Coal 1548K  50min  carbon-confaining  34.74%  80.44%
etal [17] (—2 mm) (—2 mm) P
coefficient: 2.5
Zinoveev Red mud Long flame coal 1573 K 180 min Na,COs5: 17.1wt% 72.05%  77.27%
et al. [84] (-2 mm) (-2 mm) 1523 K 180 min  K,CO5: 22.01wt% 70.77%  92.39%
Huang Coal . Na,COs: 3wt%,
et al. [108] Red mud (-3 mm) 423K 180 min CaFy: 3wi% 89.57%  91.15%
Chun Red mud Bituminous coal . Na,SO4: 9wt%,
etal. [109]  (~0.5 mm, 80wt%) (~1 mm) 1423K  80min Ca0: 9 46wi% 90.28%  92.14%
Pan Nickel slag . Coal: 5wt%,
etal. [111] (=75 um, 88.16wt%) Soft coal 73K 20min o basicity: 0.15 /026% 42.17%
Ma and Nickel slag Coal ' Coal blending ratio: 4,
Han [112] 2 o) (-2 mm) 1573 K 60 min vy iy 89.84%  92.15%
Li Oolitic iron ore Coal . .
et al. [30] (~2 mm) (~2 mm) 1473 K 60 min Coal: 30wt% 92.53%  90.78%
Sun Oolitic iron ore Coal . C/0 mole ratio: 2.0,
etal. [22] (-2 mm) (-2 mm) 1523K 30 min Ca0: 10wt% 89.63%  96.21%
o ;}4?57] O"%E;“;L"Q)"re Anthracite 132K 45min Anthracite: 24wt% N.A  90.70%

6.1. Iron recovery by coal-based reduction

Copper slag is a waste with a high TFe grade, and iron can
be effectively recovered through coal-based reduction. Li et
al. [29] mixed copper slag and coke and then ground it to a
fineness of —74 um, accounting for 90wt%. CaO was used to
promote the reduction of fayalite and hortonolite to enhance
the recovery of TFe. Under ideal conditions, a nearly mono-
phase metallic iron powder was obtained with TFe grade of
96.21% and TFe recovery of 91.82%. In other studies, the
same processes, namely, coal-based reduction and magnetic
separation process, were applied to recover iron from copper
slag, and similar process indexes were obtained [103—104].
Zhou et al. [105] attempted to use walnut shells as a green re-
ductant to reduce iron minerals in copper slag. They first pre-

pared biochar from walnut shells at 873 K. Through reduc-
tion and magnetic separation of copper slag, an iron concen-
trate with an iron grade of 73.20wt% and iron recovery of
95.56wt% was obtained. Zhou et al. [105] proved that wal-
nut shells can be used to achieve clean iron extraction from
copper slag.

Red mud is a toxic waste of the industrial process that pro-
duces alumina, and it is characterized by a high pH range and
iron content [106—107]. Zinoveev et al. [84] promoted the
growth of metallic iron particles through the addition of
17.1wt% Na,CO; and 22.01wt% K,COs. They observed that
K,CO; can be used to obtain better process indexes of coal-
based reduction and magnetic separation. Similarly, by
adding 3wt% Na,CO; and 3wt% CaF, to the red mud, Huang
et al. [108] obtained a metallic iron powder with a TFe grade
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of 89.57wt% and a TFe recovery of 91.15wt%. Chun et al.
[109] used Na,SO, and CaO as additives to prepare metallic
iron powder with a TFe grade of 90.28% and a TFe recovery
0f 92.14% from red mud, which can replace scrap as the bur-
den material of electric arc furnace steelmaking. Agrawal
et al. [110] conducted the reduction roasting of red mud with
charcoal in microwave and muffle furnaces and observed that
the microwave can significantly increase the reduction rate
and decrease the reductant consumption.

To recover nickel and iron from a nickel laterite ore, Yuan
et al. [17] proposed a deep reduction and magnetic separa-
tion process. They noticed that appropriately increasing tem-
perature was beneficial to the reduction and growth of nick-
el-iron particles, but an extremely high temperature melted
the gangue minerals, which was disadvantageous to magnet-
ic separation. The addition of CaO can improve the reduc-
tion of fayalite and promote the growth of nickel-iron
particles. Under the best conditions, nickel-iron concentrate
with a nickel grade of 6.96%, nickel recovery of 94.06%, TFe
grade of 34.74%, and TFe recovery of 80.44% was obtained.
In addition, nickel slag is a resource with a high TFe grade.
Pan ef al. [111] performed selective reduction of nickel slag
to recover nickel, copper, and iron and added CaO to pro-
mote grain growth. They realized the selective recovery of
nickel, copper, and iron. The grades of nickel, copper, and
iron in the concentrate were 3.25%, 1.20%, and 75.26%, re-
spectively, and the recoveries were 82.20%, 80.00%, and
42.17%, respectively. However, the P and sulfur contents in
the concentrate were relatively high, and further research was
needed to remove them. By contrast, Ma and Han [112] ob-
tained better process indexes for the coal-based reduction and
magnetic separation of nickel slag. The iron grade and recov-
ery of the concentrate were 89.84wt% and 92.15wt%, re-
spectively, and the recoveries of nickel, cobalt, and copper
were more than 85wt%.

Coal-based reduction and magnetic separation processes
are also often employed to extract iron from oolitic hematite
ores. For oolitic hematite with P content <0.8wt%, by adding
dephosphorization additives, the low-P (P content <0.05wt%)
metallic iron powder that can be directly used for steelmak-
ing can be obtained [22,30,57]. As for the oolitic hematite
with P content >0.8wt%, by controlling the migration of P,
the high-P (P content >1.5wt%) metallic iron powder can be
obtained. The high-P metallic iron powder can be processed
by smelting dephosphorization technology to obtain quali-
fied liquid steel and high-P steel slag that can be directly used
as phosphate fertilizer or acid soil conditioner [23,113]. To
explore and utilize the enormous resources of oolitic iron ore
in China, Li ef al. [30] developed a laboratory technology of
deep reduction. After optimizing the conditions of deep re-
duction and magnetic separation, Li et al. [30] obtained near-
mono-phase iron powder with TFe grade and recovery of
92.53% and 90.78%, respectively. Sun et al. [22] carried out
a coal-based reduction on a high-P oolitic hematite ore. Un-
der the action of CaQ, after coal-based reduction, the reduc-
tion product with a metallization degree of 95.82wt% was ac-
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quired. In addition, a low-P iron concentrate with a TFe grade
of 89.63% and recovery of 96.21% was obtained by magnet-
ic separation. Ma et al. [57] explored the application of mi-
crowave in the coal-based reduction of oolitic hematite ore.
They observed that using microwave can significantly lower
the reduction temperature. When the sample with 24wt% an-
thracite was reduced at 1323 K for 45 min, the metallization
degree can reach 88.91wt%. Through magnetic separation,
the TFe recovery reached 90.70%.

Numerous experimental results show that the coal-based
reduction and magnetic separation process to recover iron
from refractory iron-bearing resources is an efficient method
that can realize the utilization of these resources. The iron re-
covery by coal-based reduction and magnetic separation is in
the laboratory stage yet, and further industrialization experi-
ments are still needed. The evaluations from various per-
spectives such as economy and environmental protection are
required.

6.2. RHF

The design of RHF is based on coal-based, fast direct-re-
duction technology [114-115]. RHF was originally designed
and built by Canadian International Nickel Corporation in
1978 and was named INMETCO [98]. Fig. 8 describes the
schematic of RHF. In the process of coal-based reduction, the
materials (usually pellets composed of fine iron ore powder
and fine non-coking coal powder) are fed into the furnace
through a feeding machine, with a thickness of one to two
layers [97,118]. Most of the heat in the furnace is mainly
maintained by the burner, and the fuel is usually natural gas,
oil, etc. [118—119]. While the pellets rotate one circle in the
furnace, the iron oxides are reduced by the coal and its gasi-
fication product CO [120]. The product is unloaded through
the unloading screw. Currently, after years of development,
RHEF has been extensively applied in iron oxide reduction and
attempted to be utilized in coal-based reduction [97].

Metallurgical plants will produce a considerable amount
of dust and metallurgical waste during the production pro-
cess, and these by-products usually contain large amounts of
valuable metals, such as iron, chromium, and zinc [121].
Thus far, numerous companies have successfully used RHF
coal-based reduction to efficiently recover these metals from
by-products, such as Ma Steel, Sha Steel, and Lai Steel in
China, Korea Zinc Co., Ltd. in Korea, and Nippon Steel and
Kobe Steel in Japan [97-98]. In the practical production pro-
cess, the metallization degree can usually be over 80wt%.
Kawatra and co-authors [8,122] explored the conditions af-
fecting the coal-based reduction of iron ore-coal pellets, in-
cluding reduction time, reduction temperature, and so on.
They conducted the coal-based reduction of iron ores by
RHEF to produce iron nuggets that can be easily ground to re-
cover metallic iron by magnetic separation, achieving a TFe
recovery of more than 80% [8]. The coal used in RHF may
contain a large amount of volatiles, of which the main redu-
cing substances are CO, H,, and CH, [123]. Sohn and Frue-
han [123] verified that the volatiles were beneficial to the re-
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Fig. 8. Schematic of RHF [98,116-117].

duction of iron oxides, especially iron oxides on the top layer
in RHF. They focused on the reduction kinetics of H,. The re-
duction rate was initially controlled by nucleation and
growth. The newly formed iron nucleus can catalyze the re-
duction. A mixture mechanism of chemical kinetics and pore
diffusion controlled the reduction rate. Kumar et al. [116]
carried out a thermodynamics analysis to estimate the CO,
emissions from the coal-based reduction of iron ore in RHF.
They analyzed the effects of different conditions on CO,
emissions and established thermodynamics models, which
helped to optimize the reduction process. Landfahrer et al.
[124] developed a numerically efficient model using the
computational fluid dynamics (CFD) method to optimize the
combustion process in RHF. The measurement results
showed a good agreement with the model predictions, which
implied that this model can be feasibly applied to optimize
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6.3. RK

RK is a common equipment for recovering iron from re-
fractory iron ore by pyrometallurgy. Fig. 9 shows the schem-
atic of RK, which can be divided into three parts in the axial
direction. The raw materials are first preheated after entering
the RK, and the temperature is generally below 600 K. Dur-
ing preheating, the adsorbed and crystal waters in raw mater-
ials are removed. In the reduction zone, the raw materials are
gradually heated to the reaction temperature. Most iron ox-
ides are reduced to metallic iron by coal and CO. Then, in the
last zone, the metallic iron particles gradually aggregate to-
gether and expand into iron particles with a particle size suit-
able for magnetic separation. In addition, gangue minerals,
ash, and additives form the slags.
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Fig.9. Schematic of RK [100-102].
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Zhong et al. [100] conducted a pilot scale coal-based re-
duction of low-TFe-grade iron ore. They considered that
Fe,0; was initially heated in the preheating zone of the RK,
and most of it was reduced to Fe;O, and FeO. Then, most
Fe;O, and FeO were reduced to Fe in the reduction zone. The
research of Liang ef al. [101] verified this reduction process.
Finally, metallic iron particles gradually aggregated and
grew. After grinding the metalized pellet to 90wt% with a
size less than 0.045 mm, they efficiently recovered the iron
powder through the magnetic separation with a TFe recovery
of 85.61% and TFe grade of 92.04%. Using CFD, Liu et al.
[125] established a three-dimensional steady-state mathemat-
ical model to analyze the reduction process in RK, thereby
improving the product quality and productivity. The results
showed that iron oxides were gradually reduced from Fe,O;
to Fe, and the reduction from FeO to Fe was the limiting step
in the reduction of iron oxides because the reduction from
FeO to Fe requires a higher reduction potential.

6.4. Critical development prospects

Notably, coal-based reduction and magnetic separation
hewed out a new way for the efficient development and util-
ization of abundant refractory iron-bearing resources, which
provided high-quality steelmaking raw materials. This pro-
cess revitalized numerous iron resources and alleviated the
supply pressure of iron ore. However, coal, as a typical fossil
fuel, will yield greenhouse and pollution gases (carbon diox-
ide, sulfur dioxide, nitrogen oxides, etc.) in iron oxide reduc-
tion [126—128]. Furthermore, coal-based reduction must be
carried out at a high temperature for a long time, and the
maintenance of high temperature requires massive energy,
which commonly comes from fossil fuels. Approximately
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1.5-2.0 tons of CO, are emitted for every ton of metallic iron
powder produced [129—131]. Overall, coal-based reduction is
currently a technology with high CO, emissions, energy con-
sumption, and high pollution, which is not conducive to the
green and sustainable development of human society. Under
the limits of the carbon neutrality target in the Paris Agree-
ment and the CO, emissions restrictions of the world’s major
economies [126,132-133], the green and low-carbon devel-
opment of coal-based reduction should be further explored.

Under the background that green and low-carbon devel-
opment has become the consensus of most countries around
the world, technological innovation aiming at reducing car-
bon dioxide emissions has become a new trend of green de-
velopment in the steel industry [134—136]. Currently, substi-
tuting hydrogen for carbon-containing reductant is the main
starting point for greening the steel industry [135,137-138].
The reduction of iron oxides by hydrogen emits water with
zero CO, emissions. Compared with those for coal-based re-
duction, the kinetic conditions for hydrogen-based reduction
were evidently improved owing to the increased mass trans-
fer rate [139-141]. Therefore, for new participants in this
field, replacing coal with H, is a bright prospect. At present,
hydrogen-based reduction still has great limitations. Given
the cost of hydrogen production, transportation and storage
are relatively high, and the process of producing green hy-
drogen that leads to zero negative impact on the environment
is at a low development level [135,142—143]. However, with
the development of hydrogen production, storage, transport-
ation technology, and the maturity of the green hydrogen
production process (Fig. 10), hydrogen will be used on a
large scale in human society, and hydrogen-based reduction
will be extremely competitive.

Production of Green Hydrogen

ELECTRICITY ELECTRICITY HYDROGEN
—> —> —
D
1 +  GRID SERVICES
° 10 - |
LAY
- +
POWER GENERATION TRANSPORT WATER ELECTROLYSIS H,-UTILISATION

Fig. 10. Production of green hydrogen process relying on renewable energy to generate electricity to electrolyze water [144]. Re-
printed from J. Clean. Prod., 329, R.R. Wang, Y.Q. Zhao, A. Babich, D. Senk, and X.Y. Fan, Hydrogen direct reduction (H-DR) in
steel industry—An overview of challenges and opportunities, art. No. 129797, Copyright 2021, with permission from Elsevier.

7. Conclusions and prospects

Through coal-based reduction and magnetic separation,
iron can be recovered from refractory iron-bearing resources,
which can alleviate the current consumption of high-grade
iron ore resources. In this paper, coal-based reduction is re-
viewed from different perspectives, and the prospect of its
development is critically discussed.

Hematite is gradually reduced to metallic iron in the rote
of Fe,0;—Fe;0,—FeO—Fe. In the reduction process, CO,

the Boudouard reaction product of coal, dominates iron ox-
ide reduction. The kinetic mechanisms of various reduction
stages are different. In the initial reduction stage, the reduc-
tion is mainly controlled by the gas diffusion of CO and ran-
dom nucleation mechanism, iron minerals are rapidly re-
duced, and the metallization degree increases rapidly. At this
stage, the particle size of metallic iron particles is very small.
Meanwhile, in the middle and last stages, the reduction is
controlled by a mixture of multiple kinetic mechanisms, and
the metallization degree does not increase. The metallic iron



Q. Zhang et al., Review on coal-based reduction and magnetic separation for refractory iron-bearing resources

particles gradually gather and grow into larger ones. In addi-
tion, temperature is the decisive factor for the growth of
metallic iron particles.

Additives are usually used to improve coal-based reduc-
tion. They can react with gangue minerals and their interme-
diate products with wiistite, promote the Boudouard reaction
of carbon, and improve the contact conditions between the
sample and coal, promoting the reduction of iron oxides and
increasing the process indexes. The micro-melting phase
formed by the reaction between additives and gangue miner-
als can promote the diffusion and growth of metallic iron
particles and significantly enhance the particle size. In addi-
tion, additives can be used for dephosphorization with three
main mechanisms. Additives can inhibit the promoting ef-
fect of gangue minerals on the reduction of phosphorus min-
erals, destroy the ore structure and promote the separation of
iron and phosphorus, or react with P-containing minerals to
form water-soluble substances for dephosphorization by
magnetic separation.

Iron can be feasibly recovered from refractory iron-bear-
ing resources, such as copper slag, red mud, nickel slag, and
oolitic hematite, by coal-based reduction and magnetic separ-
ation process. Iron concentrates with TFe grade and recovery
of more than 80wt% can usually be obtained. In terms of the
industrial application, the coal-based reduction industrial
equipment can be developed based on existing pyrometallur-
gical equipment and the characteristics of RHF and RK with
development potential be briefly introduced.

However, coal-based reduction, which consumes massive
coal and energy, will cause numerous CO, emissions, which
is not conducive to the realization of the low-carbon emis-
sion target of human society. In view of clean energy reduc-
tion is an emerging technology, using hydrogen or biomass to
replace coal to reduce refractory iron-bearing resources is the
future development direction, and it is expected to realize the
low-carbon and green iron recovery from refractory iron-
bearing resources.
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