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Abstract: An innovative method for recovering valuable elements from vanadium-bearing titanomagnetite is proposed. This method in-
volves two procedures: low-temperature roasting of vanadium-bearing titanomagnetite and water leaching of roasting slag. During the roast-
ing process, the reduction of iron oxides to metallic iron, the sodium oxidation of vanadium oxides to water-soluble sodium vanadate, and the
smelting separation of metallic iron and slag were accomplished simultaneously. Optimal roasting conditions for iron/slag separation were
achieved with a mixture thickness of 42.5 mm, a roasting temperature of 1200°C, a residence time of 2 h, a molar ratio of C/O of 1.7, and a
sodium carbonate addition of 70wt%, as well as with the use of anthracite as a reductant. Under the optimal conditions, 93.67% iron from the
raw ore was recovered in the form of iron nugget with 95.44% iron grade. After a water leaching process, 85.61% of the vanadium from the
roasting slag was leached, confirming the sodium oxidation of most of the vanadium oxides to water-soluble sodium vanadate during the

roasting process. The total recoveries of iron, vanadium, and titanium were 93.67%, 72.68%, and 99.72%, respectively.

Keywords: recovery; vanadium; titanomagnetite; direct reduction; sodium oxidation; smelting separation; water leaching

1. Introduction

Vanadium-bearing titanomagnetite is a strategic source of
titanium, vanadium, iron, and other valuable elements [1-2].
In China, the Panzhihua-Xichang (Panxi) district is widely
recognized as the largest deposit of vanadium-bearing tita-
nomagnetite, with future reserves of 3 x 10'° t, accounting
for 75wt% of the entire nation’s reserves [3—4]. Hence, the
development of methods to effectively utilize the vana-
dium-bearing titanomagnetite in the Panxi district would be
beneficial.

Three technological processes are currently used to sepa-
rate and recover valuable elements from vanadium-bearing
titanomagnetite. One is the blast-furnace process [5—6],
where sintered or pelletized titanomagnetite is smelted in a
blast furnace to obtain molten iron and blast furnace slag.
More than 3 x 10° t of blast furnace slag containing
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22wt%—25wt% TiO, is produced every year in China [2,7].
However, thus far, the slag has not been efficiently utilized
because of its scattered distribution of titanium components
in various fine-grained mineral phases with complex inter-
facial combinations, resulting in the waste of valuable re-
sources as well as in adverse environmental effects [8-9].
Furthermore, the recoveries of iron and vanadium are 70%
and 47%, respectively, which are not satisfactory.

The second process is the direct reduction—electric fur-
nace smelting separation process [10-12], where titanomag-
netite is successively pelletized, preliminarily reduced in a
rotary hearth furnace, and smelted in an electric furnace for
removal of titanium slag from vanadium-bearing molten
iron. Semi-steel and vanadium slag are obtained by oxidiz-
ing the molten iron in a basic oxygen furnace converter [13].
The vanadium components in the vanadium slag are usually
transformed into water-soluble sodium metavanadate by so-
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dium salt roasting for recovery of vanadium [8]. However,
multi-stage roasting is usually used to enhance the vana-
dium conversion, resulting in an increase in energy con-
sumption [8]. Moreover, the recoveries of iron, vanadium,
and titanium are 77%, 53%, and 0%, which are not substan-
tially higher than the recoveries achieved by the
blast-furnace process.

The third method is the direct reduction—magnetic sepa-
ration process proposed by our laboratory [14]. In this
process, titanomagnetite is first reduced using pulverized
coal, followed by the removal of powdery iron from the va-
nadium-bearing titanium tailing by magnetic separation. The
vanadium-bearing titanium tailing is leached with hydroch-
loric acid to produce vanadium-bearing lixivium and tita-
nium-bearing residue. Although the recoveries of iron, va-
nadium, and titanium are improved greatly using this me-
thod, the generation of a large amount of spent acid leads to
environmental pollution.

Hence, the development of a cleaner and
low-energy-consumption method for the recovery of valua-
ble components from vanadium-bearing titanomagnetite is
needed. In the present work, an innovative process is pro-
posed and investigated. This process consists of single-step
roasting and single-step water leaching. In the roasting
process at relatively lower temperatures (<1200°C), a mix-
ture of ore, reductant, and sodium salt is successively re-
duced, carburized, smelted, and layered for the difference
in density between the molten slag and iron. Iron nuggets
are directly separated from the vanadium-bearing titanium
slag after natural cooling. The mechanism and influencing
factors associated with the removal of iron nuggets from
the vanadium-bearing titanium slag during the roasting
process were systematically investigated. Behaviors such
as slag melting, iron melting, and molten iron and slag se-
paration were observed in situ. In addition, the recovery of
vanadium by the water leaching process was also investi-
gated. We speculate that the proposed separation method
for iron, vanadium, and titanium from vanadium-bearing
titanomagnetite could represent a new alternative method
for the comprehensive utilization of vanadium-bearing ti-
tanomagnetite.

2. Experimental

2.1. Materials and reagents

Vanadium-bearing titanomagnetite concentrates were
obtained from the Panxi region, China. The phase composi-
tions, chemical compositions, and mineralogy of the con-
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centrates were investigated in our previous work [15]. Pul-
verized coal was used as the reductant in the present work.
The results of the industrial analyses performed on the vari-
ous coals used in this work are shown in Table 1. All chem-
icals were of analytical grade (Sinopharm Chemical Reagent
Beijing Co., Ltd.). Demineralized water was used through-
out the experiments.

Table 1. Industrial analysis results for various coals wt%

Reductant ~ Moisture ~ Ash Volatile Fixed carbon
Anthracite 2.08 8.65 3.98 85.29
Graphite 0.16 0.87 2.09 96.88
Bitumite 6.12 22.10 26.74 45.04
Lignite 7.39 5.65 37.12 49.84

2.2. Experimental procedures

2.2.1. Roasting of vanadium-bearing titanomagnetite

In a typical roasting experiment, 50 g of vana-
dium-bearing titanomagnetite concentrates, with an average
particle size of <150 um, was mixed homogeneously with
specific amounts of pulverized coal and a sodium salt. In the
powder mixtures, the molar ratio of the fixed carbon in the
coal to the reducible oxygen in the concentrates (C/O) was
varied within a specified range. The mass ratio of the so-
dium carbonate to the concentrates was also varied within a
specified range. Each mixture was placed into a silicon car-
bide crucible obtained from the Jinda crucible factory in
China. Subsequently, an electric muffle furnace (CNT fur-
nace factory, China) equipped with a temperature control
system (+5°C) was heated to the desired temperature in the
range from 1150 to 1200°C. The sealed crucible was then
placed within the furnace, and an isothermal process was
performed for the desired time; the crucible was then re-
moved from the furnace. After the sample was cooled under
the protection of nitrogen, the obtained iron nugget was
analyzed by chemical methods. To evaluate the quality of
the slag—iron smelting separation during the roasting process,
we define the iron recovery R by the following equation:

R=Mn . 100%.
M

where M, and M, are the mass of iron in the iron nugget and
the mass of iron in the raw ore, respectively.
2.2.2. Water leaching of roasting slag

The roasted slag was ground to 90wt% passing 74 um
before being leached. The samples were leached in 50 mL of
deionized water at a stirring speed of 300 r/min at 90°C for
various time periods. The slurry was then filtrated using a
Biichner funnel to obtain the leach liquor and solid residues.
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The extractions of vanadium and titanium were calcu-
lated by the following formula [16]:

X:[l—(gxﬂﬂxloo%,
C m

where X is the leaching efficiency of vanadium or titanium;
Ciand C are the mass fractions of vanadium or titanium in
the leaching residues and in the raw ore, respectively; and m;
and m are the mass of the leaching residues and the raw ore,
respectively.

2.3. Chemical analysis

The chemical compositions of the iron nuggets, roast-
ing slag, and the water leaching residue were determined
by inductively coupled plasma—atomic emission spec-
troscopy (ICP-AES, Optima 5300DV, Perkin Elmer, USA).
Standard procedures were used to prepare the samples for
ICP analysis.

2.4. X-ray diffraction (XRD) analysis

X-ray powder diffraction data were collected on a Bruker
D8 Advance automatic diffractometer in the Bragg—Brentano
geometry and were used to determine the crystal phases of
the raw ore, milled iron nuggets, roasting slag, and the water
leaching residue. Cu K, radiation (A = 0.15406 nm) was
used with a fixed counting time of 8 s in the range of 5° <26
< 90° with steps of 0.03° in 26. Standard procedures were
used to prepare the samples for XRD [17].

2.5. X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis of the raw ore and the roasting slag was
carried out on an ESCALAB 250Xi electrostatic spectro-
meter (Thermo Fisher Scientific) equipped with an Al K,
(hv = 1486.6 eV) radiation source; the spectra were col-
lected under a vacuum of 5 x 107’ Pa at room temperature.
The error in the determination of the binding energy and the
peak widths did not exceed +0.1 eV; the error in the rela-
tive peak intensity was +10%. Fitting of the V 2p spectra
was essential for determining the oxidation states of V
present in the raw ore and in the roasting slag. The fitting
was performed on the XPSPEAK 4.1 software after Shir-
ley background subtraction using a Gaussian—Lorentzian
sum function.

2.6. SEM investigation

The scanning electron microscopy—energy-dispersive
X-ray spectroscopy (SEM—EDS) analysis of sections of the
roasting slag and leaching residue was performed using an
FEI Quanta 650 environmental scanning electron micro-
scope equipped with a Bruker Quantax 200 dual silicon-drift

energy-dispersive X-ray spectrometer. To observe the
cross-sectional morphology of the particles, the samples
were mounted using Bakelite polymer followed by being
ground and polished with 0.5-um polishing paper [18]. After
being polished and cleaned, each sample was carbon coated
before SEM examination [19].

2.7. In situ observation of the slag/iron smelting separa-
tion process

The mixture of vanadium-bearing titanomagnetite, so-
dium carbonate, and anthracite powder, in which the C/O
molar ratio and added sodium carbonate content were 1.7
and 70wt%, respectively, was roasted for 110 min. The ob-
tained roasted product was microscopically observed in situ
with a confocal laser-scanning microscope combined with
an infrared image-heating furnace [20]. The tablet sample
was placed in a platinum crucible (outer diameter: 5.0 mm;
inner diameter: 4.5 mm; height: 5 mm). The crucible was
subsequently placed in the sample chamber of the infrared
image-heating furnace located just beneath the laser micro-
scope. During these experiments, the interior of the chamber
was maintained under an inert gas atmosphere of highly
pure argon flowing at 200 mL/min. The sample was heated
to 1100°C at a rate of 1000°C/min. The sample was then
continuously heated to 1200°C at a rate of 20°C/min.

3. Results and discussion
3.1. Recovery of iron by the iron nugget forming process

3.1.1. Effect of reductant and sodium salt types

The influence of various types of coals on the iron nugget
forming process was investigated. The results show that,
among the selected reductants used in this work, including
bitumite, anthracite, lignite, and graphite, iron nuggets are
only produced during the roasting process when bitumite or
anthracite is used as a reductant. As shown in Table 2, al-
though the iron grades in the iron nuggets exhibit little dif-
ference, the iron recovery is much greater when anthracite is
used as a reductant than when bitumite is used, which indi-
cates that the slag and iron can be separated more effectively
during the roasting process when anthracite is used as a re-
ductant. According to the results of the industrial analysis
performed on the four types of coal, shown in Table 1, the
ash contents of both the anthracite and bitumite are greater
than those of the lignite and graphite. Moreover, the ash in
the reductant, along with the impurity oxides in the vana-
dium-bearing titanomagnetite, would finally contribute to
the slag formation. Therefore, it is speculated that appropri-
ate ash content within the reductant is favorable for the ef-
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fective separation of the molten slag and iron during the
roasting process. Additionally, compared with the bitumite,
the anthracite contains more carbon, which promotes com-
plete reduction of the iron oxides in the vanadium-bearing
titanomagnetite, which is a prerequisite for slag—iron smelt-
ing separation [21]. Consequently, anthracite was selected as
a reductant in subsequent studies.

Table 2. Effect of various coals on the slag—iron smelting se-
paration process”

Reductant Iron recovery / % Iron grade / %
Bitumite 12.68 95.26
Anthracite 93.67 95.48

*Note: roasting temperature, 1200°C; Na,CO; addition, 70wt%;

molar ratio of C/O, 1.7; residence time, 2 h.

On the basis of previous studies, four kinds of sodium
salts (sodium chloride, sodium sulfate, sodium hydroxide,
and sodium carbonate) were used for sodium oxidation of
vanadium oxides during the reduction process of vana-
dium-bearing titanomagnetite [22-26]. According to the
experimental results, iron nugget production was only suc-
cessful when sodium hydroxide or sodium carbonate was
added to the roasting system; these results indicate that,
compared with sodium chloride and sodium sulfate, sodium
hydroxide and sodium carbonate are more effective for the
separation of the slag and iron. Furthermore, as shown in
Table 3, the iron recovery and iron grade in the iron nuggets
in the presence of sodium carbonate is higher than that of
sodium hydroxide. This result is attributed to the fact that
sodium carbonate and sodium hydroxide decompose to form
sodium oxide at the roasting temperature, whereas sodium
chloride and sodium sulfate cannot. Sodium oxide can react
with the slag phase in the raw ore to form low-melting-point
compounds [21]. These low-melting-point materials appear
in the form of a liquid phase during the course of reduction,
which is beneficial for the diffusion and aggregation of the
metallic iron [27]. Additionally, the separation of iron and
slag was not clear in the presence of sodium hydroxide and
the entrapment of slag in the iron nuggets was directly ob-
served in the cooled roasted products, which is the direct
reason for the lower iron grade in the iron nuggets. An un-
derlying reason might be that water formed through dis-
sociation of sodium hydroxide leading to a decrease in the
surface tension of the molten slag, which is not beneficial
to the smooth separation of slag and iron [28]. Conse-
quently, sodium carbonate was selected for use in subse-
quent experiments.
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Table 3. Effect of various sodium salts on the slag—iron
smelting separation process”
Sodium salt Iron recovery / % Iron grade / %
NaOH 24.56 84.32
Na,CO; 39.67 94.59

*Note: roasting temperature, 1200°C; Na,COj; addition, 50wt%; mo-

lar ratio of C/O, 1.7; mixture thickness, 68 mm; residence time, 2 h.

3.1.2. Effect of roasting temperature and residence time

The effect of roasting temperature on the slag—iron
smelting separation process is shown in Fig. 1. The results
reveal that the slag—iron smelting separation did not occur
until the roasting temperature was increased to 1150°C,
where the iron recovery and iron grade in the iron nuggets
were 10.07% and 80.01%, respectively. As the roasting
temperature was increased to 1200°C, the iron recovery and
iron grade in the iron nuggets increased to 56.49% and
85.49%, respectively. However, the iron recovery slightly
increased to 58.01% and the iron grade in the iron nuggets
decreased to 82.38% when the roasting temperature was in-
creased to 1250°C. Obviously, increasing the roasting tem-
perature in the temperature range below 1200°C could pro-
mote the formation process of iron nuggets which includes
the reduction of iron oxides, carbonization of metallic iron,
and the separation of molten slag and molten iron. The
process of Fe,O; — Fe;04 — FeO appears to occur mainly
at temperatures under 1000°C, whereas the process of FeO
— Fe appears to mainly occur at 1000-1100°C, and the
whole process is finished at 1200°C [29]. At 1000°C, the
carbonization of metallic iron begins [30]. As the tempera-
ture increases, the iron oxides are gradually reduced and the
metallic iron content increases, which increases the contact
area between the metallic iron and carbon, which in turn
enhances the carbonization reaction [31]. The higher tem-
perature benefits the melt, the integration of slag, and the
integration of iron grains. Larger iron particles will improve
the degree of dissociation of iron and slag, leading to an in-
crease in interfacial tension between iron and slag, thereby
facilitating their separation [32]. However, when the roast-
ing temperature is greater than 1200°C, vanadium is easily
reduced and subsequently dissolves in the molten iron in
the presence of excess carbonaceous reductants [14,33].
This process is not favorable for the removal of impurities
from iron nuggets or for the comprehensive utilization of
vanadium-bearing titanomagnetite. Consequently, a roast-
ing temperature of 1200°C was determined to be optimal
for the multipurpose utilization of vanadium-bearing tita-
nomagnetite.
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Fig. 1. Effect of roasting temperature on the slag—iron smelt-

ing separation process (Na,CO; addition, 60wt%; molar ratio
of C/0, 1.5; mixture thickness, 68 mm; residence time, 2 h).

The effect of residence time on the slag—iron smelting
separation process was investigated. The results, which are
shown in Fig. 2, reveal that iron nuggets were not produced
until the residence time was extended to 2 h. Moreover, the
iron recovery and iron grade in the iron nuggets remained
constant as the residence time was further extended. These
results indicate that the iron nugget formation process, in-
cluding the reduction of iron oxides, carbonization of metal-
lic iron, and slag—iron separation, will be finished when the
residence time is 2 h or longer. Thus, a residence time of 2 h
is optimal.
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Fig. 2. Effect of residence time on the slag—iron smelting sepa-
ration process (roasting temperature, 1150°C; Na,CO; addition,
50wt%; molar ratio of C/O, 1.7; mixture thickness, 68 mm).

3.1.3. Effects of the molar ratio of C/O and Na,CO; addition

The effect of the molar ratio of C/O on the slag—iron
smelting separation process was investigated; the results are
shown in Fig. 3. The iron recovery and iron grade in the iron
nuggets first increased and then decreased with the increas-
ing molar ratio of C/O. When the molar ratio of C/O was 1.3,
the separation of slag and iron could not be achieved. When

it was 1.7, the iron recovery reached a maximum value of
72.18% and the iron grade in the iron nuggets was 95.38%.
When the molar ratio of C/O increased to 2.1, iron nuggets
did not form, possibly because the C/O molar ratio of 1.7 is
a critical value at which iron oxides are reduced thoroughly
and the ideal amount of carbon for saturation is dissolved in
the molten iron. As the molar ratio of C/O increases within
the range from 1.3 to 2.1, the Boudouard reaction proceeds
at a higher rate to provide the reductant CO, which increases
the ratio of CO/CO, and accelerates the reduction process [21].
When the molar ratio of C/O is greater than 1.7, excess car-
bon is present in the roasting system as a solid, which pre-
vents the molten slag and iron from flowing and aggregating,
resulting in the reduction or even the disappearance of iron
nuggets [21]. In short, to achieve good separation of slag
and iron, a C/O molar ratio of 1.7 is most appropriate.
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Fig. 3. Effect of the molar ratio of C/O on the slag—iron
smelting separation process (roasting temperature, 1200°C;
Na,COj; addition, 70wt%; residence time, 2 h; mixture thick-
ness, 68 mm).

The influence of different Na,CO; additions (the mass ra-
tio of Na,CO; to the raw ore) on the smelting separation
process was investigated. The experimental results at dif-
ferent Na,CO; additions are shown in Fig. 4. As shown in
Fig. 4, both the iron recovery and the iron grade in the iron
nuggets first increased and then decreased with increasing
Na,CO; addition. When the Na,CO; addition was 40wt%,
the separation of slag and iron could not be achieved. When
the Na,COs; addition was increased from 50wt% to 70wt%,
the iron recovery increased from 39.67% to 72.18% and the
iron grade in the iron nuggets increased from 82.26% to
95.38%. When the Na,COj; addition exceeded 70wt%, the
iron recovery and iron grade in the iron nuggets tended to
decrease and finally approach zero. According to previous
studies [21], the solid slag phase increases the distance be-
tween the reducing agent and the raw ore fines, which is less
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conducive to the reduction, carburizing, gathering, and
growth of iron. We therefore speculate that, at 70wt% of
Na,COj; addition, nonferrous mineral phases in the raw ore
have completely reacted with Na,CO;, forming
low-melting-point compounds [23]. When the Na,CO; addi-
tion was increased within the range of 40wt%—70wt%,
chemical reactions involving Na,CO; were promoted and
the ratio of the molten slag to non-molten slag subsequently
increased. When the Na,COj; addition exceeded 70wt%, ex-
cessive Na,CO; was present in the roasting system in the
form of liquid, resulting in the inclusion of molten slag on
the surface of iron (the surface tension of slag is 0.2-0.4
N/m, and the surface tension of iron is 1.6—1.8 N/m) [34],
which inhibited the separation of iron and slag. Conse-
quently, on the basis of the aforementioned results, the rec-
ommended Na,COj; addition is 70wt%.
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Fig. 4. Effect of sodium carbonate addition on the slag—iron
smelting separation process (roasting temperature, 1200°C;
molar ratio of C/O, 1.7; residence time, 2 h; mixture thickness,
68 mm).

3.1.4. Determination of slag—iron smelting separation regions
As previously mentioned, the slag—iron smelting separa-
tion process was influenced by numerous factors, including
the roasting temperature, residence time, and the additions
of coal and sodium salts. When the other conditions remain
constant, the slag—iron smelting separation process will only
occur when the coal and sodium salt additions are indivi-
dually determined within a certain range. In this section, the
smelting separation regions at various roasting temperatures
are defined by the amount of anthracite (i.e., the molar ratio
of C/O) and the amount of Na,CO; added to the roasting
system (i.e., the mass ratio between Na,CO; and the raw
ore), which were individually investigated and determined.
At a fixed roasting temperature of 1150°C, the effect of the
molar ratio of C/O in the range from 1.3 to 2.1 on the
smelting separation process was investigated whilst the so-
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dium additions were individually fixed at 40wt%, 50wt%,
60wt%, 70wt%, 75wt%, and 80wt%; the results are shown
in Fig. 5.
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Fig. 5. Slag—iron smelting separation regions considering the
molar ratio of C/O and Na,CO; addition at 1150°C.

When the sodium carbonate was fixed at 40wt% or
80wt%, the smelting separation process did not occur, irres-
pective of the C/O ratio. Obviously, insufficient or excess
sodium carbonate is not favorable for the smelting separa-
tion process. When the sodium carbonate addition content
was individually fixed at 50wt%, 60wt%, 70wt%, or
75wt%, the smelting separation would consistently occur
provided that the molar ratio of C/O was a certain value. In
addition, as the molar ratio of C/O was increased, the iron
recovery consistently presented a parabolic trend. According
to the results shown in Fig. 5, if the molar ratio of C/O is
fixed at a specific value, the effect of the sodium carbonate
addition on the smelting separation process will follow the
aforementioned principles. Similarly, when the roasting
temperature was fixed at 1200°C, the effect of the molar ra-
tio of C/O on the smelting separation process was investi-
gated while the sodium carbonate addition was individually
fixed at 40wt%, S50wt%, 60wt%, 70wt%, 75wt%, or
100wt%. As shown in Fig. 6, the trend is clearly similar to
that obtained at a roasting temperature of 1150°C.

The operational flexibility diagram regarding the
slag—iron smelting separation process was obtained and is
shown in Fig. 7; the iron recovery is disregarded. The
smaller region is the region where slag—iron smelting sepa-
ration will occur at a roasting temperature of 1150°C when
both the molar ratio of C/O and the sodium carbonate addi-
tion are within the ranges defined in this region. The larger
region represents the smelting separation region at a roasting
temperature of 1200°C. Obviously, the smelting separation
area represented at a roasting temperature of 1200°C is
larger than that at 1150°C. Furthermore, the results in Figs.
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5-7 lead to two conclusions. First, the iron nuggets are not
produced at the boundaries of the two regions. Second, in
both regions, the iron recovery increases from the boundary
to the center. Consequently, the iron recovery is maximal at
the center of each region, which is also optimal with regard
to the recovery of the resources.
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Fig. 6. Slag—iron smelting separation regions considering the
molar ratio of C/O and Na,CO; addition at 1200°C.
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Fig. 7. Operational flexibility diagram for iron nugget pro-
duction.

3.1.5. Optimal roasting conditions

As detailed in the previous discussion, numerous roasting
conditions have been optimized, including the coal type, so-
dium salt type, roasting temperature, residence time, molar
ratio of C/O, and Na,CO; addition. However, the iron re-
covery is not sufficient. To enhance the iron recovery, we
investigated the effect of the mixture thickness on the
slag—iron smelting separation process; the results are pre-
sented in Fig. 8. As the mixture thickness was decreased
from 68.0 to 42.5 mm, the iron recovery increased from
72.18% to 98.15%, and the iron grade in the iron nuggets
increased from 90.32% to 95.44%. Obviously, reducing the
mixture thickness is beneficial to the slag—iron smelting se-

paration. The mixture thickness represents the total distance
the molten iron or molten slag is required to flow. When the
other conditions remain unchanged, the decrease in mixture
thickness facilitates the aggregation of the molten iron or
molten slag and their separation.

Finally, the optimal roasting conditions were obtained:
anthracite as the reductant, Na,COjs as the additive, a roast-
ing temperature of 1200°C, a residence time of 2 h, a C/O
molar ratio of 1.7, Na,COj; addition of 70wt%, and a mix-
ture thickness of 42.5 mm.
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I [ron recovery
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Fig. 8. Effect of the mixture thickness on the slag—iron smelting
separation process (roasting temperature, 1200°C; molar ratio of
C/0, 1.7; Na,CO; addition, 70wt%; residence time, 2 h).

3.2. Analysis of roasted products

The morphologies of the feed and roasted products ob-
tained under the optimal roasting conditions are shown in
Fig. 9, which reveals that well-separated roasting slag and
iron nuggets were directly obtained by roasting the powdery

Ore + Na,CO, + Anthracite

Roastmg process

Roasting slag Iron nugget

Fig. 9. Morphologies of the feed and roasted products.
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mixture including ore, anthracite, and Na,CO;. The phase
compositions of the raw ore, iron nugget, and roasting slag
are presented in Fig. 10. The raw ore is mainly composed of
magnetite (Fe;O,), ilmenite (FeTiO;), and titanomagnetite
(Fey75Tig2504). The iron nugget consists of metallic iron,
and the roasting slag includes a small amount of CaTiO; and
some complex sodium salts including Na,; 74Mgg g¢5511.13504,
(Nay0)(33NaAlSiO4, and Na, 74Mgo79Alp 1551 0604 Addi-
tionally, the chemical compositions of an iron nugget and
the roasting slag and the distribution ratio of valuable ele-
ments in an iron nugget and roasting slag are shown in
Tables 4 and 5, respectively. The results show that
93.67wt% iron is concentrated in the iron nugget and that
99.82wt% titanium and 84.9wt% vanadium simultaneously
enter the roasting slag. The iron nugget, with an iron content
of 95.44wt%, could be directly used in the steelmaking in-
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dustry. The roasting slag with a titanium content of
12.64wt% and a vanadium content of 0.35wt% was further
used to recover vanadium and titanium.

3.3. Recovery of vanadium and titanium

The separation of vanadium and titanium in roasting
slag was carried out using a water leaching process. The
leaching efficiencies of vanadium and titanium as functions
of time are presented in Fig. 11, which reveals that vana-
dium was gradually leached into the leaching liquor and that
titanium remained stable in the leaching residue with in-
creasing leaching time. According to the leaching rate, the
leaching of vanadium mainly consists of three steps: fast
leaching (0—10 min), slow leaching (1060 min), and leach-
ing equilibrium (60-120 min). Consequently, 1 h was the
optimal leaching time.

A—Fe,0,; B—FeTiO;; C—Fe, ,sTi,,50,;
D—Fe; E—CaTiO;; F—Na, ;Mg 45Si; 13504
1 G—(N2,0),;;NaAlSiO,; H—Na, ;,Mg, 76Aly 1551, o0,

-J LIM’UW‘&#JMAMJW@»}WJLM\J N NI

Leaching residue
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D
Iron nugget JL K
C
A
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2017(°)
Fig. 10. XRD patterns of different samples.
Table 4. Chemical composition of the samples wt%
Sample Fe C Ti \4 Mn Ca Mg Al Si S
Iron nugget 95.44 3.08 0.029 0.095 0.096 — — — 0.025 0.011
Roasting slag 6.03 — 12.64 0.350 0.26 1.48 4.43 5.80 6.74 —
Leaching residue 7.27 — 13.22 0.078 0.31 9.86 6.19 8.84 15.06 —
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Table 5. Distribution ratio of elements in the iron nugget and

roasting slag wt%
Sample Fe Ti v
Iron nugget 93.67 0.18 15.1
Roasting slag 6.33 99.82 84.9
100
o\c 80 B
5
5 60
2
k= —o—V
g w0 T
=
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— 20 F
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Fig. 11. Leaching efficiencies of vanadium and titanium from
the roasting slag as functions of time.

The transfer of vanadium from a solid phase into aqueous
solution occurs via the formation of water-soluble sodium
vanadate with V(V), which is the result of the sodium oxi-
dation of vanadium oxides from the raw ore during the
aforementioned roasting process. To verify this viewpoint,
the valences of vanadium in the raw ore and in the roasting
slag were confirmed by XPS analysis; the results are shown
in Fig. 12. As shown in Fig. 12(a), the vanadium existed in
the raw ore mainly in the form of V(III). According to Fig.
12(b), 89.01at% of the vanadium was oxidized to V(V) after
the roasting process.

Additionally, the phase compositions and chemical com-
positions of the leaching residue are presented in Fig. 10 and
Table 4, respectively. As shown in Fig. 10, the phase com-
position of the leaching residue was nearly identical to that

(a) Raw ore
2600 |-

2400 Vi
2200

2000 -

Intensity / counts

1800 -

1600 |-

1 1
520 518 516 514 512 510 508 506
Binding energy / eV

of roasting slag except for the slight decrease in the amount
of complex sodium salts as a result of their partial dissolu-
tion in the aqueous solution. As listed in Table 4, the con-
tents of vanadium in the roasting slag and in the leaching re-
sidue were 0.35wt% and 0.078wt%, respectively. Addition-
ally, backscattered electron images of the roasting slag and
the leaching residue and elemental mapping images of va-
nadium are presented in Fig. 13. The amount of vanadium in
the solids substantially decreased after the water leaching
process. The aforementioned experimental results confirm the
transfer of vanadium from the solid to the aqueous solution.

3.4. Proposal of a novel method for multipurpose utiliza-
tion of vanadium-bearing titanomagnetite and discus-
sion of its novelty

According to the experimental results and aforemen-
tioned discussion, a novel method for the recovery of iron,
vanadium, and titanium from vanadium-bearing titanomag-
netite is proposed. We term this method “direct reduc-
tion—sodium oxidation—smelting separation coupled tech-
nology”, and a flow diagram depicting this process is shown
in Fig. 14. First, the vanadium-bearing titanomagnetite
powder, sodium salt, and reductant are uniformly mixed.
The mixture is subsequently roasted at relatively low tem-
peratures compared with those in a blast furnace or electric
furnace. During the roasting process, the direct reduction of
iron oxides by carbon, the sodium oxidation of vanadium
oxides by sodium salts, and the slag—iron smelting separa-
tion are realized successively. Following the roasting process,
a well-separated iron nugget with 93.67% iron from the raw
ore and a roasting slag with 84.90% vanadium and 99.72%
titanium from the raw ore are directly obtained. These iron
nuggets could be used to produce semi-steel. After a water
leaching process, 85.61% vanadium from the roasting slag
can be leached into water leaching liquor and almost all of
the titanium is concentrated in the leaching slag.

3200
(b) Roasting slag
Valent Content / at%
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Fig. 12. XPS spectra of V 2p;, of the raw ore (a) and the roasting slag (b).
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Fig. 13. Backscattered electron images and X-ray maps of vanadium in the roasting slag (a, ¢) and the leaching residue (b, d).
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Fig. 14. Flow sheet of the direct reduction—sodium oxida-
tion—smelting separation coupled process.

Compared with traditional methods used for the recovery
of valuable elements from vanadium-bearing titanomagne-
tite, the direct reduction—sodium oxidation—smelting separa-
tion coupled technology features three advantages. First, the
reduction of iron oxides, the sodium oxidation of vanadium
oxides, and the smelting separation of slag—iron can be si-
multaneously realized during a single-step roasting process
at a relatively low roasting temperature. The low tempera-
tures of this process can substantially reduce the energy
consumption and operational costs. Second, this novel
process enhances the recovery and utilization of iron, vana-

dium, and titanium from vanadium-bearing titanomagnetite.
Third, this novel process is environmentally friendly and
does not produce any hazardous substances.

3.5. Mechanism of the iron nugget forming process

A schematic of the iron nugget forming process is shown
in Fig. 15. In general, the iron nugget forming generally
consists of three steps: the preparation of the mixture,
low-temperature roasting, and natural cooling. The ore, coal,
and sodium carbonate are mixed uniformly. Subsequently,
the mixture is roasted at a relatively low temperature for a
specific period. During the roasting process, numerous
complex chemical reactions and physical processes occur in
succession. Molten iron and molten slag are independently
produced. Given the production of molten iron, the iron
oxides are initially reduced by carbon. After the iron oxides
are thoroughly reduced, a carburization reaction occurs be-
tween the metallic iron and excess carbon. Subsequently, the
iron particles contain carbon melt. The reactions between
sodium carbonate and other oxides such as V,03, Al,Os, and
Si0,, as well as the melting of the slag consisting of sub-
stances with low melting points, have previously occurred in
succession. When the fluidity of the molten slag and molten
iron attains a certain level, the molten slag and iron mutually
flow and finally separate from each other because of immis-
cibility and differences in their density. After natural cool-
ing, iron nuggets well separated from the roasting slag are
finally obtained.
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Fig. 15. A schematic of the direct reduction—sodium oxidation—smelting separation process.

3.6. In situ observation of the slag—iron smelting separa-
tion process

The melting and aggregation processes were observed
for the slag and iron; the resultant images are shown in
Figs. 16 and 17, respectively. As shown in the figures,
the melting and aggregation processes of the slag are
similar to those of the iron. These processes primarily

consist of four steps: no melting, melting initiation,
melting in multiple regions, and flowing and aggregation.
As shown in Fig. 18, when the fluidity of the molten iron
and molten slag attains a certain level, the molten iron
and molten slag flow mutually and separate from each
other due to immiscibility and the difference in their den-
sities. The molten iron thus disappears from the area of
observation because of its higher density.

RN \7 434.2°C

Melting initiation

Melting in multiple regions

Fig. 16. Melting and aggregation processes of slag.
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Flowing and aggregating

Melting in multiple regions

Fig. 17. Melting and aggregation processes of iron.

Uniform mixing of molten slag and iron

Separation of molten slag and iron

Fig. 18. Separation process of molten slag and iron.

4. Conclusions

In this work, a novel method named “direct reduc-
tion—sodium oxidation—smelting separation coupled tech-
nology” for the comprehensive utilization of vana-
dium-bearing titanomagnetite was proposed and investi-
gated. During the roasting process, the direct reduction of
iron oxides, sodium oxidation of vanadium oxides to wa-
ter-soluble sodium vanadate, and slag/iron smelting separa-
tion were realized simultaneously. After the roasting process,
the water leaching process was used to dissolve the wa-
ter-soluble sodium vanadate in the roasting slag. Finally,

93.67% iron, 72.68% vanadium, and 99.72% titanium from
the raw ore were concentrated in iron nuggets, the vana-
dium-bearing leaching liquor, and the leaching residue, re-
spectively. The proposed process offers numerous advan-
tages over traditional methods, such as lower energy con-
sumption, a shorter operational circle without production of
hazardous materials, and higher resource recovery. This
process thus represents a substantial advancement in the
comprehensive utilization of vanadium-bearing titanomag-
netite. In the future, the extraction of vanadium from the
vanadium-bearing leaching liquor and the utilization of the
titanium residue will be systematically studied.
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