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Abstract: A technology for suspension magnetization roasting—magnetic separation was proposed to separate iron
minerals for recovery. The optimum parameters were as follows: a roasting temperature of 650 °C, a roasting time of
20 min, a CO concentration of 20%, and particles with a size less than 37 pm accounting for 67.14% of the roasted
product. The total iron content and iron recovery of the magnetic concentrate were 56.71% and 90.50%, respectively.
The phase transformation, magnetic transition, and microstructure evolution were systematically characterized through
iron chemical phase analysis, X-ray diffraction, vibrating sample magnetometry, X-ray photoelectron spectroscopy, and
transmission electron microscopy. The results demonstrated the transformation of hematite to magnetite, with the iron
content in magnetite increasing from 0.41% in the raw ore to 91.47% in the roasted product.
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1 Introduction

Aluminum and its alloys have essential

applications in the construction machinery,
transportation, aerospace, and military industries
and other fields
characteristics [1]. Bauxite is the primary source of
aluminum [2,3]. According to the U.S. Geological
Survey, there were 3x10°t of bauxite reserves
worldwide and 3.71x10® t of bauxite produced in
2021. As the seventh-largest producer of bauxite
globally, China contributes to the global primary
aluminum capacity [4,5] and robust global alumina
production and consumption [6—8].

High-iron bauxite is a typical refractory

ore because of its complex composition and fine

because of their favorable

disseminated particle size. Aluminum and iron
crystals have identical structural topologies [9];
therefore, ions in certain positions in the crystalline
structure of one crystal can be easily replaced by
those from another crystal, which makes the
separation of iron minerals from bauxite tough by
using a single process. Studies have shown
that excessive iron minerals in bauxite ore
are detrimental to alumina production [10—12],
inevitably leading to large waste discharges and
increasing the potential for water pollution [13—16].
As China’s dependence on mineral resources has
gradually increased, the principal barriers to further
development of the steel and aluminum industries
have been shortages of iron ore and bauxite [17,18].
If high-iron bauxite ore rich in iron minerals
could be utilized effectively, it would significantly
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increase aluminum and iron resources [19].

The economical and reasonable separation of
iron minerals has always been a popular topic
related to the research and development of
high-iron bauxite, and has attracted the attention
of researchers for a long time. Aluminum and
iron separation methods can be subdivided into
the biological [20—22], physical [23], acid
leaching [24-26], and beneficiation-metallurgical
methods. Biological methods involve microbial
leaching [27,28]. Physical methods mainly include
magnetic separation, flotation, and combined
magnetic-floating methods, which are simple
processes but achieve only a preliminary separation
of iron and aluminum. Acid leaching can enrich the
iron and aluminum components based on the
difference in chemical properties between iron and
aluminum minerals. However, acid leaching
methods are expensive and cause environmental
contamination. Beneficiation-metallurgical methods
include the magnetization roasting and direct
reduction technologies [29,30]. Magnetization
roasting transforms weak magnetic iron minerals,
such as hematite, siderite, and limonite, into
magnetite or maghemite at a specific temperature
and atmospheric pressure. The novel technology of
suspension magnetization roasting (SMR) involves
heating iron-bearing ore in a suspension-fluidized
state, resulting in better gas—solid contact, higher
heat, and higher mass transfer efficiency compared
to conventional processes [31]. Long-term research
on the development and utilization of high-
iron bauxite resources has
beneficiation-metallurgical methods for separating
iron minerals from high-iron bauxite can achieve
efficient results [32].

This study used SMR-magnetic separation
technology to enrich and separate iron minerals
from high-iron bauxite. A thorough investigation
was conducted to determine the effects of the
roasting temperature, roasting time, reduction
atmosphere, and roasted product particle size on the
experimental results. Moreover, X-ray diffraction
(XRD), vibrating sample magnetometry (VSM),
X-ray photoelectron spectroscopy (XPS), and
transmission electron microscopy (TEM) were
employed to changes in
micromorphology and phase transformation during
SMR.

demonstrated that

determine  the

2 Experimental

2.1 Materials

High-iron bauxite ore was obtained from
Shanxi, China. Details of the chemical composition
of the raw ore are listed in Table 1. The ore was
mainly composed of iron and alumina, with
contents of 37.85% and 14.90%, respectively. Some
other major chemical components found were CaO,
TiO,, and SiO,, and the harmful elements S and P
were less than 0.30%.

The results of the XRD analysis are presented
in Fig. 1. The main minerals in the raw ore included
diaspore, goethite, hematite, kaolinite, and calcite.

Table 1 Main chemical composition of raw ore (wt.%)
TFe AlLO; SiO, FeO TiO, S P CaO Na,O LOI
37.85 14.90 9.05 0.48 0.78 0.29 0.08 2.45 0.16 11.48

= — Hematite Fe,0;

e — Diaspore AIO(OH)
4 — QGoethite FeO(OH)
v — Kaolinite

¢+ — Calcite CaCO;

1 1

10 20 30 40 50 60 70 80 90
20/(°)

Fig. 1 XRD pattern of raw ore

According to Fig. 2, the iron chemical phase
was analyzed using standard physical and chemical
methods for mineral processing, including magnetic
separation, acid leaching, and dissolution in aqua
regia. As shown in Table 2, hematite and goethite
were the dominant iron phases in the raw ore. The
relative distribution of iron in the form of magnetite
was 0.41%.

2.2 Equipment and procedures

Figure 3 shows the schematic diagram of the
suspension magnetization roasting and magnetic
separation experiments. The raw ore was ground
and then screened, with 50% passing through a
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Fig. 2 Flow chart of iron chemical phase analysis

Table 2 Iron phases in raw ore

Fe phase Content/wt.%  Distribution/wt.%
Magnetic Fe 0.16 0.41
Carbonate Fe 0.10 0.28

Oxide Fe 37.4 98.42

Sulfide Fe 0.13 0.34
Silicate Fe 0.21 0.55
Total Fe 38 100

45 um sieve. After sample preparation, the specific
test method was as follows.

Firstly, 25 g of high-iron bauxite was poured
into a quartz tube to evenly distribute the bauxite
across a porous quartz plate. Subsequently, high-
purity N, was introduced at a flow rate of
600 mL/min, which facilitated the transformation of
the samples into a fluidized state while removing
the air in the tube. After the furnace temperature
reached a predetermined value, the quartz tube was
placed in the roasting furnace. Specific proportions
of carbon monoxide and nitrogen were mixed using
a gas mixing system and introduced into the quartz
tube at a constant flow rate.

The carbon monoxide channel was closed to
stop the reaction when the roasting time reached a
predetermined value, but the nitrogen flow
continued. The reactants remaining in the quartz
tube were cooled to room temperature. The roasted
product was removed from the tube and pulverized
using a rod mill (XMB-70I). A magnetic
separation tube (XCSG—120) was used to achieve
low-intensity magnetic separation to produce a
magnetic concentrate and non-magnetic product.
These samples were analyzed to determine the
alumina and iron contents.

2.3 Characterization methods

In this study, an automated XRD system
(PW3040, Analytical B.V., Netherlands) was used
for the XRD analysis, and scanning was performed
for diffraction angles of 5°-90°. XPS was
performed using an ESCALAB 250Xi X-ray
photoelectron spectrometer with an Al K, X-ray
source (1486.6 eV photons). The XPS data were
used for surface chemical analysis to detect the
types of elements on the surface of the roasted
product and the chemical state of the iron. The basic
magnetic properties of the sample were measured
using a JDAW-2000D high-sensitivity vibrating
sample magnetometer. High-resolution TEM
(HRTEM) images were obtained to characterize the
raw ore and roasted product, and the morphology
and crystal structure were evaluated using a JEOL
2100 microscope (Tokyo, Japan).

3 Results and discussion

3.1 Effects of roasting process parameters
3.1.1 Effects of roasting temperature

Temperature variations have a significant
effect on roasting [33]. Experiments were carried
out at temperatures ranging from 450 to 850 °C,
with an increment of 50 °C. The other process
parameters were as follows: a roasting time of
30 min, a total gas flow of 600 mL/min, and a CO
concentration of 30%. After that, the roasted
products were separated in a magnetic separation
tube with a low magnetic field strength of 85 kA/m.
The magnetic concentrate and tailing samples (non-
magnetic product) were analyzed experimentally.
Figure 4 presents the separation performance of the
roasted products at different roasting temperatures.
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Fig. 3 Schematic diagram of suspension magnetization roasting and magnetic separation experiments

In Fig.4(a), with an increase in roasting
temperature from 450 to 650 °C, the iron content
increased from 52.77% to 53.79%. However, the
changes in the iron recovery and yield of the
magnetic concentrate were not significant. As the
temperature was further increased to 850 °C, the
iron content increased. Nevertheless, there was a
substantial decline in the yield of the magnetic
concentrate, and the iron recovery decreased from
94.98% to 50.88 %. Similarly, Fig. 4(b) shows that
as the temperature increased from 450 to 650 °C,
the alumina content was stable at approximately
40%. In response to the increased roasting
temperature, the aluminum content and iron
recovery decreased due to weak magnetic ferrous
oxide formation at high temperatures [34]. These
results suggest that rigid roasting temperature
control is a significant factor in the SMR process.
The optimal roasting temperature was 650 °C.

3.1.2 Effects of roasting time

The roasting time significantly affected the
separation of the roasted products [35]. After the
optimal temperature was determined, the raw ore
was roasted for 10, 20, 30, 40, and 50 min,
respectively, at the optimal roasting temperature of
650 °C, a total gas flow rate of 600 mL/min,
and a CO concentration of 30% to investigate and
determine the effects of roasting time on the
separation performance. The results are presented in
Fig. 5.
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Fig. 4 Effects of roasting temperature on separation
performance

Figure 5(a) shows that the iron recovery
increased considerably when the roasting time was
increased from 10 to 20 min. When the roasting
time was further increased from 20 to 50 min, the
iron recovery and yield of the magnetic concentrate
showed no significant changes; however, the iron
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content decreased from 53.45% to 52.35%.
Similarly, when the roasting time was increased
from 10 to 20 min, the alumina content effectively
increased; however, the alumina content remained
stable when the roasting time was increased further.
Shorter roasting time resulted in the incomplete
transformation of the hematite into magnetite.
Nonetheless, after the complete reduction of the
hematite, a further increase in the roasting time led
to an over-reduction of iron minerals, thus reducing
the quality of the roasted product. Therefore, a
roasting time of 20 min was considered
subsequent experiments.

3.1.3 Effects of CO concentration

The gas concentration is also a dominant factor
affecting SMR. Thus, the effects of the CO
concentration on SMR were investigated within
the range from 10% to 50%. The other process
conditions were kept constant, i.e., the roasting time
was 20 min, and the roasting temperature was
650 °C. The separation performance achieved in
this experiment is shown in Fig. 6.

As shown in Fig. 6(a), the iron recovery
remained stable. As the CO concentration increased,
the yield of the magnetic concentrate gradually
increased. When the CO concentration increased
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from 10% to 20%, the iron content did not change
significantly, and as the CO concentration increased
to 50%, the iron content decreased from 52.51% to
51.72%. It can be observed from Fig. 6(b) that
changes in the CO concentration had a slight effect
on the alumina content. However, an increase in the
CO concentration resulted in a decrease in the yield
of non-magnetic products. As the CO concentration
increased from 10% to 20%, the alumina recovery
decreased significantly from 45.32% to 43.17%,
and the alumina recovery remained stable when the
CO concentration exceeded 30%. An insufficient or
excessive CO concentration substantially affected
the iron content [36]. Therefore, the optimum CO
concentration for subsequent experiments was
determined to be 20%.
3.1.4 Effects of particle size

Particle size significantly impacted the roasted
product when the SMR experiments were
performed at a roasting temperature of 650 °C, a
roasting time of 20 min, a stable total gas flow rate
of 600 mL/min, and a CO concentration of 20%.
The roasted products were ground using a rod mill
and then separated in a magnetic separation tube.

The results in Fig. 7(a) suggest that when
the mass fraction of particles smaller than 37 pm
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increased from 51.31% to 67.14%, the iron content
increased from 56.12% to 56.71%. This indicates
that an appropriate ground particle size could
effectively facilitate the separation of iron from
gangue minerals. Moreover, Fig. 7(b) shows that
with a decrease in the ground particle size of the
roasted product, when the mass fraction of particles
smaller than 37 pm increased from 51.31% to
92.72%, the alumina content fluctuated within the
range of 35.70%—40.18%, and the alumina recovery
did not change noticeably. Therefore, the optimal
ground particle size was less than 37 pym, and
the particles accounted for 67.14% of the ore
composition. In this case, the iron content and
recovery of magnetic concentrate were 56.71% and
90.50%, respectively, and the alumina content of
the non-magnetic product was 38.90%.
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Fig. 7 Effects of particle size (mass fraction of particles
less than 37 pm, x) on separation performance

3.2 Product characteristics
3.2.1 Chemical composition

The experiments were carried out under
optimal experimental conditions, and the chemical
compositions of the raw ore, the roasted product,
the magnetic concentrate, and the non-magnetic
product are shown in Fig. 8.
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Fig. 8 Chemical compositions of samples at different
roasting stages (A: Raw ore; B: Roasted product;
C: Magnetic concentrate; D: Non-magnetic product)

The FeO content in the raw ore was only
0.48%, while that in the roasted product was
24.53%. This indicates that using SMR technology
to transform iron mineral phases is feasible and
effective. The iron content in the magnetic
concentrate was 56.71%, available as a low-content
iron concentrate for industrial smelting production.
The non-magnetic product had an alumina content
of 38.90% and can be used as a raw material for the
Bayer process after desilication.

3.2.2 Phase transformation

The mineral phases present at different
roasting stages were determined using XRD
analysis. Figure 9 showed that the diffraction peaks
attributed to hematite and goethite disappeared after
SMR of the raw ore, while diffraction peaks
attributed to magnetite appeared. These results can

=—Fe;0, <«—y-Fe;0, +—FeO(OH)
e — Al,O4 »— CaCOy o—Kaolinite
a—FeO v *x—Fe,04

Fig. 9 XRD patterns of samples at different roasting
stages (A: Raw ore; B: Roasted product; C: Magnetic
concentrate; D: Non-magnetic product)
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be ascribed to the transformation of hematite to
magnetite after SMR. Figure 10 showed the same
results, i.e., the iron-containing minerals in the
raw ore mainly existed in the form of hematite and
goethite, while magnetite accounted for only 0.41%.
However, the iron chemical phase analysis of the
roasted product showed that magnetite was the
dominant phase, with a relative content of 91.47%.
This indicates that the goethite and hematite in the
raw ore were almost completely transformed into
magnetite.
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Fig. 10 Iron mineral phases of samples at different
roasting stages

After roasting, the diffraction peaks attributed
to the diaspore disappeared and were replaced by
diffraction peaks attributed to alumina. XRD
pattern of the magnetic concentrate demonstrated
that the primary mineral was magnetite. Intense
alumina peaks were observed in the XRD patterns
of the non-magnetic product, while quartz and
magnetite peaks were less. The above results

prove that a magnetic separation process can
efficiently separate iron and aluminum minerals
after roasting.
3.2.3 XPS spectra

XPS is exceedingly sensitive to material
surfaces, and chemical state changes on the mineral
surface would significantly affect the shapes of the
photoelectron peaks [37—40]. To further study the
phase transformation of iron during SMR, XPS
was used to characterize the surface chemical
composition and chemical valence state of iron
element in the raw ore, the roasted product,
the magnetic concentrate, and the non-magnetic
product. As illustrated in Fig. 11, XPS survey scans
of the samples demonstrated the presence of Fe, O,
Al, and Si. After SMR, the intensity of the Fe 2p
peak increased; the detailed spectra are shown in
Fig. 12.
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Fig. 11 XPS spectra of samples at different roasting
stages (A: Raw ore; B: Roasted product; C: Magnetic
concentrate; D: Non-magnetic product)

Figure 12(a) showed the detailed Fe 2p XPS
spectrum of the raw ore, where the Fe 2ps;» peak
at a binding energy of 710.80 eV corresponds to
Fe’*—O bonds, and the Fe 2p;» peak at 724.00 eV
corresponds to Fe’*—O bonds. All the peaks
showed that the Fe on the surface of the raw ore
was in the form of Fe(Ill) and corresponded to the
Fe,O3 phase, which was consistent with the XRD
results shown in Fig. 9.

As seen in Fig. 12(b), the Fe 2p peak shifted
significantly, with binding energies of 711.40 eV
(Fe 2p3) and 723.50 eV (Fe 2pi2). The results
revealed that Fe?" oxide was present in the roasted
product; this indicated that the Fe(III) state was
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Fig. 12 Detailed XPS spectra of samples at different roasting stages (A: Raw ore; B: Roasted product; C: Magnetic

concentrate; D: Non-magnetic product)

reduced to Fe(Il), which demonstrated the presence
of Fe;04 (Fe,O3-FeO) [41]. Moreover, the area of
the Fe(Il) peak in the spectrum of the magnetic
concentrate (Fig. 12(c)) was much larger than those
in the spectra of the roasted product (Fig. 12(b))
and the non-magnetic product (Fig. 12(d)). These
results provided sufficient proof that magnetite was
enriched in the magnetic concentrate due to
magnetic separation, which was consistent with the
chemical iron phase results presented in Fig. 10.

In summary, the XPS results showed that Fe in
the raw ore was in the form of Fe(Ill). After SMR,
the amount of Fe in the form of Fe(Il) substantially
increased, providing tremendous evidence for phase
transformation during SMR.

3.2.4 Magnetic characteristics

Studying the magnetic characteristics of the
samples was essential to evaluate the reduction
effects and reasonably select subsequent separation
equipment and processes. The VSM results are
presented in Fig. 13. These results showed that the

unit mass magnetic moment of the four samples
increased with increasing the external magnetic field
intensity, and the specific magnetic susceptibility
first increased rapidly and then decreased. When the
applied magnetic field intensity was 6 MA/m, the
unit mass magnetic moment of the raw ore, roasted
product, magnetic concentrate, and non-magnetic
product reached equilibrium at 0.026, 29.32, 36.88,
and 7.46 A-m*/kg, respectively.

The unit mass magnetic moment of the roasted
product was significantly improved compared to
that of the raw ore, which also demonstrated that
the hematite in the raw ore was transformed into
magnetite after SMR. The unit mass magnetic
moment of the magnetic concentrate was higher
than that of the roasted product, which could be
attributed to the further enrichment of magnetite
in the reduced product. According to the XRD
analysis results, the non-magnetic product
contained a small amount of magnetite, so the unit
mass magnetic moment of the non-magnetic
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product was significantly smaller but still showed a
particular improvement compared with that of the
raw ore.

3.2.5 TEM images

To further interpret the effects of SMR on the
microscopic and crystalline structures of the iron
phase, the raw ore and roasted product were
analyzed using TEM and HRTEM, and the results
are presented in Fig. 14.

Figures 14(a) and (d) show TEM images of the
raw ore and roasted product, respectively. HRTEM
images of the raw ore and roasted product are
depicted in Figs. 14(b, c, e, f), which showed good
crystallinity and clear lattice fringes of the minerals
in the ore.

An examination of the mineral lattice
parameters depicted in Figs. 14(b) and (c) revealed
interplanar spacings of 0.252 and 0.270 nm, which
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are corresponding to the (110) and (104) planes of
crystalline hematite, respectively, and an interplanar
spacing of 0.498 nm corresponding to the (020)
plane of crystalline goethite. The crystal fringes of
two different minerals can be observed in the
HRTEM results shown in Figs. 14(e) and (f). An
investigation of the lattice parameters of magnetite
showed lattice fringes with interplanar spacing
values of 0.251, 0.242, and 0.210 nm, which
corresponded to the (311), (222), and (400) planes
of crystalline magnetite, respectively. In addition,
the lattice spacing of wustite was 0.303 nm, which
corresponded to the (204) plane of wustite.

Based on the TEM analysis results for the raw
ore and roasted product, it can be concluded that
SMR altered the microstructure and crystal phase of
the iron phase, which was consistent with the XRD
analysis results shown in Fig. 9.

4
(b)
3r —— Magnetic concentrate
— Roasted product
— Non-mangnetic product
— Raw ore

MR 2l N
External magnetic field intensity/(MA-m™")

Specific magnetic susceptibility/(10° m?-kg™")

Fig. 13 Magnetic characteristics of samples at different roasting stages: (a) Unit mass magnetic moment; (b) Specific

magnetic susceptibility

Fig. 14 TEM (a, d) and HRTEM (b, c, e, f) images for raw ore (a—c) and roasted product (d—f)
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4 Conclusions

(1) Aluminum and iron minerals were
separated  from  high-iron  bauxite  using
SMR—magnetic separation technology under the
optimal conditions of a roasting temperature
of 650°C, a roasting time of 20 min, a CO
concentration of 20%, and a particle size of the
roasted product less than 37 um accounting for
67.14%. The iron recovery and iron content of the
magnetic concentrate were 90.50% and 56.71%
respectively, and the alumina content of the
non-magnetic product was 38.90%.

(2) The XRD, XPS, and TEM analysis results
demonstrated that the weakly magnetic hematite
and goethite in the raw ore were transformed into
strongly magnetic magnetite in the roasted products
after SMR. This is beneficial to further enrichment
of iron minerals.

(3) As illustrated by the VSM and iron
chemical phase results, the iron content in
magnetite increased from 0.41% in the raw ore to
91.47% in the roasted product, and the saturation
magnetization of the magnetic concentrate was
higher than that of the roasted product. The
obtained magnetic concentrate could be considered
a low-content iron concentrate for industrial
smelting, and the non-magnetic product could
be treated as a primary material for alumina
production.
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