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Abstract: To explore the spontaneous magnetization of iron-bearing rare earth ores during suspension roasting, binary
minerals containing hematite and bastnaesite were used to investigate the effects of the roasting temperature, roasting
time, and bastnaesite-to-hematite mass ratio on in-situ reduction of hematite in a N, atmosphere. Relevant analytical
tests were used to explore the mineral phase evolution during roasting, the magnetism and microstructure of the roasted
products, the phase composition, and the surface element valence of concentrate. It was found that magnetic separation
of the iron concentrate afforded an iron grade of 68.87% and a recovery of 93.18% under the optimum roasting
conditions. During roasting, bastnaesite decomposed to generate CO, and CO, and the compact structure of hematite
was gradually destroyed, resulting in microcracks. Subsequently, the CO entered the surface of the hematite through the
microcracks and reacted to form a magnetite shell, and the magnetite-encapsulated hematite particles were recovered

via low-intensity magnetic separation.
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1 Introduction

Rare earth elements (REEs) are widely used in
electronics, manufacturing, medicine, and national
defense due to their unique physicochemical
properties [1—-3]. In the transition from modern
industry to a green economy, REEs have become
particularly valuable [4,5]. REEs typically exist in
nature as carbonates and phosphates and coexist
with other minerals [6,7]. Due to the differences in
specific gravity, magnetic property, electrical
conductivity, and floatability of rare earth minerals
and their associated minerals, beneficiation
processes are usually used to produce high-grade
rare earth minerals with rare earth oxide (REO)

contents of 50—60 wt.%, which can reduce the
energy and reagent consumption in metallurgical
processes [8—10].

Large iron-bearing rare earth deposits are
present in China, Australia, and Canada, but due to
the complex ore structures, conventional beneficiation
processes fail to separate the iron and rare earth
minerals effectively [11]. For example, the iron and
rare earth minerals in the Bayan Obo deposit are
enriched mainly through “low/high-intensity
magnetic separation—flotation”, which, however,
suffers from the loss of valuable minerals and the
inability to efficiently separate low-grade refractory
ores [2,12,13]. Magnetization roasting is considered
an efficient pretreatment method for enriching
low-grade weakly magnetic iron minerals [ 14—16].
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Researchers have proposed enhancing the magnetic
difference between iron minerals and rare earth
minerals through magnetization roasting, and then
concentrating the iron minerals in the roasted
products by magnetic separation and recovering the
high-content rare earth minerals in the tailings by
flotation [17]. YANG et al [18] pretreated Bayan
Obo iron-containing rare earth tailings by coal-
based magnetization roasting and obtained a
magnetic separation concentrate with an iron grade
of 45.45% and an iron recovery of 68.36% through
low-intensity magnetic separation. FARIS et al [19]
studied the factors affecting the transformation of
goethite to magnetite during magnetization roasting
for ferruginous rare earth-bearing lateritic ore in
Australia and determined the optimum roasting
temperature range to be 600—650 °C. In addition,
they found that monazite remained stable during
roasting.

Our previous [20]
magnetization roasting with hydrogen as a reducing
agent resulted in excellent iron separation, and
following rare earth flotation tests proved that
roasting did not adversely affect the recovery of
rare earth minerals. Moreover, it was found that the
in-situ (no reductant added) magnetization roasting
process also yielded an iron concentrate with an
iron grade of 60.44% and an iron recovery of
76.04%. The presence of bastnaesite during roasting
allowed the conversion of hematite to magnetite
without the addition of a reducing agent.

In response to the magnetization of hematite
under a N> atmosphere, the reaction and mechanism
for in-situ reduction of hematite were explored by
bastnaesite. Initially, the effects of the roasting
temperature, roasting time, and bastnaesite-to-
hematite mass ratio on the in-situ reduction of
hematite were investigated with a mixed system of
bastnaesite and hematite. The mineral phase evolution
and changes in microstructure and surface properties
during roasting were analyzed via in situ X-ray
diffraction (XRD), vibrating sample magnetometry
(VSM), scanning electron microscopy equipped with
energy dispersive  spectroscopy (SEM-EDS),
Mossbauer spectroscopy, and X-ray photoelectron
spectroscopy (XPS). Based on the analytical tests, a
mechanism model was established for in-situ
reduction of hematite by bastnaesite during roasting.
This study is informative for clean magnetization
roasting of iron-bearing rare earth ores.

research found that

2 Experimental

2.1 Materials

The single minerals of hematite and
bastnaesite used in the test were taken from the
Baogang Group, China. The particle sizes of the
prepared single minerals ranged from 37 to 74 pm
to ensure be well-suspended. The chemical
compositions and XRD patterns of the samples are
shown in Table 1 and Fig. 1, respectively. The
contents of REO, F and C in the bastnaesite
samples were 69.40%, 8.50% and 5.29%,
respectively, and the contents of TFe and FeO in
the hematite samples were 67.82% and 0.72%,
respectively. No miscellaneous peaks were found in
the XRD patterns of the two minerals. Therefore,
the samples met the test requirements.

Table 1 Chemical compositions of hematite and
bastnaesite samples (wt.%)

Mineral TFe FeO CaO SiO, ALO; S P

Hematite 67.82 0.72 0.19 0.74 0.31 0.01 0.04
Mineral REO F C Ba S P LOI
Bastnaesite 69.40 8.50 529 0.27 0.19 0.03 18.28
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Fig. 1 XRD patterns of hematite and bastnaesite samples

2.2 Methods
2.2.1 Experimental procedure

The reduction of hematite by bastnaesite and
its mechanism were explored by suspension
roasting. The test flow chart is shown in Fig. 2. The
bastnasite and hematite were mixed in a certain
proportion, and 15 g of the mixed ores was weighed
and placed in a quartz tube in the vertical roasting
furnace (OTF—1200X-S-VT). N> was continuously
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Fig. 2 Schematic diagram of test process flow
fed into the furnace to keep the particles suspended separation concentrate.
during roasting. To evaluate the reduction of 2.2.3 Thermodynamic analysis
hematite by bastnaesite, a Davis tube tester The thermodynamic data for common

(CXG50) was used to treat the roasted products
(magnetic field intensity: 107 kA/m, duration:
3 min). The iron grade and iron recovery of the
magnetic separation concentrate were used as
evaluation indices for in-situ reduction of hematite
induced by bastnaesite. The recovery of the iron
concentrate was calculated as

e="8 100%
myo.

(1

where ¢ is the iron concentrate recovery, S is the
iron concentrate grade, a is the iron grade of the
feed, m; is the mass of the concentrate, and ms is the
mass of the feed.
2.2.2 Analytical test

An  X-ray diffractometer (PANalytical
Empyrean) was used for in-situ detection of the
phase evolution during roasting. The test
temperature range was 400—800 °C, the heating rate
was 50 °C/min, the test interval was 50 °C, and the
angular scan rate was 15 °C/min. Subsequently, the
magnetic and microstructural evolution of the
roasted products were investigated with a vibrating
sample magnetometer (VSM, JDAW—-2000D) and
scanning electron microscopy-energy dispersive
spectroscopy (SEM—EDS, SSX-550), respectively.
In addition, a Mdssbauer spectrometer (MFD—
500AV—02) and an XPS system (Thermo Scientific
K,) were used to explore the phase composition and
surface element valence states of the magnetic

compounds can be obtained by referring to the
thermodynamic table; however, due to the difficulty
in obtaining pure minerals containing rare earths
(e.g., RECOsF, REOF, etc.), the thermodynamic
data for these rare earth compounds are not
available. In this case, the group contribution
method developed can be used to estimate the
standard enthalpy of formation A¢#?%%, the standard
Gibbs free energy of formation A:G*®, and the
isobaric heat capacity C, [21—-24]. Cerium (Ce) is
the dominant element in bastnaesite, and Ce was
used to denote the REEs throughout this work.
Under a N, atmosphere, the reactions that occur in
the system are shown by Egs. (2) to (5). According
to the group contribution method, CeCO;F, CeOF
and Ce;012 are composed of Ce**, Ce*', F~, CO;,
and O?. The contributing factors of the groups
and the contribution values of the correlation
coefficients are shown in Table 2, and the
thermodynamic data for the other compounds are
from BARIN [25]. Then, the reaction enthalpy
AH(T) and the reaction Gibbs free energy A:G(T)
are obtained from the Kirchhoff equation and Van’t
Hoff equation [21—24].

CeCO5F(s)=CeOF(s)+COx(g) (2)
21CeOF(s)+3COs(g)=
2Ce7012(s)+7CeF3(s)+3CO(g) ©)
Ce7012(s)+2CO0x(g)=7Ce0x(s)+2CO(g) 4)
3Fe,03(s)+CO(g)=2Fe304(s)+COx(g) (5)
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Table 2 Contributions of groups for Ag?%, A/G*® and C, [23,24]

Group AH;/(kJ-mol™) AGj/(kJ'mol™) Aaj Abj Acj Ad;
Ce* —716.558 —569.967 13.011 —7.089 0.762 4.687
Ce* —741.400 —564.929 8.506 —6.387 0.734 8.045
CO3 —616.496 —635.990 47.278 86.757 —0.887 —5.133

F~ —310.918 —326.667 22.041 15.652 —0.244 1.538
o* —173.650 —229.836 28.152 12.043 —-0.747 —4.023

AH; and AG; are the contribution factors for AcH?%® and AtG*S, and Aij (i=a, b, c, d) is the correlation coefficient for C,

Figure 3 shows the thermodynamic results
from the above equations. As shown in Fig. 3,
roasting will cause the decomposition of CeCOsF to
generate CeOF and CO; (Eq. (2)), and the reaction
trend is more pronounced at higher temperatures.
A:G(T) in Eq. (3) is negative, which indicates that
CeOF and CO», the thermal decomposition products
of bastnaesite, react with each other to produce
CesO12 and CO. When the temperature exceeds
417 °C, Ce;01; is further oxidized to CeO, with the
formation of CO (Eq. (4)). Furthermore, CO acts as
the reducing agent to convert hematite to magnetite
(Eq. (5)). The thermodynamic analysis shows
that bastnasite reduces hematite in situ; however,
these results can indicate only the possibility of
spontaneous reactions, and the actual process must
be explored further.

200 —+~ CeCO4F(s)=CeOF(s)+CO5(g) (2)
10k —— 21CeOF(s)+3C0,(g)=

2Ce;0y,(s)+7CeF;(s)+3CO(g)(3)
0

-100 | &np
Ce70,5(s)+2C0,(g)=7CeOy(s)+2CO(g) (4)

AG/(kJ-mol ™)

2001 3Fe,04(s)+CO(@)=2Fe:0,(s)+CO(g) (5)
e
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Fig. 3 Relationship between Gibbs free energy change
and temperature of Egs. (2)—(5)

3 Results and discussion

3.1 In-situ  magnetization
separation test
3.1.1 Effects of roasting temperature
Figure 4 shows the effects of the roasting
temperature on the indices for the magnetic separation

roasting—magnetic
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—=— Iron grade

64 ] 120
ron recovery

Iron grade of concentrate/%

Iron recovery of concentrate/%
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600 650 700 750 800 850
Roasting temperature/ °C
Fig. 4 Effects of roasting temperature on indices for

magnetic separation

concentrate with a roasting time of 10 min and a
bastnaesite-to-hematite mass ratio of 1:2. As the
roasting temperature was increased to 800 °C, the
iron grade gradually increased to 67.51%. However,
when the temperature continued to increase to
850 °C, the iron grade tended to decrease. This
occurred because the roasted products of bastnaesite
were eroded on the surfaces of the iron mineral
particles at high temperatures, resulting in a
decrease in the iron grade of the concentrate. In the
temperature range 600—700 °C, the iron recovery
increased rapidly, while the increasing trend
became slower after the temperature exceeded
700 °C. It is speculated that only a small amount of
hematite was reduced because less CO gas was
generated by the decomposition of bastnaesite at
lower temperatures. In summary, 800 °C was
selected as the optimal roasting temperature for
continued exploration of the effects of roasting time
and the bastnaesite-to-hematite mass ratio.
3.1.2 Effects of roasting time

The effects of the roasting time on the
magnetic separation indexes were investigated at a
roasting temperature of 800 °C and a bastnaesite-to-
hematite mass ratio of 1:2, and the results are
presented in Fig. 5. When the roasting time was
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between 4 and 13 min, the iron grade and iron
recovery fluctuated slightly, and the fluctuation
ranges were 67.95%—68.87% and 91.22%—93.18%,
respectively. However, when the roasting time was
less than 4 min, the iron grade was high, but the
iron recovery was extremely low. This indicated
that since the extent of bastnaesite thermal
decomposition degree was low in this relatively
short period, it did generate enough CO to promote
the reduction of hematite, and the magnetic
separation concentrate had a very small amount of
high-grade hematite. To leave enough time for the
thermal decomposition of bastnaesite, the roasting
time was determined to be 4 min.
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270} 180 &
2 2
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3 2
1S o
o 061 140 >
bl -
& 2
Thmemde Ly
S ry =
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Roasting time/min

Fig. 5 Effects of roasting time on magnetic separation
indices

3.1.3 Effects of bastnaesite-to-hematite mass ratio
By fixing a roasting temperature of 800 °C
and a roasting time of 4 min, the effects of
the bastnaesite-to-hematite mass ratio on the
magnetization roasting process were explored. The
test results are shown in Fig. 6. With the increase
in the bastnaesite-to-hematite mass ratio, the
iron grade of the concentrate was stable at
approximately 69%, and the iron recovery showed a
trend of increasing sharply at first and then
increasing slowly. When the bastnaesite-to-hematite
mass ratio was increased from 3:10 to 5:10, the iron
recovery increased rapidly from 77.71% to 93.18%;
then, as the bastnaesite-to-hematite mass ratio was
increased further, the iron recovery increased
slowly, from 93.18% to 96.11%. Based on the
above analysis, under suitable roasting conditions (a
roasting temperature of 800 °C, a roasting time of
4 min, and a bastnaesite-to-hematite mass ratio of
1:2), CO generated by the decomposition of
bastnaesite has an excellent reducing effect on
hematite, promoting the recovery of iron minerals.
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Fig. 6 Effects of bastnasite-to-hematite mass ratio on
magnetization roasting

3.2 Phase transitions during roasting

To further explore the phase transition pattern
of the mixed system of bastnaesite and hematite,
in-situ XRD was performed at high temperatures
under a N, atmosphere. The XRD spectra are shown
in Fig. 7. When the temperature was lower than
450 °C, the XRD diffraction peaks did not change.
When the temperature ranged from 450 to 700 °C,
the diffraction peak intensity changed, but no new
phase was detected. The diffraction peaks of
magnetite began to appear when the temperature
exceeded 700 °C, which explains the low iron
recovery at roasting temperatures below 700 °C in
Fig. 4. The diffraction peaks of CeOF also first
appeared when the roasting temperature exceeded
700 °C, but notably, they shifted to higher angles,
which was due to the oxidation of CeOF [26].
When the roasting temperature was 800 °C, the
diffraction peak corresponding to CeCOsF
disappeared completely, which indicated that the
bastnaesite was completely decomposed. In
addition, a comparative experiment involving
roasting of the bastnaesite monomineral (5 g) was
designed, and the gas-phase products produced by
roasting were monitored in real-time with a gas
analyzer, which detected CO during the roasting of
bastnaesite. The CO flow rates are shown in Fig. 8.
As the temperature was increased from 600 to
800 °C, the instantaneous flow rate of the CO
produced from roasting of bastnaesite continued to
increase. When the temperature was below 600 °C,
no CO was detected. This indicated that in the
mixed system of bastnaesite and hematite, the
thermal decomposition of bastnaesite generated
CO, which then reduced the hematite to magnetite.
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Fig. 7 In-situ XRD patterns of bastnaesite—hematite
system at different temperatures
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Fig. 8 Real-time flow rate of CO during roasting of
bastnaesite

3.3 Characteristic analysis of roasted products
The magnetic properties of the mixed
bastnaesite and hematite before and after roasting
were analyzed using VSM, as shown in Fig. 9. The
specific magnetic susceptibility of the roasted
products increased with increasing magnetic field
intensity and eventually reached saturation
(14.50 A-m?>-kg™!). Compared with the saturation
specific magnetic susceptibility of the sample
before roasting (1.56 A-m*-kg™"), that of the roasted
products was much greater [27,28]. This indicated

that the decomposition of bastnaesite induced the
reduction of hematite.

25 200

—e— Specific magnetization after roasting
=— Specific magnetization before roasting

20+ —&— Magnetic susceptibility after roasting 4 160

Magnetic susceptibility before roasting

1120

180

140

pu @7

0 L 0
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Specific magnetization/(A-m2-kg™")
Magnetic susceptibility/(10 m3-kg™")

Fig. 9 Magnetic analysis of roasted product

In addition, SEM-EDS was used to analyze
the microstructure of the roasted product, which
was compared with those of the samples roasted at
different time. The results are shown in Fig. 10.
Before roasting, the mixed ore had a smooth and
compact structure with no cracks
(Fig. 10(a)). With prolongation of the roasting time,
the bastnaesite thermally decomposed from the
outer layer to the inner layer, resulting in cracks
pointing to the particle center (Fig. 10(b)). The EDS
spectra showed that bastnaesite decomposed to
generate CeOF (Fig. 10(e)). After the bastnaesite
was completely decomposed into CeOF (Fig. 10(f)),
the particle structure was disrupted. The dense
pores and cracks were caused by the gas generated
during the decomposition of bastnaesite (Fig. 10(c)).
Moreover, the surfaces of the hematite particles
reacted with CO generated by the decomposition of
bastnaesite to form magnetite (Figs. 10(d) and (f)).
The newly formed magnetite wrapped around
the hematite to form an outer layer, and the inner
layer was still hematite. The magnetite shell
encapsulating the hematite was the reason for
efficient magnetic capture of the iron minerals in
the roasted products.

obvious

3.4 Characteristics analysis of magnetic separation
concentrate

To explore the phase composition of iron in the
roasting—magnetic separation concentrate, Mossbauer
spectroscopy was performed, and the results are
shown in Fig. 11 and Table 3. As shown in Fig. 11,
the Mdssbauer spectrum comprised three sets of 6-
peak subspectra (named subspectrum 1, subspectrum
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Point A (hematite): C 13.65%, Fe 54.62%, O 31.72%, Point £ (REOF): C 8.25%, RE 69.16%, F 11.60%, O 10.99%
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Fig. 10 Microstructures and EDS spectra of products roasted at different time: (a) Unroasted; (b) Roasting for 1 min;
(c) Bastnaesite particles roasting for 4 min; (d) Iron ore particles roasting for 4 min; (e) EDS spectra of Points 4 to D;

(f) EDS spectra of Points £ to G

100 = e
X 961
8
§
&
s
o 88F
2
= — Fitted data
& 84t —— Subspectrum 1
—— Subspectrum 2
Subspectrum 3
80 T S S S
-10 8 -6 4 -2 0 2 4 6 8 10

Velocity/(mm-s™)
Fig. 11 Musburger spectra of magnetic separation

concentrate

2, and subspectrum 3). Subspectrum 1 (IS=
0.371 mm/s, QS=—0.196 mm/s) was attributed to
Fe** in hematite; Subspectrum 2 (IS=0.343 mm/s,
H=49.33 T) and Subspectrum 3 (IS=0.629 mm/s,
H=45.66 T) correspond to the Fe*" at tetrahedral
positions and Fe?>* at the octahedral position in
magnetite, respectively [29]. Obviously, the
magnetic separation concentrate was composed of
weakly magnetic hematite (75.8%) and strongly
magnetic magnetite (24.2%).

Figure 12 shows the XPS spectra of the
magnetic separation concentrate and hematite. In
Fig. 12(a), the binding energy of the Fe 2ps»
photoelectron peak was 711.40 eV, and the binding
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energy of the Fe 2pi» photoelectron peak was
724.00 eV. Both peaks corresponded to Fe**—O
bonds, which shows that Fe on the surface of
hematite mainly existed as Fe’" and in the form
of Fe;Os. With increasing magnetic separation
concentration  (Fig. 12(b)), the Fe2p peak
significantly shifted, and the Fe 2ps;» and Fe 2pi.
photoelectron peaks corresponded to Fe*" — O
bonds, which indicated that Fe on the surface of the
magnetic separation concentrate mainly existed as
Fe?" and in the form of Fe;04. Comparing the areas
of Fe*" and Fe?" photoelectron peaks in the hematite
and magnetic separation concentrate, samples
revealed that the photoelectron peak area of Fe** in
hematite was larger than that in the magnetic
separation concentrate, whereas the photoelectron

peak area of Fe*" in the magnetic separation
concentrate was larger than that in hematite. These
results indicate that Fe*" was reduced to Fe*" during
the roasting process [30,31].

3.5 Reaction mechanism model

Based on the above tests and detection analysis
results, a mechanism model through which
bastnaesite induces the in-situ reduction of hematite
in suspension magnetization roasting of hematite is
proposed, as shown in Fig. 13. With increasing
temperature, the bastnaesite thermally decomposed
to generate CO, and CO. Additionally, the compact
structure of hematite was gradually destroyed,
resulting in pores and microcracks. CO entered the
surfaces of the hematite particles through pores and

Table 3 Analytical parameters of Musburger spectra of magnetic separation concentrate

Subspectrum IS/(mm-s™") QS/(mm-s ™) H/T Subspectrum area/%
1 0.371 —0.196 51.62 75.8
2 0.343 —0.090 49.33 12.3
3 0.629 0.070 45.66 11.9
IS: Isomer shift; QS: Quadrupole splitting; H: Magnetic field
@) Hematite Fe 2p; (b) Magnetic separation concentrate
Fe ?p, 2 A Fe 2p;,
Fedp, N reap, i
3 ,Sj}}e«u,il? A Fe 2p;, Sale]li{e
< B Saelite i
Experimental data Fe? satellite _ ?:r:;:j:m data ;Zi::::::::
Fitted data Fe** satellite . ) Fe** ’ Baseline
Fe?* Baseline et Fe*
Fe’”
740 735 730 725 720 715 710 705 700 740 735 730 725 720 715 710 705 700
Binding energy/eV Binding energy/eV
Fig. 12 XPS spectra of hematite (a) and magnetic separation concentrate (b)
In-situ " $ ,\
magnetization
Decomposition 200 roastmg
> . e }
Heat 4% Interactlon -(\
7\ V
< / i
| ‘ v
Mixed minerals Microcrack CO, out
Decomposition of bastnaesite and reduction of hematite: Bastnaesite CeOF
CeCO;F—CeOF+CO0;+CO Hematite @ Magnetite
Fe,0,+CO—Fe;0,+CO, ° Co, ® CO

Fig. 13 Schematic diagram of roasting reaction mechanism of mixed sample of hematite and bastnaesite



Wen-bo LI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 965—974 973

microcracks and reduced the surface hematite to
magnetite. Finally, the bastnaesite completely
decomposed into CeOF, and the hematite particles
were transformed into encapsulated particles in
which the magnetite shell wrapped the inner
hematite.

4 Conclusions

(1) The optimal conditions for in situ
magnetization roasting of a mixture of hematite and
bastnaesite included a roasting temperature of
800 °C, a roasting time of 4 min, and a bastnaesite-
to-hematite mass ratio of 1:2. The roasted product
was separated by magnetic separation to obtain a
concentrate with an iron grade of 68.87% and an
iron recovery of 93.18%.

(2) During the roasting process, the thermal
decomposition products of bastnaesite were CeOF,
CO; and CO, and some part of the hematite was
transformed into magnetite. Roasting increased the
saturation specific magnetic susceptibility of the
mixed sample from 1.56 to 14.50 A-m*kg'.
This occurred because CO generated by the
decomposition of bastnaesite reacted with the
surface layers of the hematite particles to form a
magnetite shell.

(3) The hematite-to-magnetite mass ratio of the
magnetic separation concentrate was approximately
3:1, but the surface Fe mainly existed in the form
of Fe*', which indicated that these magnetite-
encapsulated hematite mineral particles can be
recycled by low-intensity magnetic separation.
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