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Abstract: Rare earth (RE) and iron minerals in tailings
exhibit fine embedded granularity and are closely associ-
ated with silicates, carbonates, and other lode minerals,
which are difficult to be recycled. Studies of these tailings
led to some new processes of ore dressing, involving
grinding, RE flotation, strong magnetic separation, and
positive iron flotation. In this closed circuit process, RE and
iron minerals were separated after grinding, and the ma-
terials resulted from the flotation of small-sized RE and iron
mineral particles were accurately controlled using a com-
bination of inhibitors, dispersants, pH regulators, and
collector agents. The ore dressing were ground to a fine-
ness of 0.045 mm, which was a process accounting for
95.6% of the material. The amount of water glass, NXJ (a
combination of sodium carbonate mixed with a fine mud
dispersant), and BGH (hydroxamic acid collector, a com-
bination of 3-carboxy-2-naphthylhydroxamic acid and C5-
9 hydroxamic acid) used in the primary separation of RE
were 2.4 kg/t, 2.5 kg/t, and 2.4 kg/t, respectively. The
dosages of ammonium fluorosilicate and GXY (fatty acid
collector, a combination of sodium oleate mixed with
oxidized paraffin soap) used with iron coarse were 2.2 kg/t
and 1.2 kg/t, respectively. The RE collectors achieved
chemical separation of Ce, La, and other particles and
formed stable five-membered cyclic chelates. Conse-
quently, through the closed circuit experiment, the RE
grade and recovery rate in the RE concentrate were
improved to 50.3 and 61.6%, respectively. The total iron
(TFe) grade and recovery rate in the TFe concentrate were
improved to 64.0 and 30.0%, respectively, and other useful
metals were also enriched; this process managed
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secondary recycling of RE and TFe possible, leading to
improvements in resource utilization.
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1 Introduction

The Bayan Obo mine is a large-scale deposit mainly con-
sisting of iron ore and rare earth (RE), and the quantity of its
RE reserves ranks first in the world. The RE minerals mainly
consist of bastnaesite and monazite, and the percentages
of cerium and lanthanum are 50.0 and 30.0%, respectively
(Abaka-Wood, Addai-Mensah, and Skinner 2018a; Abaka-
Wood et al. 2019a; Abaka-Wood et al. 2018b; Abaka-Wood
etal. 2019b; Abaka-Wood et al. 2019¢). At present, recovery
of RE in tailings is achieved after iron dressing with weak
magnetic picking, strong magnetic picking, and reverse
flotation methods. Because of the applications of stage
grinding and magnetic separation processes to iron ore
dressings, the size distribution in the tailings is relatively
large; this increases the difficulty in RE recovery. The
proportion of RE in tailings is about 3.0 to 4.0%, which
represent a considerable waste of RE minerals. Conversely,
the percentage of TFe is approximately 15.0%, but the iron
particles are fine-grained and they combine with silicates
and carbonates; this results in considerable difficulty in the
recovery of iron from tailings (Avazpour et al. 2019; Jor-
dens, Cheng, and Waters 2013).

Only a few RE minerals and iron minerals are distrib-
uted in the tailings (Zheng, Wu, and Bian 2017a; Zheng,
Bian, and Wu 2017h). It is necessary to grind the Bayan Obo
tailings to separate the majority of RE and iron mineral
monomers. Grinding results in increased quantity of fine
mud, which produces considerable amount of the slime,
and it is challenging to control the dispersion of pulp
during flotation (Kursun, Terzi, and Ozdemir 2019; Lan
et al. 2019; Marion, Li, and Waters 2020). The flotation
method is generally adopted in the processing of RE min-
erals, and the best method for recovering hematite involves
a sequence of gravity separation, flotation, and magnetic
separation. To ensure a high recovery rate from RE con-
centrates, the recovery of RE minerals must focus on the
recovery of fine-grained RE minerals and rich intergrowths.
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Simultaneously, it is essential to reduce the loss of RE
minerals in the tailings to the maximum extent as possible
(Owens et al. 2019; Ren et al. 1997; Sarswat et al. 2020).
Therefore, the selection of highly efficient reagent combi-
nations is crucial for achieving success in RE flotation.

The RE in iron ore tailings is recycled with flotation
processes using combinations of inhibitors such as water
glass and 8# (Naphthalene hydroxamic acid) RE collector.
Since it has been approved for production processes, the re-
covery rate for RE using this process is very low, and it is
ineffective for recycling RE minerals found as fine particles.
As the annual production of Bayan Obo tailings exceeds 3.5
million metric tons, the secondary recovery of RE and TFe
from the tailings of Bayan Obo mine is of considerable
importance. Therefore, this study focuses on the processes for
dressing RE tailings, the use of effective reagent regimens, the
comprehensive recycling of RE and TFe, and the development
of critical technical processes for effective utilization of fine
grain, complex, and secondary RE and TFe resources.

2 Experimental section
2.1 Raw material

Target tailings were obtained from the Baotou Steel RE
Dressing Plant. Bayan Obo tailings were packed after natural
drying, crushing, mixing, and shrinkage. The chemical
species of Bayan Obo Tailings were detected by X-ray fluo-
rescence spectrometer (XRF, Axios, PANalytical B.V.,
Netherlands). From the analyzed results of the chemical
compositions for samples in Table 1, the usefully recyclable
minerals in the rare earth tailings were iron mineral and rare
earth mineral. The total iron amount of the iron mineral was
15.5%, while the amount of the oxidized rare earth was 3.9%.
The purities were mainly calcium oxide, silicon dioxide,
barium oxide, and sodium oxide, etc. In order to further find

Table 1: Chemical species analyses of Bayan Obo tailings (wt.%).

DE GRUYTER

out the phase composition of the useful minerals, the iron
and mineral phase were separately analyzed, and the phase
analyses results were summarized in Table 2. The hematite
accounted for 71.9% in iron minerals, the magnetite
accounted for 12.5%, the iron silicate accounted for 11.3%,
and the rest was pyrite (4.4%). The rare earth minerals
mainly included bastnaesite and monazite. The rare earth
oxide accounted for 55.8% in the bastnaesite, while the rare
earth oxide accounted for 44.2% in monazite. Besides, the
gangue mineral mainly included augite and osannite, which
accounted for 28.2% of the total mineral, and some of them
were mica and fluorite, accounted for 14.6 and 15.6%,
respectively. The rest were agustite, quartz, feldspar, barite,
and dolomite, etc.

2.2 Experimental apparatus and reagents

The apparatus used in this study included an XFD III single
trough flotation machine (0.5 L/0.75 L/1.0 L) (Jilin Explo-
ration Machinery Factory, Jiangxi, China), RK/
ZQM®250 x 10 ball mill (Wuhan Rock Powder Grinding
Equipment Manufacturing Co., Ltd.), RK/ZL-®260/®200
disk vacuum filter (Wuhan Rock Powder Grinding Equip-
ment Manufacturing Co., Ltd.), pH-3C precise pH meter
(Shanghai Ray Magnetic Instrument Factory), and SLon-
500 high-intensity magnetic separator (Ganzhou Jinhuan
magnetic separation equipment Co., Ltd.). Reagents used
in this paper included sodium silicate (Baotou Steel Rare
Earth Dressing Plant) and ammonium fluorosilicate (Hubei
Xinrunde Chemical Industry Co., Ltd.).

2.3 Experimental methods

The small amount of iron existed in these Bayan Obo tail-
ings, thus a strong magnetic separation process must be

Species TFe REO Ca0 Si0, P S K,0 Na,O0 F MgO Al,03 BaO
Content 15.5 3.9 19.9 18.7 1.1 1.7 1.3 1.9 8.1 4.7 1.7 2.5
Table 2: Phase analyses of iron and rare earth (RE) minerals (wt.%).

Iron-bearing mineral RE mineral
Species Hematite Magnetite Iron silicate Pyrite Bastnaesite Monazite
Content 71.88 12.5 11.3 4.4 55.8 44.2
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Bayan Obo Tailings

Gringding

NXJ, stirring 3 ~ 5 min
Water glass, stirring 3 ~ 5 min
BGH Collector, stirring 3 ~ 5 min

WV
RE concentrate
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RE Tailings
Strong magnetic seperation Magnetic
Roughing concentrate separation
WV
Magnetic
Ammonium Fluorosilicate, stirring 3 ~ 5 min Tailings
GXY Collector, stirring 3 ~ 5 min
Iron flotation Ammonium Fluorosilicate
stirring 3~ 5Smin
v A Figure 1: The flow chart for selecting the
Iron concentrate Iron flotation tailings sample.

used to recover the hematite. A flotation method was used
to recover hematite after considerable enrichment of the
hematite ore. Therefore, the test scheme adopted in this
study included grinding, RE flotation, strong magnetic
separation, and positive flotation. First, the Bayan Obo
tailings were ground, and then the RE constituents were
obtained by flotation. Iron concentration was obtained by
positive flotation of iron from high-grade iron flotation,
which were obtained from tailings and middling ore by a
strong magnetic operation. RE mineral recovery will be
suppressed when RE are floated in strong acid or strong
alkali media; RE flotation was usually carried out in weakly
alkaline or moderately alkaline pulp. Common RE flotation
inhibitors included water glass, starch, carboxymethyl
cellulose, sodium fluorosilicate, dextrin, and ammonium
lignosulfonate. The commonly used RE flotation collectors
were fatty acids, alkyl hydroxamic acid and naphthyl
hydroxamic acid, and 3-hydroxy-2-naphthyl hydroxamic
acid (Kulkarni and Somasundaran 1980; Yap et al. 1981).
The selection of RE tailings as flotation feeds of RE; com-
parison tests of sodium carbonate, sodium hydroxide,
water glass, modified starch, carboxymethyl cellulose, X]J
(fine mud dispersant, a combination of sodium tripoly-
phosphate and dextrin), sodium fluorosilicate and other
regulators; and comparison tests of alkyl hydroxamic acid,
H205, and BGH collectors were carried out for determining
the suitable pH regulator and appropriate concentrations
of dispersant, inhibitor, and RE collector. The pH of pulp

was 8.8~9.2, the mass concentration was 40%-~50%,
and the stirring speed was 1900 rpm. The flow chart for
selecting the sample and the required chemicals and the
investigations of their variable parameters were presented
in Figure 1 and Table 3.

The preparation steps of the samples used in IR spectra
and X-ray photoelectron spectrum: the bastnaesite was
obtained from the lump ore with rich RE in Bayan Obo ore.
The lump ore was first crushed below 0.18 mm, and the
bastnaesite was selected under the microscope. And they
were ground slightly below 0.74 mm, and were further
divided into two parts. One was used as bastnaesite

Table 3: The required chemical dosage for each group of
experiment.

Types of flotation Reagent vari- Dosage of other chem-
reagents ables (kg/t) icals (kg/t)
1 NXJ 1.5, 2.0, 2.5, 3.0, BGH 2.0, waterglass 2.5
3.5
2 Water glass 1.8, 2.1, 2.4, 2.7, BGH 2.0, NX] 2.5
3.0
3 BGH 1.5, 1.8, 2.1, 2.4, Water glass 2.4, NX] 2.5
2.7
4 Ammonium 1.8, 2.0, 2.2, 2.4, GXY 1.2
fluorosilicate 2.6
5 GXY 1.2 Ammonium fluo-

rosilicate 2.2
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sample, while another was stirred homogenously with
addition of 1.5 times distilled water, and was further added
with 10% collectors BGH (the amount was 3 kg/t). The
whole solution was stirred for 6 min, and was further fil-
trated, and washed for 3-5 times, then it was finally dried,
and further was used as bastnaesite sample after func-
tioned with the collector BGH.

The testing contents of the IR spectra: the IR spectra
was measured on 740-FTIR analyzer. Three kinds of sam-
ples were tested: the collectors BGH, bastnaesite, and the
bastnaesite after functioned with the collectors BGH.
Through studying the position variations of the absorbing
peaks for the main groups of the three kinds of samples,
which kind of absorption of the collectors BGH on the
bastnaesite could be determined.

The testing content of the XPS spectra: the XPS spectra
were measured on K-Alphal063X. Two kinds of samples
were tested: bastnaesite and those bastnaesite after func-
tioned with the collectors BGH. It could be further
confirmed if the collectors BGH absorbed on the bastnae-
site surface through investigating the peak intensity and
binding energy variations of the two samples.

3 Results and discussion

3.1 Effects of various factors on rare earth
recovery

3.1.1 Influence of grinding fineness on RE flotation

Particle size analyses are presented in Figure 2. The pro-
portion of Bayan Obo tailings with size less than 0.074 mm is
89.8%. The densities of RE minerals are higher for coarse-
sized particles. 51.2% of the RE minerals are distributed in
particles with size greater than 0.061 mm, 77.6% are
distributed in particles larger than 0.045 mm, 9.8% of par-
ticles is in the range from 0.025 to 0.045 mm, and 12.6% of RE
are distributed in particles with size less than 0.025 mm.
Particles with size greater than 0.045 mm are RE aggregates,
whereas those with particle size less than 0.045 mm are RE
aggregates closely integrated with sodium pyroxene, sodium
amphibolite, fluorite, iron ore, and quartz; the smallest of
these own sizes of 0.005 mm. Particles smaller than
0.045 mm typically contain 48.3 % iron ores, which are
mainly in disseminated and inclusion form; the percentage
range is narrow, and the iron ores are often integrated with
sodium pyroxene, sodium amphibolite, fluorite, dolomite,
and quartz. Overall, the RE and TFe separation should be
made first in the secondary recovery; then refined RE and TFe
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Figure 2: Particle-size analyses of Bayan Obo tailings.

concentrations can be obtained with the proper dressing
procedures and reagents.

Test results for different grinding fineness are shown in
Figure 3. With the gradual increase of grinding fineness, the
dissociation degree of monomer of the RE mineral was also
gradually increased, however, the coenobium became less
and less. During the floatation process, the monomer-
dissociated RE mineral would flotation upward with the
gas bubble, therefore the grade and recovery of the RE ore
concentrate would gradually increase. When the grinding
fineness was further increased to —0.045 mm, and it occu-
pied 95.6%, the grade and recovery of the RE ore concentrate
reached the maximum. This was because the dissociation
degree of RE achieved the highest value. Most of monomers
of the RE were dissociated, and in the case of the relative well
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Figure 3: Relationship between different grinding fineness and

RE coarse selection index (Conditions: compound collector BGH
dosage of 2.0 kg/t, water glass dosage of 2.5 kg/t, and NX) dosage
of 2.0 kg/t).
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dispersion of ore pulp, the grade and recovery of the ob-
tained RE ore concentrate were very high. When further
increased the grinding fineness, although the RE mineral
was continued dissociated, the mineral was over ground,
which resulted in the increased amount of fine slit, and
further affected the flotation index, finally resulted in
decrease of the grade and recovery of the RE ore concentrate.
Therefore, the following experiments all used the 0.045 mm
(occupation of 95.6%) grinding fineness as the best
parameter.

3.1.2 Influence of NX] on the flotation separation index
of RE

NX]J is composed of sodium carbonate and XJ, and the mass
ratio of sodium carbonate and XJ is 6:1. The relationship
between different NX]J dosages and RE coarse selection
criteria is shown in Figure 4. The grade and recovery rate of
RE coarse concentrates gradually increase with increasing
amounts of NXJ in 1.5 ~ 3.0 kg/t and 1.5 ~ 2.6 kg/t, and
subsequently the grade and recovery rate reduce in
3.0 ~ 3.5 kg/t and 2.6 ~ 3.5 kg/t. This is mainly due to an
increase in the negative charge of the mineral particles on
the surface caused by X]J and the resulting charge repulsion
of mineral particles. Sodium carbonate can adjust the de-
grees of inhibitor and collector hydrolysis. Moreover, it
controls the interactions between the collector and the
mineral. The collector anion and hydroxide (OH") can
exhibit competitive adsorption on the mineral surface.
When the pH value is high, the OH™ concentration is also
high. Consequently, the ability to retard the attraction of
the collector anions and the mineral surface is enhanced.
When the amount of NXJ is 2.5 kg/t, both the grade and
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Figure 4: Relationship between NXJ amount and RE coarse selection
index (Conditions: compound collector BGH dosage of 2.0 kg/t and
water glass dosage of 2.5 kg/t).
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recovery of RE coarse concentrates are high, and this
dosage is therefore utilized in this study.

3.1.3 Effect of water glass on RE separation index

The relationship between water glass and RE coarse se-
lection criteria is shown in Figure 5. With increased
amounts of water glass, the inhibition of gangue minerals
increased, the grade of RE coarse concentrate initially
increased, and then it tended to remain stable. However,
the recovery rate for RE coarse concentrates gradually
decreased. It was mainly due to the gradually increasing
dosage of water glass, the pulp HSiO;™ and H,SiO; con-
centration increased, and the two substances have very
strong hydrophilicity, they were adsorbed on the minerals
surface to make them hydrophilic. At the same time, the
two substances adsorbed on the mineral surface was to
prevent the collector adsorption, which made some of the
RE minerals and gangue were restrained, resulting in
declined recovery rate of the RE coarse concentrate. When
the amount of water glass reached 2.4 kg/t, both the grade
and recovery of RE coarse concentrates were enhanced,
reaching 9.4 and 84.8%, respectively. The further increase
of water glass content increased the grade of REO, but the
decrease of REO recovery rate was more obvious. For RE
coarse concentrate, high recovery rate should be the opti-
mum condition, therefore, the optimal concentration for
the water glass is 2.4 kg/t.

3.1.4 Effect of BGH collector on the selectivity of RE

The BGH collector is a hydroxamic acid collector that can
effectively recover fine grain grade RE minerals, and it also

10.0 92

o/.

9.6 1

o/
{ | 3
9.24 ]
\ -84
8.8 o I
- 80
~e- Grade (REO%)

—m- Rate of recovery (REO%)

Grade (REO%)

Rate of recovery (REO%)

8.4+

. . T . . v 76
1.6 2.0 24 2.8 3.2

Water glass dosage (Kg/t)

Figure 5: Relationship between the amount of water glass and RE
coarse selection index (Conditions: collector BGH of 2.0 kg/t and NX)
of 2.5 kg/t).
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Figure 6: Relationship between amount of BGH collector agent and
RE coarse selection index (Conditions: water glass dosage of 2.4 kg/t
and NX] dosage of 2.5 kg/t).

exhibits good selectivity for RE minerals. Figure 6 shows
the relationship between the different dosages of collector
BGH and the RE selectivity. As the amount of collector was
increased, the grade of RE coarse concentrates gradually
decreased, and the recovery rate increased gradually.

During the RE flotation process, the collectors con-
centration in the pulp were continuously increased
because the continued addition of the collectors, and the
absorbed amount of the collectors were also increased,
finally leading to that some RE mineral linked with gangue
floated on the top and further entered in RE coarse
concentrate, which decreased the grade of the RE coarse
concentrate, and finally the recovery rate was increased.
For the RE coarse concentrate, the optimum condition is to
get a higher recovery rate, and then to get a higher grade.
Therefore, when the collector dosage is 2.4 kg/t, the RE
coarse concentrate with RE grade of 9.5% and recovery rate
of 85.1% can be obtained.

3.1.5 Tests on the stability of RE flotation
Using the optimal test conditions with a water glass

dosage of 2.4 kg/t, NXJ dosage of 2.5 kg/t, and BGH dosage of
2.4 kg/t, RE flotation stability tests are carried out with a

Table 4: Results of RE flotation stability test.
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coarse selection operation and three additional selection
operations. The weighted average results of the stability tests
are shown in Table 4. An RE concentrates with a yield of
3.8%, RE grade of 51.9%, and a recovery rate of 50.1% can be
obtained with flotation separation of iron tailings. In the
selection process, the RE grade of middling 3 is higher than
that of ore feeding, and that of middling 2 is close to that of
ore feeding, so they can be returned to the mine again. The
middling 1 and RE flotation tailings are enriched to 85.7%
iron; the two parts of mixed RE grade are 1.2%, and TFe grade
is 17.2%. Middling 1 and RE in tailings of RE minerals consist
mainly of intergrowths, as observed through microscopic
examination. Hence, the two parts can be mixed and used as
raw materials for the recovery of iron minerals.

3.2 Second recovery of iron
3.2.1 Influence of magnetic separation on iron selection

The use of the middling 1 and Bayan Obo tailings as the feed
material for iron separation and the low grade of TFe
necessitate that the iron minerals be recovered using strong
magnetic separation. This recovery results in a considerable
enrichment of TFe grade in the flotation, and subsequently,
the iron concentrate is obtained by positive flotation of the
magnetite concentrate. Magnetic separation tests are carried
out with a magnetic field strength of 636.8 kA/m, and the test
results for strong magnetic separation are shown in Table 5.
Crude concentrate with a grade of 30.8% and a recovery rate
of 60.7% were obtained by magnetic selection. The iron
grade of the flotation is improved, and the tailings with a
production rate of 65.5% are thrown away. This process
drastically reduces the amount of flotation slender and cre-
ates conditions allowing the collection of qualified iron
concentrate with positive iron flotation.

3.2.2 Influence of flotation on iron selection index

In these experiments, the collector is the fatty acid collector
GXY, ammonium fluorosilicate, which is used to regulate

Items Yields (%) Grade (REO %) Recovery rate (REO %) Grade (TFe %) Recovery rate (TFe %)
RE concentrate 3.8 51.9 50.1 1.9 0.4
Middling 3 8.6 7.6 16.8 9.2 5.0
Middling 2 9.0 3.8 8.8 15.7 8.9
Middling 1 26.4 1.6 10.7 21.5 35.9
RE flotation tailings 52.3 1.0 13.7 15.1 49.8
Feedings 100.0 3.9 100.0 15.8 100.0
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Table 5: Results of strong magnetic tests.

Items Yield Grade  Recovery rate
(%) (TFe %) (TFe %)
Strong magnetic separation 34.5 30.8 60.7
coarse concentrate
Strong magnetic separation 65.5 10.5 39.3
tailings
Feedings 100.0 17.5 100.0

the pH of the pulp, and the added amount directly affects
the charge on the mineral particles surface in the pulp.
Using the GXY collector with a dosage of 1.2 kg/t as an
optimal collector, the relationships between ammonium
fluorosilicate and iron coarse selection criteria are shown
in Figure 7. When ammonium fluorosilicate is added, the
pulp becomes acidic. The pH value of the pulp gradually
decreases, and the zeta potential of the hematite surface
gradually becomes increasingly negative with the addition
of increasing amounts of ammonium fluorosilicate (Mei
et al. 2005), which facilitates the separation of iron min-
erals and gangue minerals. This is consistent with the
gradual increase in the grade of concentrate and the
gradual decrease in the recovery rate of the coarse ore
concentrate. A high grade and high recovery rate for iron
coarse concentrates are obtained when the dosage of
ammonium fluorosilicate is 2.2 kg/t, and the tests shown
below prove that a dosage of 2.2 kg/t ammonium fluo-
rosilicate constitutes the optimal condition.

3.2.3 Iron flotation stability test

Using an ammonium fluorosilicate dosage of 2.2 kg/t and a
GXY collector dosage of 1.2 kg/t, the iron positive floating

48 92
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Figure 7: Relationship between the amount of ammonium
fluorosilicate and iron coarse selection index.
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stability tests were carried out with a coarse selection and a
second selection. The weighted average results of the sta-
bility tests are shown in Table 6. The iron concentrates,
with a yield of 20.8%, a TFe grade of 64.3%, and recovery
rate of 43.5%, were obtained by flotation separation of iron
concentrate. The TFe grade of middling 1 is 28.3%, which
was close to feedings with 30.8%. In the closed circuit
experiment, middling 1 could be returned to feed ore for ore
concentration. The TFe grade of middling 2 is 48.1%, which
was close to iron concentrate with 43.5%. Therefore,
middling 2 could be returned to middling 1 for ore con-
centration in closed circuit test.

3.3 Mechanism of recovery of rare earth and
iron

3.3.1 The action mechanism of BGH collector and
bastnaesite

In order to study the action mechanism of bastnaesite and
BGH collector, firstly, the FTIR analyses of BGH collector
and bastnaesite were carried out. At the same time, bast-
naesite interacted with BGH collector, and the products
were also analyzed by FTIR. The three spectra in Figure 8
are the IR spectra of BGH collector, bastnaesite, and bast-
naesite with BGH collector, respectively.

The characteristic absorption peaks for the main
functional groups are shown in Figure 8. By comparing the
IR spectra before and after the addition of the collector, it
was found that peaks at 2923, 2856, 1604, and 1121 cm™
appeared in the IR spectra after the addition of the agent
(Wang et al. 2020; Xiong et al. 2018; Xu et al. 2019). The
positions of these bands were basically unchanged, which
indicated that some organic components were adsorbed on
the bastnaesite surface. The characteristic absorption
peaks at 1604 and 1121 cm™’ increased in intensity in the
third spectrum, which were likely due to the C=0 and
—C-0- groups of the BGH collector, respectively. In
the black curve, they appeared at 1638 and 1143 cm’,
which were characteristic positions for the RE collector.

Table 6: Results of iron flotation stability test.

Items Yield (%) Grade (TFe %) Recovery

rate (TFe %)
Iron concentrate 20.8 64.3 43.5
Middling 2 8.6 48.1 13.4
Middling 1 29.8 28.3 27.3
RE flotation tailings 40.8 12.0 15.9
Feedings 100.0 30.8 100.0
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Figure 8: Infrared spectra of BGH and bastnaesite.

In Figure 8, the BGH represented the BGH collectors. From
the Figures, the wavenumber of 3279 cm ™ on the IR spectra
of the BGH collectors belonged to the —OH peaks, however,
this peak disappeared on the IR spectra of the bastnaesite
after functioned with the BGH collectors, indicating that
the —OH groups were replaced by H groups. These results
all indicated that the chemical absorption of the BGH col-
lectors on the bastnaesite occurred, and the collectors were
combined with the bastnaesite successfully.

The X-ray photoelectron spectra for bastnaesite and
bastnaesite treated with collectors were also obtained, and
the results are shown in Figure 9. Ce, La, C, O, F, and other
elements were contained in the bastnaesite minerals. In
addition, there were small amounts of Fe, Ca, and P con-
taminants on the surface and this was mainly caused by the
presence of minerals containing iron ore and calcium in the
bastnaesite. A comparison of spectra obtained before and
after the addition of RE collector showed that the Cls peak
was significantly enhanced, while the intensities of the
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Figure 10: XPS spectra of C1s before and after the addition of the RE
collector.

spectral peaks for Ols, Ce, La, and other elements were
significantly weakened. After the addition of RE collector,
the peak intensity for Cls increased from 37.3 to 57.5%, and
the peaks for O1s, Ce3d5, La3d5, and F1s decreased from
38.9, 1.7, 0.6, and 6.7 to 29.3, 1.6, 0.4, and 4.2%, respec-
tively. Thus, the RE collector was confirmed to be adsorbed
onto the bastnaesite surface.

Figure 10 shows that the strength of the Cls peak of
bastnaesite increases significantly after the addition of RE
collector, and its binding energy shifts to a lower position;
this changed from 284.6 to 284.1 eV, with a decrease of 0.5 eV.

Figure 11 shows that the strength of the Ols peak for
bastnaesite is diminished after addition of the RE collector,
and the binding energy is shifted to lower energy, which
changed from 531.6 to 531 eV.

Figure 12 demonstrates that the strength of the Ce3d
peak for bastnaesite is diminished after the addition of the
RE collector, and the binding energy is shifted from 885 to
884.4 eV (a decrease of 0.6 eV).

Figure 13 shows that the strength of the La3d peak for
lanthanum bastnaesite is diminished after the addition of

(a) (b)
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1.5x10°4 1.5x10°4
£ 1.0x10° Cls g 1.0x10°4
g o
© Ca2p ©
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0.04 0.0
1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 o Figure9: (a) XPS spectra of bastnaesite and
Binding Energy (eV) Binding Energy (¢V) (b) bastnaesite with a collector.
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Figure 11: XPS spectra of O1s peak before and after adding RE
collector.

RE collector, and the binding energy is shifted from 836.6 to
836 eV (a decrease of 0.6 eV).

Figure 14 illustrates that the strength of the C1s peak for
bastnaesite increases significantly after the addition of the
RE collector, and the binding energy shifts from 684.8 to
684.2 eV (a decrease of 0.6 eV).

After interaction with the RE collector, the Ce3d, La3d,
Cl1s, O1s, F1s peaks, and other elements existed in the
bastnaesite deposit, all exhibit shifts to lower energies;
these are reduced by more than 0.3 eV, indicating a
chemical reaction. These results confirms that the RE col-
lector is chemically adsorbed onto the Ce, La, and other
particles. This is mainly because Ce and La atoms gain
electron density when bind with oxygen atoms, resulting in
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Figure 12: XPS spectra of Ce3d peak before and after the addition of
RE collector.

Figure 13: XPS spectra for the La3d peak before and after the
addition of the RE collector.

increased cloud density of the Ce3d orbital electron and
decreased binding energy. Therefore, it can be speculated
that Ce or La particles in cerium fluorocarbon and oxide
particles react with the RE collectors to form stable five-
membered chelate rings, and the reaction equation is
described in Figure 15.

3.3.2 The action mechanism of the GXY collector and
iron minerals

Since the amount of hematite in the iron flotation mineral
separation was very low, and its particle size was fine.
Therefore, it was very hard to obtain the qualified iron
concentrate when using the single collector. In the
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Figure 14: XPS spectra of F1s peak before and after the addition of
the RE collector.
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selecting flotation of iron, the ammonium fluosilicate as
the pulp regulators, while used the GXY as the collector for
iron minerals. The GXY was referred to the mixture of so-
dium oleate and oxidized paraffin soap.

In the cases of the collecting mechanisms of sodium
oleate and iron minerals, the researchers of mineral sepa-
ration did a lot of studies. Yap et al. (Yap et al. 1981) further
provided five kinds of microscale form about the function
between sodium oleate and hematite based on the studies
of other researchers: (1) the electrostatic interaction, (2)
double bond interaction, (3) the formation of complex
compound, (4) hydrogen-bond interaction, (5) oleate ions.
By using the IR spectra, Liu et al. (Liu et al. 2018b) have
found that chemical absorption occurred between the so-
dium oleate and iron minerals in the pH scope of 7.5 ~ 9.4,
and the ferric oleate was formed. In the pH of 6.8, not only
the chemical absorption occurred, but also the physical
absorption. Kulkarni et al. (Kulkarni and Somasundaran
1980) found that the iron minerals and oleate ions

Bayan Obo Tailings

0

(Mineral surface)

DE GRUYTER

OH
—C

Figure 15: The reaction equation of Ce or La
particles in cerium fluorocarbon and oxide
particles reacted with RE collectors.

produced chemical absorption after the function of iron
mineral and sodium oleate, and mainly formed the ferric
oleate compound. The collecting action of sodium oleate
on hematite was dependent on the co-functioned results of
physical and chemical absorptions.

During the floatation selecting process of hematite,
ammonium fluosilicate was used as pulp regulators, which
not only adjusted the pH value of pulp, but also had
selecting inhibition to silicate minerals. Sodium fluosili-
cate would form tiny colloidal particle in the acid medium,
which would selectively absorb on the gangue mineral
(such as silicate), finally making it hydrophilic and there-
fore it was further inhibited (Feng et al. 2015).

Based on the previous studies, in the flotation select-
ing process of hematite, the ore pulp was acid with the
addition of ammonium fluosilicate, and the pH of ore pulp
was gradually decreased (Lan et al. 2019; Liu, Qiu, and Sun
2019a; She et al. 2017; Song et al. 2018). Since the hematite
surface continuously absorbed H*, the surface { potential
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Middling 2 - Figure 16: Flowcha.rt. forrecycling RE and iron
Iron concentrate Tailings from Bayan Obo tailings.
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was gradually turn positive. The absorption amounts of
oleate ions, saturated fatty acid ions and other kinds of
unsaturated fatty acid ions in the GXY collectors on the
hematite surface were gradually increased, and under this
condition, the sodium oleate and fatty acid such as
oxidized paraffin soap had chemical absorption with he-
matite, and formed ferric fatty acid, the reaction equations
were presented as follow:

Fe-OH (the absorbed water on hematite surface)
+ RCOOH (fatty acid)
= Fe-OH-RCOOH

Fe-OH-RCOOH = FeOOCR (the absorbed fatty acid

ions on hematite surface) + H,0

3.4 Optimal process parameters for closed-
circuit experiment

Using the previously established optimal conditions for
reagents, grinding fineness, and iron flotation reagent
system, a closed-circuit test of Bayan Obo tailings was
carried out with the processes of grinding, RE flotation,
strong magnetic separation and positive flotation of iron.
Starting with a Bayan Obo tailings exhibited a RE grade of
3.8% and TFe grade of 15.3%, and it proved to be possible to
generate a RE concentrate with a yield of 4.7%, an RE grade
of 50.3%, and a recovery rate of 61.6%, and an iron ore
concentrate with a yield of 7.2%, a TFe grade of 64.0%, and
a recovery rate of 30.0%. A flow chart for the comprehen-
sive recovery of RE and iron from the Bayan Obo tailings is
shown in Figure 16.

4 Conclusions

(1) The majority of the RE and iron minerals that can be
recycled in the tailings are interrelated, so usable RE
concentrate and iron concentrate must be obtained by
fine grinding. The RE collectors exhibited chemical
reactions with Ce, La, and other particles, with which
they formed stable five-membered cyclic chelates.

(2) After adopting the new process of ore dressing through
grinding, RE flotation, strong magnetic separation, and
positive flotation, treatment of Bayan Obo tailings
resulted in satisfactory dressing and comprehensive
recycling of ultrafine RE minerals and hematite. The re-
agent combination in this process is broadly applicable
for the dressing of RE and iron from Bayan Obo tailings.
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(3) Moreover, by controlling the slurry dispersion technol-
ogy, secondary recovery of RE and iron from the tailings
of RE was achieved. The RE grade was 50.3%, with a
recovery rate of 61.6%, and the TFe grade was 64.0%
with a recovery rate of 30.0%, constituting significant
improvements in the levels of resource utilization.
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