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In this work, the medium-low grade calcium-magnesium phosphate ore in
Zhijin, China, was investigated through systematic mineral processing studies
using a scanning electron microscope, x-ray fluorescence spectrometer, and
BGRIMM process mineralogy analyzer in combination with the Imaged soft-
ware and flotation experiment. The aim of this study was to suggest a process
flow to optimize the flotation index of Zhijin phosphate ore. The effect of the
liberation properties of fluorapatite on flotation behavior were analyzed with
various particle sizes under different grinding fineness. Based on the char-
acteristics of fluorapatite, we propose a double reverse flotation process with
two routes for coarse- and fine-grained ore, respectively. The results showed
that the flotation process can effectively improve the grade of phosphate ore
and reduce the MgO content. As the degree of liberation increases, the flota-
tion index increases first, and when the liberation degree reaches a certain
value, the flotation index decreases. The maximum grade of fluorapatite was
obtained for a grinding fineness of 82.86%, while the maximum grade of P3O
was obtained for the — 53 + 38-um particle size for flotation concentrate at

various particle sizes.

INTRODUCTION

Guizhou Province in China hosts large-scale
phosphate ore deposits rich in rare earth ores;
however, exploitation of this resource over time has
led to a depletion of reserves of high-grade phos-
phate ore. In addition, due to the difficulty of
studying phosphate and rare earth ore resources
separately, rare earth phosphate ore is still under-
exploited in the central part of Guizhou, especially
in the Zhijin area.' In this area, the phosphate
mineral is mostly fluorapatite, while dolomite is the
main gangue mineral. Due to the complicated co-
existence between fluorapatite and dolomite, it is
very difficult to separate the two minerals. Froth
flotation is presently the most effective method for
separating dolomite from phosphate ore.>® Before
flotation, phosphate ore is crushed and ground to
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achieve complete liberation of minerals, which plays
a critical role in flotation.*® To address the issue in
separating dolomite from fluorapatite at Zhijin,
systematic process mineralogy research has been
proven to provide the best processing flowsheet
based on a comprehensive understanding of the
mineral components of phosphate ore; therefore, for
the research of process mineralogy, the develop-
ment of testing instruments plays an extremely
important role.

The polarizing microscope, developed in the late
nineteenth century,®” has had important applica-
tions in engineering disciplines such as geology and
process mineralogy. This microscope is a reliable
piece of equipment for the observation and analysis
of minerals under three observation modes includ-
ing single-polarized, cone, and orthogonal polarized
light. Based on the poor light transmittance of
fluorapatite under single-polarized light, Yang
et al.® measured the liberation degree of fluorapatite
under different grinding fineness, while Guo et al.’
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determined the liberation degree of fluorapatite at
different particle sizes by using a BX51-P polarizing
microscope.

With the development of new and updated tech-
nologies, process mineralogy studies have changed
from the application of a traditional polarizing
microscope to the scanning electron microscope
(SEM), with upgraded resolution from 25 nm to
0.01 nm. This offers the possibility to use SEM in
conjunction with an energy-dispersive spectrometer
(EDS) to generate high-resolution backscattered
secondary electron (BSE) images, which are useful
to characterize the shape, structure, and size of
minerals.’®® The emergence of the MLA (mineral
liberation analyzer) system, combined with the
advantages of SEM-EDS,*1¢ offers valuable opti-
mized solutions for automated quantitative mineral
characterization.'”'® Hence, the advanced SEM-
based MLA technique provides accurate and tar-
geted automated mineral information such as the
composition, particle size, liberation, and theoreti-
cal maximum recovery of the minerals.'®?! Based
on this technique, Xu et al.'® have quantitatively
determined the degree of liberation and particle size
of useful minerals of sphalerite tailings, which are
required to predict the effective recovery of these
minerals in the tailings and guide the subsequent
separation process.

Furthermore, the MLA has been applied in
numerous studies to document the effect of mineral
liberation on the flotation of different minerals. Xiao
et al.?? performed vertical stirred mill and ball mill
grinding tests for magnetite, with the distribution of
particle size and liberation degree of minerals tested
by MLA. The results indicate that stirred milling
significantly increases the liberation degree of mag-
netite 8.1% more than ball milling, and the iron
grade of the magnetic separation concentrate of
stirred milling is 5.2% times higher than that of the
ball milling.

Abdollahi et al.?® conducted process mineralogy
studies by MLA on the feed, concentrate, and
tailings of molybdenite to determine the degree of
liberation of useful minerals in the molybdenum
concentrate. These authors found that there was a
complicated co-existence between pyrite and chal-
copyrite. The low liberation degree of the useful
mineral in the feed was the reason for the low iron
and copper content in the molybdenum concentrate.

In recent years, automated mineral information
has been further obtained using BPMA (BGRIMM
process mineralogy analyzer),?* which is a modern
and reliable technology equipped with the SEM-
EDS system that makes automatic mineral analysis
more convenient and accurate.?>*® The BPMA is
cutting-edge technology and an effective technique
that allows achieving fast and complete automated
quantitative measurements of the composition, dis-
tribution, liberation degree, particle size distribu-
tion, occurrence state, and other parameters of
minerals. For example, Wen et al.>” applied BPMA
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to extract mineralogical information of raw coals
such as the composition, liberation degree, and
interlocking parameters of useful minerals and
gangue, providing technical references for fine
processing of coal resources.

The present work focuses on Zhijin phosphate ore
and investigates the effects of liberation properties
of fluorapatite with various particle sizes under
different grinding fineness conditions and flotation
behavior. The study aims to optimize the flotation
index of Zhijin phosphate ore, which is crucial to
enhance the processing of medium-low grade ore to
achieve sustainable development for the phosphate
ore industry in China.

EXPERIMENTAL SECTION
Sample Preparation

The ore samples (60 kg) were collected from the
Zhijin area in Guizhou Province, Southwest China.
The ore consists of alternating black and gray
layers, with thickness ranging from 1.5 cm to 2 cm
and from 6 to 8 cm, respectively. First, the ore was
crushed to — 1 mm particle size using a jaw crusher
(model SP100 x 6, Guiyang Prospecting Machinery
Factory, Guiyang, China), then taking an appropri-
ate amount of — Imm sample to making polished
sections with 30 mm diameter using epoxy resin.
The polished sections were then subjected to rough
grinding, fine grinding, ultra-fine grinding, and
polishing treatment. The treated polished sections
were naturally dried following an ultrasonic decon-
taminated treatment and finally coated with carbon
spray to enable the sections to conduct electricity;
polished sections were prepared for BPMA analyses.
A small portion of the — 1 mm sample was ground to
— 74 pym using a conical ball mill (model XMQ-
240 x 90 Wuhan Prospecting Machinery Factory,
Wuhan, China) for x-ray fluorescence spectrometer
(XRF) detection.

In addition, some samples were ground with a
conical ball mill with 200 g of grinding feed at a time
and 60% slurry concentration, and five batches of
grinding experiments were carried out for 3 min, 4
min, 5 min, 6 min, and 7 min, respectively. The
grinding products were then wet-sieved with
— 0.074 mm sieve to obtain feed products with
different percentages of grinding fineness including
59.75%, 69.11%, 82.86%, 92.31, and 95.02%. All the
feed products were used for the flotation
experiments.

Flotation Experiment

The sample (200 g) was put into a single-cell
flotation machine (model XFDIV0.75, Jilin
Prospecting Machinery Factory, dJilin, China).
Water was added to the pulp mass fraction of 30%.
The flotation machine speed and pulp temperature
were set at 1800 r/min and 20 °C, respectively.
Flotation experiments were performed using a
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Fig. 1. Flowsheet for flotation experiment.

double reverse flotation, with the reagent sulfuric
acid (HySO,4) used as a pH regulator for removing
silicate minerals and TP-1 used as a magnesium
removal collector. Analytical tests were carried out
to investigate the effects of milling fineness, pH, and
dosage of reagent HoSO, and TP-1 on the flotation
index. The flowsheet of the flotation experiment is
shown in Fig. 1.

Chemical Analyses

The chemical compositions of phosphate ore sam-
ples were determined by XRF analyses using a
Panalytical Zetium instrument (The Netherlands),
and the results indicate medium-low grade phos-
phate ore, with PyO5, MgO, and SiOy contents of
20.03%, 12.5%, and 3.45%, respectively.

Mineral Analyses

The mineral processing analysis of the crushed
raw ore of — 1 mm was carried out by means of
BPMA at the University of Science and Technology,
Beijing, China. The carbon-sprayed polished sec-
tions were loaded onto the sample chamber, with
the possibility of introducing nine sections at one
time. The BPMA and SEM parameters were
adjusted, with an acceleration voltage set to 20 kV
and a working distance set to 15.11 mm. The SEM
was continuously measured in the high vacuum
state of the sample chamber. The measurement
method was backscatter mode. The magnification
was adjusted according to the actual observation
needs. The analysis was finally completed in the full
particle measurement mode of the system.

Degree of Liberation Studies

SEM (model TESCAN) has been used to deter-
mine the degree of liberation as well as the associ-
ation of fluorapatite and gangue minerals in feed
and concentrate of flotation circuit. First, each
sample of feed and concentrate was wet-sieved into
four particle sizes (— 106 + 75 ym, — 75 + 53 um,
— 53 + 38 um, and — 38 + 25 um). Seven particle
sizes (— 200+ 150 um, — 150+ 125  um,
— 125 + 106 um, — 106 + 75 um, — 75 + 53 um,
—53+38 um, and — 38 +25 um) were also
obtained after grinding for 3 min products, and
then these samples were prepared into polished
sections with 30-mm diameter, and a total of 46
samples were made. Each polished section was
studied using a magnification of 200-300 x and a
voltage set to 20 kV. Ten to 12 BSE images were
taken for each sample, with each picture having
about 250 particles, and each sample had a total of
about 2500-3000 particles.

The BSE images were analyzed using Imaged
software to determine the mineral liberation degree
and association. A grid pattern was mapped on each
of the corresponding images. Processing tools of the
software such as denoising, filtering, and binariza-
tion were repeatedly operated on these images to
meet the expectations. Then, with the count tool,
the point count of the liberated and locked mineral
grains were determined. Finally, all the data were
transferred to Excel, and the calculations related to
the average degree of liberation of fluorapatite for
different images were conducted.

Notably, mineral liberation assessment of parti-
cles commonly involves two-dimensional (2D) mea-
surements of particle cross-section, which can be
studied in 2D using the Voronoi model of Takao
Ueda et al.,?®2! which measures the 3D liberation
based on 2D studies.

RESULTS AND DISCUSSION
Flotation Products at Different Particle Sizes

The results show that the main phosphorus-
bearing ore minerals in the flotation feed are
fluorapatite (57.62%), dolomite (25.34%), quartz
(8.72%), calcite (5.45%), and pyrite (0.53%), while
the main gangue minerals are dolomite by BPMA
analysis.

The particle size of the main minerals is shown in
Fig. 2. The cumulative distribution of — 74 ym and
— 38 um fluorapatite is 29.93% and 11.15%, respec-
tively. The cumulative distribution of — 74 ym and
— 38 um dolomite is 36.17% and 12.94%, respec-
tively, and the cumulative distribution of — 74 ym
and — 38 um quartz is 59.36% and 39.74%, respec-
tively. The cumulative distribution rate of — 74 ym
quartz is 59.36%, and that of — 38 um quartz is
39.74%. The average particle size of fluorapatite is
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Fig. 3. Liberation classes of minerals from the phosphate ore.

160.8 ym, dolomite is 136.1 ym, and quartz is 111.5
um. Fluorapatite is the largest mineral, followed by
dolomite and quartz. The difference between the
average particle sizes of dolomite and quartz is
relatively small (Fig. 2).

The liberation classes of minerals from the phos-
phate ore are given in Fig. 3. The liberation of
fluorapatite in — 1 mm raw ore is low, with 14.05%
of completely liberated single particles. A liberation
degree of 90-100% corresponds to 22.22%, while
that of 40-60% is 33.21%, with the presence of more
unliberated particles. The single particles of dolo-
mite, quartz, pyrite, and calcite are 8.01%, 10.15%,
15.16%, and 34.46%, respectively. The BPMA anal-
ysis reveals that it is difficult to separate fluorap-
atite from the gangue minerals by crushing the
phosphate ore, while there are also many mineral
associations in the phosphate ore. Therefore, it is
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necessary to continue using ball milling to separate
these minerals.

When the fineness of grinding is — 0.074 mm with
a proportion of 82.86%, the dosage of HoSO4 and TP-
1 reaches 12 kg/ton and 1000 g/ton, respectively. As
a result, the P,O5 content in the phosphate concen-
trate is 32.4%, while that of MgO is 1.6%, and the
recovery of the concentrate is 86.28%.

The sieve analysis of the concentrate was carried
out to investigate the distribution of P,O5 and MgO
in the concentrate for each grain size and then to
analyze the P;O5 content and the removal effect of
MgO for each grain size. The sieve analysis results
are shown in Table I.

Table I shows that P;O5 is abundant in — 53 + 38
um particle of the concentrate. The P,O5 content of
33.43% for this particle is the highest and the MgO
recovery is the lowest amongst all particles. This
result indicates that the separation is better
achieved at this particle size.

Table II shows that the recovery of P,O5 and MgO
of the tailings increases with the decrease of particle
size. When the particle size is < 25 um, the recovery
of P2O5 and MgO is 17.23% and 50.33%, respec-
tively. This indicates that the removal of P,O5 and
MgO occurs in < 25 um particle of the concentrate.
Therefore, it is suitable to separate > 25 um parti-
cle to avoid the loss of phosphate ore.

MINERALOGICAL STUDY OF FLOTATION
FEED

Fluorapatite is the valuable mineral in the flota-
tion feed, as depicted in Fig. 4. In addition to banded
and rounded apatite, there is also irregular granu-
lar apatite. The size of apatite predominantly
ranges from 20 to 120 um, with some < 20 um
particles. Apatite coexists with dolomite and quartz,
and it is surrounded by pyrite and calcite. Dolomite
typically appears as irregular rounded, granular, or
massive grains of 20 and 60 ym in size, while some
particles are 60—100 um. Calcite is commonly found
at the edges of apatite and dolomite, with a grain
size ranging from about 10 to 30 um. Pyrite occurs
as 5 to 20 yum grain often embedded around apatite.

ANALYSIS OF LIBERATION
CHARACTERISTICS AT DIFFERENT
GRINDING FINENESS

Figure 5 indicates that the liberation of fluorap-
atite, dolomite, and quartz increases with the
increase of the grinding fineness. The best ore
liberation was achieved at a grinding fineness of
82.86%, the fluorapatite-dolomite association con-
tent is low, but the liberation of fluorapatite is only
obtained at 62.12%. Therefore, the Zhijin phosphate
ore is difficult to liberate and belongs to the fine-
grained refractory ore.

Figure 6 indicates that the grade of phosphorus
concentrate increases and then decreases with the
increase of the liberation degree of fluorapatite.
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Table I. Analysis of P;O5 and MgO in concentrates with different grain sizes (%)

Particle size /um Productivity P,05 grade P>05 recovery MgO grade MgO recovery
— 106 + 75 23.30 27.32 31.78 6.56 12.22
— 75+ 53 16.33 28.87 23.53 2.84 3.71
— 53 +38 14.56 33.43 24.30 1.93 2.24
—38+25 14.86 28.63 21.24 0.97 1.15
0-25 31.25 27.53 42.95 1.58 3.95

Table II. Analysis of P;O5 and MgO of different particle sizes in tailings (%)

Particle size /um Productivity P,0;5 grade P>05 recovery MgO grade MgO recovery
— 106 + 75 6.60 9.36 3.08 9.56 5.04
— 75+ 53 5.45 11.56 3.14 11.96 5.21
— 53 + 38 10.36 6.54 3.38 12.52 10.37
—38+25 22.35 5.36 5.98 14.56 26.03
0-25 55.24 6.25 17.23 11.39 50.33

Fig. 4. BSE images of the main minerals from BPMA (Fap: fluorapatite, Dol: dolomite, Qz: quartz, Cal: calcite, Py: pyrite).
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When the liberation degree is 62.12%, the highest
grade is 31.86%, but the recovery of phosphate
concentrate decreases with the increase of libera-
tion degree; results are shown in Fig. 6.

Notably, the liberation degree is not higher, and
the flotation index is better, when the degree of
liberation increases to a certain extent; the fine
mineral particles increase in the ore, and the bubble
properties will change. This results in a stronger
entrainment effect on fluorapatite, which causes a
significant loss of fluorapatite in the concentrate, so
the concentrate grade decreases.

LIBERATION PROPERTIES
OF FLUORAPATITE AT DIFFERENT
PARTICLE SIZES

The useful mineral in the flotation feed is fluora-
patite. To gain a deeper understanding of the
relationship between fluorapatite and other
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minerals, the above studies have shown that the
flotation index is optimal when the grinding fine-
ness is 82.86%. Therefore, under this grinding
fineness, the liberation properties of minerals in
the raw ore and concentrate were analyzed.

In Fig. 7, the content of fluorapatite-dolomite in
the raw ore is relatively high and the degree of
liberation is low. In the concentrate, the degree of
liberation of fluorapatite is 80.19%, with a high
liberation. However, there is also a small amount of
fluorapatite associated with gangue minerals.

Figure 8 indicates that the separation effect is
good, and the liberation degree of various particle
sizes of fluorapatite is greatly improved after flota-
tion. The best degree of liberation of fluorapatite is
obtained for the — 38 + 25-um particle. There is
more association between fluorapatite and gangue
minerals in the raw ore for the + 53 um particle.

The content of fluorapatite in the whole concen-
trate increases significantly, ranging from 62.12% to
80.19%, compared to that of the raw ore, while the
content of fluorapatite-dolomite decreases from
18.13% to 12.00%. It indicates that the collector
has a good adsorption effect on dolomite, with more
selection of dolomite though there is more associa-
tion with this mineral in the concentrate. It is
necessary to further optimize the grinding fineness
or the dosage of flotation chemicals.

ANALYSIS OF THE EFFECT OF LIBERATION
ON FLOTATION

Figure 9 shows that the degree of liberation of the
raw ore and concentrate increases with the decrease
of the particle size of minerals. Furthermore, the
grade of the raw ore and concentrate first increases
and then decreases with the increase of the degree
of mineral liberation, while the recovery of the
concentrate is still decreasing. It shows that within
a certain range, the degree of liberation of mineral
increases, which can improve its flotation index.
When it increases to a certain extent, the mineral
appears to be sliming, with many fine particles,
which enhances the entrainment effect on fluorap-
atite, leading to a decrease in grade and loss of
phosphate ore. Therefore, it is important to control
the grinding fineness reasonably.

In Fig. 10a, the degree of liberation can reach >

90% when the particle size of a mineral is coarse.
The trend of the degree of liberation increases
slowly with the decrease of the mineral particle size.
The highest grade of P;Os5 is observed for the
— 53 + 38 um particle.

In Fig. 10b, the liberation degree of fluorapatite in
the raw ore and concentrate increases with the
increase of grinding fineness. The P,05 grade of
concentrate first increases and then decreases,
while the concentrate recovery first increases, then
decreases, and finally increases. The highest P505
grade of concentrate is observed for the — 53 + 38
um particle when the fineness of grinding is 82.86%,



Study on the Effect of Liberation Properties of Phosphate Ore with Different Particle Sizes on 2389

Flotation at Different Grinding Degrees

mm Fluorapatite ™ Fluorapatite-dolomite ®® Fluorapatite-quartz #8 Fluorapatite-other minerals

62.12%

[

4
723% ﬁ_

12.52%

18.13%

raw ore

Fig. 7. Liberation statistics of fluorapatite in raw ore and concentrate.

80.19%

—

3.3%/\
4.51% *

12%

4

concentrate

I Fluorapatite ™8 Fluorapatite-dolomite Il Fluorapatite-quartz Bl Fluorapatite-other minerals

Concentrate content (%)

100
%0 [
60 -
w0l
20|
N

-106+75 -75+53 -53+38 -38+25 entire
100
:\; L
= 80 |
=]
8 3
g 60 -
g I
40
z |
-2
20
0
-106+75 -75+53 -53+38 -38+25 entire

Particle size/um

Fig. 8. Statistics of fluorapatite and association in different particle sizes of raw ore and concentrate.

and the recovery of concentrate is the best at this
particle size. In summary, the flotation index of this
particle size is the best. It is recommended to
appropriately increase the grinding fineness to
improve the yield of minerals in the — 53 + 38 ym
particle, but it should be noted that grinding should
not cause over-grinding to avoid sliming, thereby
reducing the flotation index.

CONCLUSION

The research content has important guiding
significance for the optimization of phosphate ore
beneficiation technology in this area. The main
conclusions are as follows:

(1) Useful mineral of the ore is fluorapatite, while
the gangue minerals are dolomite and quartz.
Fluorapatite is mainly associated with dolo-
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(2)

3

mite, with the particle size of fluorapatite
being coarser than that of dolomite.

The degree of liberation for mineral increases
with the increase of grinding fineness. The
best flotation index is obtained when the
liberation degree is 62.12%.

The grade of fluorapatite increases with the
increase of liberation degree, and when it
reaches a certain value, the grade begins to
decrease; therefore, it is not the higher degree

4)

of liberation, the better the flotation index.
The best mineral flotation index is obtained for
— 53 + 38 um particles when the grinding
fineness is 82.86%.
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