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Abstract: The complex rutile ore containing TiOp and ZrO, exhibited a high economical value.
To effectively recover TiO, and ZrO; from the raw sample, a complete gravity separation process
including a spiral chute and a shaking table was proposed. Chemical constituents, phase, liberation
degree and size distribution were firstly characterized by XRF, chemical analyses, XRD, EPMA-EDS
and screening to understand the mineralogy. Then, two stages of spiral chute separation tests were
performed to treat the complex rutile ore. A rough zircon concentrate containing 33.18% ZrO, was
obtained after the first-stage spiral chute and a rough rutile concentrate containing 56.77% TiO, was
obtained after the second-stage spiral chute. To further improve the grade and recovery of ZrO, and
TiO; in the rough products obtained by spiral chutes, shaking table tests were performed. A zircon
concentrate containing 42.65% ZrO; and a rutile concentrate containing 61.75% TiO, were obtained.
For the tailing of the first-stage spiral chute, a rutile product assaying 57.50% TiO, was obtained, and
the tailing was directly discarded as waste after the shaking table tests. Moreover, the distribution
regularities of ZrO, and TiO, in the products were further revealed by XRD analyses. Finally, a closed-
circuit beneficiation process was proposed to treat the complex rutile ore for achieving comprehensive
and effective utilization.

Keywords: complex ore; rutile; zircon; mineralogy; spiral; shaking table

1. Introduction

Titanium possesses good physical and chemical properties, including high mechanical
strength, temperature resistance, corrosion resistance and strong reducibility [1,2]. There-
fore, titanium metal and its various derivatives are widely used in aerospace, biomedicine
and marine engineering. They are also indispensable metal materials for modern industry
and cutting-edge technology [3—6]. Titanium metal is mainly extracted from titanium ore.
The world’s titanium ore resources are concentrated in more than 40 countries around the
world and is distributed in the seven continents except Antarctica [7]. Titanium deposits are
mainly divided into magmatic and hydrothermal deposits, and metamorphic deposits and
sedimentary deposits according to their genetic types. Titanium minerals mainly include
rutile, ilmenite, anatase and brookite [8].

The ilmenite and rutile are the main subjects in the global development and utilization
of titanium ores. Among them, 98% of rutile and 30% of ilmenite are derived from valuable
heavy minerals in placer deposits. Rutile is usually associated with zircon and monazite in
deposits, and both of which are mostly used as by-products of titanium mineral process-
ing [9,10]. Zircon and monazite are widely applied in the metallurgical industry, ceramics
production and petrochemicals due to their unique physicochemical properties [11-13].
Australia, as a major producer of titanium products, has always been at the forefront of the
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world in the processing of titanium resources, especially for the production of rutile, for it
which ranks first [14,15]. Rutile deposits in Australia are mostly coastal placer deposits [16].
The valuable heavy minerals in the deposit are mainly rutile, ilmenite, zircon and monazite.

There are many processes, including gravity separation, magnetic separation and
electrostatic separation, to recover valuable heavy minerals from the coastal sands [17,18].
N. Babu et al. [19] investigated a low content of red sand containing ilmenite and zircon
from Tamil Nadu, India. The results showed that three products including ilmenite, zircon
and silica were obtained after spiral chute, magnetic separation and electric separation.
Rajan Girija Rejith et al. [20] reported the recovery of heavy minerals from the KV and
KS areas, India, by multiple physical separation technologies. The findings revealed the
presence of not only ilmenite but also monazite, zircon, and silica in the product of heavy
minerals. Moumar Dieye et al. [21] separately used magnetic separation and gravity
separation, to separate monazite from the rough zircon concentrate in Senegal. It was
found that the recoveries of monazite were 94.8% and 76.6%, respectively, when magnetic
separation and gravity separation were separately carried out. M M Fawzy et al. [22]
recovered valuable heavy minerals from the southern coast of the Red Sea by shaking
table, followed by magnetic separation. The results presented that the recoveries of heavy
minerals reached 91.68%, 71.67% and 82.06%, respectively from three different areas.

However, there are few reports on complex rutile placer deposits. The sample studied
in this paper was a complex rutile placer, which is a middling of dry electric separation of
a seaside placer in Australia and was recycled by China Yueqiao New Materials Technol-
ogy Co., Ltd., (Maoming, China). The company is committed to the production of rutile
products with TiO, grade of 70%—95% and zircon products with ZrO, grade of 60%-66%.
Among them, rutile products with TiO, grade of 70%-90% are used in the downstream
welding industry, rutile products with TiO, grade of 90%-95% are used to produce ti-
tanium dioxide and zircon products with ZrO, grade of 60%-66% are basically used in
the manufacture of ceramics. The current procedure employed by the company involves
magnetic separation, multistage shaking table, and electrostatic separation. However, the
wet separation component has a limited processing capacity, and it is difficult to obtain
high-grade concentrate, which increases the pressure of subsequent electrostatic separation.

The objective of this paper is to find a method for efficient separation of complex rutile
ore in gravity separation, which can effectively separate and purify the target minerals
in the gravity separation process, further improve the grade of the concentrate, provide
high-quality raw materials for the electrostatic separation and reduce the pressure of the
electrostatic separation. As is widely known, the processing capacity of a spiral chute is
larger than that of a shaking table, but it is difficult to fine-tune the operation, while the
shaking table has the characteristics of stable operation and is easy to fine-tune. Therefore,
through the spiral chute-shaking table configuration, the processing capacity of gravity
separation can be further increased while ensuring the increase in the grade of gravity
separation concentrate. Mineralogy of the raw sample was firstly studied by chemical
analyses and physical characterization to predict the separation performances. Then, a
spiral chute was used to separate zircon and Ti-bearing minerals, followed by the use of
a shaking table to obtain a wet concentrate with a high ZrO, or TiO, grade. Finally, a
closed-circuit process was proposed based on the open-circuit process combining with
experimental results.

2. Materials and Methods
2.1. Materials

The rutile middling was provided by the Yueqiao New Material Technology Co.,
Ltd., (Maoming, China). The results of X-ray fluorescence (XRF) analyses and chemical
multi-element analyses are shown in Tables 1 and 2, respectively.

From Table 1, it is observed that the main elements in the sample were O, Si, Ti, Fe and
Zr, accounting for 38.56%, 15.26%, 23.78%, 5.62% and 5.24%, respectively. From Table 2, the
contents of TiO; and ZrO, assayed 33.78% and 5.56%, respectively, indicating that it was a
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Ti-bearing middling sample which was associated with Zr-bearing minerals. In addition,
the contents of S5iO; and Al,O3 assayed 34.74% and 7.97%, respectively, indicating that
considerable amounts of gangue minerals existed.

Table 1. XRF analyses of the rutile ore (%).

@) Na Mg Al Si P S Cl
38.36 0.05 0.25 2.75 15.26 0.02 0.04 0.02

Pb U Ca Ti Cr Mn Fe Zn
0.03 0.01 0.10 23.78 0.07 0.12 5.62 0.04

Th Zr Nb La Ce Nd Hf Y
0.14 524 0.07 0.24 0.47 0.20 0.17 0.07

Table 2. Chemical multi-element analyses of the rutile ore (%).

TiOz ZI‘OZ Fe A1203 SIOZ
33.78 5.56 5.72 797 34.74

2.2. Experimental Method

The general flow sheet for processing the raw sample is shown in Figure 1. About
20.0 kg of the raw sample was mixed with water in a ratio of 1:3 to obtain a pulp concentra-
tion of 25%. The pulp was fed into the first-stage spiral chute with a diameter of 1250 mm
and a distance of 720 mm at a feed rate of 0.517 t/h by a circulating pump. As soon as
the obvious distribution zones of products appeared, the products including rough zircon
concentrate, rough rutile product and tailing I were separately obtained. The rough rutile
product with a pulp concentration of 25% was fed into the second-stage spiral chute with a
diameter of 1250 mm and a spacing of 720 mm through a circulating pump at a feed rate of
0.484 t/h to obtain a rough rutile concentrate and middling I.

Raw sample
ZIRCON CLEANER l SCAVENGER
SHAKING TABLE - 5 SHAKING TABLE
| —— J|
. f cleaner : — = scavenger [————0
Zircon / — - =) / !Lil Tailing
concentrate / f
E=———J RoughZircon | Tailingl
concentrate ==l
middling 11T lsg&ﬁ]sz middling IV
1% cleaner l Rough Rutile
RUTILE CLEANER product
SHAKING TABLE =
——1 — 1
— 2" cleaner
Rutile | —. - R
| { < ddling I
concentrate :SI _ = ) HROCe
S | Rough Rutile <
concentrate i
middling IT 2" STAGE
SPIRALS

Figure 1. Flow chart of gravity separation tests.

The rough rutile concentrate entered the shaking tables and then the rutile concentrate
and middling II were produced. The rough zircon concentrate was fed into the shaking
tables and then the zircon concentrate and middling III were produced. The tailing I was
fed into the shaking tables and then the middling IV and final tailing were produced. The
final tailing was directly discharged as solid waste. The shaking tables were carried out



Minerals 2024, 14, 68

4of 14

under these conditions: dimensions of 1100 mm x 500 mm, speed set at 350 rpm, deck
inclination at 2°, and a stroke length of 10 mm.

2.3. Analytical Techniques

Constituents of the ore and contents of major elements tested by XRF analyses and
chemical multi-element analyses, respectively. Phases of minerals were analyzed by using
an X-ray diffraction analyzer (D/MAX 2200, Rigaku, Japan) with a voltage of 40 kV, a
tube current of 40 mA, a swept surface range of 10°-90° and a swept surface speed of
5°/min. Mineral surface morphology and elemental contents were detected by using an
XA-8230 Electron Probe Microanalyzer (EPMA). The probe currents were set to the range
of 250 nm-500 nm and the accelerating voltage was fixed at 20 kV.

3. Results and Discussion
3.1. Mineralogical Characterization
3.1.1. XRD Analyses

Figure 2 shows the XRD result of the raw sample. It is observed that the valuable metal
minerals mainly included rutile and zircon and the gangue mineral was mainly quartz.
The intensity of diffraction peaks was low, indicating that the minerals have poor crystal
structure, which confirmed that it was an altered coastal placer.
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Figure 2. XRD pattern of the raw sample.

3.1.2. EPMA-EDS Analyses

To investigate the mineral composition and distribution in the raw sample, EPMA
analyses were carried out and the results are shown in Figure 3. From Figure 3a and the
corresponding mapping, it is observed that signals of titanium, oxygen and even iron
elements in particles which are located at points 1, 2, 5 and 8 completely coincided.
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Figure 3. EPMA-EDS and mapping analyses results of the raw sample, (a) EPMA-EDS image, (b) an

enlarged view of (a).
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According to the EDS analyses results in Table 3, the particles at position 1, 2 and 5
were iron-containing rutile with an average iron content of 1.69%, while the particle at
position 8 was rutile almost without iron. These results indicate that these particles were
titanium oxide or iron-containing titanium oxide minerals. The signals of titanium, iron
and oxygen elements in the particle which is located at point 7 completely coincided, which
indicated that the particles at this position were ilmenite. The EDS analyses results in
Table 3 further agreed with this deduction. The signals of zirconium, silicon and oxygen
elements in particles 6 and 9 completely coincided, demonstrating that the particles were
zircon. According to the results of EDS analyses in Table 3, it is known that particles which
are located at points 3 and 4 were aluminosilicate minerals.

Table 3. EDS analyses results of the raw sample in Figure 3a (Weight %).

Point (0) Mg Al Si Ti Mn Fe Zr
1 36.97 - 0.29 - 61.55 - 1.19 -
2 35.78 - 0.87 - 60.91 - 1.46 -
3 44.73 1.49 28.48 13.44 0.33 - 11.52 -
4 48.13 3.01 18.93 18.13 0.28 - 9.46 -
5 35.10 - - - 61.80 - 243 -
6 32.30 - - 15.70 - - - 52.00
7 33.04 - - - 38.05 2.18 26.73 -
8 30.72 - - - 69.28 - - -
9 31.26 - - 15.62 - - 53.12

Figure 3b is an enlarged view of Figure 3a and the corresponding EDS analyses
results are shown in Table 4. The results further confirmed that the raw ore sample was
composed of iron-bearing rutile (points 5 and 6), zirconite (point 2), ilmenite (point 3) and
magnesium-—aluminum spinel (point 1) and quartz (point 4).

Table 4. EDS analyses results of the raw sample in Figure 3b (Weight %).

Point (0] Mg Al Si Ti Mn Fe Zr
1 40.87 17.19 39.92 - - - 2.02 -
2 32.32 - - 15.46 - - - 52.22
3 30.55 - - - 39.39 1.65 28.41 -
4 50.78 - - 49.22 - - - -
5 37.78 - - - 64.47 - 0.75 -
6 31.38 - - - 66.21 - 241 -

Considering the results of EPMA-EDS and mapping analyses, it was concluded that
the rutile or zircon in the raw ore samples had a good degree of liberation.

3.1.3. Size Distribution

To determine the distribution of titanium and zirconium in different grain sizes of
the raw sample, particle size analyses were carried out, as shown in Table 5. Titanium
dioxide was mainly enriched in the particle size of —0.15 mm and the distributions reached
95.17%. And zirconium dioxide was mainly enriched in the particle size of —0.106 mm
and the distribution reached 86.72%. It was further found that TiO, was more evenly
distributed in the fractions of —0.15~+0.106 mm, —0.106~+0.074 mm and —0.074 mm,
and the distribution of —0.074 mm TiO, was 32.08%. ZrO, was mainly distributed in the
fractions of —0.106~+0.074 mm and —0.074 mm, and the distribution of ZrO, in —0.074 mm
was as high as 52.25%. It is obvious to observe that the valuable metal minerals were
mainly distributed in fine particles and the proportion of rutile and zircon was similar,
which undoubtedly increased the difficulty for recovering fine-grained valuable minerals.
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Table 5. Results of particle size analyses.

Particle Size/ Grade/% Distribution/%
article Size/mm Yield/%

teldi TiO, 710, TiO, 710,

+0.25 1.63 2.29 0.46 0.11 0.11
—0.25~+0.18 3.22 11.30 0.99 1.08 0.45
—0.18~+0.15 5.84 21.07 1.15 3.64 0.95
—0.15~+0.106 33.96 26.98 1.90 27.11 11.77
—0.106~+0.074 30.15 40.31 6.55 35.97 34.47
—0.074 25.19 43.03 13.55 32.08 52.25
Feeding 100.00 33.78 6.15 100.00 100.00

3.2. Spiral Chute Tests
3.2.1. First-Stage Spiral Chute

Spiral chutes have been an extensive application in the treatment of heavy mineral
sand deposits and even fine coal in recent years [23-25]. Ports for the separation of the
higher specific-gravity particles are located at the lowest points in the cross section. The
zone width of products which were removed at the port is controlled by adjustable splitters.
Therefore, width of discharge port was especially investigated for the spiral chute, as
shown in Figure 4. From Figure 4, it is observed that distribution zones of four products
including rough zircon concentrate (A), rough rutile product (B), gangue (C) and slime (D)
appeared. Factually, spiral chutes usually contain three discharge ports. So, gangue and
slime were merged as tailing I. The formation of mineral zones are broadly divided into
three stages. In the first stage, the heavy minerals gradually turn into the bottom layer, and
the light minerals enter the upper layer when the mineral particles group moves along the
bottom of the spiral chute. This stage will be basically completed after the first circle of
spiral chute. In the second stage, both the light and heavy minerals are zoned along the
lateral direction. The bottom-heavy minerals with small centrifugal acceleration move to
the inner edge, and the upper light minerals move to the outer area of the middle, and
the slime which is suspended in the water is thrown to the outermost ring. This stage
lasts approximately until the last circle of the spiral chute. And the mineral particles with
different specific gravity and particle size need different distances to reach a stable state
of motion. In the third stage, the movement reaches a balance. The mineral particles
with different properties move along their own semi-rotational motion to complete the
separation process [26]. Consequently, the adjustable splitters are placed at the lowest point
of the spiral chute, creating three discharge ports. The widths of the discharge ports for
concentrate and middling and the results are shown in Table 6.

From Table 6, it is known that ZrO, grade in the rough zircon concentrate reached
33.62% with a recovery of 37.48%, while TiO, grade in the rough rutile product reached
40.50% with a recovery of 86.55% when the adjustable splitters were fixed at position I.
When the splitters were adjusted to position II, recoveries of ZrO, in the rough zircon con-
centrate and TiO, in the rough rutile product increased to 62.43% and decreased to 72.16%,
respectively, although ZrO; grade in the rough zircon concentrate slightly fluctuated and
TiO, grade in the rough rutile product increased. With further adjusting the splitters to
position III, ZrO, recovery in the rough zircon concentrate increased to 78.79%, whereas the
grade decreased to 26.14%, which signified that the separation of zircon in the subsequent
steps will be under a large pressure. Meanwhile, TiO, grade in the rough rutile product
had little changes, but TiO, recovery decreased to 64.30%, which demonstrates that it was
disadvantageous for the effective recovery of rutile. Therefore, the adjustable splitters were
fixed as position Il as the best testing position.
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Figure 4. First-stage spiral chute distribution zones of products, A—rough zircon concentrate,
B—rough rutile product, C—gangue, D—slime.

Table 6. Experimental results of the first-stage spiral chute.

Adjustable Splitter Products  Yield/% Grade/% Recovery/%
Position TiO, ZrO, TiO, ZrO,
Position I A 6.50 24.04 33.62 475 37.48

width of discharge ' B 70.25 40.50 2.55 86.55 30.77

port (5 cm; 9.5 cm) Tallu}g I 23.25 12.30 7.96 8.70 31.74

! Feeding 100.00 32.88 5.82 100.00 100.00

Position II A 10.74 27.13 33.18 8.72 62.43
width of discharge . B 55.40 43.52 3.71 72.16 36.04
port (7.2 cm; 4.5 cm) Tailing I 33.86 18.86 0.26 19.11 1.52

’ Feeding 100.00 33.56 5.72 100.00 100.00

Position IIT A 16.68 36.13 26.14 17.98 78.79
width of discharge . B 49.26 43.76 224 64.30 19.96
port (8.7 cm; 3.5 cm) Tailing I 34.06 17.45 0.20 17.73 1.25

’ Feeding 100.00 33.53 5.54 100.00 100.00

3.2.2. Second-Stage Spiral Chute

According to Section 3.2.1, yield of the rough rutile product reached 55.40%, suggesting
that large amounts of rutile entered the middling in the first-stage spiral chute. So, the
second-stage spiral chute was continuously used to treat the rough rutile product. The
width of discharge port was also studied, as shown in Figure 5. From the figure, it is
observed that distribution zones of three products including rough rutile concentrate
(E), gangue (F) and slime (G) appeared. To focus on the effects of discharge port on the
indexes of rough rutile concentrate, gangue (F) and slime (G) were merged as middling I.
Consequently, the adjustable splitters are placed at the lowest point of the spiral chute,
creating two discharge ports. The widths of the discharge ports and the second-stage spiral
chutes testing results are shown in Table 7.

From Table 7, it is seen that TiO; grade in the rough rutile concentrate reached 51.12%
with a recovery of 77.82% when the adjustable splitters were fixed as position I. When the
splitters were adjusted to position II, TiO, grade in the rough rutile concentrate increased
to 56.77%, but the recovery of TiO, decreased to 63.35%. The higher the TiO, grade in
the rough rutile concentrate was, the more favorable for the subsequent separation and
purification. On the other hand, TiO, grade in the Middling I was closed to the feeding of
the raw sample, that is, the Middling I can be returned to the feeding, forming a closed-
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circuit system to increase the TiO, recovery. Therefore, the adjustable splitters were fixed
as position II as the best testing position.

Figure 5. Second-stage spiral chute distribution zones of products, E—rough rutile concentrate,
F—gangue, G—slime.

Table 7. Experimental results of the second-stage spiral chute.

. . Grade/% Recovery/%
Ad]ustab} e Splitter Products Yield/% ; ;
Position TiO, ZrO, TiO, ZrO,
Position I E 67.91 51.12 4.53 77.82 84.01
width of discharge Middling I 32.09 27.92 1.65 22.18 15.99
port (7.5 cm) Feeding 100.00 43.68 3.54 100.00 100.00
Position IT E 47.64 56.77 4.64 63.65 63.23
width of discharge Middling I 52.36 31.30 2.46 34.45 36.77
port (5 cm) Feeding 100.00 43.43 3.50 100.00 100.00

3.3. Shaking Table Tests
3.3.1. Tests for the Rough Zircon Concentrate

To further increase grade of the rough zircon concentrate, shaking table tests were
performed in the laboratory and the results are shown in Table 8. From the table, it is seen
that a mixed concentrate containing 42.65% ZrO, was obtained and the recovery of ZrO,
reached 60.17%, indicating that the grade of ZrO; in the rough zircon concentrate could
be increased by further gravity separation. However, the losing recovery of ZrO, in the
tailing (Middling III) reached 39.83%, which may be accounted by the fact that considerable
amounts of zircon have small size in the sample. Their own gravity of the fine particles
could not overcome other forces which were offered by viscous fluid and mechanical
vibration [27], resulting in the zircon entering the tailing. It was proposed that some special
gravity separators such as grooving shaking table [28], rotary cone separator [29] and
centrifugal machine [30] were adopted in the subsequent tests. Whatever equipment was
used, the Middling III could be returned to the feeding of the second-stage spiral chute to
further recover rutile and zircon.
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Table 8. Results of shaking table separation tests of the rough zircon concentrate.
Grade/% Recovery/%

Product Yield/%

roques e TiO, 7x0, TiO, 7x0,

Concentrate 1 13.91 5.76 40.47 2.96 17.04

Concentrate 2 32.69 14.02 43.58 16.89 43.13

Mixed concentrate 46.60 11.55 42.65 19.85 60.17

Tailing (Middling III) 53.40 40.72 24.64 80.15 39.83

Feeding 100.00 27.13 33.03 100.00 100.00

3.3.2. Tests for the Rough Rutile Concentrate

To further improve grade of the rough rutile concentrate obtained in Section 3.2.2,
shaking table tests were carried out and the results were shown in Table 9. From the table,
it is known that a rutile concentrate containing 53.76% TiO, was obtained with a TiO,
recovery of 66.80% when the TiO; grade in the feeding was 51.50%. When the TiO, grade in
the feeding increased to 56.06%, a rutile concentrate containing 61.75% TiO, was obtained
with a TiO, recovery of 63.65%. These results indicated that the higher the TiO, grade
in the feeding was, the better quality of concentrate was obtained. The reason is that the
concentrate zone becomes wider on the surface of the shaking table when the feeding grade
increases, while the tailings zone moves to the edge of the shaking table, thus increasing the
concentrate grade [31]. Thus, the amounts of other minerals entering the following drying
and electric separation will be reduced, resulting in an excellent separation performance
and saving energy. These results further supported the conclusions obtained in Section 3.2.2.
In addition, the TiO, grade in the tailing (Middling II) was 48.27%, that is, the tailing can
be returned the feeding of second-stage spiral chute to further recover rutile.

Table 9. Results of shaking table separation tests of the rough rutile concentrate.

Grade/% Recovery/%

Product Yield/%
roducts teldiv TiO, 710, TiO, 710,
Concentrate 58.65 53.76 6.99 66.80 83.28
Tailing (Middling II) 41.35 46.20 1.99 33.20 16.72
Feeding 100.00 51.50 4.92 100.00 100.00
Concentrate 57.78 61.75 7.01 63.65 81.75
Tailing (Middling II) 42.22 48.27 2.14 34.35 18.25
Feeding 100.00 56.06 4.95 100.00 100.00

3.3.3. Tests for the Tailing I

To further improve the recovery of TiO,, shaking table tests were tried to treat the
tailing I which was obtained in the first-stage spiral chute (Section 3.2.1). The results are
shown in Table 10. From Table 10, a rutile product (Middling IV) assaying 57.50% TiO, was
obtained with a recovery of 89.22%, that is, the product can be returned to the feeding of
the shaking table for the rough rutile concentrate. On the other hand, the tailing containing
3.29% TiO; and 0.07% ZrO, was directly discarded in the final tailing.

Table 10. Results of shaking table separation tests of the tailing I.

Grade/% Recovery/%
Product Yield/%
rocucts 1 TiO, 710, TiO, 710,
Concentrate (Middling IV) 28.72 57.50 0.72 89.22 80.56
Tailing 71.28 3.29 0.07 12.43 19.44

Feeding 100.00 18.86 0.26 100.00 100.00
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3.4. Products Phase Analyses

To further ascertain the mineral composition of each product obtained by the shaking
tables, XRD analyses were carried out and the results are shown in Figure 6. From (a), the
signals of zircon diffraction peaks were significantly obvious although few of signals of
rutile diffraction peaks also appeared. This further agreed with the results obtained in
Table 8. From (b), it is seen that the rutile concentrate was composed of rutile (mainly) and
zircon. On the other hand, signals of the diffraction peaks seemed to be weak. These results
further confirmed that the raw sample was classified as an altered placer. From (c), it is
known that the Middling IV was mainly composed of quartz and rutile. It was interesting
that the peak intensity of quartz was higher than that of rutile. This may be accounted by
the fact that the rutile was an altered product of the ilmenite in the beach placer, resulting
in a bad crystal structure. From (d), it is found that the tailing was mainly composed of
quartz, indicating that the shaking table could achieve an excellent removal of gangue.
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Figure 6. XRD pattern of the (a) zircon concentrate; (b) rutile concentrate; (¢) middling IV; (d) Tailing.

3.5. Recommend Closed-Circuit Process

According to the above results, a closed-circuit beneficiation process which was mainly
composed of spiral chutes and shaking tables was proposed to treat the complex rutile ore
in the subsequent industrial production, as shown in Figure 7. The object was to increase
the grade of ZrO, and TiO, in their respective concentrate as high as possible, which was
beneficial for the following drying and electric separation and finally for achieving saving
energy and cost reduction. In addition, the intermediate product was returned to the
previous level separation operation which had approximate content of TiO;, or ZrO, to
from a closed cycle, resulting in an increase in the final recoveries of ZrO; and TiO;. It was
believed that the complex rutile ore will be comprehensively and effectively utilized by the
gravity separation.
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Figure 7. Recommend closed-circuit process.

4. Conclusions

This paper investigated the mineralogy and gravity separation tests of the complex
rutile ore. The important conclusions were drawn as follows:

(1) The raw sample assaying TiO,: 33.78% and ZrO;: 4.62% presented a high recovery
value. The main components included rutile, iron-bearing rutile, zircon, ilmenite, quartz
and Mg-Al spinel. The content of iron in most of rutile particles varied from 0% to 2.5%,
which confirmed that the sample had a relatively complete alteration. The rutile and zircon
in the raw sample presented a good liberation, which was advantageous for the subsequent
separation and purification. TiO, was mainly enriched in the particle size of —0.15 mm
and the distributions reached 95.17%. And zirconium dioxide was mainly enriched in
the particle size of —0.106 mm and the distribution reached 86.72%. The distribution of
TiO, and ZrO; in the particle size of —0.074 mm reached 32.08% and 52.25%, respectively,
indicating that the valuable metal minerals were mainly distributed in fine particles.

(2) Two stages of spiral chute separation were firstly carried out to treat the complex
rutile ore. It was found that the zone width of products which were removed at the port
obviously affected the separation performance. After the first-stage spiral chute, ZrO,
and TiO, grade in their products increased from 5.72% to 33.18% and from 33.56% to
43.52%, respectively. After the second-stage spiral chute, TiO, grade in the product further
increased to 56.77%;

(3) Shaking table tests were performed to improve the grade and recovery of ZrO,
and TiO; in the products obtained by spiral chutes. After their respective tests, ZrO, grade
in the zirconium concentrate and TiO, grade in the rutile concentrate increased to 42.65%
and 61.75%, respectively. For the tailing of the first-stage spiral chute, a rutile product
assaying 57.50% TiO, was obtained with a recovery of 89.22% after the shaking table and the
tailing was directly discarded as the final tailing. The XRD results of the products further
illustrated that the mineral composition of each product obtained by the shaking tables and
even revealed that the zircon, rutile and gangue were distributed from the inside to the
outside on the bed of spiral chute and shaking table. Finally, a closed-circuit beneficiation
process was proposed to treat the complex rutile ore for achieving comprehensive and
effective utilization.
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