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Abstract: As the residual flaky graphite ores become miscellaneous and fine, a single treatment
technique for the middlings from the flotation process of graphite ore cannot efficiently recover the
valuable graphite in the multistage grinding-flotation technology. In the study, the existence form
of graphite and relationship of graphite with the associated gangue minerals were estimated by
optical microscope analysis. The results indicated that the fine flaky graphite particles embedded
with gangue minerals like a honeycomb, making it difficult to be beneficiated using the typical
flotation technique. A combination technique of individual process and concentrated returning
for the treatment of middlings was used to increase the graphite recovery based on the co-existing
relationship between graphite and gangue minerals in the middlings. The graphite recovery of
the final concentrate upgraded from 51.81% to 91.14% at a fixed carbon (FC) content of 92.01% by
a beneficiation process consisted of once coarse (94.41% passing 74 um) and rougher, five stages
regrinding and six stages cleaning. The proposed treatment technique for middlings is of great
significance to increase the recovery of fine flaky graphite.
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1. Introduction

Graphite is one of the three forms of naturally found crystalline carbon [1]. In general, natural
graphite was classified as flaky, lump and amorphous graphites according to the difference of crystalline
morphology [2—4]. Graphite, considered to be one of the most important non-metallic minerals,
is widely applied in foundry facings, refractories, lubricants, pencils, batteries, brake linings, bearings,
conductive coatings and crucibles due to its unique physical and chemical properties [5].

Flaky graphite can be easily purified by flotation due to its high natural hydrophobicity [6,7].
Generally, the flaky graphite ore was purified via multi-stage grinding-flotation (as shown in Figure 1a)
to prevent the graphite flakes from being destroyed during the following regrinding, and a large
amount of middling was naturally produced in the process [8-10]. In the typical technique for
graphite beneficiation, the treatment techniques for the graphite middlings contain concentrated
returning (Figure 1b), returning step-by-step (Figure 1c), individual process (Figure 1d), etc. [11,12].
Concentrated middlings returning can simplify the flowsheet, but resulting in an adverse effect
on the flotation when the amount of middling is large or great differences exist in the property
of middlings [13]. Returning middlings step-by-step is adapted to enhance the recovery of the
graphite ore with poor floatability [14]. It can dramatically reduce the amount of returning middlings,

Minerals 2017, 7, 208; d0i:10.3390/min7110208 www.mdpi.com/journal/minerals


http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0001-5585-8045
http://dx.doi.org/10.3390/min7110208
http://www.mdpi.com/journal/minerals

Minerals 2017, 7, 208 20f 13

extra supplementary water, and the loads of concentration, rougher and scavenger, which benefits to
the increase of the graphite recovery. However, when more mineral combinations exist in the middlings
or the pulp concentration is high, the technique of returning middlings step-by-step can easily lead to a
decline of the fixed carbon (FC) of the final concentrate [6]. Individual process of middling is to merge
all or part of the middlings and process individually. The merged middlings can directly discard,
directly refloat or individually regrinding and refloat according to their different properties [15].
The advantage of individual process is that it can reduce the amount of the circulating middlings,
relieve the loads of rougher and scavenger, benefit to lower the FC content of tailing and improve the
recovery. It is appropriate for the ore with graphite intercalated in the aperture of gangue minerals or
wrapped by gangue minerals [16]. Specifically, the residual graphite ores present the characteristics
of poor, miscellaneous and fine due to the excessive consumption [17]. The above methods for the
treatment of middlings cannot efficiently recover the fine flaky graphite in the residual graphite ores
individually, and the combined multiple treatment of middlings would be a potential method.
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Figure 1. (a) Typical multi-stage grinding-flotation technique for the flotation of graphite;

(b) concentrated returning; (c) returning step-by-step; and (d) individual process techniques for the
treatment of graphite middlings.

In this work, X-ray powder diffraction (XRD), X-ray fluorescence (XRF) and optical microscope
were used to analyze the composition, flake size of graphite and symbiotic way of the graphite and
gangue minerals. The optimum experimental parameters of rougher flotation were determined by a
series of single-factor experiments. And a combined multiple treatments for the middlings was first
proposed to increase the recovery of the fine flaky graphite based on the relationship of graphite with
the associated gangue minerals.



Minerals 2017, 7, 208 30f13

2. Materials and Methods

2.1. Materials

200 kg of the fine flaky graphite ore, taken from Nanjiang in Sichuan province (China), was crushed
by double toggle jaw crusher (PE400 x 250) to less than 2 mm. Then, some representative samples
were obtained to study mineralogical and chemical compositions, and the other samples were used for
flotation tests.

The X-ray fluorescence (XRF) analysis for the raw ore is given in Table 1, showing that the main
compositions are 5i0;, Al,O3, TFe; O3, CaO, K;O, MgO, SOz and NayO. In addition, the raw ore was
analyzed 25.95% FC content.

Table 1. Chemical compositions analysis of the raw ore (wt %).

Composition SiO, Al,O3 TFe03 MgO CaO Na,O K>,O
Content, % 47.85 8.17 4.84 2.26 2.59 1.87 2.46

Composition TiO, P>0s5 MnO H,O SO; loss FC
Content, % 0.54 0.28 0.034 0.13 204 2843 2595

Figure 2 shows the XRD pattern of the raw ore, and the contents of the gangue minerals are
summarized in Table 2. It can be seen that the main gangue minerals associated in the graphite ore are
feldspar, quartz, mica, tremolite, chlorite and phosphorite.

G-graphite, Q-quartz, M-mica, Ch-chlorite
T-tremolite, Kf-potassium feldspar
O-soda feldspar, A-phosphorite
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Figure 2. XRD pattern of the raw ore.

Table 2. Mineral compositions of the raw ore (wt %).

Species Feldspar Graphite Quartz Mica  Tremolite  Chlorite = Phosphorite Others
Content % 28 25 25 10 6 2 2 3

The morphology of the raw ore was observed, and the images are shown in Figure 3. It can be
seen from Figure 3a that the graphite is directional distribution and the graphite stripe presents to
be puckered. The part of graphite could be easily dissociated from the gangue minerals via crushing
and multistage grinding. Moreover, Figure 3b shows that the other part of graphite is embedded with
gangue minerals like a honeycomb, and the fine intertexture of graphite and gangue minerals makes
full individual liberation via mechanical method very difficult, which also leads to a reduction of the
FC content and recovery of the final graphite concentrate.
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(b)

Figure 3. Polarizing microscope images of the raw ore: (a) directional distribution of graphite stripe;
(b) fine intertexture of graphite and gangue minerals (the black is graphite, and the others are
gangue minerals).

2.2. Methods

Chemical compositions of the raw ore were determined via a X-ray fluorescence Spectrometer
(AXIOS, PANalytical. B.V, Almelo, The Netherlands). Compositions of the raw ore were identified
using an advance X-ray diffractometer (D8, Bruker, Karlsruhe, Germany) with Cu K« radiation
(k = 1.5406 nm) at 40 kV and 100 mA. The morphology of the raw ore was observed using optical
microscope (A2 pol, Leica, Wetzlar, Germany). More than ten blocks of rough crushed ore were chosen
randomly to prepare polished sections and thin sections for the study, and the direction of cutting
sections for the samples are typically highly anisotropic. The merged middlings mixture was washed
with ethyl alcohol and sandwiched into a pair of micro slide prior to observe its morphology. The FC
content (wt %) was analyzed based on the Chinese standard method (GB/T3521-2008).

The raw ore was divided into 250 g each for flotation tests. Before flotation, the sample was first
rough grinded in XMQ-67®$240x90 conical ball mill to the desired fineness. Bench-scale laboratory
flotation tests were carried out in a XFD Il mechanically agitated flotation machine with a 1.0 L cell at an
impeller speed of 1400 rpm, and the flotation time was 5 min over the whole process. The regrinding
was performed in XMQ-67$150x50 conical ball mill. Kerosene and terpenic oil purchased from
Kermel Chemical Reagent Co. (Tianjin, China) were used as collector and frother, respectively, and the
pH value of the pulp in rougher flotation was adjusted by lime obtained from Tianjin Dingshengxin
Chemical Industry Co., Ltd. (Tianjin, China).

3. Results and Discussion

3.1. Experimental Parameters of Rougher Flotation

The rougher flotation tests of the raw ore were conducted as shown in Figure 4. Lime, kerosene
and terpenic oil were added into the pulp one by one with an interval time of 3 min.
The experimental parameters, such as grinding fineness of the raw ore, pulp pH, dosage of
kerosene and terpenic oil were considered, and the relevant results are shown in Figure 5.

Raw ore

Fineness
pH 3
Kerosene 3
Terpenic oil 3
Roughing
\ Y
Concentrate Tailing

Figure 4. Flow chart of rougher flotation for experimental parameters.
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Figure 5. (a) Experimental parameters of rougher flotation tests; (b) grinding fineness of the raw ore;
(c) pulp pH, and dosage of kerosene; and (d) terpenic oil.

Grinding fineness greatly contributed to the individual liberation of the valuable mineral and
gangue minerals, and then directly influenced the quality and recovery of the final concentrate [2,18].
Figure 5a shows that the FC content and recovery of the rougher concentrate increased with the content
of particles passing 74 um of the raw ore. When the —74 um content of the raw ore reached 94.41%,
the FC content and recovery of the rougher concentrate were 47.92% and 83.72%, respectively.
Further increase the —74 pm content of the raw ore will surely consume more energy and reagent [19].
Therefore, the optimum grinding fineness of the raw ore was 94.41% passing 74 um and applied for
further flotation tests.

Pulp pH, considered to be one of the most important parameters of flotation, could directly affect
the surface property of the mineral in the flotation system [14]. The effect of pulp pH on the FC content
and recovery of the rougher concentrate are shown in Figure 5b. It can be seen from Figure 5b that the
FC content of the rougher concentrate increased with the pulp pH, while the recovery first increased,
and then decreased with further increasing the pulp pH. A maximum recovery (85.34%) was obtained
at the pulp pH 8.0, which is in accordance with the precious report [20]. Therefore, it is appropriate to
take pulp pH as 8.0 for continuing tests.

Although graphite holds high natural hydrophobicity, collector was also used to enhance the
recovery in the flotation processing [14]. Figure 5c illustrates that the FC content of the rougher
concentrate decreased from 50.44% to 46.16% with the dosage of kerosene increasing from 350 g/ton
to 800 g/ton, while the recovery first increased and then reduced with the kerosene dosage. It may
be due to that high concentration of kerosene lead to the selectively of the collector becomes poor.
The maximum recovery (85.92%) was achieved when the dosage of kerosene was 650 g/ton. Hence,
650 g/ton kerosene concentration was chosen as suitable for further tests.

The dosage of terpenic oil also affected the FC content and recovery of the rougher concentrate,
and results are shown in Figure 5d. The FC content and recovery of the rougher concentrate both
first increased with the dosage of terpenic oil, and then decreased. Under the dosage of terpenic oil
was 80 g/ton, the FC content (48.67%) and recovery (86.32%) of the rougher concentrate reached the
maximum values. It is suggested that the terpenic oil concentration should be 80 g/ton for further
flotation tests.
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3.2. Open Circuit Test

Based on the results of experimental parameters tests, an open circuit test of the raw ore was
performed (as shown in Figure 6), and the pulp density and forth height of each flotation operation
are summarized in Table 3. The results of the open circuit are shown in Table 4. As shown in Table 4,
the raw ore via once coarse grinding and rougher flotation, and then the rougher concentrate re-grinded
five times and refloated six times, the FC content and recovery of the final concentrate achieved to be
94.23% and 51.81%, respectively. The FC content of the final concentrate had a significant upgrade,
while the recovery should be further enhanced.

Raw ore

Fineness -74um 94.41%
pH 8.0
Kerosene 650g/ton
Terpenic oil 80g/ton
‘ Roughing
Fineness
-45um 94.93% Kerosene 340g/ton
Terpenic oil 80g/ton
Cleaning | Scavenging
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-45um 93.76% Y v Y
Kerosene 340g/ton 2 Ml T
Terpenic oil 80g/ton
Cleaning Il
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-45um 92.49% )
M3

Cleaning 11

Fineness
-451m 90.87% \
Kerosene 180g/ton M4
Terpenic oil 60g/ton

Cleaning [V
Fineness
-45um 89.65% \
Kerosene 70g/ton M5
Terpenic oil 50g/ton
Cleaning V
|
Cleaning VI M6

O
=

Figure 6. Flow chart of open circuit test.

Table 3. Pulp density and forth height of each flotation operation in open circuit.

Flotation Parameters Roughing CleanningI CleanningII Cleanning III Cleanning IV Cleanning V.  Cleanning VI  Scavenging

Pulp density (wt %) 20 10.55 6.89 541 4.52 4.06 3.70 11.67
Forth height (mm) 19 24 26 26 25 26 25 13
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Table 4. Result of open circuit test.

Products Yield % FC % Recovery %

Concentrate 14.18 94.23 51.81
M1 12.11 24.14 11.45
M2 17.54 13.15 9.03
M3 6.75 19.08 5.04
M4 3.95 45.23 7.00
M5 2.00 50.77 3.97
M6 1.56 63.11 3.86
M7 1.18 79.72 3.67
T 40.73 2.45 391

Raw ore 100.00 25.54 100.00

3.3. Closed-Circuit Test

A closed-circuit test was conducted according to the above open-circuit test. The middlings were
returned one by one as shown in Figure 7, and the results were summarized in Table 5. It can be seen
that the FC content of the final concentrate decreased from 94.23% to 89.77% with the FC recovery
increased from 51.81% to 79.48%. Moreover, the FC content of tailing reached 6.87%, and approximately
20.52% of the fine graphite was discarded. It may be due to that the fine intertexture of graphite and
gangue minerals in the middlings cannot be well liberated with the used technological process.
The fine intertexture was accumulated to tailing due to its poor floatability, and resulting in a great
loss of graphite. Therefore, a suitable approach must be adopted to recover the fine graphite in the
middlings as much as possible.

Raw ore

Fineness ' 74um 94.41%

Roughing

Cleaning [ Scavenging

M2 M1

Cleaning II
M3

Cleaning 11

W)
Cleaning IV
l g

Cleaning V M6

Cleaning VI ;M7

C

M4

Figure 7. Flow chart of closed-circuit test.

Table 5. Result of closed-circuit test.

Products Yield % FC % Recovery %
Concentrate 22.87 89.77 79.48
T 77.13 6.87 20.52

Raw ore 100.00 25.83 100.00
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3.4. Middling Treatment Test

It can be seen from Table 4 that the total yield of M(1~4) reached up to be 40.35%, and
the FC content of the merged M(1~4) mixture was 20.58%, less than that of the raw ore.
Therefore, directly returning the merged M(1~4) mixture to the coarse grinding could not only increase
the load of coarse grinding and rougher flotation, but also reduce the FC content of the feed ore
of the rougher, resulting in a significant reduction of the FC content of the rougher concentrate.
Therefore, an appropriate method must be adopted to deal with the middlings in order to increase the
recovery of the fine flaky graphite.

Optical microscope was adopted to observe the merged M(1~4) mixture, and the obtained
polarizing microscope images are shown in Figure 8. It can be observed from Figure 8 that the particle
size of the merged M(1~4) mixture was very fine, and most particles were less than 30 um. In addition,
the residual graphite was wrapped by the gangue minerals, and most of the remained graphite
particles were larger than that of the gangue minerals. Therefore, regrinding must be performed to
make a further monomer liberation of the graphite and gangue minerals, and to efficiently recover the
residual graphite.

&go

Figure 8. Polarizing microscope images of the merged M(1~4) mixture (the black is graphite, and the
others are gangue minerals).

Hence, the merged M(1~4) mixture was proposed to first regrinding and then scavenging
(as shown in Figure 9), and the results are shown in Table 6. When the merged M(1~4) mixture was
regrinded to 94.02% passing 45 um, the FC content of M8 upgraded to be 57.36% with 31.64% recovery.
The FC content of M8 was approximately 10% greater than that of the rougher concentrate, and less
than that of the concentrate of the first cleaning. Therefore, directly returning M8 to the first regrinding
could not only increase the FC content of the feed ore and the recovery of the final concentrate, but also
make a further liberation of M8. Moreover, the FC content and losses of graphite of T2 were 3.98%
and 4.35%, respectively, which could be directly discarded with T1.
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Figure 9. Flow chart of the treatment of middling (1~4) with low FC content.

Table 6. Results of the treatment of middling (1~4) with low FC content.

Product Yield/% FC/% Recovery/%
Concentrate 17.86 86.52 60.36
M8 14.12 57.36 31.64
T1 40.05 2.34 3.66
T2 27.97 3.98 4.35
Raw ore 100.00 25.60 100.00

Moreover, Table 4 also shows that the total yield of M(5~7) was 4.74%, and the FC content of the
merged M(5~7) mixture was closed to that of the first cleaning concentrate. Furthermore, the polarizing
microscope images of the merged M(5~7) mixture showed that there were many unsegregated gangue
minerals adhered to the margin of graphite particles. For those reason, the merged M(5~7) mixture
was considered to directly return to the second regrinding to obtain a further liberation before the
third cleaning.

According to the morphology analysis and grinding-flotation test, a combined multiple treatment
of middlings was proposed, consisting of the merged low FC content middlings (M1~4) via once
regrinding-scavenging and the concentrate of scavenging (M8) directly return to the first regrinding,
the middle FC content middlings (M5~7) return concentratedly to the second regrinding.

3.5. The Proposed Closed-Circuit Test

On the basis of the open-circuit test and proposed combined multiple treatment of middlings,
1.5 kg of the raw ore was used to perform the proposed closed-circuit test as shown in Figure 10,
and the pulp density and forth height of each flotation operation are list in Table 7. The results
of the proposed closed-circuit are shown in Table 8. The FC content of the final concentrate (C)
was 92.01%, decreased a little, which may be attributed to the under-liberated interlocked graphite
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ore or the entrainment of superfine gangue minerals. Specifically,
increased from 14.18% to 25.71%, and the recovery drastically incr
the combination technique of individual processing and concentrated returning for the treatment
of middlings had a significant improvement in the recovery of the fine flaky graphite ore via the
multi-stage grinding-flotation technique.

the yield of the final concentrate
eased to 91.14%. It indicated that
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M6y
Cleaning VI
L M7

Figure 10. Flow chart of the close circuit test.
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Table 7. Pulp density and forth height of each flotation operation in the proposed closed-circuit.
Flotation Parameters Roughing  CleanningI Cleanning I Cleanning II'  Cleanning IV~ Cleanning V. Cleanning VI  ScavengingI  Scavenging II
Pulp density (wt %) 20 17.54 11.90 10.18 9.15 7.70 6.57 12.27 11.47
Forth height (mm) 19 26 29 31 29 30 28 14 18
Table 8. Results of the closed-circuit test.
Product Yield % FC % Recovery %
Concentrate 25.71 92.01 91.14
T1 40.05 2.26 3.49
T2 34.24 4.07 5.37
Raw ore 100.00 25.95 100.00
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4. Conclusions

In the work, a suitable strategy for the treatment of middlings was applied to enhance the recovery
of the fine flaky graphite ore. The raw ore via once coarse grinding and roughing, and then the rougher
concentrate regrinded five times and refloated six times, the final concentrate with 94.23% FC content
and only 51.81% recovery was achieved. Optical microscope images indicated that most of the residual
graphite particles in the middlings were still wrapped by the gangue minerals. Thus, the low FC
content middlings (M1~4) merged and via once regrinding and scavenging, and the concentrate of
scavenging (M8) directly return to the first regrinding. The middle FC content middlings (M5~7) return
concentratedly to the second regrinding. The graphite recovery of the final concentrate upgraded to
91.14% at a FC content of 92.01%, indicating that the combination technique of individual processing
and concentrated returning for the treatment of middlings could efficiently enhance the recovery of
the fine flaky graphite ore.
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