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Abstract:



As the high value and the scarcity of large-flake graphite ore resources, it is in the best interest to maximize the amount of large flakes and minimize any processing that will reduce flake sizes. In the study, the mineralogy of an African graphite ore was estimated using X-ray diffraction (XRD), X-ray fluorescence (XRF), and optical microscope analyses. The results indicated that it was a heavily weathered large flake graphite ore and the main gangue minerals were quartz and kaolinite. The graphite flakes were thick, bent, and fractured, and some clay minerals were embedded into the graphite interlayer, which made it difficult to prevent the large flakes from being destroyed using mechanical grinding methods. An approach of steel rod coarse grinding and pebble regrinding effectively reduced the destruction of graphite flakes and improved the grinding efficiency. In addition, comparing with the conventional process, a pre-screening process was applied and the content of large flakes in the final concentrate was significantly improved.
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1. Introduction


Graphite is an irreplaceable raw material and a widely used non-metallic material in many industries such as foundry facings, refractories, lubricants, pencils, batteries, brake linings, bearings, conductive coatings, and crucibles due to its unique physical and chemical properties [1,2]. In general, natural graphite is classified as three varieties: crystalline flake, vein, and amorphous, according to the difference of crystalline morphology [3,4,5,6]. Due to the strong floatability of graphite, flotation is the most commonly used method of graphite beneficiation. Among them, crystalline flake graphite has the best floatability, followed by vein graphite; amorphous graphite has the poorest floatability [3,6,7,8,9,10]. Therefore, flake graphite can be easily purified by flotation. However, “run-of-mine” flake graphite is only available in a purity range of 80–98% using froth floatation, to achieve flake above 98%, other methods such as chemical-based and thermal-based methods must be used subsequent to floatation [11,12,13,14].



Flake graphite, as indicated by the name, has a flaky morphology. Most flake graphite is formed in a high-grade (high-temperature and -pressure), metamorphic geologic environment by the heat and pressure metamorphism of dispersed organic material [11,12]. The flake graphite of +150 μm in diameter is defined as large flake graphite, correspondingly, that of −0.150 μm in diameter is considered as fine flake graphite [5,6]. The large flake graphite has more significant industrial value than the small one because of some exclusive properties, such as excellent lubricity and thermal conductivity [11]. For instance, the manufacture of graphite crucible and expanded graphite must use large flake-graphite as the raw material. However, high-quality graphite resources that contain large graphite flakes are becoming increasingly scarce and some flake graphite ores do not contain any large flakes. Furthermore, large-flake graphite can only be produced from natural graphite ores, but cannot be synthesized using modern industrial technology [11,15]. Once the large flakes are destroyed, they cannot be restored.



Generally, the process of large flake graphite ore should be simpler than that of the fine ore because of its superior floatability. However, considering the high value of large graphite flakes, the process is normally more demanding, and the priority is to avoid overgrinding and to maximize flake size [16]. Any mechanical process done to the ore, or the flake, will potentially destroy the flake [12]. Therefore, grinding is considered to be the main contributor to the destruction of large flakes because the graphite flakes of low-hardness are vulnerable to damage [17].



There are two main factors affecting the yield of large-flake graphite in grinding operation. First, the miscellaneous grinding in the process causes unnecessary overgrinding to the liberated graphite flakes; the other factor is the abrasive action of harder gangue minerals, such as quartz and pyroxene, which have sharp angularity to the graphite flakes. Therefore, in conventional flake graphite ore processing, a multistage grinding-flotation process is always used to prevent large flakes from being heavily destroyed [18]. This process can ensure the dissociated impurities from grinding process to be removed out promptly by the subsequent flotation process. As a result, the content of hard gangue minerals in the following grinding process is decreased; consequently, the damage of graphite flakes is diminished.



However, the large-flake amount of the conventional multistage grinding process is not always satisfied because the flakes are still reground throughout the process. Some studies have been conducted to ameliorate the grinding process to avoid overgrinding. Some studies on grinding medium [17,18] indicate that rod milling, in which the grinding is affected by line contact, is more favorable for retaining the flakes than those point-contacted mills, like ball milling [19,20]. In addition, some new grinding processes, such as vibration milling [18] and stirred milling [21], are more efficient at reducing the breakage of graphite flakes than the traditional tumbling milling. With regard to the flotation process, flash flotation [22,23,24] and graded grinding-flotation [25] are the most effective approaches. The flash flotation process, which is widely applied in metal ore processing [26], is a method of fast-flotation using the flotation rate differences between the dissociated monomer and the combination. The floatability of the dissociated graphite monomer is generally better than the combination. Accordingly, this part of graphite is floated in advance and excluded from the following regrinding process. A graded grinding-flotation process separates the qualified large flakes promptly after each flotation process because the larger flakes normally correspond to the higher grade [27]. However, these aforementioned approaches are either reflect a complex process or are of low efficiency. To find a new combination of grinding media and a pre-screening process may effectively simplify the process and recover large graphite particles.



In the work, XRD, XRF, and optical microscopy were used to analyze the composition, morphology of the graphite ore, and the size distribution of the graphite flakes. The optimum experimental parameters of coarse grinding and first regrinding were determined using a series of single-factor experiments. A modified grinding and pre-screening process was proposed to preserve the content of large graphite flakes based on the symbiotic way of the graphite with the gangue minerals.




2. Material and Methods


2.1. Materials


The large-flake graphite ore, taken from Tulla Province, Madagascar, was crushed using a double toggle jaw crusher (SP-60 × 100) (Rock, Wuhan, China). Then, some representative samples were obtained and ground using an XPZXPZ (RK/XPM-Φ120 × 3) (Rock, Wuhan, China) to study the mineralogical and chemical compositions, and the other samples were used for the grinding and flotation tests.



The X-ray fluorescence (XRF) analysis for the raw ore is given in Table 1, which shows that the main compositions were SiO2, Al2O3, Fe2O3, SO3, and K2O, accounting for 60.93%, 13.21%, 4.13%, 4.01%, 0.94%, and 0.57%, respectively, and the total loss was 15.22%. In addition, the raw ore was analyzed with the Chinese standard method (GB/T3521-2008), assaying 7.59% fixed carbon (FC).



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







	
Composition

	
SiO2

	
Al2O3

	
Fe2O3

	
SO3

	
K2O

	
TiO2

	
P2O5

	
BaO

	
MgO

	
CaO




	
Content/%

	
60.93

	
13.21

	
4.13

	
4.01

	
0.94

	
0.57

	
0.40

	
0.15

	
0.14

	
0.10




	
Composition

	
Na2O

	
SrO

	
Cr2O3

	
ZrO2

	
CuO

	
ZnO

	
Y2O3

	
LOI

	
FC

	




	
Content/%

	
0.09

	
0.038

	
0.035

	
0.015

	
0.013

	
0.007

	
0.002

	
15.22

	
7.59

	










Figure 1 shows the XRD pattern of the raw ore, and the contents of the gangue minerals are summarized in Table 2. The main gangue minerals associated in the graphite ore were quartz, kaolinite, muscovite, and fibrolite, accounting for 50%, 23%, 8%, and 5%, respectively.


Figure 1. XRD pattern of the raw ore.
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Table 2. Mineral compositions of the raw ore (wt %).







	
Species

	
Graphite

	
Quartz

	
Kaolinite

	
Muscovite

	
Fibrolite

	
Limonite

	
Epidote

	
Others






	
Content/%

	
7

	
50

	
23

	
8

	
5

	
3

	
2

	
2











2.2. Analysis Methods


Chemical compositions of the raw ore were determined using an X-ray fluorescence spectrometer (AXIOS, PANalytical B.V., Almelo, The Netherlands). Phase compositions of the raw ore were identified using an Advance X-ray diffractometer (D8, Bruker, Karlsruhe, Germany) with Cu Kα radiation (k = 1.5406 nm) at 40 kV and 100 mA. The mineralogy of the raw ore was observed using an optical microscope (A2 pol, Leica, Wetzlar, Germany). More than thirty blocks of rough crushed ore were chosen randomly to prepare polished sections and thin sections for the study. SEM images of the final concentrate were obtained using a scanning electron microscope (JSM-IT300). The FC content (wt %) was analyzed based on the Chinese standard method (GB/T3521-2008).




2.3. Experimental Tests


The raw ore was divided into 300 g each for testing. Before flotation, the sample was first rough ground in a RK/BM-2.0 L tube mill at a revolving speed of 210 r/min, either steel ball, steel rod or pebble was selected as the grinding medium. Bench-scale laboratory flotation tests were carried out in a series of 0.5–1.0 L RK/FD mechanically agitated flotation machines at an impeller speed of 2000 rpm, and the regrinding was performed in a RK/BM-1.0 L tube mill. The parameters of coarse grinding and regrinding media are shown in Table 3. The size distributions of the grinding products and the concentrates were obtained using a Taylor standard vibrating sieve group. Kerosene and terpenic oil, which were used as the collector and frother, respectively, were purchased from Kermel Chemical Reagent Co., Ltd. (Kermel, Tianjin, China). All reagents were of analytical grade and directly used without further purification.



Table 3. Parameters of the grinding media.







	
Media

	
Volume-Weight (g/cm3)

	
Specification (mm)

	
Mill Charge Volume (%)




	
Coarse Grinding

	
Regrinding






	
Steel Ball

	
4.5

	
Φ10–25

	
Φ5–10

	
40




	
Steel Rod

	
5.6

	
Φ20 × 200

	
Φ10 × 100

	
50




	
Pebble

	
1.6

	
Φ10–30

	
Φ5–15

	
50











2.4. Grinding Damage Coefficient


To evaluate the damage effect of the grinding operation to graphite flakes, the yield and FC content of the concentrate were analyzed under the same flotation conditions. Basically, a higher yield and a higher FC content of +150 μm size fraction concentrate correspond to better grinding effect. In addition, the grinding effect should also be related to the concentrate recovery because a higher recovery indicates better liberation among the graphite and gangue. Therefore, the grinding damage coefficient L can be calculated using the following equation. A smaller value of L corresponds to weaker destruction of the grinding on graphite flakes:


[image: there is no content]



(1)




where L is the grinding damage coefficient (%); γ0 is the yield of the +150 μm product before regrinding (%); γc is the yield of the concentrate after regrinding (%); γ1 is the yield of the +150 μm product in the concentrate after regrinding (%); αc is the recovery of the concentrate after regrinding (%); and β0 and β1 are the FC contents of the +150 μm product in the concentrate before and after regrinding (%).





3. Results and Discussion


3.1. Mineralogy Study


The morphology of the raw ore was observed using an optical microscope, and the liberation characteristics and the images of graphite flakes are shown in Table 4 and Figure 2, respectively. Table 4 shows that the graphite particles size distribution is uniform and approximate half amount of the particles are large flakes. Moreover, most graphite can be classified as large-flake graphite, according to the 95.55% cumulative distribution rate of the +150 μm size fraction. As a result, it is of great necessity to preserve the large flakes of this graphite ore in the beneficiation process.


Figure 2. Optical microscope images of the raw ore: (a,b) polarizing microscope images 100×; (c,d) reflecting microscope images 50×.
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Table 4. Liberation characteristics of the graphite flakes.







	
Size Fraction/μm

	
According to Particle Number

	
According to Distribution Rate




	
Particle Numbers/n

	
Particle Pumber Percentage/%

	
Cumulative Particle Number Percentage/%

	
Distribution Rate/%

	
Cumulative Distribution Rate/%






	
+830

	
36

	
0.65

	
0.65

	
13.13

	
13.13




	
−830 + 600

	
87

	
1.57

	
2.22

	
15.87

	
29.00




	
−600 + 500

	
115

	
2.07

	
4.29

	
10.49

	
39.49




	
−500 + 300

	
662

	
11.93

	
16.21

	
30.19

	
69.68




	
−300 + 230

	
656

	
11.82

	
28.03

	
14.96

	
84.64




	
−230 + 180

	
700

	
12.61

	
40.64

	
7.98

	
92.62




	
−180 + 150

	
514

	
9.26

	
49.90

	
2.93

	
95.55




	
−150 + 106

	
974

	
17.55

	
67.45

	
2.78

	
98.33




	
−106 + 75

	
738

	
13.29

	
80.74

	
1.05

	
99.38




	
−75 + 45

	
668

	
12.03

	
92.78

	
0.48

	
99.86




	
−45

	
401

	
7.22

	
100.00

	
0.14

	
100.00




	
Total

	
5551

	
100.00

	

	
100.00

	










Figure 2a,b show that the graphite stripes (the black part) are of directional distribution and the thick stripes are distributed into the heavily weathered clay minerals. This part of graphite can be easily dissociated from the gangue minerals using crushing and grinding. However, Figure 2c,d show that most graphite stripes (the bright part) exhibit either bended or fractured shape, and some gangue minerals are trapped between adjacent flakes. As a result, it was difficult to fully achieve liberation of the graphite and gangue minerals without destroying the large flakes using mechanical methods, which also led to a reduction of the FC content and recovery of the final concentrate.




3.2. Coarse Grinding


The coarse grinding tests of the raw ore were conducted as shown in Figure 3. The experimental parameters, such as coarse grinding medium and grinding fineness of the raw ore, dosage of kerosene and terpenic oil were also considered, and the relevant results are shown in Figure 4.


Figure 3. Flowchart of coarse grinding and rough flotation for experimental parameters.
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Figure 4. Experimental parameters of coarse grinding and rough flotation tests: (a) Grinding curves; (b) grinding media; (c) grinding fineness; (d) dosage of kerosene; (e) terpenic oil.
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Grinding media and grinding fineness significantly contribute to the destruction of large graphite flakes and the quality of the final concentrate [28,29]. Figure 4a shows the grinding curves of the three different grinding media (rod, ball, and pebble). As seen, the pebble mill is much more time-consuming to achieve a similar grinding fineness compared with the ball and rod mill. The ball medium is the most destructive, followed by the rod medium, and pebble has the lowest intensity of the media for the coarse grinding. To evaluate the grinding effects of those three coarse grinding media, a similar coarse grinding fineness of −150 μm size fraction at approximately 40.0% was chosen according to the grinding curves in Figure 4a. Figure 4b compares the FC content and recovery of the rough concentrates and the grinding damage coefficient of the grinding media. As seen, the rough concentrate recovery is the highest and the grinding damage coefficient is the lowest using rod as the coarse grinding medium because the line contact among the rods will give priority to crush the coarse particles and therefore, the over-crushing of graphite flakes is slight [30,31]. Generally, large-flake graphite is easier to dissociate from gangue minerals from the joint surface as a function of the shear-force based grinding method like rod mill [32]. On the contrary, the rough concentrate recovery using the pebble mill is the lowest, which indicates that the pebble mill was not capable of fully dissociating the graphite with some hard gangue minerals, like quartz in coarse grinding. Therefore, the optimum coarse grinding medium was rod.



The coarse grinding fineness of the rod mill was investigated and the results are shown in Figure 4c. A relatively higher grinding damage coefficient of 0.38% and a lower recovery of under 90.0% are observed at the initial coarse grinding fineness of −150 μm size fraction at 32.05%. This is mainly because of the undesirable liberation among the graphite and gangue particles, which causes part of the large graphite flakes reported to the tailings. When the grinding fineness is increased, the recovery of coarse concentrate increases and then levels off, whereas an initial decrease and further increase of the grinding damage coefficient is observed. The increasing grinding damage coefficient indicates that the graphite flakes were damaged with the increasing grinding intensity. Moreover, a further increase the content of −150 μm size fraction will surely consume more energy and reagent [33]. Comparing the results, the optimum coarse grinding fineness was adopted at −150 μm size fraction accounting for 37.05%.



In spite of the high natural hydrophobicity of large-flake graphite, a collector and frother were also used to ameliorate the flotation process and improve the FC content and recovery of the final concentrate [11]. Figure 4d,e show that the optimum FC content and recovery of the rough concentrate were obtained when the dosage of collector kerosene and frother terpenic oil were 264 g/ton and 120 g/ton, respectively. All of these rough conditions were applied for the further tests.




3.3. First Regrinding


The FC content of the rough concentrate was approximately 40%, and the main gangue minerals such as the weathered clays and liberated quartz had already reported to the rough tailings. Most graphite particles in the rough concentrate were in partial contact with some gangue or directly exposed, which made the graphite flakes easily to crush and grind. The gangue contained had a detrimental effect on the graphite flakes and must be removed as soon as possible. A rational choice of following regrinding medium and regrinding fineness should not only contribute to the further liberation of the graphite and gangue minerals, but also effectively prevent the graphite flakes from being severely destructed. The first regrinding tests of the raw ore were conducted as shown in Figure 5. The experimental parameters, such as regrinding media and regrinding fineness were considered, and the relevant results are shown in Figure 6.


Figure 5. Flow chart of flotation for the first regrinding experimental parameters.
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Figure 6. Experimental parameters of first regrinding tests: (a) First regrinding curves; (b) regrinding media; (c) regrinding fineness.
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Figure 6a shows the mill curves of the three different regrinding media. Unlike coarse grinding, before which the graphite and gangue minerals were not well liberated, the majority of gangue minerals had already reported to the coarse tailings before the first regrinding process. The gangue minerals remaining in the coarse concentrate were either mechanically attached to the surface of flakes or trapped between adjacent flakes. Therefore, the distinction of regrinding curves among these three media, as shown in Figure 6a, is much slighter than the coarse grinding curves. Figure 6b compares the FC content and recovery of the concentrate and the grinding damage coefficient of the three regrinding media under an identical fineness of −150 μm size fraction at approximately 46.0% according to the results of Figure 6a. The FC content and recovery of the three concentrates are all achieved the similar values of approximately 60% and 95%, respectively. The grinding damage coefficient is the lowest using pebble as the first regrinding medium. However, the rods and balls were too intense for the regrinding process and must crush and impact the large graphite flakes into small pieces. Therefore, the optimum regrinding medium was pebble, although it was slightly less time-saving than the other two media.



The regrinding fineness of pebble mill was investigated and the results are shown in Figure 6c. As the increase of the regrinding fineness, the recovery of concentrate first increases and then decreases, whereas the FC content fluctuates with the regrinding fineness. As expected, the grinding damage coefficient continuously increases because the increasing grinding intensity must heavily destroy the graphite flakes. As a result, the optimum regrinding fineness of −150 μm size fraction at 52.91% was adopted, where the greatest recovery and a relatively acceptable flake size was observed.




3.4. Open Circuit Tests


Based on the results of the experimental parameters tests, a series of open circuit tests of the raw ore were performed. Figure 7a shows one of the superior conventional open circuit test flowcharts of the raw ore, while Figure 7b presents a modified open circuit test flowchart, and the results of these two process are shown in Table 5.


Figure 7. Flowcharts of (a) the conventional open circuit and (b) the modified open circuit.
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Table 5. Flotation results of the conventional and the modified open circuit tests.







	
Product

	
Conventional Open Circuit

	
Modified Open Circuit




	
Yield/%

	
FC/%

	
Recovery/%

	
Yield/%

	
FC/%

	
Recovery/%






	
Conc1

	
7.11

	
95.40

	
91.26

	
3.03

	
94.73

	
40.12




	
Conc2

	
3.86

	
96.63

	
52.23




	
CT1

	
5.12

	
3.79

	
2.61

	
6.05

	
0.40

	
0.34




	
CT2

	
2.24

	
0.36

	
0.11

	
2.86

	
1.04

	
0.42




	
CT3

	
1.14

	
1.99

	
0.30

	
0.94

	
3.19

	
0.42




	
CT4

	
0.77

	
5.77

	
0.60

	
0.26

	
28.76

	
1.05




	
CT5

	
0.28

	
13.64

	
0.52

	
0.11

	
39.19

	
0.54




	
CT6

	
0.12

	
48.18

	
0.79

	
-

	
-

	
-




	
Tailings

	
83.21

	
0.34

	
3.80

	
82.89

	
0.42

	
4.87




	
Total

	
100.00

	
7.44

	
100.00

	
100.00

	
7.15

	
100.00










In the conventional open circuit process, as shown in Figure 7a, the raw ore was subject to coarse rod grinding and rough flotation once each, with the rough concentrate then successively reground five times and refloated six times, with pebble as the only regrinding medium for all the regrinding process. Table 5 shows that the FC content and recovery of the final concentrate are 95.40% and 91.26%, respectively. The FC content of the final concentrate has a significant upgrade, and the recovery only slightly decreases by approximately 5% compared with the rough concentrate. Note that the cumulative recovery loss of all the middlings are low because of the either low FC content of the CT1–CT3 or the low yields of the CT4–CT6. It was not proposed to further treat the middlings, but discarding them as tailings, and consequently no close circuit was needed. Therefore, the flotation process was simplified and the stability of each product was maintained. Furthermore, the high recovery achieved through this open circuit test fully indicated that the beneficiability of this graphite ore was particularly excellent because most graphite ores worldwide, including many large flake-graphite ores, were not capable of achieving such a high recovery using the similar open circuit process parameters [34,35,36,37].



Separately considering the recovery and FC content of the final concentrate, this conventional open circuit process was desirable. However, the priority of this high-quality large-flake graphite ore was to prevent the large flakes from excessive grinding and simplify the process. Figure 7b shows a modified open circuit process, a pre-screening process was adopted after the third cleaning flotation operation, and steel balls were introduced to replace the pebble as the subsequent regrinding medium to improve the grinding efficiency and stability [38]. The efficiency of grinding depends on the surface area of the grinding medium. Since balls have a greater surface area per unit weight than rods, they are better suited for fine finishing [20,31,32]. As a result, one stage of grinding and flotation was removed and the process was shortened. After the pre-screening process, the +180 μm size fraction concentrate was separated from the process in advance and no longer reported to the subsequent grinding operation. Consequently, this part of product would significantly ensure the content of large flakes. The results of this modified process are also shown in Table 5. The comprehensive FC content and recovery of the final concentrate are basically identical between the modified process and the conventional one, whereas the size distribution of the concentrate and the FC content of the corresponding size fraction from these two open circuit process, as shown in Figure 8a,b, are significantly diversified.


Figure 8. The size distribution rate (a) and the corresponding FC content (b) of concentrate by conventional and modified open circuit process.
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In Figure 8b, the FC content of concentrate produced from the conventional open circuit shows a positive correlation with the size distribution. A larger size fraction corresponds to a higher FC content, which demonstrates that the large flakes were relatively purer than the small particles. However, this pattern is only applicable at the fine size fractions for the modified process. The quality of +300 μm and −300 + 180 μm size fractions are relatively inferior, and the FC content of these two size fractions are 91.93% and 95.56%, respectively. This is understandable because the +180 μm size fraction was pre-screened from the process and some gangue was not fully liberated with the concentrate.



However, the advantage of the modified process was obvious. Figure 8a shows that the total +150 μm size fraction, the large flake graphite, exceeds approximately 16% that of the conventional one. Note that the content of the +300 μm size fraction, at 15.10%, is more than ten times and the −300 + 180 μm size fraction, at 28.83%, is 4.75% higher than that of the previous process. This distinctive difference in size distribution indicates that this modified pre-screening process effectively preserved the large graphite flakes and is of great significance in improving the industrial value of this ore.



The flake shape and surface characteristics of the final concentrate were investigated using SEM analysis, and the SEM images of the +180 μm size fraction and −180 μm size fraction are shown in Figure 9. Most of the graphite flakes are perfectly crystallized and the flakes are intact and thick. Part gangue minerals, in Figure 9a, are observed and that is the reason for the relatively low FC content of the large-sized fraction. However, the surfaces of the fine flakes are cleaner and spotless.


Figure 9. The SEM images of the final concentrate: (a,b) +180 μm size fraction; (c,d) −180 μm size fraction.
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4. Conclusions


In this work, a steel rod was applied as the coarse grinding medium to reduce the destruction of graphite flakes and improve the grinding efficiency, and a pebble mill was adopted for the regrinding process. The raw ore, coarse ground one time with rough flotation, then the rough concentrate was reground five times and refloated six times, achieved a final concentrate with 95.40% FC content and 91.26% recovery, whereas the +150 μm size fraction of the final concentrate was only 44.48%. Thus, a suitable approach of pre-screening the large-sized fraction of the concentrate was applied. After regrinding three times and refloating three times, the intermediate concentrate was wet-screened in advance, and the +180 μm concentrate was directly collected as one of the final concentrates. The other concentrate was obtained after the subsequent ball regrinding and twice-cleaner flotation. The recovery of the final concentrate was slightly upgraded to 92.35% at an FC content of 95.79%, and the content of +150 μm concentrate was significantly increased to 60.31%, which indicated that the modified pre-screening process efficiently preserved the large graphite flakes.
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