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Abstract: Flotation is one of the most common and effective methods for the beneficiation of natural 
graphite resources. However, the upgrading efficiency of flotation is always finite due to the 
undesirable collection of gangue minerals. In this work, the collecting mechanism of three typical 
gangue minerals, including mica, quartz, and feldspar, in fine flake graphite flotation was investigated. 
Results of batch flotation tests for single-minerals and artificial mixtures confirmed the enhanced 
collection of gangues in the presence of graphite particles. Contact angle and zeta potential results and 
theoretical calculations of the interaction between graphite and gangue particles based on typical DLVO 
theory indicated that it is impossible to collect gangue minerals by true flotation or through 
heterocoagulation with graphite particles. The fitting results of accumulated gangue recoveries and 
accumulated water recoveries using the Warren method demonstrated that most gangue minerals 
entered the concentrate through entrainment, with a small proportion by bubble inclusions. 

Keywords: flake graphite, mica, quartz, flotation, entrainment  

1. Introduction 

Natural graphite, an important non-metallic mineral resource, is typically found in three commercial 
varieties: crystalline flake, microcrystalline or amorphous, and crystalline vein or lump (Chelgani et al., 
2016; Peng et al., 2017; Sun et al., 2017; Qiu et al., 2016). Flake graphite can be divided into large flakes 
and fine flakes according to the size fraction. The peculiar physical and chemical properties of graphite 
such as high-temperature resistance, corrosion resistance, self-lubricating, electrical and thermal 
conductivity (Sure et al., 2012; Hu et al., 2014; Okada et al., 2017; Chen et al., 2018) make it very 
promising in various scientific and technical fields, including metallurgy, electronics, national defense, 
and aerospace. The rapid development of high-tech and advanced material-related industries in this 
new millennia has propelled the increasing demand for high quality and purity graphite resources; 
thus, those large flake graphite showing superior performance are more appreciated (Cermak et al., 
2018). 

Given the inherent hydrophobicity of graphite, froth flotation is perhaps the most effective and 
prevailing method for the initial upgrade of natural graphite minerals (Oney and Samanli, 2016). In 
flotation, hydrophobic graphite particles are selectively captured by air bubbles in the suspensions and 
transported towards the surface, leaving the hydrophilic gangue minerals, such as quartz, mica, and 
feldspar, in the suspension and being discharged as tailings. However, the upgrading efficiency of 
flotation is finite, and the final grade of the graphite is usually confined to 92-97% for large flake graphite 
(Wakamatsu and Numata, 1991; Peng et al., 2017), which is decent but still cannot meet the threshold of 
high-end utilization. Therefore, further purification with chemical treatment is always required. With 
the increasing consumption and depletion of large flake graphite resources, the exploration and 
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utilization of fine flake graphite ore have naturally received more attention (Jara et al., 2019). 
However, many have observed that the smaller the graphite particles (or flake size), the lower grade 

of the final product by flotation (Bu et al.,2018; Bu et al., 2018; Jin et al., 2018). It is reported that besides 
true flotation, target minerals and gangues can sometimes enter the concentration through foam 
entrainment and bubble inclusion. Such entrainment and inclusion would become more noticeable in a 
denser suspension system with finer particles (Wang et al., 2015; Wang et al., 2016; Heyes and Trahar, 
1977; Miettinen et al., 2010). Unlike true flotation, in which hydrophobic particles adhere to the surface 
of air bubbles, the entrainment is an unwanted process where the mineral particles, even hydrophilic, 
are entrapped in the water phase between the liquid films and mechanically transported upward as the 
foam rises. Foam inclusion refers to the phenomenon that the hydrophilic gangue mineral particles are 
sandwiched between the hydrophobic mineral particles that cannot be discharged. Therefore, they are 
carried into the concentrated foam with the target particles (Wang and Peng, 2013). 

DLVO theory is commonly used to predict the favorable or unfavorable conditions for the bubble-
particle interactions as well as particle-particle interactions (Gomez-Flores et al., 2020). To date, only a 
few studies (Li et al., 2014; Li et al., 2015; Weng et al., 2017; Yangshuai et al., 2019) have applied DLVO 
theory to reveal the interactions among different species in graphite flotation solution, and some of these 
studies have laterally indicated the presence of entrainment behavior in fine flake graphite flotation. 
For example, Li et al. ( Li et al.,2015) found that sericite entered the foam through entrainment and 
inclusion in graphite flotation, verified by contact angle measurement and the Warren technique. 
However, the classical DLVO theory consisting of only the attractive Van der Waals energy and 
repulsive electrostatic double-layer interaction energy has been insufficient to predict the actual surface 
interactions. Some surface forces such as hydrophobic force are considered critical in understanding the 
aggregation and dispersion among particles, especially for those hydrophobic particles. Besides, other 
factors such as the surface roughness of the particles are also contributing (Yoon and Mao, 1996; Gomez-
Flores et al., 2020). Our previous study (Yangshuai et al., 2017) on the interaction between fine flake 
graphite particles indicated that the aggregation of hydrophobic graphite particles is in better 
agreement with the XDLVO theory incorporating the hydrophobic interaction rather than the classical 
DLVO theory. Despite the previous studies regarding microcrystalline graphite and the interactions 
between fine flake graphite particles, the interactions between fine flake graphite and other gangue 
minerals have not been studied yet. Inspired by this, in this study, the collection mechanism of three 
gangue minerals (mica, quartz, and feldspar) in fine flake graphite flotation was studied via single-
mineral and artificial mixture flotation tests. And the interactions between graphite and these gangues 
were calculated using the DLVO theory. 

2. Experimental 

2.1. Materials 

The graphite, mica, quartz, and feldspar single-mineral samples were obtained from Yichang (Hubei, 
China), Xianning (Hubei, China), Xiushui (Jiangxi, China), and Feicheng (Shandong, China), 
respectively. All the samples were ground via ball milling using zirconia as the grinding medium and 
were subject to wet sieving and sedimentation classification to collect the -2 mm size fraction products 
for study. The samples were then purified with 10% hydrochloric acid for 0.5 h and washed with 
deionized water repeatedly before drying at 50℃ in a vacuum oven. X-ray diffraction (XRD) and X-ray 
fluorescence (XRF) analyses were applied to determine the mineralogical and chemical compositions of 
the samples, and the results are shown in Fig. 1 and Table. 1, respectively. As analyzed, the purities of 
gangue samples ( mica, quartz, and feldspar ) were all above 90 wt%. Note that the fixed carbon (FC) of 
graphite single-mineral was analyzed using the Chinese standard GB/T3521-2008, assaying 95.75 wt% 
FC. Particle size distributions of test samples were determined by a BT-9300S laser particle size analyzer, 
and the results are seen in Table 2 and Fig. 2. 

Kerosene, the collector, was purchased from Kermel Chemical Reagent Co., Ltd. (Kermel, Tianjin, 
China), and the frother sec-octanol (C8H18O) was purchased from Shanghai Aladdin Biochemical 
Technology Co., Ltd (China). HCl and NaOH using as the pH regulators were purchased from 
Dongguan Yuantao Chemical Co., Ltd (China). All chemicals were of analytical grade and used directly 
without further purification. Deionized water (resistivity of 18.25 MΩ·cm) was used in this work. 
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Fig. 1. X-ray diffraction (XRD) patterns of the single mineral samples: (a) graphite; (b) mica; (c) quartz; (d) 

feldspar 

Table 1. Chemical compositions of mica, quartz, and feldspar single minerals (wt %) 

Table 2. Particle size distribution of single minerals 

Single mineral D10 (µm) D50 (µm) D90 (µm) Average diameter (µm) 

graphite 39.17 66.60 110.10 60.77 

mica 26.69 63.84 128.30 47.35 

quartza 27.29 60.94 123.30 46.59 

feldspar 25.52 62.02 128.70 45.45 

 

Fig. 2. Particle size distribution of single minerals 

Minerals SiO2 Al2O3 Fe2O3 CaO K2O Na2O SO3 MgO Other 
Mica 48.51 37.04 0.48 0.05 9.17 1.09 0.09 0.17 3.71 

Quartz 98.87 0.25 0.10 0.04 0.28 / 0.04 / 0.42 
Feldspar 68.32 15.49 0.13 0.05 13.72 0.86 0.09 0.17 1.17 
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2.2. Batch flotation tests 

The batch flotation tests of single minerals and artificial mixtures were conducted using an RK/FGC5-
35 flotation cell (volume = 140 mL). The flotation slurry was first prepared by adding 2 g graphite or 
gangue particles (-74 µm size) to 100 mL of solution for single flotation or 2.5 g of the artificial mixture 
(2 g graphite and 0.5 g gangue) for mixed flotation. The experiment was carried out under neutral pH 
condition. The solution was conditioned for 3 min with an agitation speed of 1400 rpm to ensure 
complete dispersion of the particles. Then, the desired amount of collector kerosene and a fixed 20 mg/L 
of frother sec-octanol were added to the pulp and conditioned at a time sequence of 3 min. The flotation 
was then performed for another 3 min. Finally, collecting and calculating the mass fractions of floated 
and un-floated products yields the flotation recovery. 

2.3. Zeta potential measurements 

Zeta potential analysis of the samples (-3 µm) was determined using a Malvern Zetasizer Nano ZS90 
(the UK) equipped with a rectangular electrophoresis cell. Specifically, the sample was first put into 
deionized water and stirred for 3 min. Then, the upper suspension was picked and injected into the cell 
for testing.The desired neutral pH 7 of the suspension was adjusted by dilute HCl or NaOH aqueous 
solutions. All the tests were conducted at room temperature of 25°C. 

2.4. Contact angle measurements 

The Washburn method was used to determine the contact angle of samples, as demonstrated in Fig. 2. 
First, a certain amount of solid sample power (-74 µm) was put into a sample tube with an inner 
diameter of 1.5 cm. The tube bottom was sealed with a microplate. The sample-contained tube was then 
immersed in the liquid of known surface tension. Driven by the capillary force, a rise of liquid can be 
expected. It is essential to fix the tube position and record the liquid uprising heights (h) as a function 
of time. Each sample was repeated at least three times, and all experiments were carried out at a room 
temperature of 25°C. 

The Washburn equation (Guancheng, 2018) (Eq. (1)) was then used to calculate the contact angle of 
the sample: 

ℎ# = %&'()*
#+

× 𝑡                                     (1) 

where γ is the surface tension of the liquid, R is the effective capillary radius, η is the viscosity of the 
liquid, θ is the contact angle, and t is the time. 

Note that there are two unknown terms, R and cosθ, in this equation. The R can be determined using 
several low-energy apolar liquids such as heptane, octane, and dodecane. For the complete spreading 
of these liquids, cosθ = 1 and R can thus be derived from the equation. 

2.5. Interactions between graphite and gangues  

DLVO theory was used to calculate the agglomeration and dispersion behaviors between graphite and 
gangue particles. The interaction forces, including Van der Waals energy (UA), electrostatic double-layer 
interaction energy (UR), and the total interaction energy (UT), are described in Eqs. (2-5), respectively 
(Adair et al., 2001; Hamaker, 1937; Yangshuai et al., 2017; Mitchell et al., 2005): 

𝑈/ =
/012&0&1
34(&06&1)

                                      (2) 

where the average radius of graphite particle R1 was 30.38 µm (Table 2), the average radius of mica, 
quartz, and feldspar particle R2 was 23.67 µm, 23.2 µm, and 22.77 µm, respectively (Table 2); H is the 
inter-surface separation distance between the particles. A132 is the Hamaker constant for the two 
different particles interacting through liquid medium 3, approximated from Eq. (3): 

𝐴9:# ≈ <=𝐴99 − =𝐴::?<=𝐴## − =𝐴::?                           (3) 
where A11, A22, and A33 are the Hamaker constants of particles 1 and 2 and the medium in vacuum, 
respectively. Here, the Hamaker constants of graphite, mica, quartz, and feldspar in vacuum are 23.8 × 
10-20 J (Maurer et al., 2001), 9.86 × 10-20 J (Bergström, 1997), 5×10-20 J (Farahat, 2009), and 8.6 × 10-20 J, 
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respectively. When medium 3 is water (A33 = 3.7×10-20 J) (Yangshuai et al., 2017), a value of the Hamaker 
constant of 3.59 × 10-20 J was calculated for the mica/water/graphite system on the basis of Eq. 3; a value 
of the Hamaker constant of 9.00 × 10-21 J was calculated for the quartz/water/graphite system, and a 
value of the Hamaker constant of 2.98 × 10-20 J was calculated for the feldspar/water/graphite system.  

𝑈& =
@ABA0&0&1
(&06&1)

(𝜑9# + 𝜑##) E
#F0F1
F016F11

𝑙𝑛 I96J
KLM

9NJKLM
O + ln	(1 − 𝑒N#U4)V                (4) 

where φ1 and φ2 are the zeta potentials of the particle surface, ɛ0 is the vacuum permittivity (8.854 × 10-

19 C2/J/m), ɛr is the relative permittivity of the medium water (78.5 for pure water), and k is the 
reciprocal of the Debye constant (k = 0.10 nm-1); that is, 1/k is the Debye length, also referring to the 
electrical double layer thickness (Wan, 1997; Israelachvili, 1992). The energy was normalized to kT units 
in this study (Note that kT=4.11 × 10-21 J at the temperature of 298K). 

𝑈W = 𝑈/ + 𝑈&                                    (5) 

2.6. Determination of entrainment and true flotation 

The Warren method (Warren, 1985) was applied to understand the recycling mechanisms of hydrophilic 
gangue minerals in graphite flotation. Specifically, Warren proposed that the recovery of gangue 
particles is attributed to the summation of true flotation and entrainment, as described in Eq. (6): 

𝑅Y = 𝐹 + 𝑅[ = 𝐹 + 𝑒 × 𝑅\                              (6) 
where RG is the total recovery of gangue, F is the true flotation recovery of gangue, RE is the entrainment 
recovery of gangue, RW is the water recovery of the froth product (calculated using Eq. (7)), and e is the 
entrainment rate of gangue. 

𝑅\ =
]0N]1
]^

                                      (6) 

where M1 and M2 are the wet weight and dry weight of the froth product, respectively (%), Mw is the 
weight of water consumed during the flotation process (%). 

A series of accumulated recoveries of gangue Rc 
G(t) and accumulated water recoveries Rc 

W(t) at a given 
time was calculated as a function of the flotation time with certain foam phase thickness. Subsequently, 
the F and e can be determined via the linear fitting of the series of Rc 

G(t) and Rc 
W(t) using Eq. (6). In detail, 

three different froth thicknesses were selected, and the collection of froth products was carried out at 
multiple periods: 0~0.25 min, 0.25~0.5 min, 0.5~1 min, 1~1.5 min, 1.5~2 min, 2~3 min, and 3~4 min, 
respectively. 

3. Results and discussion 

3.1. Flotation and wetting results 

Fig. 3a shows the flotation recoveries of graphite and gangue single-mineral particles as a function of 
collector kerosene dosage. As a naturally floatable mineral, a decent flotation recovery (above 70%) of 
graphite is witnessed even in the absence of collector kerosene. With the increase of kerosene dosage, 
the floatability of graphite is enhanced, and the recoveries reach nearly 100% when the kerosene dosage 
exceeds 80 mg/L. In contrast, the flotation recoveries of gangue minerals (mica, quartz, and feldspar) 
are less than 10% over the whole kerosene dosage range, and more interestingly, show a slight decrease 
trend with the increase of collector concentration. In theory, efficient flotation separation of gangue 
minerals and flake graphite can be expected. However, the intriguing flotation phenomena of artificially 
mixed minerals, as shown in Fig. 3b, have challenged this estimation. In detail, graphite recoveries in 
mixed flotation show a similar upward trend and can be fully collected, similar to the single-mineral 
flotation. By contrast, the collection efficiencies of mica, quartz, and feldspar all experience significant 
enhancement, with the recoveries increasing from an initial 10% in the absence of kerosene to around 
25-30% at a high kerosene dosage of 250 mg/L. 

It is generally accepted that the discrepancy in surface hydrophobicity between different minerals is 
a prerequisite for their flotation separation. These hydrophilic materials are wetted and soaked into 
water, while hydrophobic materials remained at the interface. Therefore, the hydrophobicity of these 
minerals was determined using contact angle measurement, and the results are shown in Fig. 4. The 
contact angle of graphite is 60.13° without kerosene addition, which verifies the strong hydrophobicity 
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of natural flake graphite minerals. And the increased contact angle at higher kerosene concentration is 
well consistent with the enhanced floatability, as shown in Fig. 3a. By contrast, the contact angles of 
mica, quartz, and feldspar are 20°, 14°, and 10°, respectively, in the absence of kerosene, demonstrating 
distinct hydrophilic properties of these gangues. Moreover, there is an indiscernible change of contact 
angles with the increase of kerosene concentration, which means that the presence of kerosene does not 
affect the surface properties of gangue minerals, corresponding to their negative flotation responses (Fig. 
3a). Therefore, the significant increasing recoveries of gangue minerals in the mixed flotation must not 
be caused by the surface hydrophobicity change of these gangues but by other factors. More obviously, 
there is a similar flotation recovery trend between graphite and gangues when mixed; thus, it is not 
unreasonable to assume that the collection of gangue minerals is more likely affected by the graphite 
particles rather than by true flotation. 

   
Fig. 3. Effect of kerosene dosage on the flotation recovery of graphite and gangue minerals: (a) single mineral 

flotation and (b) artificial mixture flotation in the presence 20 mg/L of frother sec-octanol at pH=7 

 
Fig. 4. Effect of kerosene dosage on the contact angle of graphite and gangue minerals 

3.2. Surface potential and interactions between graphite and gangue  

Since the gangue minerals were not collected via hydrophobization by collectors, some interactions 
between graphite and gangue minerals, such as heterocoagulation or surface cover, might contribute to 
the collection of gangue minerals. Inspired by this, the coagulation and dispersion behaviors between 
graphite and gangues were investigated via the measurement of surface potential and the force 
calculation using the DLVO theory. The zeta potential is a helpful factor in characterizing the stability 
of colloidal dispersions and providing vital information for the measurement of interaction forces 
between associated particles. By zeta potential measurement, the zeta potentials of graphite, mica, 
quartz, and feldspar at neutral pH 7 are -17.1 mV, -47.3 mV, -41.7 mV and -39.4 mV, respectively. Thus, 
these particles are more prone to stay dispersed in the solution due to the electrostatic repulsion 
between similar negatively charged surfaces. 

Quantitatively, the total interaction energy UT between graphite and gangue mica , quartz or feldspar 
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at neutral pH condition was calculated by Eqs. (2-5), and the results are given in Fig. 5. As shown, the 
maximum UT between graphite and mica particles is 4588.25 kT at a distance of 7.4 nm. Consequently, 
the repulsion energy of 4588.25 kT must be overcome to form the aggregates of graphite and mica. 
Similarly, when the distance between graphite and quartz particles is 4.6 nm, the maximum total 
interaction energy UT between graphite and quartz particles is 6513.57 kT. When the distance between 
graphite and feldspar particles is 6.4 nm, the maximum total interaction energy UT between graphite 
and quartz particles is 4260.47 kT. However, it is difficult for graphite and mica mica , quartz or fledspar 
to overcome such high energy barriers and form the aggregates. Therefore, it is unlikely that mica and 
quartz can enter the graphite concentrate by forming aggregates with graphite particles. Similar 
observation has been reported by other researchers (Li et al., 2015; Yu et al.2018). 

   

 
Fig. 5. Interaction potential energy between graphite and gangue minerals: (a) mica ; (b) quartz; and (c) 

feldspar at pH=7 

3.3. True flotation volume and entrainment volume of gangue minerals 

The previous results have denied the possibilities of gangue collection through true flotation and 
heterocoagulation with graphite particles. It is assumed that most gangue minerals enter the graphite 
concentration through entrainment and inclusion, given the condition of sufficient liberation. Here, the 
method proposed by Warren was applied to determine the proportion of gangue minerals entering the 
concentrate by entrainment and inclusion in fine flake graphite flotation. The foam layer thicknesses 
were controlled at 10 mm, 20 mm, and 30 mm, respectively, and the results are shown in Tables 3, 4, 
and 5. 

From Tables. 3-5, the stage entrainment factor e(t) of gangue minerals gradually decreases with time, 
and the majority of water and target minerals are collected within 1.5 min. Therefore, it is appropriate 
to use the Warren method to determine the entrainment and true flotation of gangue minerals within 
this period and the fitting results of accumulated recoveries of gangue Rc 

G(t) and accumulated water 
recoveries Rc 

W(t) within 0-1.5 min are given in Fig. 6. 
According to Warren's hypothesis, the recovery of mica, feldspar, and quartz by true flotation are 

no more than 1.71%, 1.55%, and 1.29% (the intercepts in Fig. 6), respectively, while the cumulative 
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recovery of mica, feldspar, and quartz are about 30%, 24%, and 23% (Fig. 3b), respectively. As a result, 
true flotation only accounts for less than 7% of the total recovery of gangue minerals in the mixed 
flotation, while more than 93% of them are collected by entrainment. Besides, even the 7% recovery was 
not necessarily contributed by true flotation. The low contact angles of mica, feldspar, and quartz after 
interacting with kerosene (only about 20°, 13°, and 10°, respectively), as shown in Fig. 4, are insufficient 
to ensure their collection through real flotation. For example, some (Zheng et al., 2006) assumed that 
inclusion might be another mechanism for the collection of siliceous gangue minerals if the entrainment 
factor was larger than 1. From Tables. 3-5, in the early stage of flotation, the stage entrainment factor e(t) 
of gangue minerals is greater than 1, which indicates that instead of true flotation, inclusion might partly 
contribute to the 7% recovery of mica, feldspar, and quartz. In addition, the thickness of the froth layer 
is another factor affecting particle inclusion. Generally, the thicker the froth layer, the thinner the liquid 
film between bubbles, and thus the greater chance of particle inclusion. Taking mica as an example, in 
the initial 0.25 min, the e(t) of mica is 1.03 when the thickness of the foam layer is 10 mm. As the thickness 
increases to 30 mm, the e(t) increases to 1.14; that is, with the increase of the thickness of the foam layer, 
the amount of gangue minerals entrained into the concentrate will also increase accordingly. 

Table. 3 The effect of flotation time on the recoveries of water and mica and the entrainment factor in mixed 
flotation 

Froth layer thickness /mm Time /min Rc 
w(t)/% Rc 

g(t)/% e(t) ec(t) 

10 

0-0.25 8.13 8.58 1.06 1.06 

0.25-0.5 17.36 17.53 1.01 0.97 

0.5-1 29.51 28.62 0.97 0.91 

1-1.5 33.47 30.46 0.91 0.46 

1.5-2 36.15 30.73 0.85 0.10 

2-3 37.88 31.06 0.82 0.19 

3-4 39.29 31.43 0.80 0.26 

20 

0-0.25 7.02 7.79 1.11 1.11 

0.25-0.5 15.83 15.51 0.98 0.88 

0.5-1 26.04 24.74 0.95 0.90 

1-1.5 31.58 28.42 0.90 0.66 

1.5-2 34.21 30.10 0.88 0.64 

2-3 36.77 31.25 0.85 0.45 

3-4 37.96 31.51 0.83 0.21 

30 

0-0.25 5.39 6.14 1.14 1.14 

0.25-0.5 11.69 11.81 1.01 0.90 

0.5-1 19.21 18.63 0.97 0.91 

1-1.5 28.64 26.35 0.92 0.82 

1.5-2 33.05 28.75 0.87 0.55 

2-3 35.42 29.04 0.82 0.12 

3-4 37.01 29.24 0.79 0.12 
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Table. 4 The effect of flotation time on the recoveries of water and feldspar and the entrainment factor in mixed 
flotation 

Froth layer thickness 
/mm Time /min Rc w(t)/% Rc g(t)/% e(t) ec(t) 

10 

0-0.25 6.53 6.40 0.98 0.98 

0.25-0.5 13.59 13.05 0.96 0.94 

0.5-1 20.48 18.43 0.90 0.78 

1-1.5 25.27 21.23 0.84 0.58 

1.5-2 27.02 22.16 0.82 0.53 

2-3 28.11 22.49 0.80 0.30 

3-4 29.14 22.73 0.78 0.23 

20 

0-0.25 6.02 6.14 1.02 1.02 

0.25-0.5 12.98 12.85 0.99 0.96 

0.5-1 18.39 16.92 0.92 0.75 

1-1.5 24.12 20.74 0.86 0.67 

1.5-2 28.64 24.06 0.84 0.73 

2-3 29.58 24.26 0.82 0.21 
3-4 30.79 24.32 0.79 0.06 

30 

0-0.25 4.98 5.13 1.03 1.03 

0.25-0.5 10.98 10.76 0.98 0.94 

0.5-1 17.85 16.24 0.91 0.80 

1-1.5 25.13 22.11 0.88 0.81 

1.5-2 29.36 24.96 0.85 0.67 

2-3 30.21 25.07 0.83 0.14 

3-4 31.44 25.15 0.80 0.06 

 

 
Fig. 6. The Warren method for the determination of entrainment and true flotation in mixed mineral flotation:  

(a) mica, (b) feldspar, and (c) quartz 
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Table. 5 The effect of flotation time on the recoveries of water and quartz and the entrainment factor in mixed 
flotation 

Froth layer thickness 
/mm Time /min Rc w(t)/% Rc g(t)/% e(t) ec(t) 

10 

0-0.25 5.12 4.86 0.95 0.95 

0.25-0.5 10.98 10.10 0.92 0.89 

0.5-1 18.25 15.70 0.86 0.77 

1-1.5 25.69 21.07 0.82 0.72 

1.5-2 29.41 22.94 0.78 0.50 

2-3 31.23 23.11 0.74 0.09 

3-4 32.05 23.40 0.73 0.35 

20 

0-0.25 5.89 5.83 0.99 0.99 

0.25-0.5 11.88 11.05 0.93 0.87 

0.5-1 18.36 16.34 0.89 0.82 

1-1.5 23.97 20.37 0.85 0.72 

1.5-2 28.12 22.50 0.80 0.51 

2-3 29.47 22.99 0.78 0.36 
3-4 30.25 23.29 0.77 0.39 

30 

0-0.25 6.07 6.13 1.01 1.01 

0.25-0.5 11.04 10.49 0.95 0.88 

0.5-1 17.39 15.82 0.91 0.84 

1-1.5 23.69 20.61 0.87 0.76 

1.5-2 28.77 23.88 0.83 0.64 

2-3 29.99 23.99 0.80 0.09 

3-4 30.97 24.16 0.78 0.17 

4. Conclusions 

In this work, the flotation behaviors of graphite and the main co-existing gangue minerals, including 
mica, quartz, and feldspar, have been studied through both single-mineral flotation and artificial mixed-
mineral flotation tests. The results showed that these gangue minerals were barely floatable in their 
single-mineral flotation systems. However, a substantial flotation recovery increase of these gangues 
was obtained once mixed with graphite particles. Specifically, less than 10% of gangue particles were 
collected in their single flotation, while the maximum recovery of gangue exceeded 30% in the mixed 
flotation. 

Such intriguing discrepancy between single and mixed flotation has been further studied by contact 
angle measurement, zeta potential measurement, and the Warren method. The limited contact angles 
of gangue minerals over the whole collector concentration range have denied the possibility of true 
flotation of these gangues by hydrophobization. By calculating the interaction energy between graphite 
and gangue minerals using the DLVO theory, no heterocoagulation or slime coating occurred due to 
the unconquerable repulsion forces between them. The fitting results of accumulated recoveries of 
gangue and accumulated water recoveries using the Warren method demonstrated that approximately 
93% of gangue minerals in the mixed flotation were collected through entrainment, and the rest were 
mainly through inclusion. Our results have provided substantial evidence on the entrainment 
phenomenon of gangue minerals, including mica, quartz, and feldspar, in the flotation separation of 
fine flake graphite resources. Therefore, further studies regarding the contributing factors on 
entrainment and how to minimize entrainment in flake graphite flotation are proposed to investigate in 
the future. 
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