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Abstract: Steelmaking processes inevitably generate large amounts of byproducts, including slags,
specks of dust, etc., and their treatment has been a critical issue for the steelmaking industry. Kish
graphite is a valuable substance existing in steelmaking byproducts, and the recovery of Kish graphite
has attracted more attention in recent years. The purpose of this study was to use a multi-stage froth
flotation process for the beneficiation of Kish graphite and to investigate the influence of flotation
conditions on the mass distribution of graphite and impurities. The results showed that the dust D2
contained ~34 wt.% of graphite and thus had the highest potential for the recovery of Kish graphite.
The dosages of frother (methyl isobutyl carbinol, MIBC) at 0.005 kg/t and collector (kerosene) at
1 kg/t were optimal for the flotation of Kish graphite. After three-stage froth flotation, the graphite
content of the concentrate was progressively increased to 84.09 wt.%, and the entire recovery rate
was 93.05%. During the multi-stage froth flotation process, most of the impurities were separated in
stage I, but the Fe-containing impurities were mainly separated in stage II. Some Ca2+, Na+, and K+

were leached out, and there were barely any heavy metals in the liquid phases.

Keywords: steelmaking byproducts; froth flotation; beneficiation; Kish graphite; mass distribution

1. Introduction

Steel is the most widely used metal in engineering and construction, and thus, steel-
making has been an important industry in modern society. The crude steel production in
the world has grown to 1885 million tons in 2022, and the average growth rate is 1.7% from
2017 to 2022 [1]. When producing steel, various byproducts (slag, sludge, dust, etc.) are
generated simultaneously, depending on the steelmaking routes. The electric arc furnace
(EAF) route generates around 200 kg of byproducts to produce one ton of crude steel, while
the blast furnace (BF) with basic oxygen furnace (BOF) route generates around 400 kg of
byproducts. The recycling of this enormous amount of steelmaking byproducts is very
critical, and it is one of the key elements of a circular economy [2]. Fisher and Barron [3]
indicated that steelmaking slags could be recycled for cement, concrete aggregate, fer-
tilizer, roadbed materials, riverbanks, artificial reefs, etc. Das et al. [4] reported that the
steelmaking dust and sludge are generally recycled through the sintering plant to recover
iron oxide. However, most of these recycling applications are low value-added or even
valueless in the market; in many cases, steel companies must pay treatment fees for the
recycling of byproducts. In order to promote resource circulation and establish a sound
market economy, it is necessary to enhance the recycling value of steelmaking byproducts.

Kish graphite is a unique substance existing in steelmaking byproducts, and the
recovery of Kish graphite should create additional benefits. According to the phase diagram
of the Fe–C system [5], the solubility of carbon decreases with decreasing temperature
in the cooling of molten iron, and the carbon in excess of the solubility limit precipitates
as graphite flakes, namely Kish graphite. Liu and Loper [6] indicated that Kish graphite
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accumulated at various locations in steelmaking facilities, such as the area of desulfurization
operations, dust collection systems, and waste dump sites, and high contents of Kish
graphite can be found in steelmaking slag and dust. In Taiwan, the uncollected Kish
graphite was dispersed by wind several years ago and consequently caused environmental
pollution in the nearby area of steelmaking works. In recent years, the recovery of Kish
graphite has received more research attention due to the supply risk of natural graphite
flake. The United States and the European Union suggest that natural graphite has been
one of the most critical raw materials due to its high economic importance and high risk of
supply disruptions [7,8]. In response to this issue, Kish graphite may be a viable alternative
to natural graphite if the recovery is carried out. The U.S. Geological Survey [9] reported
that it is technically feasible to recover high-quality graphite flakes from steelmaking
Kish, but the recovery is currently not practiced because of the market price of graphite.
Moreover, there is less information on the quantity and value of Kish graphite. In recent
years, some investigations have studied the high-value applications of Kish graphite,
e.g., cathode materials for aluminum-ion batteries and graphene nanoplatelets [10,11]. This
thus provides an added incentive for the recovery of Kish graphite.

To achieve the recovery of Kish graphite, an economically feasible method must be
developed. Conventionally, froth flotation is an effective method to remove impurities from
natural graphite ore, and it is relatively low-cost and environmentally friendly compared
to high-temperature purification and chemical treatments [12,13]. Natural graphite ore
usually contains some impurities from gangue minerals, such as quartz, mica, feldspar, sili-
cates, and carbonates [14,15], while Kish graphite normally includes iron oxides, lime, silica,
and alumina that are from the raw materials of steelmaking [16]. Because the constituents
of impurities are different between natural graphite and Kish graphite, the operating condi-
tions of froth flotation for the beneficiation of Kish graphite should be studied further. Some
studies also indicate that flotation reagents, i.e., depressants, collectors, and frothers, can
significantly affect the surface properties and flotation performance of a mineral [14,17,18].
Hence, the purpose of this study was to use a multi-stage froth flotation for the beneficiation
of Kish graphite and to investigate the appropriate operating conditions. The effects of
frother and collector on graphite content and recovery rate were studied, and the mass
distribution of elements in the multi-stage froth flotation was revealed.

2. Results and Discussion
2.1. Characterization of Steelmaking Byproducts

The previous study [6] reported that Kish graphite can be found in the slag from the
desulfurization process and the dust collected. Accordingly, the desulfurization slags S1
and S2 and the dusts D1 and D2 were sampled and analyzed in this research. Table 1
presents the chemical compositions of S1, S2, D1, and D2. The slags S1 and S2 had high
moisture contents (24.73 wt.% and 26.96 wt.%, respectively), which were significantly
higher than those of the dusts D1 and D2. During the treatment process of desulfurization
of slag in the integrated steel mill, slag cooling was performed by pouring a large amount
of water into slag ladles. Du et al. [19] describe a similar wet process for the cooling of
desulfurization slag, and such a process results in the high moisture contents of the slags S1
and S2. The slags and specks of dust had various values of loss on ignition (LOI) between
8.64 wt.% and 34.99 wt.%, which may be attributed to the decomposition of minerals
and the oxidation of Kish graphite. In terms of elemental composition, Ca, Fe, Si, and
Al were the major elements in the steelmaking byproducts, and Mg, Na, and K existed
in small amounts of less than 3 wt.%. The largest amount of metal in the slags was Ca
(29.90 wt.% in S1 and 31.41 wt.% in S2), while that in the dust was Fe (24.49 wt.% in D1
and 18.89 wt.% in D2). The slags S1 and S2 also contained 5.47 wt.% and 7.30 wt.% of Fe,
respectively. In addition, the steelmaking byproducts had various contents of Al (1.81–5.76
wt.%) and similar contents of Si (3.30–3.80 wt.%). The above significant elements should be
highly related to the subsequent beneficiation process of Kish graphite. Regarding heavy
metals, the slags S1 and S2 contained small amounts of Mn, trace Cr, and Pb. Some studies
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also reported that Mn and Cr were the major heavy metals existing in desulfurization
slag [20,21]. In addition to Mn, Cr, and Pb, the specks of dust D1 and D2 contained some
Zn at 893 mg/kg and 640 mg/kg, respectively. The heavy metals may be leached into the
liquid phase of froth flotation and, in practice, could affect wastewater treatments.

Table 1. Chemical compositions of steelmaking slags and specks of dust.

Chemical Composition S1 S2 D1 D2

Moisture content (wt.%) 24.73 26.96 1.18 0.82
LOI (wt.%) 10.34 8.64 13.42 34.99

Ash content (wt.%) 64.93 64.4 85.4 64.19

Element
(wt.%)

Na 0.16 0.15 0.14 2.86
Mg 1.60 1.38 0.84 1.43
Al 3.14 2.80 1.81 5.76
Si 3.80 3.31 3.59 3.30
K 0.07 0.05 0.18 1.15
Ca 29.90 31.41 15.77 9.27
Fe 5.47 7.3 24.49 18.89

Heavy metal
(mg/kg)

Cr 607 367 ND 1 627
Mn 4487 3853 1667 1040
Co ND 1 ND 1 ND 1 ND 1

Ni ND 1 ND 1 ND 1 ND 1

Cu ND 1 ND 1 ND 1 ND 1

Zn ND 1 ND 1 893 640
Pb 120 73 113 ND 1

Cd ND 1 ND 1 ND 1 ND 1

Ba ND 1 ND 1 ND 1 ND 1

Graphite content (wt.%) 0.75 1.23 4.26 33.90
1 ND: not detected (<2 mg/kg).

The X-ray diffraction (XRD) patterns of the slags and specks of dust are presented in
Figure 1. It is obvious that graphite is the dominant crystalline phase in the steelmaking
byproducts, and dust D2 has the highest diffraction intensity of graphite. Portlandite,
Ca(OH)2, was found in all the slags and specks of dust, but its diffraction intensity was
much lower in the XRD patterns of specks of dust. Moreover, the slags S1 and S2 contained
calcite (CaCO3), whereas the specks of dust D1 and D2 contained some iron oxides, includ-
ing hematite (Fe2O3) and magnetite (Fe3O4). These results of mineralogical composition
are consistent with the elemental contents of the steelmaking byproducts [22].

The graphite content was determined by using a simultaneous differential scanning
calorimetry and thermogravimetric analyzer (DSC-TGA). Figure 2 shows the TG and DSC
curves of the slag S1 and the dust D2 under nitrogen and air atmospheres. The dust
D2 had a great weight loss between 520 ◦C and 830 ◦C under the air atmosphere but
no significant weight loss under the nitrogen atmosphere. The DSC curve of dust D2
showed that the weight loss under an air atmosphere is related to an exothermic reaction
due to the oxidation of graphite. Jiang et al. [23] provided similar TG curves about the
oxidation of natural graphite in the air atmosphere. The slag S1 had two significant
weight losses under both nitrogen and air atmospheres. The weight loss located at the
temperature range of 410–530 ◦C is associated with the dehydration of Ca(OH)2, which is an
endothermic reaction and results in the release of H2O. The DSC curve of the slag S1 under
a nitrogen atmosphere showed that an endothermic reaction due to the decarbonation
of CaCO3 occurred at 650–780 ◦C. Under air atmosphere, the DSC curve of the slag S1
presented not only the decarbonation of CaCO3 but also the oxidation of graphite occurring
simultaneously at 650–900 ◦C. The observed reactions related to the oxidation of graphite
and the decompositions of Ca(OH)2 and CaCO3 are consistent with the results of LOI and
XRD analyses. In this study, the graphite content was obtained based on the results of
the DSC-TGA analysis under nitrogen and air atmospheres. Under the air atmosphere,
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both the decarbonation of CaCO3 and the oxidation of graphite occur, but the oxidation of
graphite is absent under the nitrogen atmosphere. The graphite content of a sample can
thus be obtained by calculating the difference in weight loss at the related temperature
range between the two atmospheres. The graphite contents of the slags and dust are also
given in Table 1. It was noted that the graphite content of dust D2 was much higher than
that of D1, S1, and S2, and this showed that recovering Kish graphite from dust D2 may be
easier and more efficient.
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Figure 1. XRD patterns of steelmaking slags and dusts.
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In summary, from the above characterization of the steelmaking byproducts, the dust
D2 has the highest potential for the recovery of Kish graphite. Therefore, it was selected as a
candidate for the froth flotation test. Further analyses for the distribution of particle size and
graphite content of dust D2 were conducted, and the results are presented in Figure 3. The
particle size less than 0.075 mm accounted for the largest amount in the dust D2 (62.6 wt.%),
and the particle size ranges of 0.075–0.15 mm, 0.15–0.3 mm, and 0.3–0.6 mm had similar
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weight percentages (11.5 wt.%, 11.6 wt.%, and 9.5 wt.%, respectively). The particle size
range of 0.6–1.18 mm accounted for 4.1 wt.%, and the weight percentage of particles larger
than 1.18 mm was less than 1 wt.%. It was found that the graphite content was related to
particle size; generally, particles with larger sizes had higher graphite content. Although the
<0.075 mm particles accounted for the largest portion in the dust D2, the graphite content
in this particle size range was only 3.71 wt.%. Machemer [24] investigated the particulate
materials in iron and steel manufacturing facilities, and it was found that the airborne
particulate materials mainly included graphite flakes (tens of micrometers to millimeters in
size) and other small particles (e.g., iron oxides, submicrometers to tens of micrometers
in size). As a result, most of the graphite was larger than 0.038 mm, and the fine-size
fraction (<0.038 mm) contained higher concentrations of metals. The dust samples collected
in this study were from an air pollution control system and thus had similar features in
the distribution of graphite and impurities. The particles between 0.15 mm and 0.6 mm
contained 59.39–72.12 wt.% of Kish graphite, and the graphite content of the 0.6–1.18 mm
particles reached 96.28 wt.%, a level of purity that already fulfills the requirement of some
commercial graphite products (≥90 wt.%), e.g., industrial refractories and castings [15].
The above results also indicated that the impurities, e.g., iron oxides, should be mainly
distributed in the fine particles. The distribution of graphite and impurities can provide
some useful information for the operation of froth flotation.

Recycling 2023, 8, x FOR PEER REVIEW 6 of 15 
 

 
Figure 3. Distribution of particle size and graphite content in D2. 

2.2. Beneficiation of Kish Graphite with Froth Flotation 
The dust D2 then proceeded to the beneficiation of Kish graphite with a froth flota-

tion process. Because graphite is hydrophobic and has high natural floatability, it should 
be transferred to concentrate in froth flotation, leaving impurities in pulp or tailings. In 
the following sections, the graphite content in concentrate and the recovery rate were used 
to evaluate the performance of froth flotation. In an ideal situation, the graphite content 
in concentrate and the recovery rate are both supposed to be as high as possible, but the 
tendencies of these two variables are usually inconsistent. In reality, the balance between 
the graphite content in concentrate and the recovery rate should be found for the benefi-
ciation of graphite with froth flotation. Equation (1) gives the calculation of the recovery 
rate after each stage of froth flotation: 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑒 ሺ%ሻ = 𝐶௚,௖ × 𝑊௖𝐶௚,௖ × 𝑊௖ + 𝐶௚,௧ × 𝑊௧ × 100% (1) 

where 𝑊௖ and 𝑊௧ are the weight percentages of concentrate and tailings, respectively; 𝐶௚,௖ and 𝐶௚,௧ are the graphite contents in concentrate and tailings, respectively. Table 2 
shows the graphite content and recovery rate at different pulp densities in a single-stage 
froth flotation process. The dosage of methyl isobutyl carbinol (MIBC) was 0.175 kg/t, re-
ferring to a previous study [25]. It was found that the weight percentage and graphite 
content of concentrate significantly decreased with increasing pulp density, while those 
of tailings increased. At pulp densities of 20% and 30%, the graphite content in concentrate 
was lower than that in dust D2, and this showed that the beneficiation of Kish graphite 
failed. Furthermore, the recovery rate greatly decreased from 74.24% to 16.51% when the 
pulp density increased from 10% to 30%. Wills and Finch [26] have noted that the pulp 
density can be as low as 8% and as high as 55%, and commercial flotation works usually 
use pulp densities of 25–40%. The higher the pulp density, the smaller the flotation cell, 
and fewer reagents (frothers, collectors, etc.) are required; however, a high pulp density 
may cause overloading bubbles and the entrainment of mineralized bubbles in tailings, 
thus reducing the recovery rate. In this study, a pulp density of 10% was selected for the 
following experiments. 

Table 2. Graphite content and recovery rate at different pulp densities in single-stage froth flotation 
(MIBC = 0.175 kg/t). 

Pulp Den-
sity 
(%) 

Concentrate Tailings Recovery 
Rate 
(%) 

Weight Per-
centage 

Graphite Con-
tent 

Weight Per-
centage 

Graphite Con-
tent 

Particle size (mm)

<0.075
0.075– 0.15

0.15– 0.3
0.3– 0.6

0.6– 1.18
1.18– 2.36 >2.36

G
ra

ph
ite

 c
on

te
nt

 (w
t.%

)

0

20

40

60

80

100

W
ei

gh
t p

er
ce

nt
ag

e 
(w

t.%
)

0

20

40

60

80

100
Graphite content 
Particle size distribution

NA NA

Figure 3. Distribution of particle size and graphite content in D2.

2.2. Beneficiation of Kish Graphite with Froth Flotation

The dust D2 then proceeded to the beneficiation of Kish graphite with a froth flotation
process. Because graphite is hydrophobic and has high natural floatability, it should be
transferred to concentrate in froth flotation, leaving impurities in pulp or tailings. In the
following sections, the graphite content in concentrate and the recovery rate were used
to evaluate the performance of froth flotation. In an ideal situation, the graphite content
in concentrate and the recovery rate are both supposed to be as high as possible, but the
tendencies of these two variables are usually inconsistent. In reality, the balance between the
graphite content in concentrate and the recovery rate should be found for the beneficiation
of graphite with froth flotation. Equation (1) gives the calculation of the recovery rate after
each stage of froth flotation:

Recovery rate (%) =
Cg,c × Wc

Cg,c × Wc + Cg,t × Wt
× 100% (1)

where Wc and Wt are the weight percentages of concentrate and tailings, respectively;
Cg,c and Cg,t are the graphite contents in concentrate and tailings, respectively. Table 2
shows the graphite content and recovery rate at different pulp densities in a single-stage
froth flotation process. The dosage of methyl isobutyl carbinol (MIBC) was 0.175 kg/t,
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referring to a previous study [25]. It was found that the weight percentage and graphite
content of concentrate significantly decreased with increasing pulp density, while those of
tailings increased. At pulp densities of 20% and 30%, the graphite content in concentrate
was lower than that in dust D2, and this showed that the beneficiation of Kish graphite
failed. Furthermore, the recovery rate greatly decreased from 74.24% to 16.51% when the
pulp density increased from 10% to 30%. Wills and Finch [26] have noted that the pulp
density can be as low as 8% and as high as 55%, and commercial flotation works usually
use pulp densities of 25–40%. The higher the pulp density, the smaller the flotation cell,
and fewer reagents (frothers, collectors, etc.) are required; however, a high pulp density
may cause overloading bubbles and the entrainment of mineralized bubbles in tailings,
thus reducing the recovery rate. In this study, a pulp density of 10% was selected for the
following experiments.

Table 2. Graphite content and recovery rate at different pulp densities in single-stage froth flotation
(MIBC = 0.175 kg/t).

Pulp Density
(%)

Concentrate Tailings
Recovery

Rate
(%)

Weight
Percentage

(wt.%)

Graphite
Content
(wt.%)

Weight
Percentage

(wt.%)

Graphite
Content
(wt.%)

10 60.30 41.40 39.70 21.82 74.24
20 46.32 32.50 53.68 34.88 44.57
30 25.86 20.43 74.14 36.04 16.51

Figure 4 shows the graphite content in concentrate and the recovery rate of the single-
stage froth flotation using MIBC and kerosene individually. In Figure 4a, the graphite
content in concentrate was slightly increased with the dosage of MIBC, and the recovery
rate was significantly increased from 60.54% to 82.89%. These results showed that MIBC
had a major effect on the recovery rate of Kish graphite. On the other hand, Figure 4b shows
that both the graphite content in concentrate and the recovery rate were increased to a
maximum at a specific dosage of kerosene. The highest graphite content in concentrate was
67.44 wt.% at the kerosene dosage of 3 kg/t, and the maximum recovery rate (93.48%) was
obtained by doping 1 kg/t of kerosene. Sun et al. [27] suggested that the kerosene droplets
tend to coalesce together and undermine the collision probability between kerosene and
graphite particles, thus affecting the efficiency of graphite flotation. The above findings
suggest that using MIBC and kerosene individually has limitations on the beneficiation of
Kish graphite, and the effect of kerosene is more significant than that of MIBC.
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Figure 4. Graphite content in concentrate and recovery rate of single-stage froth flotation using
(a) MIBC or (b) kerosene.
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Figure 5 presents the graphite content and recovery rate of single-stage froth flotation
using MIBC and kerosene simultaneously. When doping 1 kg/t of kerosene (Figure 5a), the
graphite contents in concentrate and tailings decreased with the dosage of MIBC, while
the recovery rate attained over 98% at 0.005 kg/t of MIBC and above. In Figure 5b, the
graphite content in concentrate increased with the dosage of kerosene, while that in tailings
decreased to a very low level (<1.6 wt.% at 1 kg/t of kerosene). Moreover, the recovery
rate greatly increased with the dosage of kerosene and reached >98% when doping 1 kg/t
of kerosene or more. From these results, it was found that the improvements in graphite
content in concentrate and the recovery rate were insignificant between 1 kg/t and 2 kg/t
of kerosene, and the MIBC dosage of 0.005 kg/t seems sufficient for the froth flotation of
Kish graphite. Arif Bhatti et al. [28] studied the beneficiation of low-grade graphite ore
and indicated that low dosages of frother were enough for graphite flotation because of the
natural floatability of graphite. Accordingly, 0.005 kg/t of MIBC and 1 kg/t of kerosene
were concluded to be the appropriate dosages for the single-stage froth flotation of Kish
graphite, and a concentrate with 51.00 wt.% graphite content and 98.36% recovery rate
was obtained.
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Figure 5. Graphite content and recovery rate of single-stage froth flotation using both MIBC and
kerosene; (a) various MIBC dosage with 1 kg/t of kerosene and (b) various kerosene dosages with
0.005 kg/t of MIBC.

Wills and Finch [26] indicated that the increase in impeller speed could recover more
fine particles and increase the portion of concentrate, thus sometimes enhancing the re-
covery rate of a mineral. This study tried to increase the impeller speed from 1200 rpm to
2700 rpm, and the results are given in Table 3. Although the weight percentage of concen-
trate and recovery rate were slightly increased due to the increase in impeller speed, the
graphite content in concentrate dropped from 51.00 wt.% to 47.13 wt.%. The improvement
owing to increasing impeller speed seems insufficient, and higher impeller speed means
more energy consumed for the operation of the froth flotation. Therefore, the lower impeller
speed of 1200 rpm was retained for the multi-stage froth flotation process. The dosages
of reagents and operating conditions of froth flotation used in stages I–III were the same,
and the results are also presented in Table 3. From stage I to stage III, not only the weight
percentage of concentrate but also its graphite content were enhanced progressively. The
weight percentage of concentrate was increased from 65.24 wt.% to 86.68 wt.%, and the
graphite content in concentrate was increased from 51.00 wt.% to 84.09 wt.% after the
multi-stage froth flotation. The recovery rate of each stage was >95%, and the overall
recovery rate was 93.05%. Robinson Jr. et al. [8] have reported that the product grade of
flake graphite is 75–97 wt.%, and it is suggested that the concentrate of stage III already
fulfills the requirement of commercial graphite products. However, the graphite content
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for industrial uses is 94–97 wt.%, and for electronic applications, it must be >99 wt.% [15].
For these applications, the Kish graphite beneficiated with multi-stage froth flotation needs
to be purified further.

Table 3. Graphite content and recovery rate of multi-stage froth flotation (MIBC = 0.005 kg/t and
kerosene = 1 kg/t).

Stage
Impeller

Speed
(rpm)

Concentrate Tailings
Recovery

Rate
(%)

Weight
Percentage

(wt.%)

Graphite
Content
(wt.%)

Weight
Percentage

(wt.%)

Graphite
Content
(wt.%)

I 1200 65.24 51.00 34.76 1.59 98.36
2700 69.55 47.13 30.45 0.35 99.68

II 1200 66.60 73.89 33.40 6.60 95.71
III 1200 86.68 84.09 13.32 6.50 98.83

2.3. Mass Distributions of Elements in Multi-Stage Froth Flotation

In addition to graphite, this study analyzed the contents of other elements (such as Ca,
Si, Fe, Al, Na, K, etc.) in the concentrates and tailings of the multi-stage froth flotation and
their ion concentrations in the liquid phase of each stage. Figure 6 shows the variations in
the concentration of major cations (Ca2+, Al3+, Na+, and K+), pH, and electrical conductivity
(EC) of liquid phases between flotation stages.
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Figure 6. Variations in pH, EC, and concentration of major cations in liquid phases between
flotation stages.

In stage I, the liquid phase had high pH and EC values (11.95 and 3.86 mS/cm,
respectively), and a high concentration of Ca2+ (360.9 mg/L) was detected. The high pH
value should be mainly attributed to the dissolution of Ca(OH)2, which was accompanied
by the leaching of Ca2+. Some alkali metal ions, Na+ (46.1 mg/L) and K+ (62.3 mg/L), were
also analyzed in the liquid phase of stage I. Gray [29] has noted that the higher the ion
concentration in a solution, the more conductive it would be, although the EC response
is non-linear. The high concentrations of Ca2+, Na+, and K+ in the liquid phase of stage I
were reflected in the high EC value. From stage I to stage II, the pH and EC values sharply
dropped, and the concentrations of Ca2+, Na+, and K+ decreased significantly. A slight
increase in the concentration of Al3+ was found in stage II, and this should be due to the
decrease in pH. In stage III, the pH and EC values continued decreasing, but the decrease
was more moderate. The concentration of Ca2+ decreased to 45.2 mg/L, and the other
cations were below 3 mg/L. The concentrations of Si4+, Mg2+, Fe3+, and heavy metals (Cr3+,
Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Cd2+, and Ba2+) in the liquid phases were also analyzed
in this study, and most of them were not detected (<0.01 mg/L) except for Si4+, Mg2+, and
Ba2+. The concentrations of Si4+ in the liquid phases were all below 0.5 mg/L, and Mg2+
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was only detected in the liquid phase of stage III at 1.12 mg/L. A trace concentration of
Ba2+ (0.14 mg/L) was found in the liquid phase of stage I. The above findings suggest
that most of the soluble components were leached out in stage I, and the other impurities,
e.g., iron oxides, mostly remained in the solid phases during the multi-stage froth flotation.

The contents of Ca, Si, Fe, and Al in the concentrates and tailings of the multi-stage
froth flotation are shown in Figure 7. In terms of Ca (Figure 7a), the content of Ca in the
tailings of each stage was significantly higher than that in the concentrate. This means that
each stage of froth flotation was effective in transferring Ca-bearing impurities to tailings,
thus continuously removing Ca from the concentrate. The content of Ca in the dust D2 was
92,700 mg/kg, and after the multi-stage froth flotation, that in the concentrate of stage III
was decreased to 10,700 mg/kg. The variation in the content of Si during the multi-stage
froth flotation was similar to that of Ca (see Figure 7b). There was a significant difference
in the content of Si between the concentrate and tailings in the same stage of froth flotation.
The content of Si in the dust D2 was 33,000 mg/kg, and it was reduced stage by stage to
5500 mg/kg after the multi-stage froth flotation.
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Figure 7. Metal contents in concentrate and tailings of multi-stage froth flotation: (a) Ca, (b) Si, (c) Fe,
and (d) Al.

Figure 7c shows that the variation in the content of Fe during the multi-stage froth
flotation was very different from that of Ca, Si, and Al. In stage I, the concentrate and
tailings had similar contents of Fe, which were close to that in the dust D2 (188,900 mg/kg).
In stages II and III, the content of Fe in concentrate decreased while that in tailings greatly
increased. The results show that the Fe-bearing impurities were almost not separated
in stage I but significantly transferred to tailings in the subsequent stages. A possible
explanation for these findings may lie in the pH variation in the liquid phases during the
multi-stage froth flotation. Yu et al. [30] reported that the main isoelectric point (IEP) of
iron oxides is about 8.4, and when the pH is above 8.4, the iron oxides charge negatively.
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Carlson and Kawatra [31] also noted that the Zata potential of iron oxides, including
hematite and magnetite, decreases with increasing pH. In stage I, the pH of the liquid
phase was 11.95, and this should make iron oxide particles disperse in the pulp and thus
hard to remove. The pH of the liquid phase greatly decreased in stages II and III. The iron
oxide particles should tend to aggregate and then remain in the tailings. In Figure 7d, Al
varied in content as Ca and Si did during the multi-stage froth flotation. The content of
Al was progressively reduced from 57,600 mg/kg (in the dust D2) to 19,000 mg/kg (in the
concentrate of stage III). Overall, the above findings suggest that multi-stage froth flotation
can successfully remove the impurities of Ca, Si, Fe, and Al from the dust D2 and thus
obtain a concentrate containing lower levels of impurities.

Based on the above compositions of liquid phases, concentrates, and tailings, the mass
distribution of graphite and the other elements (Ca, Si, Fe, and Al) during the multi-stage
froth flotation can be acquired by further considering the volumes of liquid phases and
the weights of concentrates and tailings. The relevant results are presented in Figure 8
(based on one kg of dust D2). The mass distribution of graphite during the multi-stage
froth flotation is shown in Figure 8a, and the graphite in liquid phases was not included
due to the water-insolubility of graphite. It is clear that most of the graphite was retained
in the concentrates. The leakages of graphite to tailings in stages I–III were only 1.62%,
4.23%, and 1.11%, respectively, and around 93% of graphite was recovered. Weng et al. [32]
used a multi-stage grinding-flotation process to treat low-grade graphite ore, and the total
recovery was only 81.16%. In terms of the other elements, the dissolution of impurities
was taken into consideration because some minerals are soluble in water. In Figure 8b,
the mass distribution of Ca showed that small parts of Ca were transferred to the liquid
phases during the multi-stage froth flotation, especially in stage I (3.33%). Although the
liquid phases contained high concentrations of Ca2+ between 45.2 and 360.9 mg/L, the
sum of Ca distributed to liquid phases was only 4.04%. At each stage of froth flotation,
Ca was effectively transferred to tailings, thus continuously reducing the amount of Ca
in concentrates. The Ca remaining in the concentrate of stage III just accounted for 4.14%
of the total amount of Ca in the dust D2. For the mass distribution of Si (Figure 8c), there
was almost no Si dissolving in the liquid phases during the multi-stage froth flotation.
However, the transfer of Si was very similar to that of Ca between concentrates and tailings.
A large portion of Si was transferred to tailings at each stage, leaving a small amount of
Si in concentrates. The concentrate of stage III contained only 5.41% of total Si from the
dust D2.

In Figure 8d, the mass distribution of Fe presents a pattern that is quite different from
those of Ca and Si. In alkali conditions, iron oxides are barely soluble in water; therefore,
the portions of Fe in liquid phases were close to 0% (the pH values of liquid phases were
>9.5). In stage I, the concentrate contained more Fe than the tailings, a finding that shows
that the removal of Fe-bearing impurities was ineffective. The major transfer of Fe occurred
in stage II, in which ~38% of Fe was transferred to tailings and then removed. At the end of
stage III of froth flotation, the concentrate contained 13.9% of total Fe from the dust D2. In
terms of the mass distribution of Al during the multi-stage froth flotation (Figure 8e), it was
found that the portions of Al in the liquid phases of stages I–III were very low, between
0.01% and 0.09%. Al was effectively transferred to tailings in stages I and II, but the transfer
was not effective in stage III. The transfer of Al in the first two stages was 81% in total,
whereas that in stage III was only 3.97%. After the multi-stage froth flotation, there was still
14.92% of Al remaining in the concentrate of stage III. Generally, multi-stage froth flotation
can successfully beneficiate graphite and remove most of the impurities from the dust D2.
However, the major elements of impurities showed different patterns of transfer. Ca, Si,
and Al were mostly transferred to tailings in stage I, but the major transfer of Fe occurred in
stage II. Furthermore, over 95% of Ca and over 94% of Si were removed after the multi-stage
froth flotation, leaving less than 6% of Ca and Si in the concentrate, while about 14% of Fe
and 15% of Al were not removed. The remaining Fe and Al should be further treated with
a purification process, depending on the final application of the graphite product.
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ties from the dust D2. However, the major elements of impurities showed different pat-
terns of transfer. Ca, Si, and Al were mostly transferred to tailings in stage I, but the major 
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3. Materials and Methods
3.1. Materials

In this study, the steelmaking byproducts were sampled in an integrated steel mill
located in Kaohsiung, Taiwan. Two steelmaking slags (S1 and S2) were obtained in the
desulfurization process, and two dusts (D1 and D2) were collected in the air pollution
control systems at different cooling stations of torpedo cars. The slag and dust samples
were brought back to the laboratory and then dried at 105 ◦C for 24 h to a constant weight.
The dried sample was homogeneously mixed, and a subsample (~100 g) was obtained by
using the quartering method and then ground to a fine powder less than 0.075 mm with a
planetary ball mill (PM 100, Retsch, Haan, Germany) for the subsequent analyses.
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3.2. Multi-Stage Froth Flotation

To conduct the experiment of froth flotation, a laboratory flotation machine (D12,
Metso, Danville, PA, USA) was employed. The impeller was made of urethane, and the
design speed range of the impeller was 800–3200 rpm. A 1000-g stainless steel flotation tank
was used, and the pulp density was set at 10–30%. In terms of additives, MIBC (99%, Alfa
Aesar, Ward Hill, MA, USA) was adopted as the frother, and kerosene (CPC Corporation,
Taipei, Taiwan) was selected as the collector for the recovery of Kish graphite. Figure 9
depicts the flowsheet of the multi-stage froth flotation. The multi-stage froth flotation
process included three stages, and each stage generated concentrate, tailings, and liquid
phases. The concentrate of a stage was used for the feed of the next stage, and the tailings
and liquid phase of each stage were collected for further analysis.
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3.3. Analyses

The samples of steelmaking byproducts (S1, S2, D1, and D2) were dried at 105 ◦C to a
constant weight for the determination of moisture. The dried samples were then calcined
at 950 ◦C for 3 h to measure the LOI and ash content. In order to determine the chemical
compositions of the steelmaking byproducts, the slag and dust samples were digested first
with HNO3, HCl, and HBF4 at ~175 ◦C for 35 min by using a high-performance microwave
digestion unit (START D, Milestone, Sorisole, Italy). The concentrations of elements in the
digests were analyzed with an inductively coupled plasma optical emission spectrometer
(ICP-OES, Optima 2000 DV, PerkinElmer, Waltham, MA, USA). To determine the graphite
content of samples, a DSC-TGA (SDT 2960, TA Instrument, New Castle, DE, USA) was
employed. Approximately 30 mg of powder sample was placed in an alumina crucible,
and the temperature was increased from ambient temperature to 1000 ◦C at a heating rate
of 10 ◦C/min under a dynamic nitrogen or air atmosphere (100 mL/min). An XRD system
(D8 Advance, Bruker, Karlsruhe, Germany) with Cu Kα radiation was used to examine
the mineralogical compositions of the slags and specks of dust. The XRD analysis was
performed using step-scanning mode with a step size of 0.03◦2θ and a step time of 2 s. The
particle size analysis for the dust D2 was conducted using a test sieve shaker (AS 200 Basic,
Retsch, Haan, Germany) with standard test sieves of 0.075 mm, 0.15 mm, 0.3 mm, 0.6 mm,
1.18 mm, and 2.36 mm. After the multi-stage froth flotation process, the concentrate and
tailings of each stage were also dried and digested, the same as the procedure mentioned
above. The concentrations of elements in the digests and the liquid phase of each stage
were determined by the ICP-OES.

4. Conclusions

In the steelmaking byproducts, dust D2 had the highest potential for the recovery of
Kish graphite due to its significant graphite content, nearly 34 wt.%. The major elements of
impurities in the dust D2 included Fe, Ca, Al, and Si, and the trace heavy metals were Mn,
Cr, and Zn. Magnetite, hematite, and portlandite were observed as impurities existing in
the dust D2. The distribution of graphite and impurities was related to the particle size
of the dust, D2. The course fractions (0.075–1.18 mm) had higher graphite contents, and
the <0.075 mm fraction contained most of the impurities. In single-stage froth flotation,
the graphite content of the concentrate and the recovery rate significantly decreased with
increasing pulp density, and a pulp density of 10% was selected. In terms of the effects
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of the flotation reagents, the frother (MIBC) primarily increased the recovery rate, while
the collector (kerosene) both increased the recovery rate and the graphite content of the
concentrate. The optimal dosages of MIBC and kerosene were 0.005 kg/t and 1 kg/t,
respectively. A concentrate with 84.09 wt.% of graphite content was obtained after three-
stage froth flotation, and the entire recovery rate was 93.05%. During the multi-stage froth
flotation, some cations (e.g., Ca2+, K+, and Na+) leached to the liquid phases, especially
in stage I, and thus resulted in high pH and EC values. The impurities were separated at
different stages of froth flotation. The separation of Ca, Si, and Al began in stage I, while
Fe was mainly separated in stage II. Future work on the purification of graphite will be
required if the final product is used for industrial and electronic applications.
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