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Abstract: The aluminum electrolysis industry continually and unavoidably produces hazardous
solid waste in the form of carbon anode slag. Carbon anode slag poses a serious environmental
pollution risk, and it must be disposed of in a harmless manner. On the other hand, it contains
a few valuable resources, as well. In order for the aluminum electrolysis industry to develop in
an environmentally friendly and high-quality manner, the harmless disposal of carbon anode slag
and its resourceful utilization are of considerable importance. The selective comminution of carbon
and cryolite particles in carbon anode slag can be effectively achieved with grinding pretreatment.
However, the optimization study of grinding process parameters has yet to be investigated. Therefore,
firstly, the mineralogical characteristics and existing mode of carbon anode slag from the perspective
of mineralogical properties are analyzed in this study. Then, the effects of grinding time, grinding
concentration, and steel ball diameter on the particle size of the ground product (γ−0.074 mm) are
investigated using response surface analysis. The results showed that the effect of grinding time was
the most significant, followed by grinding concentration and steel ball diameter. In addition, the
performance of the multi-stage flotation process for separating the −0.074 mm ground product was
analyzed. Cryolite with a purity of 93.12% and a carbon product with an ash content of 10.67% could
be simultaneously obtained through multi-stage flotation. It should be pointed out that the deep
dissociation and efficient recovery of fine undissociated particles still need to be further explored.

Keywords: carbon anode slag; mineralogical characteristics; response surface design; grinding;
flotation

1. Introduction

Aluminum has a variety of uses in the building, transportation, electric power, pack-
aging, national security, and high-tech industries due to its unique chemical and physical
properties [1]. Cryolite-alumina molten salt electrolysis is mainly applied in modern in-
dustrial aluminum production [2,3]. As the aluminum production process continues, a
large amount of carbon anode slag is produced in the electrolytic cell. Carbon slag is an
unavoidable solid waste in the electrolytic aluminum industry, which increases energy
consumption, induces the anode effect, and so on. Carbon slag is composed of 60–70%
electrolyte fraction (Na3AlF6, Al2O3, etc.) and 30–40% carbonaceous material [4]. The
carbon anode slag from the electrolytic aluminum production process is classified as
toxic hazardous waste by China’s National Hazardous Waste List (2021 Edition) (code:
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321-025-48; hazard characteristic: T), so it is strictly prohibited to dispose of or store it
in the open [5]. According to the International Aluminum Institute (IAI), the world’s
annual primary aluminum production in 2021 was approximately 67,092 thousand metric
tons, of which China produced 38,503 thousand metric tons, accounting for 57.39% of the
world’s total production [6]. About 5–15 kg of carbon anode slag is generated from 1t
of aluminum production [7]. From this, it has been estimated that the world’s primary
aluminum production generated 335–1006 thousand tons of carbon anode slag in 2021,
of which 193–578 thousand tons were from China. It is essential to use carbon anode slag
as a resource due to the enormous amount that is produced each year. The importance
of carbon anode slag lies in the recovery of valuable carbon and cryolite as well as the
environmentally sound treatment of fluoride.

At present, the treatment methods of carbon anode slag from electrolytic aluminum
mainly include flotation [8,9], vacuum smelting [10], physical activation, roasting, al-
kali fusion, bubbling fluidized bed combustion [4], and co-treatment with other waste
slag [11]. The most promising approach for recovering carbon slag for industrial appli-
cations among them is flotation, which is an effective method for the separation of fine
mineral particles [12] and has the benefits of high processing capacity per unit of time,
low cost, and simple operation [4]. Li et al. [8] investigated the effects of particle size,
impeller speed, flotation concentration, pH adjuster, and collector addition on the flotation
performance of carbon anode slag. They concluded that under the optimal conditions,
the carbon purity increased from 23.30% to 75.60%, and the carbon recovery rate was as
high as 86.90%. Wang et al. [9] optimized the influencing factors (grinding time, flotation
concentration, collector dosage, frother dosage, etc.) of the carbon slag flotation process
based on the selectivity index (SI) and analyzed the separation performance of carbon and
cryolite in the carbon anode slag. It was found that the SI value under optimal grinding
flotation was about four times higher than that under direct flotation. The carbon anode
slag possessed better flotation selectivity under the grinding flotation method, which ef-
fectively improved the flotation recovery of carbon anode slag. Mei et al. [13] conducted
a comparative experiment using a closed-circuit process under the conditions of optimal
grinding size, flotation concentration, and impeller speed. The flotation product quality
was significantly improved, with an 8.77% reduction in the electrolyte content of the carbon
concentrate and a 3.09% reduction in the carbon content of the electrolyte concentrate.
According to the studies mentioned above, the carbon anode slag is pulverized before
flotation in order to separate the carbon from the cryolite. The performance of grinding is
influenced by several variables such as, slurry density, ball diameter, filling rate, feed size
distribution, the mode of grinding (wet or dry) [14–16].

For carbon anode slag of electrolytic aluminum, Ni et al. [7] investigated the selective
comminution and grinding mechanisms of rod and ball mills and proposed that a higher
degree of selective comminution of carbon anode slag can be achieved from ball grinding.
However, the optimization of grinding process parameters has not been reported. In this
paper, the mineralogical characteristics of the carbon anode slag were analyzed first. Based
on this, the response surface design method was used to study the effects of grinding
time, grinding concentration, and steel ball diameter on the particle size of the ground
product. The ground product (−0.074 mm particle size) was then separated using a multi-
stage flotation method. The performance of recovering carbon and cryolite from spent
carbon anode slag using a combination method of conventional grinding and flotation was
discussed from the perspective of mineralogical characteristics.

2. Materials and Methods
2.1. Materials

The carbon anode slag used in this study (ash content of 53.54%) was acquired from
an aluminum electrolysis plant in Wenshan, Yunnan Province.
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2.2. Methods
2.2.1. Wet Ball-Milling Experiments

An XMQ-Φ240 × 90 laboratory-scale ball mill (Wuhan Exploring Machinery Factory,
Wuhan, China), the detailed parameters of which are shown in [17], was used for the
milling experiments. The mass of the steel ball (grinding medium) and feed sample was
5.6 kg and 560 g, respectively. The grinding concentration refers to the amount of spent
carbon anode slag in the solution, namely the mass percentage concentration. The levels of
selected factors are listed in Table 1. The Box–Behnken response surface design method
was employed using the Design-Expert V.8.0.6.1 software, and 17 runs, given in Table 2,
were obtained and performed.

Table 1. Levels of selected factors in this study (three factors and three levels).

Symbol Factor Unit Level 1 Level 2 Level 3

A Grinding time min 20 (–1) 40 (0) 60 (1)
B Grinding concentration % 40 (–1) 60 (0) 80 (1)
C Ball diameter cm 3 (–1) 2.5 (0) 2 (1)

Table 2. Experimental design of Box–Behnken response surface.

No. A—Grinding Time
(min)

B—Grinding Concentration
(wt.%)

C—Ball Diameter
(cm)

1 20 (−1) 80 (1) 2.5 (0)
2 60 (1) 40 (−1) 2.5 (0)
3 60 (1) 60 (1) 3 (1)
4 40 (0) 60 (1) 2.5 (0)
5 40 (0) 60 (1) 2.5 (0)
6 60 (1) 80 (1) 2.5 (0)
7 40 (0) 80 (1) 2 (−1)
8 20 (−1) 60 (1) 2 (−1)
9 40 (0) 40 (−1) 2 (−1)
10 20 (−1) 60 (1) 3 (1)
11 20 (−1) 40 (−1) 2.5 (0)
12 40 (0) 60 (1) 2.5 (0)
13 60 (1) 60 (1) 2 (−1)
14 40 (0) 80 (1) 3 (1)
15 40 (0) 40 (−1) 3 (1)
16 40 (0) 60 (1) 2.5 (0)
17 40 (0) 60 (1) 2.5 (0)

2.2.2. Flotation Tests

The flotation tests were conducted using a 1L RK/FD-II flotation machine (Wuhan
Rock Grinding Equipment Manufacturing Co., Ltd., Wuhan, China) with a rotation speed
of 1800 r/min, and an aeration volume of 200 L/h. The materials, with particle size of
−0.074 mm, were fed into the flotation machine. The flotation concentration was 150 g/L.
The dosage of the collector (kerosene) and frother (terpenic oil) were 2000 g/t and 1000 g/t,
respectively. The feed materials were pre-wetted for 2 min, and conditioned with a collector
and frother for 2 min and 0.5 min, respectively [9]. A multi-stage flotation process was
adopted in this study (see Figure 1). The collector and frother were both added in the
first stage, and the foam was scraped until no floating materials emerged. In the other
stages, only tap water was added to guarantee an appropriate pulp level, and the foam was
scraped for 3 min.

2.2.3. Microscopic Observation

Microscopic observations were carried out using a CX40P series polarizing microscope
(Sunny Optical Technology Co. Ltd., Zhejiang, China). For the raw carbon anode slag,
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a thin section was made by Beijing Riyueshi Mining Technology Development Co., Ltd.
(Beijing, China), and then measured with the CX40P microscope. For the particles before
and after grinding, the particles were first added to absolute ethanol and then sonicated
for five minutes to ensure they were evenly dispersed before and after grinding. The
ethanol-containing particles were then pipetted onto the glass slide and observed under a
microscope after the ethanol evaporated.
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2.2.4. Routine Analysis

The calorific value was measured basing on the national standard GB/T 213-2008 of de-
termination method of calorific value of coal. Mineralogical and chemical characterizations
were carried out using X-Ray diffraction (XRD, 6100, Shimadzu Corporation, Kyoto, Japan),
X-ray fluorescence (XRF, Zetium, PANalytical B.V, Almelo, The Netherlands), and Scanning
Electron Microscopy/Energy Dispersive Spectroscopy (SEM-EDS, FIB-SEM, Helios G4 CX,
Thermo Fisher Scientific, Waltham, MA, USA) according to the literature [18]. The particle
size distribution of the spent anode carbon slag was obtained by the wet sieving method,
while that of the fine particles (the flotation middlings in this study) was measured using a
laser particle size analyzer (S3500, Microtrac Inc., Montgomeryville, PA, USA).

3. Results and Discussion
3.1. Mineralogical Characteristics of Spent Carbon Anode Slag

Crushed and sieved spent carbon anode slag was used for the tests with an upper
particle size limit of 3 mm. The particle size composition of the spent anode carbon slag is
shown in Table 3. A yield of 49.86% was observed for 3–1 mm particles, the ash content
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of each particle size was between 50% and 60%, and the average particle size (d50) was
approximately 1 mm. The XRD and XRF results for the spent carbon anode slag are shown
in Figure 2 and Table 4, respectively. Figure 2 shows that the carbon anode slag contained
mainly cryolite, which was consistent with the elemental composition as shown in Table 4.
Figure 3 shows the microscopic observation images of the thin and transparent sections
of the spent carbon anode slag. According to Figure 3, it can be observed that the sample
contained dissociated carbon and cryolite particles. Secondly, the size of the carbon particles
embedded with cryolite was less than 100 µm. Similar results (the average particle size
of carbon particles d50 = 46.86 µm) were also reported by Ni et al. [7]. Consequently, the
carbon anode slag used in this study needs to be ground further to dissociate the carbon
particles from cryolite. The fineness of the subsequent grinding tests was evaluated by the
content of −0.074 mm (γ−0.074 mm).

Table 3. Particle size composition of spent carbon anode slag.

Size (mm) Yield (%) Ash Content (%)
Accumulation under Sieve

Yield (%) Ash Content (%)

3–1 49.86 52.16 100.00 53.54
1–0.5 26.31 51.77 50.14 54.91

0.5–0.25 9.79 57.18 23.83 58.39
0.25–0.125 7.28 59.79 14.04 59.23

0.125–0.074 3.04 58.66 6.76 58.62
<0.074 3.72 58.59 3.72 58.59
Total 100.00 53.54 - -
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Table 4. The XRF results of spent carbon anode slag.

F Na Mg Al Si P S Cl K Ca Ti V Mn Fe Ni Cu Ga Sr

59.17 17.16 0.14 4.74 0.71 0.06 1.18 0.13 0.70 1.69 0.01 0.02 0.01 0.27 0.09 0.01 0.01 0.01
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3.2. Analysis of Wet Ball-Milling Experiment Results

The content of −0.074 mm in the ground product was used as the evaluation index to
obtain the experimental results of the Box–Behnken response surface design, as shown in
Table 5. Using the Design-Expert software, the optimal grinding process parameters were
determined and grinding test results were obtained.

Table 5. Experimental results of Box–Behnken response surface design.

No. A-Grinding Time
(min)

B-Grinding Concentration
(wt.%)

C-Ball Diameter
(cm)

γ−0.074 mm
(%)

1 20 (−1) 80 (1) 2.5 (0) 29.87
2 60 (1) 40 (−1) 2.5 (0) 71.67
3 60 (1) 60 (1) 3 (1) 83.43
4 40 (0) 60 (1) 2.5 (0) 60.70
5 40 (0) 60 (1) 2.5 (0) 65.65
6 60 (1) 80 (1) 2.5 (0) 63.79
7 40 (0) 80 (1) 2 (−1) 43.79
8 20 (−1) 60 (1) 2 (−1) 58.90
9 40 (0) 40 (−1) 2 (−1) 74.10
10 20 (−1) 60 (1) 3 (1) 49.03
11 20 (−1) 40 (−1) 2.5 (0) 43.63
12 40 (0) 60 (1) 2.5 (0) 77.65
13 60 (1) 60 (1) 2 (−1) 89.98
14 40 (0) 80 (1) 3 (1) 62.89
15 40 (0) 40 (−1) 3 (1) 71.68
16 40 (0) 60 (1) 2.5 (0) 72.92
17 40 (0) 60 (1) 2.5 (0) 71.74

In the Design-Expert software, the fitting effects of linear, 2FI, quadratic, and cubic
models were compared, and the quadratic model for predicting experimental results was



Separations 2023, 10, 193 7 of 13

recommended (Table 6). Table 7 shows the results of ANOVA for the suggested model. The
F-value of the suggested model was 11.10, meaning that it was significant and its chances
of being disturbed were only 0.22%. Furthermore, the model fitted the experimental results
well. In the suggested model, the values of R2, adjusted R2, and predicted R2 were 0.9345,
0.8503, and 0.2384, respectively, which indicated that the predicted value of the suggested
model was consistent with the experimental results. The plot of the normal probability
distribution of the internal studentized residuals in Figure 4 showed a straight line (adjusted
R2 = 0.9948), indicating a high degree of confidence in the experimental results. It can
be seen that the model recommended by the Design-Expert software can be used for the
prediction and optimization of experimental results. The predicted model equation based
on the experimental results is as follows:

γ−0.074 = 71.58 + 15.93A − 7.59B + 0.0316C + 1.47AB + 0.832AC + 5.38BC − 6.05A2 − 13.28B2 + 4.82C2 (1)

Table 6. Summary of fit goodness of model statistics.

Source Std. Dev. R2 Adjusted R2 Predicted R2 PRESS

Linear 10.28 0.6444 0.5624 0.3330 2578.88
2FI 11.17 0.6773 0.4837 −0.3365 5167.45

Quadratic 6.01 0.9345 0.8503 0.2384 2944.52 Suggested
Cubic 4.38 0.9802 0.9207 + Aliased

Notes: PRESS: Prediction Error of Square Sum; + case (s) with leverage of 1.000.

Table 7. Analysis of variance of the model suggested by Design-Expert software.

Source Sum of Squares DF Mean Square F-Value Prob > F Remarks

Model 3613.16 9 401.46 11.10 0.0022 significant
A 2030.13 1 2030.13 56.13 0.0001 significant
B 461.37 1 461.37 12.76 0.0091 significant
C 8.004 × 10−3 1 8.004 × 10−3 2.213 × 10−4 0.9885

AB 8.62 1 8.62 0.24 0.6403
AC 2.77 1 2.77 0.077 0.7901
BC 115.75 1 115.75 3.20 0.1168
A2 154.59 1 154.59 4.27 0.0775
B2 742.32 1 742.32 20.52 0.0027 significant
C2 97.74 1 97.74 2.70 0.1442

Residual 253.17 7 36.17
Lack of fit 176.55 3 58.85 3.07 0.1533 not significant
Pure Error 76.62 4 19.16
Cor Total 3866.33 16

A 3D response surface graph based on predicted model equations can illustrate the
effect of the interaction between different factors on the γ−0.074 mm [19]. Figure 5 illustrates
the 3D response surface graph. As can be seen in Figure 5a, the slope of the response
surface curve of factor B (grinding concentration) first rose and then fell; the slope of
the response surface curve for factor A (grinding time) showed an increasing trend. In
comparison, the slope of the response surface curve for factor A was steeper than that
of factor B, which indicated that the effect of factor A on γ−0.074 mm was more significant
than that of factor B. As shown in Figure 5b, the slope of the response surface curve for
factor A was significantly greater than that for factor C (ball diameter), demonstrating that
the effect of factor A on γ−0.074 mm was also more significant than that of factor C. The
effect of factor B on γ−0.074 mm was more remarkable than that of factor C (Figure 5c). The
significance of the three factors, in descending order, was A > B > C, which is consistent
with the ANOVA results.
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The maximum value of γ−0.074 mm predicted by the model was 87.89%, corresponding
to the experimental conditions of 60 min grinding time, 60% grinding concentration, and
2 cm ball diameter. The value of γ−0.074 mm obtained from the grinding experiment under
optimal conditions was 89.98%. The deviation between the predicted and experimental
values was 2.33%, indicating that the predicted model was reliable.

To analyze the mechanism of ball milling for carbon anode slag, the particle shape
of 0.5–0.25 mm of the raw ore and the sample under optimal grinding conditions were
examined using a microscope, and a comparison of the results is presented in Figure 6. As
shown in Figure 6b, the surfaces of the particles of 0.5–0.25 mm after grinding were smooth
and there were no long strips of particles after grinding. However, as shown in Figure 6a, a
certain number of long strips of particles were clearly presented in the carbon anode slag
before grinding. The results in Figure 6 indicate that the carbon anode slag was mainly
ground by the abrasion mechanism during the wet ball-milling process. This conclusion is
also supported by the literature [16,20].
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3.3. Analysis of Flotation Recovery Results of Ground Products

The multi-stage flotation process was carried out on the −0.074 mm ground product
under optimal grinding conditions, and the results are presented in Table 8.

Table 8. The multi-stage flotation test results of −0.074 mm in the ground product.

Products Yield (%) Ash Content (%)

Concentrate Accumulation Tailings Accumulation

Yield
(%)

Ash Content
(%) Yield (%) Ash Content

(%)

Concentrate 40.16 9.57 40.16 9.57 100.00 49.55
Tailings 5 4.44 19.51 44.61 10.56 59.84 76.39
Tailings 4 3.62 31.72 48.23 12.15 55.39 80.95
Tailings 3 8.69 54.95 56.92 18.68 51.77 84.40
Tailings 2 11.68 82.88 68.60 29.61 43.08 90.34
Tailings 1 31.40 93.12 100.00 49.55 31.40 93.12

Total 100.00 49.55

As can be seen from Table 8, the purity of cryolite could be upgraded to 93.12% by
flotation after grinding the raw carbon anode slag to −0.074 mm, which was 40% (actually
40 percentage points) higher than the raw ore. Moreover, the recovery of cryolite was
59.00%. The reason for the improved grade of cryolite is that the low-ash product with
a content of 40.16% was removed from the carbon anode slag. The low-ash product
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contained dry basis 10.67% ash 84.37% fixed carbon, and 4.96% volatile content, indicating
that the product was mainly carbon, approximately 10% cryolite and 5% volatiles. It was
determined that the low-ash product had a calorific value of 7171.60 kcal/kg, indicating
that it could be recovered and used as fuel. In addition, carbon recovery was calculated
to be around 71.99%. Therefore, a conventional grinding process followed by multi-stage
flotation resulted in about 60% recovery of cryolite and about 70% of carbon in this study.
Although the conventional grinding-flotation process can obtain high-purity cryolite and
low-ash carbon, some cryolite and carbon cannot be fully recovered, mainly corresponding
to the locked bodies of middlings. The middlings (tailings 5-tailings 2) in Table 8 are
mainly non-liberated cryolite and carbon in the carbon anode slag. SEM-EDS images of the
flotation middlings are shown in Figure 7. There was a small amount of fully dissociated
cryolite particles (in the upper right corner). At the same time, it can be clearly seen
that most of the particles were in the co-associated state of carbon and cryolite particles.
The average particle size (d50) of the flotation middlings in this co-associated state was
17.11 µm (see Figure 8). It can be concluded that even if the particle size of the carbon
anode slag is ground to smaller than 20 µm (d50), there are still some particles that are not
completely dissociated.
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The size of steel balls commonly used in ball milling is 3–5 cm [21]. In the process of
ball milling, it is difficult to realize the complete dissociation of the middlings involved in
this study by using steel balls in this scale range. This is because the size of the grinding
medium is too large compared with the particle size of the grinding object to provide
enough grinding surface to realize the dissociation of fine middlings [19,22]. In order to
crush and dissociate the flotation middlings effectively, they can be pulverized through
ultra-fine grinding, such as with stirred mill [23] and scrubbing pre-treatment [19]. After the
deep dissociation of the flotation middlings (d50 = 17.11 µm), the particle size of the products
will inevitably be finer. While the finer products cannot be effectively recovered using
conventional flotation methods [24], for the recovery of fine mineral particles, possible
effective methods include carrier flotation [25–27], micro-nano bubble flotation [28,29],
hydrophobic flocculation flotation [30,31], oil agglomeration [32,33], etc. It should be noted
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that the research on deep dissociation and efficient recovery of flotation middlings needs to
be further explored.
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4. Conclusions

(1) The d50 of raw carbon anode slag with an ash content of 53.54% was about 1 mm,
and contained the elements of F, Na, Al, etc., and the non-carbon material was mainly
cryolite. The particle size of the carbon particles embedded with cryolite was less than
100 µm in the raw slag. Therefore, it is necessary to realize the dissociation of carbon
particles and cryolite through suitable grinding.

(2) Under optimal conditions (60 min grinding time, 60% grinding concentration,
2 cm ball diameter), the predicted and experimental values of γ−0.074 mm were 87.89% and
89.98%, respectively. The deviation between the predicted and experimental values was
2.33%, showing that the predicted model recommended by the Design-Expert software
was reliable. The order of significant effects of different factors on γ−0.074 mm was: grinding
time > grinding concentration > ball diameter.

(3) Under optimal grinding conditions, the ground product with particle size less than
0.074 mm was separated by the multi-stage flotation process to obtain the cryolite product
with a purity of 93.12% (recovery of 59.00%). The low calorific value of the carbon product
(recovery of 71.99%) was as high as 7171.60 kcal/kg, which can be used as fuel.

(4) A combination of conventional grinding and flotation can effectively recover both
carbon and cryolite from spent carbon anode slag. However, this method cannot recover
all the carbon and cryolite, mainly because of the presence of a fraction of incompletely
dissociated carbon and cryolite particles. The study on the deep dissociation and efficient
recovery of these fine particles needs to be given more attention.
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