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Under the assistance of ultrasound, the fluoride in the spent cathode carbon of aluminum electrolysis was
recovered by the process of washing first and then leaching. The effects of time, temperature, liquid—solid
ratio, ultrasonic power, alkali amount and acid concentration on the leaching rate of fluoride were
investigated. The useful components in the leaching solution were recovered by evaporation
crystallization and cryolite regeneration. The tests of X-ray diffraction (XRD), X-ray fluorescence
spectroscopy (XRF), and scanning electron microscopy combined with energy dispersive spectroscopy
(SEM-EDS) showed that under the optimal experimental conditions (water washing: 50 s, 3:1, 420 W;
alkaline leaching: alkali amount 1 g, 60 min, 70 °C, 7:1, 480 W; acid leaching: acid concentration
0.6 mol L%, 60 min, 5:1, 70 °C, 480 W), the leaching rate of fluoride was 82.99%, and the fluoride

contents recovered in the water washing and leaching processes are 94.67% and 95%, respectively.
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1. Introduction

Spent cathode carbon (SCC) is a hazardous solid waste gener-
ated during the aluminum electrolysis production process.™?
Since the cathode carbon is constantly eroded by high-
temperature electrolytes during the production process,® the
service life of most aluminum electrolytic cells is only 5 to 8
years.* SCC contains many valuable inorganic compounds,®
such as alumina, cryolite, fluoride and aluminosilicate, and
some carbon blocks also have a small amount of cyanide.*” In
the past, SCC was usually directly landfilled.? However, since the
fluoride and cyanide in SCC can penetrate the soil and pollute
the groundwater, having a great impact on the health and
ecological balance of animals and plants,”'® many countries
have listed SCC as a hazardous solid waste."*

Due to the special toxicity and recovery value of SCC, many
scholars have done a lot of research on it, including flotation
method,*” soluble aluminum salt solution leaching,’*' high
temperature treatment method,””” acid leaching method'®*®
and alkali leaching method.**** However, these methods have
certain defects, such as insufficient purity of carbon powder,
low leaching rate, long leaching cycle, high energy consump-
tion, low recovery rate, and new pollutants generated during the
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There is no solid waste and waste water in the whole experimental process.

treatment process. Therefore, it is necessary to find an efficient
and pollution-free treatment method.

Compared with traditional leaching methods, ultrasonic
leaching has the advantages of high efficiency and good effect.>
Yuan et al.*® obtained high-purity carbon powder by ultrasonic
leaching, and synthesized silicon carbide with silicon dioxide at
1600 °C, which made the spent cathode carbon have regenera-
tion value. Zhang et al.** used ultrasound-assisted leaching of
germanium from by-products of zinc smelting, the leaching
time was shortened from 100 min to 40 min, and the leaching
rate was increased by 3-5%. In this study, under the assistance
of ultrasound, the water-soluble NaF in SCC was first washed
into the solution, and the high-purity solid NaF could be
recovered after evaporation and crystallization of the washing
solution. Then, under the acid-alkali combined leaching
process, CaF, and NazAlF, were leached into the solution to the
greatest extent, and then the study of recovering cryolite from
the leaching solution is carried out.

2. Experiment
2.1 Experimental materials

The experimental samples were collected from an aluminum
electrolysis plant (Guizhou Province, China). The collected
spent cathode carbon was crushed with a jaw crusher, further
finely ground using a vibrating mill, so that all of it passed
through a standard sieve of 150 mesh (106 pm), dried and
bagged for use.

The samples after grinding were analyzed by XRD and XRF,
and the results were shown in Table 1 and Fig. 1, respectively.
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Table 1 The chemical elemental composition of SCC

Element C F Na AlLO; SiO, S CaO Fe Others

Content/% 71.9 6.82 6.14 5.66 2.79 0.67 0.81 0.97 4.24
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Fig.1 XRD diagram of SCC.

As can be seen from Table 1, the main constituent elements
of SCC are F, Na, C, Si, Ca, S, Fe, and Al, among which C, F, Na
and Al are the most abundant. As can be seen from Fig. 1,
graphite is the main constituent material, accounting for about
71.9% of the total mass of raw materials, and the inorganic
impurities are mainly NaF (9.59%), NaAl;;0;5 (5.98%), NaAlF,
(1.21%), CaF, (1.18%), and LiF (1.05%).

2.2 Experimental methods and procedures

Put 10 g ground spent cathode carbon block into a PTFE beaker,
add a certain amount of water to the beaker, and put the PTFE
beaker into an ultrasonic instrument for ultrasonic washing.
The main purpose of washing is to remove sodium fluoride. The
effects of time, liquid-solid ratio and ultrasonic power on the
removal of sodium fluoride were investigated respectively. The
spent cathode carbon after washing was filtered, dried and
weighed as the raw material for the subsequent alkali leaching

SccC
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part. The remaining washing liquid was evaporated and crys-
tallized to recover sodium fluoride.

The 10 g washed sample was put into a PTFE beaker, and
a certain amount of sodium hydroxide solution was added to
the beaker. The PTFE beaker was put into an ultrasonic
instrument, and the ultrasonic leaching was carried out after
stirring evenly. The effects of alkali amount, time, temperature,
liquid-solid ratio and ultrasonic power on the leaching of
cryolite were investigated respectively. The spent cathode
carbon after alkali leaching was filtered, dried and weighed as
the raw material for the subsequent acid leaching part. The
filtrate was sealed separately and stored as a raw material for
subsequent synthesis of cryolite.

After the alkali leaching, 10 g of the sample after alkali
leaching treatment was put into a PTFE beaker, and a certain
concentration of hydrochloric acid solution was added to the
beaker. The PTFE beaker was placed in an ultrasonic instru-
ment, and ultrasonic leaching was started after stirring well.
Since the optimum ultrasonic power and temperature were
determined during the alkali leaching, and the effect in the acid
leaching did not change much, the ultrasonic power and
temperature are consistent with the alkali leaching process, and
the effects of three main factors, namely, hydrochloric acid
concentration, leaching time and liquid-solid ratio, on the
leaching effect of calcium fluoride were investigated respec-
tively. The spent cathode carbon after acid leaching was filtered,
dried and weighed, and the filtrate was sealed separately and
stored as a raw material for subsequent synthesis of cryolite.

The experiment was repeated three times under each
experimental condition. Since there is no NaF with low solu-
bility in the leaching process, all the substances that can be
dissolved have entered the filtrate, so only a small amount of
distilled water is needed to rinse the residual solution on the
surface of the leaching residue, and the washing solution is
poured into the leaching filtrate for preservation. The samples
obtained after the filtration was dried and weighed for the
fluorine element analysis test. The fluoride leaching rate is
calculated by the following formula (1):

 682—n

b= 6.82 (1)

where 6 is F leaching rate (%), n is the fluorine element value
obtained by testing the SCC after leaching, 6.82 is the F content
in the analysis of chemical elements in raw materials.

Fig. 2 Experimental process for SCC.
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Finally, the acid-leaching filtrate was slowly poured into the
alkali-leaching filtrate, and cryolite were precipitated at the
appropriate pH, temperature, and time. The whole experi-
mental process is shown in Fig. 2.

2.3 Equipment and characterization

This section lists the equipment and characterization methods
required for the experiments.

SCC samples were crushed using a jaw crusher (SP100x60,
Guiyang Exploration Machinery Factory, China). A vibration
mill prototype (XZM-100, Wuhan Exploration Machinery
Factory, China) was used for grinding samples. The sample is
filtered in the suction filter (SHB-111, Baoling Equipment,
China). The composition of SCC was analyzed by X-ray diffrac-
tion (XRD) (Empyrean, PANalytical B.V., Netherlands) and X-ray
fluorescence spectrometer (XRF) (AXIOSMAX Minerals, PAN-
alytical B.V., Netherlands). SCC was washed and leached by
ultrasonic equipment (KQ-600KDE, Kunshan Ultrasonic
Instrument, China). The surface morphology of SCC before and
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after treatment was observed by SEM (Sigma300, Zeiss, Ger-
many). The change of binding energy of surface elements before
and after sample treatment was analyzed by X-ray photoelectron
spectroscopy (XPS) (K-Alpha, Thermo Scientific, America). The
effect of leaching process on the distribution of elements on the
surface of SCC was observed by time-of-flight secondary ion
mass spectrometry (TOF-SIMS) (PHI nanoTOFII, Physical Elec-
tronics, Germany).

3. Results and discussion

3.1 Water washing experiment

The solubility of NaF is very small, 4.3 g/100 ml at 25 °C, and it is
extremely soluble in water, and the vast majority of NaF can be
dissolved in water by water washing and it has little effect on
other substances. Fig. 3 shows the experimental results under
a series of water-washing conditions. Considering the influence
of time, liquid-solid ratio, and ultrasonic power, the best
washing conditions were obtained: time of 50 s, a liquid-solid
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Fig. 3 Results of NaF recovered by water washing: (1) L:S=25:1, P=360W; (2) t: 50s; P=360W; (3) t: 50 s; L:S=3:1.
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Fig. 4 XRD diagram of NaF.

ratio of 3:1, and a washing power of 420 W. The filtrate of
ultrasonic washing was poured into an evaporation dish for
evaporation and crystallization, and the water in the solution
was first evaporated at a high temperature. When the white
solid was precipitated, the heating was stopped and the residual
heat was used to evaporate it dry.

From Fig. 3, it can be seen that under the optimal washing
conditions, 10 g of the sample can be washed to recover the
white solid to the maximum extent of 0.77 g. The recovered
white solids were tested by XRD, as shown in Fig. 4, the char-
acteristic peak of the white solid was mainly sodium fluoride,
and the recovered fluoride content reached 94.67%.

3.2 Alkali leaching experiment

The main purpose of alkaline leaching is to leach NazAlF, in the
environment of sodium hydroxide alkaline solution, and some
inorganic substances also participate in the reaction. According
to the XRD results, the theoretical leaching rate of NaF and
Na;AlF in the process of water washing and alkali leaching is
75.19%, which is compared with the actual leaching rate. The
main chemical reaction occurring in the alkali leaching process
is the formula (2):

Na3AlFs + 4NaOH — NaAl(OH)4 + 6NaF (2)

The one factor-at-a-time (OFAT) method was used to improve
the leaching rate of fluoride, and Fig. 5 shows the experimental
results under a series of leaching conditions. The trend of
leaching effect under different experimental conditions eventu-
ally tends to be gentle, but under the experimental conditions of
liquid-solid ratio, the leaching rate increases first and then
decreases, and the trend gap is large. This is because after the
optimal alkali amount is determined, the reaction concentration
can be determined according to the value of liquid-solid ratio. If
the liquid-solid ratio is too small or too large, the inorganic
matter cannot be fully dissolved. A reasonable liquid-solid ratio
should allow all reactants to have sufficient reaction space. It can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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be seen from Fig. 5 that when the liquid-solid ratio is 4: 1, the
leaching rate is the lowest. At this time, the amount of water is too
small, and inorganic substances cannot enter the solution for
reaction. When the liquid-solid ratio was between 5:1 and 6:1,
the reaction began to proceed forward, and the leaching rate of F
increased rapidly until the liquid-solid ratio was 7 : 1. When the
liquid-solid ratio continues to increase, the leaching rate of F
decreases, and the concentration decreases with the increase of
liquid-solid ratio, which affects the reaction. Considering the
effects of alkali amount, time, temperature, liquid-solid ratio,
and ultrasonic power, the best leaching conditions were obtained:
alkali amount of 1 g, time of 60 min, the liquid-solid ratio of 7 : 1,
temperature of 70 °C and ultrasonic power of 480 W. Under these
conditions, the leaching rate of fluoride reached 72.14%.

3.3 Acid leaching experiment

The purpose of acid leaching is to leach the remaining fluoride
into the solution as much as possible, and the reactions
occurring during the acid leaching process are formulas (3) and
(4). According to the XRD results, the fluorine leaching rate
(72.14%) in the alkali leaching process did not reach the
leaching rate (75.19%) when sodium fluoride and cryolite were
completely removed, it was speculated that there was still
a small amount of Na3AlF not completely dissolved due to the
insufficient particle size of the sample. Continue to grind the
spent cathode carbon after alkali leaching to 325 mesh (45 pm)
for the acid leaching test, so there was still a possibility of
a reaction (5) during the acid leaching process.

CaF, + 2HCI — CaCl, + 2HF 3)
NaA111017 + 34HCI — NaCl + 11A1C13 + 17H20 (4)
Na;AlFq + 6HCI — 3NaCl + AICl; + 6HF )

Fig. 6 shows the acid leaching test results under the main
leaching conditions. The inorganic substance that reacts with
hydrochloric acid during acid leaching is CaF,, and a part is
used to neutralize a very small part of the alkali remaining in
the solid after alkali leaching. Under the condition of single
factor experiment, the leaching trend of each experiment tends
to be stable. It can be seen from the Fig. 6 that the leaching rate
reaches the maximum when the acid concentration is
0.6 mol L™'. When the acid concentration continues to increase,
the leaching effect decreases instead. This is because the
concentration increases, the proportion of water in the solution
decreases, and the evaporation will be rapid under the action of
high temperature and ultrasonic wave. As a result, the solution
becomes thicker and the inorganic matter cannot be fully dis-
solved. Since the temperature and ultrasonic power were
consistent with the alkali leaching process, the effects of
hydrochloric acid concentration, time and liquid-solid ratio
were comprehensively considered, and the optimum leaching
conditions were obtained: hydrochloric acid concentration of
0.6 mol L', time of 60 min, the liquid-solid ratio of 5:1,
temperature of 70 °C, ultrasonic power 480 W. Under these
conditions, the leaching rate of fluoride reached 82.99%.

RSC Adv, 2023, 13, 16300-16310 | 16303
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Fig. 5 Results of alkali leaching rate of F: (1) t: 40 min, T: 60 °C,L:S=6:1, P=420W; (2)A:19; T:60°C,L:S=6:1, P=420W; (3) A: 1 g; t:
60 min, L:S=6:1, P=420W; (4) A:1g;t: 60 min, T: 70 °C, P=420 W; (5) A: 1 g; t: 60 min, T: 70 °C, L:S=7:1

The SCC after alkali leaching and acid leaching was tested by
XRD. It can be seen from Fig. 7 that the content of the sample
after acid leaching was only carbon and lithium fluoride, and
the remaining impurities were almost removed. SEM and EDS
characterization was performed on the raw SCC and the SCC

16304 | RSC Adv, 2023, 13, 16300-16310

after the combined washing-leaching treatment to observe the
external morphology. As can be seen from Fig. 8, after treat-
ment, the large particle carbon become less, the surface has
become smooth, the content of F, Na, Al and other elements
decreases, and the content of carbon elements increases,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XRD diagram of SCC after alkali leaching and acid leaching.

indicating that the electrolyte in the spent cathode carbon has
been basically dissolved in the solution.

XPS and TOF-SIMS were used to characterize the raw SCC
and the SCC after the combined washing-leaching treatment to

© 2023 The Author(s). Published by the Royal Society of Chemistry

explore the valence state and distribution of elements on the
surface of SCC. It can be seen from Fig. 9 and 10 that the
distribution of carbon elements becomes dense and the content
increases after treatment. The elements such as fluorine,
sodium, and aluminum became dispersed and the content
decreased sharply. The valence state of the surface elements of
SCC did not change after treatment, but the binding energy
changed slightly, indicating that the chemical environment of
SCC surface changed. It can be seen from the figure that a small
amount of bulk SCC with high content has not been effectively
treated, presumably due to the lack of fine particle size of the
sample.

3.4 Harmless treatment of acid-base leaching solution

In the aforementioned experiments, only the leaching treat-
ment was done for the spent cathode. The leaching filtrate was
not treated, which contains a large number of fluorine ions and
has certain recovery value. The cryolite regeneration method
and chemical method were used to maximize the recovery of
useful components in the leaching filtrate and to achieve the
experimental process without wastewater pollution and
discharge.

RSC Adv, 2023, 13, 16300-16310 | 16305
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Fig. 8 SEM-EDS characterization diagram before and after sample treatment.

3.4.1 Recovery of cryolite. The acid leaching filtrate was
slowly poured into the alkali leaching filtrate to precipitate
cryolite under appropriate pH, temperature, and precipitation
time. The reaction principle is shown in formula (6):

AI(OH),~ + 4H" + 3Na" + 6F~ — Na3AlFs| + 4H,0 (6)

Since the NazAlF, generated by the reaction (6) is flocculent,
the filtration speed is slow, and the solution has reached
normal temperature during the filtration process, so the reac-
tion temperature can be taken as normal temperature. At
normal temperature, the acid leaching filtrate was poured into

16306 | RSC Adv, 2023, 13, 16300-16310

the alkali leaching filtrate for 1 h to investigate the effect of pH
on the amount of cryolite precipitation.

Since cryolite will form different forms of sodium aluminate
solutions under high or low pH conditions, the existence form of
Al ions in water is detected under different pH conditions, and
the optimal precipitation conditions are determined. The results
are shown in Fig. 11. When the pH is 6-8, there is a precipitate in
the solution, which is mainly Al(OH);; when pH > 8, the solution
gradually generates Al(OH),~ and [Alg(OH),¢]*~, which makes the
formula (6) go forward. The precipitate is cryolite, and the
maximum amount is generated at pH = 9, so the most suitable
pH for the precipitation of Na;AlF; is 9.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XPS diagrams before and after sample treatment.

Since the precipitated cryolite is flocculated, it needs
a certain reaction time to gather in a mass, and insufficient time
results in very little precipitation. To determine the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry

time, the effect of different reaction times on the amount of
precipitation was investigated at pH = 9 and normal tempera-
ture. As can be seen from Fig. 12, before 2 h, the amount of
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Fig. 10 TOF-SIMS diagrams before and after sample treatment.

precipitation increases with time and the reaction power is
sufficient, after reaching 2 h, the reaction tends to be gentle and
the amount of precipitation is unchanged, so the best precipi-
tation time is 2 h.

In summary, the optimal conditions for the generation of
cryolite were pH = 9, precipitation time of 2 h, and normal
temperature. The product was filtered and dried for XRD anal-
ysis. As shown in Fig. 13, the recovered fluoride has less
impurities and the content reached 95%.

16308 | RSC Adv, 2023, 13, 16300-16310
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3.4.2 Treatment of residual solution. After the recovery of
cryolite, there are still a small part of fluorine ion and metal ions
in the remaining liquid. Due to the insufficient concentration,
the reaction cannot continue. The content of each ion compo-
nent is shown in Table 2. The remaining liquid is added with
AIP* solution in proportion, stirred evenly and left standing for
a period of time, obvious yellow-brown precipitate can be seen.
The precipitate is a little cryolite synthesized by Na" and F~ in
water and added AI**. A small amount of filtered cryolite filtrate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The composition table of residual solution before and after
treatment

Element F Na Al Ga
Before/(mg L) 305 1227 67.4 4.84
After/(mg L) 9.06 56.7 18 2.33

was added with an appropriate amount of saturated CacCl,
solution and PAC, stirred evenly and standing for a period of
time, a layer of white precipitate can be seen. The fluorine
content of the filtered solution is tested to be =10 mg L™,
which met the national industrial wastewater discharge stan-
dard (China).

4. Conclusions

In this experiment, the fluoride in the spent cathode carbon was
dissolved to the maximum extent by using the combined
washing-leaching method under ultrasonic-assisted conditions,
and the harmless treatment of the washing solution and
leaching solution and the useful substances were recovered.
The following conclusions were obtained:

(1) The optimal conditions for the water washing process
were time of 50 s, liquid-solid ratio of 3:1, and water washing
power of 420 W. The most amount of sodium fluoride was
recovered under these conditions, and the recovered fluoride
content reached 94.67%.

(2) Under the combined process of washing and leaching,
the leaching rate of fluoride reached 82.99%. The optimal
conditions for precipitation of cryolite were pH = 9, time of 2 h
and normal temperature environment, the recovered fluoride
content reached 95%.

(3) The fluoride in the spent cathode carbon is recycled, and
no solid waste and hazardous wastewater are discharged
throughout the experiment, so as to realize resource utilization.
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