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During the treatment of spent cathode carbon from electrolytic aluminum, a large amount of fluoride
containing wastewater is generated. By adding different sodium source and aluminum source reagents,
under the conditions of different addition order, pH, temperature and time, the effects of conventional
static reaction, stirring reaction and ultrasonic assisted reaction on the crystallization properties of
recovered cryolite were investigated. The results showed that under the optimum reaction conditions
(sodium source: NaCl, aluminum source: AlClz, the molar ratio of AlCls to NaCl is 1: 3, addition order:
first addition of AlCls and then NaCl, pH is 8.57, time is 40 min, temperature at room temperature), the
removal efficiency of fluoride ions was the highest when ultrasound assisted treatment was used. The
cryolite products with ultrasound assisted crystallization and without ultrasound assisted crystallization
were characterized using SEM and TEM. The results showed that the crystal particles obtained by

ultrasound assisted crystallization were relatively concentrated, and the morphology was regular and the
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Accepted 29th November 2023 surface was smooth. Design Expert orthogonal software was used to design the response surface test, it
was found that ultrasound time has the most significant impact on the content of recovered cryolite

DOI: 10.1039/d3ra06661d among single factors, and the interaction between ultrasound frequency and ultrasound power,
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1. Introduction

In recent years, the electrolytic aluminum industry has devel-
oped rapidly, and at the same time, the production of
dangerous by-product spent cathode carbon (SCC) is also
increasing."” Due to the continuous erosion of cathode carbon
by high-temperature electrolytes, molten aluminum, sodium
salts and other substances during the production process, its
service life is shortened to 5-8 years.>* SCC contains many
valuable inorganic compounds, such as alumina, cryolite,
fluoride, and aluminum silicate, and some carbon blocks also
contain small amounts of cyanide.>® According to statistics, 30—
50 kg of spent cathode carbon will be produced for every 1 t of
aluminum production.” In the past, SCC was usually directly
landfill treated.® However, since the fluoride in SCC can pene-
trate the soil and pollute groundwater, which has a great impact
on the health and ecological balance of animals and plants,**®
many countries have listed SCC as a hazardous solid waste."*
Therefore, achieving harmless treatment and resource
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ultrasound power and ultrasound time was highly significant among multiple factors.

utilization of SCC is an urgent problem to be solved in the
electrolytic aluminum industry.

The commonly used methods for the treatment of spent
cathode carbon include flotation method,** soluble aluminum
salt solution leaching method,'* acid leaching method'*** and
alkali leaching method.'* However, these methods generate
a large amount of high concentration fluoride wastewater
during the treatment process, which has become a thorny
problem."'® The common treatment methods for fluoride
containing wastewater include chemical precipitation
method," coagulation precipitation method,* crystallization
precipitation method,* adsorption method,” ion exchange
method,* etc. Some methods have problems such as complex
equipment, large operating capacity, high energy consumption,
and high treatment cost in the treatment process, making it
difficult to be widely applied.>*** The chemical precipitation
method is widely used in industry due to its low treatment cost,
good effect, and simple operation.?® The most common method
is to treat industrial fluoride containing wastewater by adding
bleaching powder, ultimately generate calcium fluoride
precipitation to remove fluoride ions.”” However, the chemical
treatment process produces a large amount of waste residue,
which is difficult to precipitate, and the value of the recovered
products is low.

In response to these shortcomings, this experiment uses the
crystallization method to treat high concentration fluoride
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containing wastewater generated during the treatment of spent
cathode carbon. Single factor experiments are conducted to
investigate the effects of reagent type, reagent addition order,
solution pH, temperature, and time on the removal efficiency of
fluoride ions. Characterization tests are also conducted to
investigate the crystallization performance of recovered cryolite
under static treatment, stirring treatment, and ultrasonic
treatment conditions, in order to provide an efficient and
valuable treatment method for fluoride containing wastewater.

2. Experiment
2.1 Experimental materials

The wastewater sample used in the experiment comes from
high concentration fluoride containing wastewater after the
treatment of electrolytic aluminum spent cathode carbon, with
a fluoride ion content of approximately 2000 mg L~'. All
reagents use analytical pure reagents that meet national stan-
dards. Sodium hydroxide and sodium chloride were obtained
from Chengdu Jinshan Chemical Reagent Co., Ltd. Sodium
carbonate and aluminum chloride were obtained from Tianjin
Yongda Chemical Reagent Co., Ltd. Sodium metaaluminate was
obtained from Tianjin Damao Chemical Reagent Factory.
Aluminum oxide was obtained from Shanghai McLean
Biochemical Technology Co., Ltd. Hydrochloric acid was ob-
tained from Chongqing Chuandong Chemical Co., Ltd. The
experimental water was deionized water.

2.2 Experimental methods and procedures

100 mL of fluoride containing wastewater is taken in a poly-
tetrafluoroethylene beaker. Under three reaction states of static
conditions, stirring conditions and ultrasonic conditions,
conduct a single factor experiment to investigate the effects of
different sodium source reagents and aluminum source
reagents, reagent addition order, solution pH, temperature, and
time on the removal efficiency of fluoride ions. The experi-
mental design is shown in Table 1. The experimental principle
is shown in formula (1):

Table 1 Single factor test
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Al(OH),~ + 4H" + 3Na" + 6F~ — NasAlFs] + 4H,0 (1)

The solution after the reaction was filtered. The filtrate was
cooled and the residual fluoride ion in the filtrate was determined
by the National Environmental Protection Standard HJ 488-2009
“Water quality — Determination of fluoride — Fluorine reagent
spectrophotometric method”. The detection principle is that
fluoride ions react with fluoride reagent and lanthanum nitrate in
an acetate buffer medium with a pH value of 4.1 to form a blue
ternary complex. The absorbance of the complex at a wavelength
of 620 nm is directly proportional to the concentration of fluoride
ions, and fluoride is quantitatively measured (calculated as F~).
The solid obtained by filtration under the optimum conditions
was dried and characterized by XRD, SEM and TEM.

The experiment was repeated three times under each
experimental condition, and the removal efficiency of fluoride
ion was calculated by the following formula (2):

2000 — v
b= 3000 2)

In the formula, 4 is the removal efficiency of fluorine ion (%),
v is the fluoride ion content of fluoride containing wastewater
after treatment, and 2000 is the fluorine ion content (mg L") in
the raw material of fluoride containing wastewater.

2.3 Equipment and characterization

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

The pH of the solution was adjusted by pH meter (PHS-25,
Shanghai Yidian Scientific Instrument, China). The solution
was filtered in suction filter (SHB-111, Baoling Equipment,
China). The fluoride containing wastewater was treated by
ultrasonic equipment (KQ-600KDE, Kunshan Ultrasonic
Instrument, China). The fluoride containing wastewater was
heated and stirred by digital constant temperature stirring
water bath (HH-6, Shanghai Shangpu Instrument & Equipment,

Single
factor Sodium source and

experiment aluminum source Reagent addition order ~ pH

Temperature/°C Time/min Others

Group 1  NaCl + AICl;, NaCl + Al,O;, Adding together 8.57 Room temperature 30 Ultrasonic power 420 W,
NaCl + NaAlO,, Na,CO; + ultrasonic frequency 40
AICl;, Na,CO; + NaAlO,, kHz, water bath stirring
NaOH + AICl;, NaOH + speed 480 rpm
ALO;, NaOH + NaAlO,
Group 2 Optimal reagent AICI; first then NaCl, NaCl 8.57 Room temperature 30
combination first then AICl;, AICI; and
NacCl together
Group 3  Optimal reagent Optimal order of addition 0.75, 2.64, 5.34, Room temperature 30
combination 8.57, 11.66
Group 4  Optimal reagent Optimal order of addition Optimal pH 25, 40, 55, 70,85 30
combination
Group 5  Optimal reagent Optimal order of addition Optimal pH Optimal reaction 20, 40, 60,
combination temperature 80, 100
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China). The deionized water used in the experiment was
prepared by a distilled water generator (RO-DI-20L, Jin Feilan
Water Treatment Equipment, China). The fluoride containing
wastewater was tested by ultraviolet spectrophotometer (TU-
1901, Beijing Persee General Instrument, China). The particle
size distribution of synthetic cryolite was analyzed by particle
size analyzer (LS13320, Beckman, USA). The composition of
synthetic cryolite was analyzed by X-ray diffractometer (XRD)
(D8 Advance, Bruker, Germany). The surface morphology of
synthetic cryolite was observed by scanning electron microscopy
(SEM) (Sigma 300, Zeiss, Germany). The internal structural
distribution of synthetic cryolite was observed by transmission
electron microscopy (TEM) (JEM-2100Plus, JEOL, Japan).

3. Results and discussion
3.1 Treatment experiment of fluoride containing wastewater

The addition of different sodium and aluminum sources will
have different effects on the removal efficiency of fluoride ions,
reaction time, and crystallization rate of cryolite in the solution.
Therefore, it is crucial to find the optimal sodium and
aluminum sources. The reagents were added according to the
molar ratio of each element in the cryolite molecule. The molar
ratio of aluminum sources to sodium sources is 1:3, so the
addition amount of each reagent combination are as follows:
NaCl 0.461 g + AICl; 0.351 g, NaCl 0.461 g + Al,O; 0.134 g, NaCl
0.307 g + NaAlO, 0.216 g, Na,CO; 0.418 g + AlCl; 0.351 g,
Na,CO; 0.279 g + NaAlO, 0.216 g, NaOH 0.316 g + AICl, 0.351 g,
NaOH 0.316 g + Al,0; 0.134 g, NaOH 0.211 g + NaAlO, 0.216 g.

As shown in Fig. 1, there is a significant difference in the
removal efficiency of fluoride ions under different reagent
combinations. When using NaCl + NaAlO, combination, the
removal efficiency of fluoride ions in the three reaction states
are the lowest, with 77.6%, 79.5%, and 80.9%, respectively; on
the contrary, when NaCl + AICl; combination is used, the
removal efficiency of fluoride ions in all three reaction states are
the highest, with 91.5%, 92.3%, and 94.7%, respectively. The
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Fig.1 Combination of different reagents.
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removal efficiency of other reagent combinations is not high,
the main reasons are as follows: (1) under neutral conditions,
Al O3 is difficult to dissociate aluminum ions, making it diffi-
cult to generate cryolite; (2) the addition of Na,CO; and NaOH
changes the pH of the solution, which is not conducive to the
optimal environment for the formation of cryolite and affects
the removal efficiency of fluoride ions; (3) NaAlO, only produces
aluminum ions in strong acid solutions and does not react in
weakly alkaline environments. Therefore, the best sodium
source reagents and aluminum source reagents are NaCl and
AlCl;, respectively, and under this combination of reagents, the
removal efficiency of fluoride ions with ultrasonic assistance is
the highest, reaching 94.7%.

The type and dosage of reagents have been determined. The
effect of the reagent addition order on the removal efficiency of
fluoride ions was investigated under different reaction condi-
tions. As shown in Fig. 2, when AICl; is added first and then
NacCl, the removal efficiency of fluoride ions in all three reaction
states are the highest, with 92.7%, 94.7%, and 95%, respec-
tively. On the contrary, when AICl; and NaCl are added simul-
taneously, the removal efficiency of fluoride ions in all three
reaction states are the lowest, at 90.4%, 93.7%, and 93.9%,
respectively.

The reason is that adding AICI; first can promote its hydro-
lysis in solution to generate Al(OH), . After its sufficient
hydrolysis, adding sodium chloride can quickly form cryolite
crystals. From this, it can be seen that adding AICl; first and
then NaCl can improve the crystallization rate of cryolite, and
under ultrasonic assistance, the removal efficiency of fluoride
ions is the highest, reaching 95%.

The effects of pH on the removal efficiency of fluoride ions in
three reaction states were investigated by adjusting the pH of
the solution to 0.75, 2.64, 5.34, 8.57, 11.66, respectively. From
Fig. 3, it can be seen that under the five pH conditions, when the
pH is 8.57, the removal efficiency of fluoride ions in all three
reaction states are the highest, with 93.9%, 94.9%, and 95.5%,
respectively. At pH of 0.75, the removal efficiency of fluoride
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Fig. 2 The order of adding reagents.
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Fig. 3 The results under different pH conditions.

ions in all three reaction states are the lowest, with 51.9%,
52.2%, and 53.5%, respectively.

Due to cryolite will form different forms of aluminate solu-
tion under higher or lower pH conditions. In acidic environ-
ments, the main precipitate generated is Al(OH)s; in a strongly
alkaline environment, the formation of cryolite is accompanied
by the formation of AlF;-3H,0O precipitation. This conclusion
has been previously studied by the team.”

Therefore, strong acid and alkali environments are not
conducive to the formation of cryolite. The removal effect of
fluoride ions is best in pH 8.7, and the highest fluoride ion
removal efficiency is 95.5% when ultrasonic assisted.

The effects of different temperatures on the removal effi-
ciency of fluoride ions under three different reaction states were
investigated. From Fig. 4, it can be seen that under the static
reaction state, the removal efficiency of fluoride ions is the
highest at a temperature of 40 °C, which is 94.1%; under the
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Fig. 4 The results under different temperature conditions.
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stirring reaction state, the highest removal efficiency of fluoride
ions is 94.9% at a temperature of 25 °C; in the ultrasonic reaction
state, at temperatures of 25 °C and 40 °C, the removal efficiency
of fluorine is consistently the highest, at 95.5%. From the figure,
it can be seen that the removal efficiency at different tempera-
tures do not differ significantly, and the synthesized cryolite is
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Fig. 5 The results under different reaction time.
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Fig. 6 XRD diagram of synthetic cryolite.
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flocculent, with a slower filtration rate. Usually, the solution has
reached room temperature during the filtration process. There-
fore, from the perspective of energy consumption, the optimal
reaction temperature is determined to be 25 °C.

Since the precipitated cryolite is flocculated, it requires
a certain amount of reaction time to aggregate into a cluster.
If the time is not sufficient, the precipitation amount will be
minimal. The effects of different reaction times on the
removal efficiency of fluoride ions under three different
reaction states were investigated. From Fig. 5, it can be seen
that under the static reaction state, the removal efficiency of
fluoride ions is the highest at 94.5% at a time of 40 minutes;
under the stirring reaction state, the removal efficiency of
fluoride ions is the highest at 95.4% when the time is 40
minutes; in the ultrasonic reaction state, when the time is 40
minutes, the removal efficiency of fluoride ions is the highest,
at 96.7%. As shown in the figure, when the reaction time is
40 min, the reaction has reached saturation, and the removal
efficiency of fluoride ions does not change much with the
increase of reaction time.

3.2 Characterization of synthetic cryolite

The final XRD quantitative test was carried out on the solid
materials synthesized under the optimal treatment conditions
of fluoride containing wastewater. The results are shown in
Fig. 6. The solid materials synthesized in the three states of

Qu'/ f ..

Ch1 MAG: 10000x HV: 10kV WD: 8.4 mm Px: 40 nm

Px: 40 nm

Fig. 8 SEM diagrams of synthetic cryolite: (a) static reaction; (b) stirring reaction; (c) ultrasonic reaction.
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static reaction, stirring reaction and ultrasonic assisted reaction
are all cryolite. It can be seen from the figure that the diffraction
peaks corresponding to the three reaction states gradually
increase, indicating that the crystal development tends to be
good, and the content of cryolite gradually increases, which are
94.72%, 95.39% and 98.36%, respectively.

The particle size distribution of cryolite crystals synthesized
under three reaction conditions was tested. It can be seen from
Fig. 7 that ultrasonic has a significant effect on the particle size
distribution of cryolite products. The product particles obtained
by ultrasonic crystallization are uniform, and the particle size is
concentrated in 10-50 pm, while the particle size of cryolite
products obtained without ultrasonic is not uniform, and the
particle size distribution is 4-90 pm.

The cryolite crystals synthesized under three different reac-
tion states were characterized by SEM and TEM to observe their
surface morphology and internal structure. As shown in Fig. 8
and 9. The relatively loose particles of cryolite recovered in the
static state are of different sizes, and only a few particles have
the tendency of aggregation and stacking. The recovered cryo-
lites in the stirring state gradually gather together, and the
surface of the cryolites gradually becomes smooth. The cryolite
particles in the ultrasonic state are relatively regular, the surface
is smooth and evenly distributed, the stacking is dense, and the
crystallization is better.
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Due to the fact that the quality of crystal formation depends on
crystal growth rate, crystal size, and crystal shape, and ultrasound
can have an impact on these three factors.”® Studies have shown
that,” when the crystal grows in solution, there will be two liquid
layers on the surface of the crystal - the adsorption layer and the
stationary liquid layer. The first step in the formation of the
crystal is that the solute will pass through the stationary liquid
layer to the adsorption layer, and then gather on the surface of the
crystal. In the ultrasonic environment, the impact generated by
the collapse of cavitation bubbles can shorten or even destroy the
double liquid layer, improving the efficiency of solute molecules
aggregation and growth towards the crystal plane. At the same
time, the ultrasonic wave can also make the grain vibrate locally
and prevent the crystal nucleus from sinking. Because the energy
released by ultrasonic cavitation is much larger than the energy
required for the growth of cryolite, crushing larger crystals,
promoting the growth of small crystals, forming secondary crys-
tallization, and reducing the radius of crystal nucleation. As
a result, the initial crystal nucleus with vastly different sizes
eventually become regular and uniform grains.*

3.3 Research on optimization of response surface method

As previously known, the crystallization performance is the best
under ultrasonic conditions, and the content of cryolite is the

Fig. 9 TEM diagrams of synthetic cryolite: (a) static reaction; (b) stirring reaction; (c) ultrasonic reaction.
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highest. In order to explore what factors play a dominant role,
the Box-Behnken module in the Design Expert software was
used to design the response surface test. The ultrasonic
frequency, ultrasonic power and ultrasonic time were used as
response factors, and the XRD quantitative analysis value
P(Na3AlFs) of cryolite was used as the response value. The
influencing factors and levels of the test are shown in Table 2.

Table 2 Test influencing factors and levels

Levels

Factors Variable -1 0 1
Ultrasonic frequency/kHz A 30 40 50
Ultrasonic power/W B 420 480 540
Ultrasonic time/min o} 20 40 60
Table 3 Test design and response value

Various factors and levels
Test number A B c P(Na3AlFg)/%
1 30 480 20 95.4
2 40 420 60 98.36
3 50 420 40 98.4
4 50 480 60 98.31
5 40 540 20 96.9
6 30 480 60 97.4
7 40 480 40 98.38
8 40 480 40 98.37
9 30 540 40 97.69
10 40 480 40 98.36
11 40 420 20 96.1
12 50 480 20 96.3
13 40 540 60 98.45
14 50 540 40 98.35
15 30 420 40 97.1
16 40 480 40 98.35
17 40 480 40 98.36

Table 4 Regression model analysis of variance®
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Fig. 10 Comparison curve between predicted value and actual value
of cryolite content.

The XRD content of cryolite was used as the evaluation index,
the Box-Behnken central combination module was used to
design the influencing factors of the test to obtain 17 sets of
tests. The test design scheme and results are shown in Table 3.
It can be seen from Table 3 that the response value of cryolite
content ranges from 94.5 to 98.45. The quadratic polynomial
regression equation model is obtained by using Design Expert
software to fit the data in Table 3, as shown in formula (3):

P = +98.36 + 0.47134 + 0.1788B + 0.9775C — 0.1600A4B +
0.00254C — 0.1775BC — 0.53954> + 0.06058> — 0.9720C>  (3)

In eqn (3): P is the content of cryolite; A is the
ultrasonic frequency; B is ultrasonic power; C is the ultrasonic
time.

Variance source Sum of squares Degree of freedom Mean square F-Value g-Value Significance
Regression model 15.36 9 1.71 505.19 <0.0001 *
A 1.78 1 1.78 525.96 <0.0001 *
B 0.2556 1 0.2556 75.67 <0.0001 *
c 7.64 1 7.64 2262.99 <0.0001 *
AB 0.1024 1 0.1024 30.32 0.0009 *
AC 0.0000 1 0.0000 0.0074 0.9339 ok
BC 0.1260 1 0.1260 37.31 0.0005 *
A? 1.23 1 1.23 362.81 <0.0001 *
B> 0.0154 1 0.0154 4.56 0.0700 *K
c? 3.98 1 3.98 1177.68 <0.0001 *
Residual 0.0236 7 0.0034 *
Lack of fit 0.0231 3 0.0077 59.29 0.0009 *
Pure error 0.0005 4 0.0001

Cor total 15.38 16

R* = 0.9985 Ragi® = 0.9965

¢ * is significant difference (g < 0.05); ** is not significant difference (g > 0.05).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Analysis of variance was performed on the data, and the
results are shown in Table 4. Among them, g = 0.01 is highly
significant, and g = 0.05 is significant. It can be seen from Table
4 that the quadratic model F = 505.19 selected in this
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experiment shows that the constructed model is significant, g <
0.0001, indicating that the design is scientific and reasonable,
the model is effective. There is a non-linear relationship
between the influencing factors and the response values of each

O
IR
N

99

40 S
C: Ultrasonic time (min) . B : Ultrasonic power (W)
20 420

Fig. 11 Contour map and response surface graph of the interaction among three factors on cryolite content.
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test. The equation R* = 0.9985, the correction coefficient Ryq;” =
0.9965, the correlation coefficient is close to 1, indicating that
99.85% of the experimental data can be explained by this model
in the experiment of optimizing the content parameters of
cryolite by response surface method.

Fig. 10 is the reliability analysis diagram of the quadratic
regression equation of the content of cryolite. The oblique line
in the diagram shows the special case that the content of
cryolite in the test is completely consistent with the predicted
content of cryolite. It can be seen from the figure that the test
values are concentrated on both sides of the slash and are close
to the distance from the slash, indicating that the test and the
expected model fit well.

The contour lines and response surface plots of the inter-
action between various factors was designed by Design-Expert
software, as shown in Fig. 11. The projection of the response
surface graph in the horizontal direction is a contour line. If the
contour line is a gradient line or an ellipse, it indicates that the
two factors have a very significant interaction. Contours are not
significant if they are round. The steepness of the slope of the
response surface of each factor reflects the degree of influence
of this factor on the content of cryolite. The steeper the slope,
the greater the influence. Therefore, based on the above anal-
ysis of contour lines and response surface plots, it can be
concluded that the interaction between ultrasonic frequency
and ultrasonic power, ultrasonic power and ultrasonic time is
highly significant (g < 0.01), and the interaction of other factors
is not significant. The single factor ultrasonic time has the most
obvious influence on the content of cryolite, followed by ultra-
sonic frequency, and the least influence is ultrasonic power.

4. Conclusions

The crystallization method was used to treat fluoride containing
wastewater generated during the treatment of spent cathode
carbon from electrolytic aluminum. The removal efficiency of
fluoride ions in the solution under three reaction conditions
was compared. It was found that the removal efficiency of
fluoride ions in the solution was the highest when AICl; and
NaCl were used as Al source and Na source respectively, the
molar ratio of AICI; to NaCl is 1: 3, first addition of AICI; and
then NacCl, pH is 8.57, time is 40 min, and temperature at room
temperature. Ultrasonic crystallization can significantly
improve the content of cryolite, and the surface of cryolite is
smooth and the particles are evenly distributed and concen-
trated. The response surface test showed that ultrasonic time
has the most significant impact on the content of recovered
cryolite among single factors, and the interaction between
ultrasonic frequency and ultrasonic power, ultrasonic power
and ultrasonic time was highly significant among multiple
factors. This method provides a certain reference value for the
effective synthesis and resource utilization of cryolite in elec-
trolytic aluminum spent cathode carbon treatment wastewater.
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