Available online at www.sciencedirect.com
- ’

“s.“ ScienceDirect

Trans. Nonferrous Met. Soc. China 35(2025) 2777-2789

Transactions of
Nonferrous Metals
Society of China

Aosilles Science
ELSEVIER Press

www.tnmsc.cn

Preparation of AlF3 from waste aluminum electrolyte via leaching,
electrolysis, and roasting

Xiao-jun LV, Xuan TAN, Ze-xun HAN, Li-qiong LUO, Yong-cong WU
School of Metallurgy and Environment, Central South University, Changsha 410083, China
Received 13 December 2023; accepted 20 May 2024

Abstract: High-purity AlF3 was prepared by the combined process of leaching the raw material of waste aluminum
electrolytes with aluminum chloride, electrolyzing the leaching solution, and then mixing with ammonium hydrogen
fluoride for roasting. Under the optimal leaching conditions of a fluorine to aluminum molar ratio of 2.0, a
liquid-to-solid ratio of 12, a temperature of 90 °C, and time of 4 h, the fluorine leaching rate can reach 99.15%. Under
the action of electrolysis, the H' is reduced to H; in the cathode, while the remaining OH™ combines with AIF?* and
AIF; to precipitate aluminium hydroxyfluoride hydrate. The results show that electrolysis is beneficial to reduce the
impurity content of aluminium hydroxyfluoride hydrate. When the current density is 0.2 A/cm?, the temperature is
90 °C, the stirring speed is 200 r/min, and the electrolysis endpoint pH is 3.0, the total content of Na, K and Ca
impurities in the precipitation is only 0.64 wt.%. Moreover, the hydrolysis can be inhibited effectively by adding
ammonium hydrogen fluoride in the mixed-roasting process. When the mass ratio of aluminium hydroxyfluoride
hydrate to ammonium hydrogen fluoride is 2:1, the purity of the AlF; product is even 99.51 wt.%. Conducively, the
high-purity AlF; can be returned to the aluminum electrolysis industry or used as a reagent.

Key words: waste aluminum electrolyte; aluminum chloride solution; electrolysis; aluminium hydroxyfluoride hydrate;
ammonium hydrogen fluoride; anhydrous aluminum fluoride

1 Introduction

In the production process of primary
aluminum, it is necessary to add 15-20 kg of
aluminum fluoride to the electrolyte for every ton
of primary aluminum to maintain a stable cryolite
ratio [1—3]. Based on the principle of conservation
of mass, the addition of fluorine salts will produce
the equivalent number of electrolytes, increasing
the electrolyte level in the electrolytic cell [4-9].
Therefore, surplus electrolytes must be scooped
periodically for storage, which can also be useful to
start up new electrolysis cells or overhaul ones later
[10—13]. What should also be noticed is that some
of the electrolytes were entrained in carbon slags
or overhaul slags [14,15]. With the existing

electrolytic aluminum production capacity in
China close to saturation, the construction of
new domestic aluminum electrolytic cells has
significantly decreased, which is bound to lead to a
substantial accumulation of electrolytes [16]. If
effective measures are not taken, the spent

aluminum  electrolytes, containing a  high

concentration of soluble fluorine, will pose
significant security risks to the ecological
environment [17-21]. Consequently, it is an

important and pressing issue for the whole
aluminum industry to realize the safe disposal and
efficient recycling of fluorine-containing secondary
resources [22].

The primary constituents of the waste aluminum
electrolyte include NaszAlFs, LiF, KF, AlF3;, CaF,

AlO; and C. Its phase composition is intricate,

Corresponding author: Ze-xun HAN, Tel: +86-17375896074, E-mail: hanzexun@csu.edu.cn

https://doi.org/10.1016/S1003-6326(25)66847-6

1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



2778 Xiao-jun LV, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2777-2789

making the extraction of valuable elements
challenging. Currently, both domestic and
international research focuses on recovering
fluorine from waste aluminum electrolytes by
converting it into various forms of fluorine
compounds such as aluminum hydroxyfluoride
hydrate, cryolite and calcium fluoride [23—28]. The
aluminium hydroxyfluoride hydrate, serving as an
intermediate product, is primarily obtained by using
lye to adjust the pH of the leaching solution. The
aluminum fluoride is obtained by directly roasting
aluminium hydroxyfluoride hydrate or mixing with
hydrofluoric acid to roast [29—31].

BUSH and GAYDOSIK [32] utilized sodium
hydroxide to neutralize acidic solutions that contain
Na, Al and F, and adjusted the pH to 2.0-3.0 to
precipitate aluminium hydroxyfluoride hydrate,
upon undergoing roasting which can yield
aluminum fluoride. Their research revealed that the
content of Na and S in aluminium hydroxyfluoride
hydrate accounted for 2.06% and 1.73%, whereas
the roasted products contained 0.83% Na and
0.69% S. Furthermore, XRD analysis demonstrated
that the roasted products not only contained
aluminum fluoride but also exhibited a small peak
corresponding to the oxide phase of sodium and
aluminum. WU et al [33] utilized a combination of
diluted sulfuric acid and aluminum salt to leach
the waste anode cover material of aluminum
electrolysis. After that, a sodium hydroxide solution
was employed to adjust the pH of the leaching
solution to precipitate aluminium hydroxyfluoride
hydrate, which was later mixed with hydrofluoric
acid for roasting to finally obtain aluminum fluoride.
In their study, the XRD analysis of both the
precipitation and the final product revealed a few
miscellaneous peaks. Furthermore, the chemical
composition of the final product showed that the Na

content was 1.25% and the SO~ content was 10.3%.

LISBONA and STEEL [34] employed a two-stage
leaching process to recover fluorine from spent
pot-lining. The process involved water washing to
remove NaF from the raw materials, followed by
leaching the dried filter cake with aluminum nitrate
solution to obtain the leaching solution. After that,
the pH of the solution was adjusted by adding
sodium hydroxide to obtain aluminium hydroxy-
fluoride hydrate. Subsequently, aluminum fluoride
was obtained by roasting at high temperature. In
their study, aluminium hydroxy- fluoride hydrate

was precipitated under the optimal conditions of
70 °C and pH 4.5, in which the Na content was 2.52%
by EDS analysis. The XRD analysis revealed the
appearance of cryolite impurities in the sediment
with the increase in pH. The content of Na in
aluminum fluoride obtained by roasting at 485 °C
was 2.45%. According to the analysis [34], the
aluminium  hydroxyfluoride  hydrate
decompose into aluminum fluoride, alumina, and
hydrogen fluoride during direct roasting, and the
hydrolysis would be promoted as the temperature
increased. Recently, HAN et al [24] proposed a
process of combining NaF roasting with aluminum
sulfate leaching to extract lithium from waste
aluminum electrolytes. Notably, the step of
adjusting the pH of the leaching solution to 6.6 by
adding NaOH solution resulted in 99.26% recovery
of Al and 97.21% recovery of F. However, the Na
content of the aluminium hydroxyfluoride hydrate
precipitation was as high as 11.49%, and the XRD
pattern showed that the sodium existed in the form
of cryolite.

To sum up, Na or K introduced by using lye to
adjust pH in the existing process promotes the
precipitation of cryolite impurities, which reduces
the purity of aluminium hydroxyfluoride hydrate,
and therefore further diminishes the effectiveness of
aluminum fluoride products in adjusting the cryolite
ratio of aluminum electrolytes. Moreover, the
aluminium hydroxyfluoride hydrate will result in
hydrolysis by direct roasting and reduce the purity
of the aluminum fluoride, while the process of
hydrofluoric acid roasting has high equipment
requirements and is complicated.

In this study, the aluminum chloride solution
was used as a leaching agent to leach waste
aluminum electrolytes, and then the leaching
solution was electrolyzed to precipitate aluminium
hydroxyfluoride hydrate. Finally, the precipitation
mixed with ammonium hydrogen difluoride was
roasted to obtain anhydrous aluminum fluoride.
This process provided a new way of preparing
anhydrous aluminum fluoride from fluorine-
containing materials.

would

2 Experimental

2.1 Materials
The waste aluminum electrolyte used in the
experiment was provided by an electrolytic
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aluminum plant in China, and the main components
are listed in Table 1.

The XRD patterns of the waste aluminum
electrolyte are shown in Fig. 1. The composition of
raw materials is complex, which is mainly
composed of NasAlFs, NaF, AlF;, and CaF,, and
also contains a small amount of lithium sodium
composite cryolite and carbon. By XRF and ICP
detection, the content (mass fraction) of each
compound in the raw material was calculated to be
3.59% potassium fluoride, 5.25% lithium fluoride,
4.03% calcium fluoride, 0.45% magnesium fluoride,
and 2.65% alumina, with the remaining content
being cryolite of the molecular ratio of 2.3.

Table 1 Main components of waste aluminum electrolyte

(wt.%)
F Al Na K O Mg Ca Li
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Fig. 1 XRD patterns of waste aluminum electrolyte
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2.2 Technological processes and equipment

In this research, the process flowchart of
preparing high-purity aluminum fluoride by
recycling waste aluminum electrolyte is shown in
Fig. 2, including three main processes: leaching,
electrolysis, and roasting. All reagents used in the
experiment are analytically pure.

The electrolysis device used in the experiment
is shown in Fig. 3. The electrolysis cell body was
constructed with organic glass, and the ruthenium—
iridium—coated titanium plate was used as the
cathode and anode. The electrolysis cell is divided
into a cathode chamber and an anode chamber by a
cation-exchange membrane.

2.3 Methods
2.3.1 Test scheme

(1) Leaching test

The waste aluminum electrolyte was broken
and sifted into less than 150 pm for future use. The
reagents used in the experiment are all of analytical
purity, and water is the first-grade purity.

Aluminum chloride solution was used as
the leaching agent. The optimal experimental
conditions for leaching waste aluminum electrolyte
were investigated by setting single-factor
parameters, such as the molar ratio of fluorine to
aluminum (F/Al) of 1.6-2.8, the ratio of liquid to
solid (L/S) of 8-12, leaching temperature of
60—95 °C, and leaching time of 2—12 h.

Based on the XRF test results of raw materials,
the final F/Al of the leaching solution was adjusted
by adding aluminum chloride. The amount of
aluminum chloride was calculated by

Raw material
— 3 )
= ~ V=4
= = it
— /A
= - BN
! / !
Crushing and AlCl; solution Leaching Ageing Filtrating
screening |
iz, ol
% L l Ji 1 —_—
1 1/— A 27 S
AlF;
Electrolysis Filtrating NH,HF, Roasting

Fig. 2 Process flowchart for preparation of high-purity aluminum fluoride
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Fig. 3 Schematic diagram of electrolysis device
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where K is the control target of F/Al ratio, M is the
relative molecular mass of the leaching agent AlCls,
m is the mass of the leaching agent (g), my is the
mass of waste aluminum electrolyte (g), Y is the
F/Al ratio of waste aluminum -electrolyte, and
211.39 is the coefficient of aluminum salt
supplementation based on the composition of waste
aluminum electrolyte.

(2) Electrolysis test

The leaching solution obtained in Step (1) was
electrolyzed. During electrolysis, the chlorine gases
produced in the anode chamber were exported
through a collector hole, which is sealed with a
double-hold rubber plug, and absorbed by the
NaOH solution. The pH of the electrolytic solution
is monitored in real-time using a high-temperature
resistant pH electrode. After the electrolysis is
completed, the slurry is filtered to separate the solid
and liquid. The aluminium hydroxyfluoride hydrate
precipitation was washed and dried, and the filtrate
can be circulated for leaching.

The basic principle of the preparation of
high-purity aluminium hydroxyfluoride hydrate by
an electrolytic method is the redox reaction that
occurs on the contact surface of the electronic
conductor (electrode) and the ionic conductor
(leaching solution). The anode and cathode
chemical reaction equations are as follows:

Anode: 2ClI—2e—Clyt )
Cathode: 2H,O+2e—2H,1+20H" 3)
AIF7+(3—i)OH~ — AIF,(OH),_, { (1<i<3)

4

The electrolytic process diagram is shown in
Fig. 4.
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Fig. 4 Diagram of electrolysis process

Under the action of electrolysis, hydrogen
bubbles up from the cathode plate. The hydroxide
ion (OH") in the cathode region produces and
combines with AIF?>" and AIF," ions in the solution
to form aluminium hydroxyfluoride hydrate
precipitates. Compared with the traditional method
of adding lye, electrolysis can effectively avoid the
precipitation of cryolite impurities due to the
increasing local alkali concentration. After the
electrolysis is completed, the solutions of the
cathode chamber and the anode chamber can be
mixed and then electrolyzed in succession by
supplementing the leaching solution.

The influence of different electrolytic
conditions on the purity of aluminium
hydroxyfluoride hydrate products was explored,
including current density of 0.2-1.0 A/cm?,
electrolytic temperature of 50—90 °C, stirring speed
of 100—500 r/min, and electrolytic end pH of
2.0-4.5.

(3) Roasting test

The aluminium hydroxyfluoride hydrate
precipitations obtained in Step (2) were mixed to
roast to prepare anhydrous aluminum fluoride.

To inhibit the hydrolysis
hydroxyfluoride hydrate at high temperature,
ammonium hydrogen difluoride was added before
roasting. Under the condition of a roasting
temperature of 550 °C and roasting time of 2 h, the
influence of the mass ratio of aluminium
hydroxyfluoride hydrate to ammonium hydrogen

of aluminium
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difluoride on the purity of aluminum fluoride
products was investigated to determine the optimal
ratio of roasting ingredients.

2.3.2 Analysis and characterization

(1) The phase composition structure of a solid
phase sample is determined by using the X-ray
diffractometer (XRD) type of PANalytical/Reying
2Empyrean 2 (PANalytical B. V., Netherlands). The
powder sample was prepared by the tablet crushing
method.

(2) The micromorphology of solid-phase
samples was characterized by the field emission
scanning electron microscope (SEM) type of the
MIRA4 LMH (TESCAN, a. s. in Brno, Czech
Republic).

(3) The liquid phase composition was
quantitatively analyzed by using the external
standard method via an inductively coupled plasma
emission spectrometer (ICP) type of the iCAP 7400
Radial (Thermo Fisher Scientific, USA).

(4) According to the national standard
determination method GB/T 34500.1—2017, the
fluorine ion selective electrode method was used to
quantitatively analyze the fluorine ion concentration
in the liquid phase. The instrument selected
a PXSJ-226 ion meter, PF-2-01 fluoride ion
electrode, and 232 reference electrode (Shanghai
REX Instrument Co., Ltd.).

The formula for the leaching rate of fluoride
(E¥) is as follows:

:cF'V-MF

Wg -m

E; &)

w
where cr is the molar concentration of F in the
leaching solution (mol/L), V is the volume of the
leaching solution (L), Mk is the relative atomic mass
of F, and wr is the content of F in waste aluminum
electrolyte.

3 Results and discussion

3.1 Effect of leaching conditions on leaching rate

of fluoride ions

The effect of different leaching conditions on
the leaching rate of fluoride ions is shown in Fig. 5.
Under the leaching temperature of 90 °C and
leaching time of 2 h, the effects of the L/S ratio and
F/Al ratio were studied. As illustrated in Fig. 5(a),
when the F/Al ratio is kept constant, the leaching
rate of fluorine ions is effectively improved overall

with the increase of the L/S ratio from 8 to 12. For
example, when F/Al ratio is 2.0, the leaching rate of
fluoride ions with L/S ratio of 12 increases by 3.9%
compared with L/S ratio of 8. This is because the
increase in the L/S ratio is beneficial to reduce the
slurry viscosity and increase the diffusion rate of
aluminum chloride solvent, thus accelerating the
leaching reaction. At the same time, according to
the chemical equilibrium, the increase of L/S ratio
is conducive to the balance to move to the leaching
direction, thereby improving the leaching rate of
fluoride ions.
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Fig. 5§ Effects of different conditions on leaching rate of

F: (a) L/S ratio (790 °C, =2 h); (b) Leaching time

(F/Al ratio=2.0, L/S=12)

Under the unchanged condition of L/S ratio,
when the F/Al ratio increased from 1.6 to 2.8, the
leaching rate of fluoride ions overall showed a trend
of rising first and then decreasing. For example,
when L/S ratio is 12, with the increase of F/Al ratio,
the leaching rate of fluoride ion will keep growing
until F/Al ratio is 2.0, when the leaching rate
reaches the maximum of 98.65%, which increased
by 7.41% compared with F/Al ratio of 1.6. From
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then on, keeping the F/Al ratio improved resulted in
the leaching rate decreasing. When F/Al ratio is 2.8,
the leaching rate is only 82.28%. According to the
analysis, it can be seen that the increase of F/Al
ratio to a certain extent is conducive to the
preferential combination of aluminum ions and
fluorine ions to form a complex, which consumes
the free fluorine ions in the solution, thus promoting
the dissociation of fluorine in the solid phase and
improving the leaching rate of fluorine ions.
However, when F/Al ratio exceeds a certain limit,
in other words, when AI** is too small, the content
of AI** is not enough to consume fluorine ions in
the solution, which will result in the reduction of
the number of aluminum fluorine complex groups
formed with fluorine reduced, as a consequence of
reducing the complexation efficiency and the
leaching rate of fluorine ions. The higher the F/Al
ratio is, the lower the fluorine ion leaching rate will
be.

At F/Al ratio of 2.0 and L/S ratio of 12, the
effects of the leaching temperature and leaching
time were studied. As can be seen from Fig. 5(b),
raising the leaching temperature is more effective in
improving the leaching rate of fluoride ions than
extending the leaching time. At 60 and 70 °C, the
leaching rate can be increased by 1% to 7% every
2 h. But when the temperature rises to 80—95 °C,
the extension of leaching time has no obvious effect
on the improvement of fluoride ion leaching rate.
When the leaching time was unchanged, with the
temperature ranging from 60 to 80 °C, the fluorine
ion leaching rate increased significantly. When the
leaching time was 4 h, the fluorine ion leaching
rate increased from 70.40% at 60 °C to 97.43% at
80 °C. With further rising in the temperature, the
fluorine ion leaching rate increased slightly, but the
change was not significant. This is because the
increase in temperature improves the solubility of
some soluble components in the solid phase under
the same leaching time conditions. Meanwhile, it is
conducive to increasing the diffusion speed, and
thus promoting the fluoride ions leaching rate.
However, when the temperature rises to a certain
extent, the complexation of aluminum and fluoride
ions is close to the limit, which slows down the
effect of high temperature. The leaching rate
reached 99.15% when the leaching temperature was
90 °C and the leaching time was 4 h.

According to the experimental results, the

optimal conditions for the leaching experiment
were as follows: F/Al=2.0, L/S=12, leaching
temperature 90 °C, and leaching time 4 h.

3.2 Effect of electrolytic conditions on purity of
aluminium hydroxyfluoride hydrate

Figure 6 shows the effect of different
electrolytic conditions on the purity of aluminium
hydroxyfluoride hydrate. The changing trend of
total impurity content in aluminium hydroxy-
fluoride hydrate is consistent with that of Na and K
impurities. But the content of Ca does not fluctuate
significantly with the change of current density,
temperature, stirring speed, and electrolytic
endpoint pH. The Ca content is relatively low,
ranging from 0.11 to 0.16 wt.%.

Setting the stirring speed to 200 r/min, the
electrolytic temperature at 80°C, and the
electrolytic endpoint of leaching solution pH under
2.5, the effect of the current density on the impurity
content of precipitation was investigated, and the
results are shown in Fig. 6(a). With the current
density increasing from 0.2 to 1.0 A/cm? the
contents of Na and K impurities in aluminium
hydroxyfluoride hydrate continue to increase, and
the lowest content is found at 0.2 A/cm?. When the
current density is greater than 0.6 A/cm?, the
impurity content of Na and K exceeds 1%. When
the current density is 1.0 A/cm?, the Na content is
as high as 2.03 wt.%. This is because the increase in
current density accelerates the migration rate of the
Al-F complex ion and the combination rate with
hydroxide ion. This results in the faster formation
rate of aluminium hydroxyfluoride hydrate crystal
nucleus and smaller grain size, which makes the
sediment layer easy to include impurity elements.
On the other hand, according to Faraday’s first law
and Ohm’s law, the amount of reduction products
precipitated on the cathode is proportional to the
current density. The polarization effect is more
visible as the current density increases. Then, the
reaction rate of hydrogen ion reduction to hydrogen
gas and the separation rate of hydroxide ions would
be accelerated. Finally, it will increase the alkalinity
near the cathode and promote the precipitation of
cryolite impurities. When the current density is
0.2 A/em?, the contents of Na, K and Ca in
aluminium hydroxyfluoride hydrate products
are0.57, 0.24 and 0.13 wt.% respectively, and the
total impurity contents are 0.94 wt.%.
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Fig. 6 Effect of different electrolytic conditions on impurity content of aluminium hydroxyfluoride hydrate products:
(a) Current density; (b) Temperature; (c) Rotational speed; (d) Electrolytic endpoint pH

The electrolytic temperature also has an
obvious influence on the impurity content of the
product. The experimental results are shown
in Fig. 6(b) at a controlled current density of
0.2 A/em?, stirring speed of 200 r/min, and
electrolytic end pH of 2.5.

When the electrolytic temperature is 50 °C,
the total impurity concentration in aluminium
hydroxyfluoride hydrate is 2.35 wt.%. With the
electrolytic temperature gradually rising to 90 °C,
the contents of Na and K impurities continue to
decrease. When the electrolytic temperature is
90 °C, the Na and K contents are reduced by 0.96%
and 0.54%, respectively compared with those at
50 °C. This is because the solubility of aluminium
hydroxyfluoride hydrate decreases with increasing
temperature [35], while the solubility of cryolite
increases [36]. High temperature is more favorable
for AIF?* and AIF," complex ion groups to combine
with the hydroxide to precipitate aluminium
hydroxyfluoride hydrate, reducing the precipitation
of cryolite with Na and K impurities. When

the electrolytic temperature is 90 °C, the total
impurities in aluminium hydroxyfluoride hydrate
are the lowest (0.82 wt.%), and the contents of Na,
K and Ca impurities are 0.45, 0.22 and 0.15 wt.%
respectively. Considering that continuing to
increase the temperature has little effect on the
impurity content, the electrolytic temperature is
finally chosen to be 90 °C.

Under the conditions of the current density of
0.2 A/em?, the electrolytic temperature of 90 °C,
and the pH 2.5 of the electrolytic endpoint, the
influence of stirring speed on the purity of
precipitated aluminium hydroxyfluoride hydrate
was investigated and the results are shown in
Fig. 6(c). In the figure, when the stirring speed is
gradually increased from 100 to 500 r/min, the
impurity contents of Na and K in aluminium
hydroxyfluoride hydrate show a trend of decreasing
first and then increasing. When the stirring speed is
faster than 300 r/min, the increasing trend of Na
and K slows down, and the change is not obvious.
Because increasing the stirring speed within a
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certain range will speed up the transmission rate
of ions in solution and increase the opportunity
for hydroxide ions to full contact with AI-F
complex ions, which precipitates the aluminium
hydroxyfluoride hydrate more uniformly and stably
and reduces the precipitation of a small amount of
cryolite due to the high concentration of hydroxide
ions in local areas. Therefore, the content of Na
and K impurities in aluminium hydroxyfluoride
hydrate is reduced. However, when the stirring
speed is too fast, the formation rate of aluminium
hydroxyfluoride hydrate crystal nucleus is higher
than the growth rate. In addition, the rapid stirring
speed will also destroy the formed crystal nucleus
and result in fine-grained products, which can
easily cause impurity inclusion and increase the
content of Na and K. When the stirring speed was
200 r/min, the total impurity concentration was the
lowest (0.82 wt.%).

In addition to the above factors, the choice of
the electrolysis end node is also very important.
Therefore, under the conditions of current density
of 0.2 A/em?, electrolytic temperature of 90 °C, and
stirring speed of 200 r/min, the effects of
electrolytic endpoint pH in the range of 2.0—4.5 on
impurity content were studied, and the results are
shown in Fig. 6(d). When the endpoint pH of the
solution was less than 3.0, the K content showed no
significant change and remained at about 0.2 wt.%,
and the Na content slowly decreased as the pH
increased. The electrolysis ends at a low pH, which
means that the electrolysis time is short. The
aluminium hydroxyfluoride hydrate has just begun
to form at this time, resulting in the degree of
crystallization being weak and the particle size
being small. The precipitation in colloidal form is
easy to intermingle and adhere to other impurities,
thus reducing the purity of aluminium
hydroxyfluoride hydrate. When the pH is higher
than 3.0, the content of Na and K impurities
increases significantly. The total impurity content
reached 4.75 wt.% at pH4.5, which was 4.1%
higher than that at pH 3.0. This is because, as the
electrolytic process proceeds, the release of
hydrogen gas results in a gradual increase in the pH
of the solution. Therefore, the aluminum and
fluorine in the solution tend to form highly
coordinated complex groups, and then combine
with Na and K ions to form cryolite impurities. At
pH 3.0, the contents of Na, K and Ca in aluminum

hydroxyl fluoride were respectively 0.33, 0.18 and
0.13 wt.%, and the total content is 0.64 wt.%.

Medusa software [37] was used to simulate the
distribution of different complex ions of aluminum
and fluorine in solution as a function of pH, as
shown in Fig.7. The data of the Chemical
Equilibrium Constant were taken from the
references [25,34]. It can be seen from the figure
that F~ and AI** exist stably in solution in the form
of AIF?* and AIF," at low pH. However, with the
increase of pH, AIF*" and AIF," gradually transform
into AIF,, AIF:™ and AIF; complex groups, which
will easily combine with Na® in solution to
form cryolite. This simulation indicates that the
experimental results are consistent with the
variation trend of complex ions.

Fraction

Fig. 7 Distribution of AI-F complex ions as function of
pH (25 °C)

Combined with the experimental results, the
optimal conditions of the electrolysis experiment
are as follows: current density 0.2 A/cm?, electrolytic
temperature 90 °C, stirring speed 200 r/min, and
electrolytic endpoint pH 3.0. In this case, the
total impurity content of Na, K and Ca was only
0.64 wt.%.

The XRD results of
hydroxyfluoride hydrate obtained from the optimal
electrolytic ~experimental conditions and by
traditionally adding lye to adjust the pH are shown
in Fig. 8. After comparison and analysis, the
NasAl3F 4 impurity phase appeared in the product
obtained by adding lye, but there is no impurity
peak in the product obtained by electrolysis
experiment. In addition, the diffraction peak of
aluminium hydroxyfluoride hydrate by electrolysis

aluminium
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is stronger, indicating that the crystallization degree
is higher than that of the product by adding
lye. Therefore, the electrolysis method is more
advantageous to obtain high-purity aluminium
hydroxyfluoride hydrate.

Using NaOH to adjust pH
_Juw e

Electrolysis
.__JL LA Au A AM_ A A

| PDF#41-0381 AL(OH), Fs..-H,0
1 I I T U Y B T TR S R

10 20 30 40 50 60 70 80
200(°)

Fig. 8 XRD patterns of aluminium hydroxyfluoride
hydrate

The aluminium hydroxyfluoride hydrate under
optimal electrolysis conditions was analyzed by
scanning electron microscopy (SEM), and the
results are shown in Fig.9. The microscopic
morphology of aluminium hydroxyfluoride hydrate
is irregular polygons, and its crystal grains are
attached to each other to grow, whose particle sizes
are 50—100 nm with a uniform distribution.

3.3 Effect of mixture ratio in roasting on

aluminum fluoride products

Ammonium hydrogen fluoride (NH4HF») was
mixed with aluminium hydroxyfluoride hydrate for
roasting, and the results are shown in Fig. 10. It can
be seen that with the increase of ammonium
hydrogen fluoride dosage, the purity of aluminum
fluoride obtained by roasting is improved. The high
ratio of aluminium hydroxyfluoride hydrate to
ammonium hydrogen fluoride means a small
amount of ammonium hydrogen fluoride. So it is
not enough to inhibit the hydrolysis of aluminium
hydroxyfluoride hydrate and supply fluorine
supplements at the same time. During roasting, the
partial hydrolysis of aluminium hydroxyfluoride
will hydrate to generate aluminum oxide and
hydrogen fluoride, thereby reducing the purity of
aluminum fluoride. When the mass ratio of the
mixture is 2:1, the purity of aluminum fluoride is up

Purity/%

3:1 2.5:11 2:1 1:1 0.5:1
Mass ratio

Fig. 10 Effect of mass ratio of aluminium hydro-
xyfluoride hydrate to ammonium hydrogen fluoride on
purity of aluminum fluoride

to 99.51 wt.%, and the purity is unchanged by
increasing the dosage of ammonium hydrogen
fluoride. Therefore, the optimal ratio of aluminium
hydroxyfluoride hydrate to ammonium hydrogen
fluoride is 2:1.
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High-purity aluminum fluoride was obtained
under the experimental conditions of an optimal
ratio of ingredients. The phase analysis was carried
out and compared with the aluminum fluoride
obtained from the direct roasting of aluminium
hydroxyfluoride hydrate shown in Fig. 11. It can be
seen from the figure that the phase of the product
roasted with ammonium hydrogen fluoride is AlF3
with no impurity peak appearing, while a small
amount of Al,O; impurity phase appears in the
product obtained by direct roasting. In addition,
compared with direct roasting, aluminum fluoride
obtained by adding ammonium hydrogen fluoride
for mixed roasting has a stronger diffraction peak
and a higher crystallization degree.

ALO,
0ALO;, N\
64 65 66 67 68 69 70 Direct
20/(° :
J\ ©) \ Jastlng

Mixed roasting with NH,HF,

s o B8

| I i PDF#44-0231 AlF,
L 1 L L 1P L1l
10 20 30 40 50 60 70 80
200(°)

Fig. 11 XRD patterns of aluminum fluoride

The direct roasting result is consistent with
Eq. (6) mentioned by LISBONA and STEEL [34].
The aluminium hydroxyfluoride hydrate decomposed
into aluminum fluoride, alumina and hydrogen
fluoride by direct roasting. Under the condition of
high temperature, HF volatilizes, while AlO3
remains in the solid phase product and mixes with
AlF;. However, the XRD analysis is not obvious
because Al,O; is amorphous.

3AIF>(OH)—AlFs+ALOs+3HF} (6)

In addition, because the hydroxyl aluminum
fluoride contains crystal water, AlF; will be
hydrolyzed to alumina at high temperature, which
will result in fluorine loss and reduce the content of
aluminum fluoride in the product. The hydrolytic
reaction of AlF; is shown as follows [38]:

2AIF;+3H,0—ALOs+6HF} 7

It is speculated that the reaction formula of
mixed roasting of ammonium hydrogen fluoride
and aluminium hydroxyfluoride hydrate is shown
in Eq. (8). The products of mixed roasting are AlF;,
NHs;, HF and H»O. After gas-phase substances
volatilize, the solid phase is only AIFs;, which
effectively avoids the residue of AL,Os.

Alz(OH)2_76F3Az4'H20+2NH4HF2—>
2AIF5+2NH;1+1.24HF1+3.76H,01 (8)

AlF; obtained by direct roasting was analyzed
by X-ray photoelectron spectroscopy (type of the
ESCALAB 250Xi, Thermo Fisher Scientific, USA),
which further confirmed that direct roasting would
cause the decomposition of hydroxyl aluminum
fluoride to produce alumina. The XPS result is
shown in Fig. 12, where the Al 2p peak is fitted into
two symmetric single peaks, corresponding to the
Al—O and Al—F bonds, which are consistent with
the reported binding energies of 74.6 and 77.27 eV
for y-AO;3 and a-AlF3 [39,40].

—— Raw data
- Fitting data
[ | y-A1203
] a-AlF3

74.6 eV

70 72 74 76 78 80 82
Binding energy/eV

Fig. 12 XPS result of products obtained by direct
roasting

The composition of aluminum fluoride was
analyzed, and the results are shown in Table 2. In
the aluminum fluoride products obtained in this
study, the total impurity content of Na and other
elements is 0.49 wt.%, which is lower than the
composition requirement of the national standard
GB/T 4292 — 2017 [41] for AF-0 anhydrous
aluminum fluoride. Therefore, the aluminum
fluoride can be returned directly to the aluminum
electrolysis cell or used as a chemical agent.
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Table 2 Element content in aluminum fluoride (wt.%)

F Al Na O Others Method Source
67.52 31.98 0.20 0.03 0.27 Mixed roasting with NH4HF This work
47.33 36.71 0.44 15.10 0.42 Direct roasting This work (comparison)
58.80 27.90 1.25 - - Mixed roasting with HF Ref. [33]

- - 0.83 - - Direct roasting Ref. [32]

- - 2.45 - - Direct roasting Ref. [34]
>61.0 >31.5 <0.30 - - - AF-0 (GB/T 4292—2017)
>60.0 >31.0 <0.40 - - - AF-1 (GB/T 4292—2017)
>60.0 >31.0 <0.60 - - - AF-2 (GB/T 4292—2017)

Note: The mass fraction of AlF3 in Ref. [32] is 54.4%; the molar ratio of F to Al in Ref. [34] is 1.79

4 Conclusions

(1) A new process was proposed to extract
valuable aluminum and fluoride from waste
aluminum electrolytes to prepare high-purity
aluminum fluoride products. There are three main
steps, including aluminum chloride leaching,
electrolysis leaching solution, and mixed roasting
with ammonium hydrogen fluoride.

(2) In the procedure of leaching, when the F/Al
ratio is 2.0, the L/S is 12, the leaching temperature
is 90 °C, and the leaching time is 4h, the optimal
fluoride ion leaching rate is 99.15%.

(3) The electrolysis method can effectively
avoid the precipitation of cryolite impurities. Under
the optimal conditions of the current density of
0.2 A/cm?, the temperature of 90 °C, stirring speed
of 200 r/min, and electrolysis end pH of 3.0, the
total content of Na K, and Ca impurities in
aluminium hydroxyfluoride hydrate is only
0.64 wt.%.

(4) The purity of the AlF3 obtained by adding
ammonium hydrogen fluoride for mixed roasting is
higher than that obtained by direct roasting. When
the ratio of aluminium hydroxyfluoride hydrate to
ammonium hydrogen fluoride is 2:1, the purity
of the aluminum fluoride product is 99.51 wt.%,
which is higher than the composition requirements
of the national standard GB/T 4292—2017 for AF-0
anhydrous aluminum fluoride.
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