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Abstract: Al-Li alloys are ideal structural materials for the aerospace industry. However, an increasing
number of Al-Li alloys have reached the end of their service life and must be recycled. Unfortunately,
when vacuum distillation is used to separate Al-Li alloys, metallic lithium is difficult to condense and
collect. Therefore, theoretical and experimental research on lithium condensation conditions under
vacuum and vacuum distillation and condensation of Al-Li alloy to prepare metallic lithium were
carried out. The results show that the optimal condensation temperature range for lithium is between
523 and 560 K. More than 99.5% metallic lithium and more than 99.97% aluminum were obtained
from the Al-7.87%wt Li alloy through vacuum distillation condensation. The direct yield of lithium
was above 80%. This paper, therefore, provides a new and improved method for the preparation of
metallic lithium.
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1. Introduction

Lithium, the lightest metal, is unstable in nature. It can react with most metals and
nonmetals under certain conditions [1-3]. However, owing to the special physical and
chemical properties of lithium and its compounds, it is widely used in high-precision
technical fields, such as aerospace, nuclear power generation, and high-energy batteries,
as well as the creation of lightweight and high-strength alloys [4-9]. Figure 1 shows the
proportion of lithium consumption worldwide in 2020 [10]. As can be seen, the battery
industry is the largest source of lithium consumption and is expected to remain so for the
foreseeable future.
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Figure 1. Proportion of lithium consumption.
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The production process of metallic lithium can be divided into two categories: molten
salt electrolysis and vacuum thermal reduction [11,12]. The former is a mixture of high-
purity graphite as the anode, low-carbon steel as the cathode, electrolytic melting of LiCl
(45%)-KCl1 (55%) at a certain temperature (390-450 °C), and voltage (7-9 V). During the
electrolytic process, metal cations (Li*) move towards the cathode and obtain electrons,
which are reduced to lithium metal. Due to the low density, they float to the surface of
molten salt and enter the special collection chamber. The anion (Cl1™) moves towards
the anode, loses electrons on the graphite surface, and oxidizes into chlorine gas, which
volatilizes outwards and rises to the air outlet for elimination or collection. The latter
involves obtaining metallic lithium by reducing Li;O or lithium-rich materials under
vacuum and high-temperature conditions with metal or nonmetal as the reducing agent.
Currently, 90% of the world’s lithium production comes from molten salt electrolysis,
which is the only method of industrial production [13]. However, serious Cl, pollution,
high electrolyte cost, and many K and Na impurities in the product are not conducive to
production needs and environmental protection, although the thermal vacuum reduction
method is relatively simple and approximately 20% cheaper than molten salt electrolysis.
For the secondary resource recovery of lithium, with the wide application of Al-Li alloys in
aerospace and other aspects, the amount of scrap parts containing Al-Li alloy will gradually
increase; in addition, in the process of processing the Al-Li alloy, due to the low yield of
finished products, a large amount of processing waste is also generated, and enterprises use
waste stacking storage, resulting in a huge waste of resources and high waste management
costs. Therefore, the effective recovery and utilization of Al-Li alloys have become urgent
problems to solve. To date, there have been limited investigations on the recovery and
regeneration of Al-Li alloys. The methods employed in previous studies include electrolytic,
compound, alloy, flux melting, and vacuum distillation techniques. Electrolytic method:
The waste Al-Li alloy is used as the electrolytic anode, and the electrolyte is 70% LiCl,
25% KCl, and 5% LiF, which is electrolyzed in the electrolytic cell. After electrolysis,
w(rj) = 0.77~1.84%, which can be reduced to 0.12~0.67% after electrolysis. Compound
method: This method involves making lithium in an Al-Li alloy waste precipitate to make
LiCl. Firstly, the waste is melted, and then chlorine or chlorine salt is added to the melt, so
that the lithium in the Al-Li alloy waste is precipitated into LiCl. Alloy method: The so-
called alloy method is to make an aluminum-lithium alloy waste through processing into
another aluminum-lithium alloy process, where lithium is mixed in the liquid aluminum
cathode in the LiCl melt, which becomes another aluminum-lithium alloy. Flux smelting
method: The Al-Li alloy waste is mixed with a small amount of fluoride (CaF,, NaF,
AlF;0r Na3AlFg); a mixture of NaCl and KCl is smelted so that metals more reactive than
aluminum enter the molten salt by reacting with the fluoride salt. Vacuum method: This
method is based on the difference of the saturated vapor pressure of lithium and aluminum
in Al-Li alloy waste, and the separation is achieved at a certain temperature. Among these
approaches, vacuum distillation has garnered significant attention from researchers due to
its eco-friendly and efficient nature [14-16]. However, there are certain difficulties involved
in obtaining elemental lithium through vacuum condensation. Therefore, we will carry out
theoretical and experimental research on lithium condensation conditions under vacuum
and vacuum distillation, as well as condensation of the Al-Li alloy, to prepare metallic
lithium. This will provide a theoretical and experimental basis for the vacuum extraction
and purification of metallic lithium.

2. Theoretical Analysis and Experimental Methods
2.1. Boiling Point and Saturated Vapor Pressure of Pure Metals

Pressure is an important factor for determining the initial metal volatilization temper-
ature. Under different pressures, pure metals in the system have different boiling points.
The corresponding boiling point can be calculated using the pressure. The boiling point
of a pure metal can also be used to reflect the magnitude of the interaction force between
metal particles [17]. During the vacuum distillation of alloys, it is assumed that each metal
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is an independent pure substance without an interaction force. Under a certain system
pressure, different metals display different phenomena after absorbing the same amount of
heat, such as a difference in boiling point.

Saturated vapor pressure is an important indicator involved in judging the initial
volatilization temperature of metals. Commonly used equations for calculating saturated
vapor pressure are the Clausius-Clapeyron equation, the Clapeyron equation, and the An-
toine equation [18-20]. We used the Clausius—Clapeyron equation to calculate the saturated
vapor pressures of lithium and aluminum at different temperatures. The expression is
shown in Equation (1), where T represents temperature, and A, B, C, and D are evaporation
constants. The A, B, C, and D of lithium and aluminum are —8415, —1, 0, 13.465, and
—16,380, —1, 0, and 14.445.

IgP* = AT + BIgT +CT + D (1)

2.2. Separation Factor and Gas-Liquid Equilibrium Composition Diagram of Binary Alloy

The basis of using vacuum distillation to separate alloys involves distilling the gas
phase out, resulting in different remaining liquid phase components. Dai and Yang [21]
proposed the “separation factor (8)” to determine whether the components can be separated
during vacuum distillation. This is related to the saturated vapor pressure and the activity
coefficient of the components. § can be expressed as:

Vi Pi
=0 @)
b=

where y; and vy; are the activity coefficients of components i and j, respectively. p; and p;-“
are the saturated vapor pressures of i and j.

There are three cases of the value of §;. First, 8; = 1, where the content ratio of the
two components in the liquid phase and the gas phase is equal. Vacuum distillation is
useless at this time. Secondly, §; > 1, wherein the content of component i in the gas phase
is higher than that of the liquid phase and also enriched in the gas phase. Component j
is concentrated in the liquid phase. In this situation, components i and j can be separated
using vacuum distillation; the greater the f3;, the better the separation effect. Finally, 8; < 1,
which is contrary to §; > 1, wherein i is enriched in the liquid phase and j is enriched in the
gas phase. However, they can also be separated via vacuum distillation. The smaller g; is,
the better the separation.

The pure metal boiling point, saturated vapor pressure, and separation coefficient
can only qualitatively predict the possibility of vacuum distillation in separating alloys.
Dai and Yang [21] proposed a gas-liquid equilibrium composition diagram of the alloy to
quantitatively estimate the degree of alloy separation during vacuum distillation. For the
binary alloy system i-j, the content w; ; of component i in the gas phase can be expressed
using the following formula:

w; y: pi]
u@=b+%ﬁi] ©
wi Yi p;

2.3. Lithium Vapor Condensation Rate

For the metal condensation process, as temperature decreases, the vapor pressure of
the metal gradually reduces until it reaches equilibrium with system pressure. This results
in a decrease in metal vapor in the gas phase and an increase in metal in the liquid phase.
Therefore, the rate of metal condensation can be calculated by measuring changes in metal
vapor density within the gas phase. Generally speaking, we express this as p;

L pixM;

o= @
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where p; is the saturated vapor pressure of i; M; is the relative molar mass of i.
According to the vapor density formula, the vapor density of lithium metal at volatiliza-
tion temperatures of 973 K, 1073 K, 1273 K, and 1373 K is calculated, as shown in Table 1.

Table 1. Vapor density of lithium vapor at different temperatures.

T 873 973 1073 1173 1273
0i 0.0074 0.0583 0.3066 1.196 3.7176

As can be seen from Table 1, the lithium vapor density decreases with a decrease
in temperature. Therefore, during the condensation process, when the lithium vapor
tends to diffuse from high temperature to the region with low temperature, the lithium
vapor reaches the susaturated state, which promotes the condensation of lithium vapor.
When the vapor density reaches the vapor density at this temperature, the equilibrium is
reached and the condensation process ends. Therefore, the process of metal condensation
is accompanied by a reduction in the density of lithium vapor, and the rate of change of
lithium vapor can be used to define the condensation rate of vapor.

The condensation rate can be expressed as:

x; = P X Piv 1009 )

pll

where p; represents the metal vapor density at the beginning of i; p;, represents the metal
vapor density of i at a certain temperature.

2.4. Nucleation and Condensation of Lithium Vapor

Condensation nucleation of metal atoms is a process in which gas atoms with thermal
motion in the system collide with each other or molecules are rearranged. The number of
collisions between atoms is generally considered to be an important factor affecting the
process. The number of atomic collisions (Z) represents the number of collisions between
atoms in the system within unit time. It is a function of temperature T and pressure P and
can be expressed as:

_ V2nd?Po .
=T (6)

7= 1.7,/% )

where d is the diameter of a lithium metal atom (2.90 x 1078 m), P is the pressure, k is the
Boltzmann constant, T is temperature, T is the average molecular velocity, M is the relative
atomic mass of lithium (6.941 x 1073 mol-kg 1), and R is the gas constant (8.314 J /(mol-K)).

Z

2.5. Experimental Details

This experimental study focuses on the effect of heating temperature and temperature
gradient on lithium metal vapor and the condensation law of Al-Li alloy metal vapor. The
raw material, produced by Shanghai Binlian Industrial Co., Ltd. (Shanghai, China), used
in the lithium vapor condensation experiment consisted of 99.9% lithium particles; its
chemical composition (mass percentage) is shown in Table 2. The Al-Li alloy, obtained
by reducing LiAlO, with coking coal under vacuum conditions and condensing with
aluminum liquid, was used as the raw material for this experiment. The composition of
the Al-Li alloy was 7.87 % of lithium in aluminum. The experimental equipment was a
vacuum grading condensing furnace with a controllable multi-temperature zone, as shown
in Figure 2. The reactor consisted of three units: a heater, a catheter, and a condenser. The
furnace had five heating zones and six insulation zones from left to right. The length of the
heating zone was 12 cm, and there was a 6 cm heat insulation zone between each adjacent
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heating zone. Figure 3 shows the furnace temperature distribution, where the insulation
was fixed and the heating zone temperature could be controlled and changed as needed.
The sample was placed in the crucible and pushed into a quartz tube lined with a layer of
graphite paper. A vacuum pump was used to evacuate the air in the system. The sample
was placed in a crucible and inserted into a quartz tube. The heating rate was maintained
at 8-10 K/min. After the experiment, the system was cooled to room temperature. The
condensation products were then removed from the condenser for analysis.

Table 2. Chemical composition of lithium metal (mass fraction, %).

Element

Li

Na Ca Si Fe Al Ni K Cu

Content

99.9

0.04 0.0025 0.0056 0.0023 0.0005 0.0005 0.0011 0.0001

Bolt

v
- . Crucible Sample
( — Putter
/
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-
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Figure 3. Schematic diagram of furnace temperature distribution (the heating zone: I-V; the heat

insulation zone: i-vi).

3. Results and Discussion
3.1. Theoretical Results

Table 3 shows the boiling points of lithium and aluminum at different temperatures.
When the pressure is 13.3 Pa, the boiling point of lithium (811 K) is significantly smaller
than that of aluminum (1421 K). When the system pressure is approximately 10 Pa at a
certain temperature, lithium can volatilize into the gas phase, while aluminum remains in
the liquid phase. The saturated vapor pressures of aluminum and lithium are calculated
from Equation (1). As can be seen from Figure 4, the saturated vapor pressures of both
aluminum and lithium increase as the temperature increases. The volatilization sequence
of Al-Li alloy components is Li > Al. Therefore, it is theoretically possible to separate Al-Li
alloys through vacuum distillation.
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Table 3. Boiling point of Li and Al at different pressures (K).

Boiling etal Pressure/Pa
Point 133 x 104 133 x103 133x10-2 133 x10-1  1.33 133 x 10! 133 x 102  1.33 x 103  1.33 x 10
X Li 579 623 675 737 811 902 1017 1167 1371
Al 1039 1114 1200 1301 1421 1566 1745 1972 2269
10° 1 .
—a— i
——Al
10°
10" 1
Q? 10" .
al
10° 4
10° -
) ) ) ) ) )
400 600 800 1000 1200 1400 1600 1800

Temperature, K

Figure 4. Relationship between aluminum- and lithium-saturated vapor pressure and temperature.

Based on the Wilson equation, which predicts the Al-Li alloy activity coefficient at
different temperatures, in combination with the saturated vapor pressure and Equation (2),
the separation coefficient of the Al-Li alloy in a range of 973-1673 K was calculated, as
shown in Figure 5. In the calculation of the separation coefficient, the influence of tempera-
ture on the activity coefficient is considered; thus, the accuracy of the calculated separation
coefficient is guaranteed. It can be seen from Figure 5 that the separation coefficient is f >> 1
when the lithium content is 1-10%. This indicates that in the Al-Li alloy system, vacuum
distillation can be used to separate aluminum and lithium under certain conditions.

7
10 — 973K
——1073K
——1173K
10° o |—1273K
—+1373K
R S Y <1
— ——1573K
Q105— . . . . . . . , |——1673K
104_ <+ < < < < < < < < —
103 T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10
Li()/wt%

Figure 5. Separation coefficient of Al-(1-10 wt%) Li alloy at different temperatures.

From Figure 6 (calculated using Equation (3)), it can be seen that during the vacuum
distillation process of the Al-Li alloy, when the distillation temperature is constant, the
lithium volatilizing into the gas phase increases as the lithium content in the binary alloy



Separations 2023, 10, 374

7 of 12

increases. When the lithium content in the binary alloy is fixed, the lithium content
volatilized into the gas phase decreases as the distillation temperature increases. The
lithium content in the binary alloy varied from 1 to 10%, the distillation temperature was in
a range of 973-1673 K, and the lithium content volatilized into the gas phase was between
96.713 and 99.998%. Therefore, the method of vacuum distillation can effectively separate
aluminum and lithium in the Al-Li alloy. In the gas phase, metallic lithium with a purity of
more than 99.99% can be obtained.

—1— 973K
10004 = — il — [ 107K
B i e [ UK
99.5 4 /“ — e —v— 1273K
< g /0/ —e— 1373K
99.0 - " —4— 1473K
© - i
T 0851 / »—1573K
2 . —e— 1673K
-l
2 98.0-
L]
97.5
97.0
96.5

T
1 2 3 4 3 6 7, 8 9 10
Li(h/wi%

Figure 6. Gas-liquid equilibrium composition diagram of Al-(1-10 wt. %) Li alloy at different
temperatures.

When the distillation temperature is 973 K, 1073 K, 1173 K, and 1273 K, respectively,
and the temperature in the condensation region is 473 K, 573 K, 673 K, 773 K, and 873 K,
respectively, the condensation rate of lithium vapor is calculated using Equation (5), as
shown in Table 4.

Table 4. Lithium condensation rate at different temperatures.

Condensing Temperature/K

Distillation Temperature/K

Condensation Rate

973 1073 1173 1273
473 99.9999997 99.9999999 100 100
573 99.9997354 99.9999497 99.9999871 99.9999959
673 Y% 99.9708264 99.9944544 99.9985784 99.9995426
773 99.0833182 99.825747 99.9553324 99.9856283
873 87.3079522 97.5873553 99.381549 99.8010141

As can be seen from Figure 7, when lithium metal is condensed from 973 K, 1073 K,
1173 K, and 1273 K to 473 K, 573 K, 673 K, 773 K, and 873 K, respectively, the condensation
rate of lithium vapor increases gradually. When the condensation temperature is 673 K, the
condensation rate of lithium vapor almost reaches 100%. This indicates that the condensa-
tion efficiency of lithium metal vapor is high when the condensation temperature is lower
than 673 K, which is conducive to the condensation of lithium metal vapor.

According to the formula, the relationship between atomic collision times and temper-
ature of lithium metal vapor at saturation vapor pressure and system pressure of 10 Pa is
obtained, as shown in Figure 8.
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Figure 7. Relationship between condensation rate and temperatures.
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Figure 8. Relation between number of collisions per unit time and temperature of lithium under
different pressures.

Figure 8 shows the relation between the number of collisions per unit time and
temperature of lithium in a range of 573 K-1273 K. Z* represents the relationship between
the number of collisions of lithium atoms and temperature when the pressure is saturated
vapor pressure, that is, p = p*, Z represents the relationship between the number of atomic
collisions and temperature when the pressure in the system is p = 10 Pa. As can be seen from
the figure, Z* generally decreases when the temperature is reduced from 1273 K to 573 K,
but when the temperature is gradually reduced from 1273 K to 884.1 K, Z* drops sharply.
When the temperature is lower than 884.1 K, Z* slowly decreases with the temperature.
For Z, Z gradually increases as the temperature decreases. If Z* > Z, that is, when the
temperature is higher than 884.1 K, the evaporation of Li atoms at this time increases, which
is not conducive to Li agglomeration. If Z* < Z is, that is, when the temperature is less
than 884.1 K, at this time, when the system pressure is 10 Pa, the number of collisions
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Temperature, K

Temperature, K

of Li atoms is greater than the number of collisions at saturated vapor pressure, which
is conducive to Li nucleation and vapor condensation. Therefore, in the condensation of
lithium vapor, when the temperature of controlling the condensation zone is lower than
884.1 K, it is conducive to the condensation of lithium metal vapor.

To sum up, the temperature of the condensation zone is selected to be lower than
884.1 K for research, and the optimal condensation temperature range of lithium vapor
under 10 Pa is obtained by controlling different temperatures of the condensation zone
for experiments.

3.2. Condensation Law of Pure Li

The experimental system pressure was 10 Pa. According to the theoretical results, the
temperature of heating zone III was set to 973 K, and the temperatures of I and V were
473 K. By adjusting the temperature of heating zones II and IV, we investigated the effect
of condensation temperature gradient on lithium condensation location at temperatures
of 873 K, 773 K, 673 K, 573 K, and 523 K. Figure 9 shows the experimental results of the
condensation position of lithium vapor in the quartz tube at temperatures of 873, 773,
673, 573, and 523 K in heating zones II and IV. The abscissa indicates the position of the
condensing furnace from left to right, the solid red line indicates the temperature of each
location in the furnace, and the blue column indicates the mass of lithium condensate at that
location. T, represents the temperature of the heating zone, T}, represents the temperature
at which lithium vapor starts to condense, and T, represents the minimum condensation
temperature of lithium vapor.
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5.5 900" (b) fss
L 5.0 800 1 5.0
4.5 4.5
4.0 e L4.0
(35 © @ 6004 fas @
a— = a—
F30 5, & 5004 t3o 5
25 2 3 400 el F25 2
L2.0 £ e 0 F2.0
@ 300 '
1.5 = 1. F1.5
1.0 2] g TS 1.0
: 0.5 w1 R 1u L0.5
0l S SN | Y 01— S [ S - 0.0
10 30 40 50 60 70 80 90 10 20 30 40 50 60
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1000 ————— 6.0 1000 —————— 4.0
C) 55 T, |
900 - ( 900 L35
8004 5.0 8004
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Figure 9. Cont.
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Figure 9. Lithium vapor condensation experiment results at different temperatures of II and IV
(a—873 K; b—773 K; c—673 K; d—573 K; e—523 K).

It can be seen from Figure 9a—e that as the temperature of the heating zone II gradually
decreased from 873 to 523 K, the temperature gradients of Il and II increased in sequence,
while the gradients of I and II gradually decreased. As the temperature decreased, the
position of the lithium vapor condensation zone tended to move to the right, that is, in
the direction of III, and the range of condensation gradually increased. However, the
location of condensation was near the heat insulation layer. When the temperature was
lowered to 523 K, the location of the condensing zone changed greatly and moved to IIIL.
Since heating zone III was used as the volatilization area of the metal, the positions and
temperature settings of the condensation zones on both sides were completely symmetrical.
Therefore, the condensation area and temperature of the lithium vapor on both sides of III
are theoretically the same. However, the experimental results found that the location of
lithium vapor condensation at the vacuum pump end was farther from III than at the other
side, and the condensation temperature was slightly lower than on the other side. This
shows that the suction power of the vacuum pump has a certain effect on the condensation
of the metal vapor. Combining the condensation temperature range of lithium vapor, we
found that the optimal condensation temperature range under vacuum was 523-560 K.

3.3. Vacuum Distillation Condensation of Al-Li Alloy

According to the results of the condensation experiment on lithium vapor, in order
to condense the metal vapor volatilized under vacuum in the Al-Li alloy at a specific
temperature, the temperature zones of the condensation furnace were set asymmetrically.
Drawing on prior research findings [22], the system pressure was set to 10 Pa, and the
experiment time was 60 min. The temperature zone of heating zones I and II was 550 K
(the optimal condensation temperature of lithium vapor at 10 Pa), and the temperature
of heating zones III, IV, and V was 1223 K. The Al-Li alloy was placed in heating zone III
close to the condensation zone, so that the vaporized lithium vapor condensed along the
condensation zone. Two sets of comparative experiments were conducted, and the results
are listed in Table 5.

Table 5. Experimental results of Al-7.87 wt% Li vacuum distillation condensation.

Residual Condensate Direct
ber Temperature Raw Yield of
Number /K Material/g Weight/ Content Content Weight/ Content Content 1el *0
BWE  ofAU%  ofLil% BWE  of AU%  ofLi/% Li
1223 40.81 37.61 99.979 0.021 2.59 0.282 99.718 80.41
40.53 37.34 99.973 0.027 2.66 0.321 99.679 83.13

* is the direct yield of lithium = ::Z ZZS , where m, and m;, represent the weight of raw material and condensate

weight, respectively; w, and w;, represent the mass percentage of lithium in the raw material and condensate,
respectively.
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The distribution of the condensate of the two groups of Al-7.87 wt% Li alloy conden-
sation experiments is shown in Figure 10. From these results, in combination with those of
Table 3, we can see that the Al-Li alloy is well separated. The purity of aluminum in the
residue exceeded 99.97%. The purity of lithium in the condensate exceeded 99.5%, which
meets the requirements of China’s national standards for industrial lithium. The metal
lithium in the condensate presents as “droplets”. The condensation temperature range is
consistent with the results for elemental lithium. The direct yield of lithium was above 80%.
This method, therefore, shows good prospects for industrial application.

Temperature, K

10 20

8.0
7.5
-0
r6.5
r6.0
r5.5
£5.0

Weight, g
Weight, g

Temperature, K

10 20 30 4|0 50 60 70 80 90

Axial distance, cm Axial distance, cm

(@) (b)

Figure 10. Distribution of the condensate of the two groups of Al-7.87 wt% Li alloy vapor. (a) Ex-
periment 1-Lithium vapor condensation distribution in Table 5; (b) Experiment 2-Lithium vapor
condensation distribution in Table 5.

4. Conclusions

According to the analysis of the boiling point, saturated vapor pressure of pure
metals, separation factor, gas-liquid equilibrium composition diagram of the binary alloy,
lithium vapor condensation rate, and nucleation and condensation of lithium vapor, the
method of vacuum distillation condensation can be used to efficiently separate Al-Li
alloys. The vacuum distillation condensation experiments involving lithium show that the
condensation range of lithium is between 523 and 560 K at a pressure of 10 Pa. The purity
of the Al-7.87 wt% Li alloy after vacuum distillation and condensation of aluminum and
lithium exceed 99.97 and 99.5%, respectively.

These experimental results confirm that the method of vacuum distillation conden-
sation can be used to efficiently separate Al-Li alloys. However, there is scope for devel-
oping this method further in regard to the separation method of azeotropic alloys and
multicomponent alloys through the control of temperature gradient and extending the
condensing system.
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