Press

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Trans. Nonferrous Met. Soc. China 34(2024) 1634-1654

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

A review of preparing high-purity metals by vacuum distillation

Zhi-peng XU, Li-li JIA, Zhi-qiang HE, Xue-yi GUO, Qing-hua TIAN

School of Metallurgy and Environment, Central South University, Changsha 410083, China

Received 24 October 2022; accepted 12 May 2023

Abstract: With the development of science and technology, the high-tech industry has increasingly higher requirements
for the purity of metals. However, the presence of trace impurities can have a bad effect on the properties of metals.
Vacuum distillation process is widely used to prepare high-purity metals because of its advantages of high metal
recovery, good environmental protection and simple equipment. In this paper, the overall progress in the preparation of
high-purity metals around the principle and process research of vacuum distillation is systematically summarized.
Principles of vacuum distillation, variant design of vacuum distillation, parameter optimization and simulation are
covered. Based on the current status of the preparation of high-purity metals by this technology, it is pointed out that
mechanistic studies and simulations are indispensable in scientific research. This research has certain reference
significance for improving production efficiency, saving production cost and improving metal purity.
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1 Introduction

High-purity metal is generally not less than
5N (99.999% purity). Due to its special metal
properties, it is of great significance in scientific
research and industrial applications. Common high-
purity metals include high-purity aluminum, high-
purity magnesium, high-purity gallium, high-purity
indium, and high-purity tellurium. Table 1 [1—8]
lists common high-purity metals and their
application fields. In addition, high-purity metals
can also be alloyed as additives to enhance their
properties [9—11]. Therefore, the development of
high technology has a great dependence on the
availability of high-purity metals.

In recent years, the demand for high-purity
metals in high-tech industries has increased
dramatically. The output of many metals, such as
primary aluminum, copper, lead, zinc, and nickel,
has been lower than the demand. Taking 2021 as an
example, the world’s average annual production and

demand for some metals published by the World
Bureau of Metal Statistics is shown in Fig. 1 [12]. It
can be seen from the figure that the demand for
aluminum, copper, lead, nickel, and other metals in
2021 is more than the production for them.

As demand continues to increase, efficient
production methods are required to support the
development of new technologies [13]. The
purification of high-purity metals mainly includes
chemical refining methods [14,15] and physical
refining methods [16,17]. The purity of the product
is limited to chemical refining. Physical methods
are the most commonly used in the preparation
of high purity metals. Vacuum distillation, zone
melting and Czochralski crystal growth are the
main methods [18].

Although the zone smelting method has the
advantages of wide adaptability, simple equipment
operation and high product purity, this method
is not suitable for impurities which have a
distribution coefficient close to 1 [19]. Traditional
zone smelting technology obviously limits its further
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Table 1 Application of different high-purity metallic elements

Metal Application Metal Application
Manufacturing of electronic devices, . . .

Al[1]  integrated circuits, flexible packaging, and In [5] Flat panel displays, ﬁber.optlcs, and various

. . electronics

labeling for food containers
Mg [2] MagneSIum-base.d medical implants, battery Cu [6] Integrated circuits and transistors
negative replacement
Semiconductor compounds for electronic and Flame retardant, used as a dopant in ITI=V
Te [3] o ticl:ll devices Sb [7] semiconductor materials for infrared detectors,
p diodes, and hall effect devices

Ga [4] Starting materials for epitaxial semiconductor Cd[s] Solders mainly used in semiconductor processing

crystal growth

and compound semiconductors such as CdS
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Fig.1 Supply and demand for metals worldwide in
2021 [12]

development [20]. Czochralski crystal growth
method, also known as the CZ method, is the most
important method for making large semiconductor
wafers for electronic applications [21,22]. But the
raw material crystals are complicated, and it is
difficult to pull out single crystals. On the other
hand, to suppress the volatilization of the matrix
metal, the performance of the device required for
purification is high. The principles of zone melting
and Czochralski crystal growth method are shown
in Fig. 2 [23,24].

Vacuum distillation is considered to be the
most effective method for metal purification due to
reducing reaction temperature and effectively
reducing the adverse effects of the gas [25]. It has
been widely used in the field of metallurgical
purification. In this paper the overall progress of
research related to the preparation of high-purity

metals by vacuum distillation is mainly summarized.

The principle, variant design of vacuum distillation,
parameter optimization, and simulation of vacuum
distillation are introduced. This research can provide
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Fig. 2 Principles of purification technology: (a) Zone
melting; (b) Czochralski crystal growth method (Reprinted
with permission from [23,24])

a reference for future experiments on purifying
metals by vacuum distillation.

2 Mechanism of vacuum distillation

Different metals have different saturated vapor
pressures when the same temperature is set under
airtight conditions. Vacuum distillation uses this
principle to separate the matrix metal and impurities.
The principle of vacuum distillation is shown in
Fig. 3. In the vacuum heating environment, the
impurities with high saturated vapor pressure first
volatilize into the gas phase, and then the vapor
becomes solid crystals under the condensation and
adheres to the tube wall of the condenser tube.
Impurities with relatively low vapor pressure will
remain in the crucible at the bottom of the vacuum
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distillation equipment. Matrix metal achieves
purification in this way. Vacuum distillation has the
advantages of a short process, high efficiency, and
environmental protection. In addition, it can keep
up with the demand for energy-saving and clean
production. It has been widely used in alloy
separation and secondary resource recovery [26].

2.1 Basic equations
2.1.1 Saturated vapor pressure

Different metals have different saturated vapor
pressures when the same temperature is set under
airtight conditions. According to this principle, it is
possible to preliminarily judge whether impurities
can be separated from the matrix metal in the
vacuum purification experiments of metals. The
impurities with saturated vapor pressures higher
than the matrix metal enter the gas phase earlier. In
contrast, impurities with low saturated vapor
pressure remain in the melt and finally remain in
the crucible residue to achieve separation.

ALCOCK et al [27] studied the metal vapor
pressure equation and finally obtained the
Antoine equation to calculate the saturated vapor
pressure:

lg p=A+BT'+Clg T+107DT (1)

where p is the saturated vapor pressure of pure
metal, T is the temperature, and 4, B, C, and D are
constants determined for each impurity. For each
element, the constant value corresponding to the
equation is based on a new evaluation of
thermochemical data for the condensed and gaseous
elements. However, this equation only works for

Vacuum pump

(1.013%x1071°~1.013%10%) Pa, and the precision of
the equation is lower.

It is assumed that the impurities in high-purity
metals are mainly in the form of simple substances.
The effect of the simple substance form of
impurities on the experimental results can be
calculated from thermodynamic data. The relevant
thermodynamic data are simple and easy to obtain,
and the prediction effect is accurate in a large
number of experiments. Most researchers use the
thermodynamic Clausius Clapeyron equation to
calculate the saturated vapor pressure of pure
metals in the experiment [28]:

lg p=A:T"'+Bilg T+CiT+D; ()

where A4,, B;, Ci, and D; are constants, which
can be obtained by looking up the relevant
thermodynamics manual. The equation takes into
account the more practical situation: the latent heat
of evaporation varies with temperature. Therefore,
it is widely used to predict whether the impurities
can be effectively separated in vacuum distillation.
Taking crude selenium purification as an example,
Fig. 4 [29] shows the saturated vapor pressures
of selenium and impurities (Pb, PbSe, and PbTe)
at different temperatures. The saturated vapor
pressures of Se, Pb, PbSe, and PbTe increase
gradually with increasing temperature. It is
generally believed that materials with higher
vapor pressures are more volatile [29]. Within the
experimental temperature range, impurities with a
lower saturated vapor pressure than selenium are
likely to remain in the residue. Compared with
other impurities, the saturated steam pressure of Pb
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Fig. 4 Calculated saturated vapor pressure of Se and
impurities Pb, PbSe and PbTe at different temperatures
(Reprinted with permission from [29])

is the most similar to that of Se, which is not easy to
remove.
2.1.2 Separation coefficient

The saturated vapor pressure is only used to
preliminarily judge whether separation between
impurities and the matrix metal. The separation
coefficient (f;) is often used to express the degree of
separation of impurities in the vacuum distillation
process. When f;>1, the composition of the
element in the gas phase is greater than that in the
liquid phase, and when f; <1, the composition of the
element in the liquid phase is greater than that in
the gas phase. The above two types of impurity
elements can be separated from the matrix metal.
When f; is close to 1, the distribution of impurities
in the gas and liquid phase is equivalent, so it is
difficult to separate the impurities by vacuum
distillation. Based on the separation coefficient of
the impurities, the farther the separation coefficient
is from 1, the easier it is to separate the impurities
from the matrix metal. The separation coefficient of
impurity element i can be calculated by Eq. (3) [30]:

Yi P
=—X—
Ya Pa

Bi 3)
where y; and ya represent the activity coefficients of
impurity / and matrix metal A, respectively. p; and
pa represent the saturated vapor pressures of
impurity i and matrix metal A, respectively. This
equation is currently considered to be the most
reliable method for calculating the separation
coefficient. What is more difficult is that a large
number of models are required to calculate the

activity coefficients of matrix metals and impurities
in this method. Many related parameters which are
not easy to obtain are needed to calculate the
activity coefficient of a binary system. This method
of calculating the separation coefficient has only
been applied to a few metal systems such as tin,
iron and copper because of the difficulty of
calculation.

With the development of vacuum distillation
technology to prepare high-purity metals, simpler
formulas were derived during a large number of
experiments. ZHANG et al [31] proposed a revised
separation coefficient equation through vacuum
distillation purification experiments and theoretical
analysis. The modified separation coefficient (f)
equation is as follows:

E. p[® M.

ﬁ': 1 1 (4)
EA pg MA

where Ea and E; represent the distillation rates of
the matrix metal and the impurities, respectively.
pf and pl.® represent the vapor pressures of the
matrix metal and impurities in standard conditions,
respectively. Ma and M; represent the atomic
masses of the matrix metal and impurities,
respectively. The equation for distillation rate (E) is

as follows:
E=437x10"* pJM/T (5)

where M is the relative atomic mass. This method
is only applicable to impurities with separation
coefficient less than 1, and there is a large deviation
in the calculation of other impurities.

Another calculation method of the separation
coefficient when studying the volatilization of a
small amount of impurities in steel is obtained,
which is based on the empirical Eq. (6) [32]:

x, )
y,;=100-100 1_ﬁ (6)

where xa and y; represent the evaporation mass
percentage of the matrix metal and impurities,
respectively. a; is the evaporation coefficient of
impurities. Substitute the obtained evaporation
coefficient into Eq. (7) to calculate the separation
coefficient [32]:

M,

B =a; Ml (7)
A
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If the evaporation rates of the matrix metal and
impurities are known, the evaporation coefficients
of impurities can be obtained, and then the
separation coefficients and activity coefficients of
impurities can be obtained. Compared with the
previous two methods of calculation, this method
requires less related parameters and the calculation
is simpler. In addition, the calculation of this
equation is more accurate for the prediction of the
separation effect of most of the impurities.

CHURBANOV et al [33] pointed out that the
study of the effective separation coefficient (a) can
describe the behavior of impurities in the vacuum
distillation process. The removal rates of impurities
can be characterized by calculation. The equation
for the effective separation coefficient o is as
follows:

ln( nym; j:a_lln& )

ngmy+nymgy a m,

where no and nq represent the densities of particles
in the residue and fraction,
represents the initial mass of the sample; mo and mq
represent the masses of the residue and fraction,
respectively. a is given by the Rayleigh equation for
high boiling impurities. Through the comparison
between the experimental results and the theoretical
calculation results, it is found that the relative
uncertainty of the effective separation coefficient a
obtained from the above equation is not satisfactory.
Among  the separation  coefficient
calculation methods, the calculation results of the
two methods represented by Eq. (3), and Egs. (6)
and (7) are the most accurate in the theoretical
calculation of high-purity metal preparation. It is
still hard for researchers to get the relevant
parameters required for calculation.
2.1.3 Evaporation rate

In addition to the above process parameters
used to predict the experimental effect of vacuum
distillation to prepare high-purity metals, the
evaporation rate can reflect the experimental
effect. The evaporation rate indicates the degree
of evaporation of metal to be purified. By
understanding the evaporation rate of metal
elements, the time required for distillation can
be calculated to reduce unnecessary energy
consumption and improve production efficiency.
Evaporation rate is usually calculated by dividing

respectively; m;

existing

the mass of the distillate by the mass of the raw
material. PRASAD et al [34] calculated the
evaporation rate using the following equation:

0a=5.83x102PA(MA/T)"*f 9)

where f is the probability that the metal molecule
of the substrate is on the melting surface and is
approximately 1. The experimentally obtained
evaporation rate is approximately three orders of
magnitude lower than the theoretically calculated
evaporation rate using the above equation. Different
from the previous equation, ZAIOUR et al [3] used
a new equation to calculate the evaporation rate of
impurities in the preparation of 7N tellurium by
vacuum distillation:

1/2
o =é%= —0.0583 4P, (V]y"j f (10)

1

where S is the evaporation area, ¢ is the distillation
time, f is the Langmuir coefficient, v represents
the atomic number of evaporated impurities,
and / represents the length of the melting zone.
The impurity evaporation rate calculated by
this equation is 3.35x107%kg/(m?s), while the
experimentally determined average evaporation rate
is 1x107°kg/(m?-s). The actual evaporation rate is
reduced, due to the presence of non-volatile
impurities in the molten fraction which interfere
with the evaporation of volatile impurities.
Therefore, it is also the academic pursuit of
researchers to establish an impurity evaporation rate
equation that conforms to the experimental effect.
2.1.4 Molecular mean free path

In the process of vacuum distillation, the
impurities that reach the saturated vapor pressure
will be the first to evaporate. By comparing the
molecular average free path of the vapor with the
effective size of the system, it is possible to judge
how the impurities evaporate during the distillation
process. Calculating the mean free path of
molecules can help us better analyze the
experimental results. The mean free path (1) can be
calculated as [34]

)=2.33x10"20T/(&2P) (11)

where ¢ is the diameter of the vapor molecule (cm);
P is the chamber pressure. The mean free path 4 is
usually compared with the effective size (D) of the
vessel to determine the thermal path of gas
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molecules during vacuum distillation. The effective
size of vessel D is generally considered to be the
distance between the surfaces of the melt and the
condenser. When A<< D the distillation process is
the “viscous” type, and when 4 >> D, the distillation
process is a type of molecular distillation; anything
in-between belongs to viscous—molecular flow. The
molecular path can be obtained by calculating the
molecular free path of each component in the
vacuum distillation system at a specific temperature
and different pressures [35]. Figure 5 [35] shows
the molecular free path of each vapor molecule in
copper anode slime at 1273 K under different
pressures. It can be seen from the figure that the
molecular free path of vapor molecules decreases
with increasing system pressure. The smaller the
system pressure is, the more obvious the difference
in the free path is. Metals volatilize from the
material, resulting in differences in element
distribution during vapor condensation due to
differences in the free path of each molecule. Under
the same pressure, S, Se and Te have more degrees
of freedom than Pb, Sb and Bi, so they will move
farther. By comparing the free path of different
elements under the same experimental conditions,
the type of molecular distillation can be roughly
judged, and a better explanation for the distillation
process can be made.
2.1.5 Calculation of Gibbs free energy change

In most cases, the impurities in the raw
materials used in distillation will not exist in the
form of elemental substances. Different elements
to form various
compounds. To judge whether there is a reaction
between different compounds, it is necessary to

combine with each other
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Fig. 5 Free paths of elements at different pressures at

1273 K (Reprinted with permission from [35])

introduce Gibbs free energy [36]. The change in
Gibbs free energy (AG) is used to determine
whether a reaction will occur. When AG is a
negative value, the reaction is spontaneous at a
constant temperature and pressure. Conversely,
when AG is greater than 0, the reaction is
nonspontaneous [37,38]. AG can be expressed by
Eq. (12):

AG=AG®+RTIn Q (12)

where AG® is the standard Gibbs free energy
change at atmospheric pressure, R is the general gas
constant, and Q is the reaction entropy. Taking
vacuum distillation to extract metallic silver and
copper from secondary resources as an example, in
Fig. 6 [39], the Gibbs free energy change of Cu,Sb
is less than 0 when the temperature is greater than
1504.79 K under a system pressure of 10 Pa. When
the temperature is greater than 1391.61 K, the
Gibbs free energy of Ags;Sb is less than 0. The
Gibbs free energy change of the two reactions
decreases with increasing temperature. It can be
seen that within the experimental temperature range,
Ag3Sb is easier to decompose than Cu,Sb [39].

100

\ 1504.79K
4

Cu,Sh~
1391.61K P 2Cu(lyrsp g

-100

AG/KJ

-200

-300

-400

1273 1373 1473 1573 1673 1773 1873
T/K
Fig. 6 Relationship between AG and temperature (10 Pa)
(Reprinted with permission from [39])

2.1.6 Vapor-liquid equilibrium diagram

Reliable vapor—liquid equilibrium (VLE) is a
necessary condition to determine the temperature
requirements and separation efficiency [40]. To
quantitatively analyze the distribution of various
elements in the two phases of vapor and liquid in
the vacuum distillation process, the VLE diagram is
introduced to predict the separation effect. This
diagram can be utilized to analyze the change in the
vapor—liquid phase distribution in the vacuum
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distillation process with temperature and pressure.
It is necessary to introduce a model to estimate the
activity of binary or ternary systems composed of
each impurity and main metals [41—45]. At present,
the thermodynamic models applied to the activity
prediction of components mainly include the
regular solution model, Miedema model, molecular
interaction volume model (MIVM), nonrandom
two-liquid (NRTL) equation and Wilson equation.

YANG et al [46] proposed a method to
calculate the vapor—liquid equilibrium phase
diagram based on VLE calculations and the MIVM
model. The results show that the calculated value of
the lead content in the gas phase is inconsistent with
the experimental value at higher temperatures.
Based on the VLE theory, XU et al [47] calculated
the VLE data of the Zn—Ni alloy using the Wilson
equation, plotted the VLE phase diagram, and
compared the results with the experimental values.
The results show that the variation trend of the
experimental values with temperature is consistent
with that of the 7—x—y phase diagram, but there is a
deviation. For the case of low experimental
temperature, the Wilson equation predicts poor
results. By comparing the above thermodynamic
models, in terms of model parameters, the NRTL
equation and the normal solution model require the
fewest parameters, the Miedema model and MIVM
equation require more parameters, and the Wilson
equation requires parameters between the above
models. By calculating the activities of the four
binary systems Bi—Pb, Bi—Sn, Cd—Pb and Pb—Sn
under the full composition and the average
deviation of the corresponding activities and
comparing the activity predicted by the experiment
and the model, the best prediction is the NRTL
equation; the Miedema model is the worst, and the
other models are between the NRTL equation and
the Miedema model [48]. Based on the advantages
and disadvantages of the above prediction models,
researchers generally tend to explore the MIVM
model and the Wilson model, which have been
deeply developed in the field of related binary
and ternary alloys such as tin, titanium, and
lead [49,50].

The method of drawing the vapor—liquid
equilibrium diagram by using the activity prediction
model is that in an ideal state, the interaction

between impurities, the loss in the vacuum

distillation process and whether the vacuum
distillation process has reached thermodynamic
equilibrium should be considered in the actual
analysis [51]. The specific model needs to be
modified according to the specific conditions of the
experiment.

2.2 Influencing factors

In the vacuum distillation experiment, within a
certain vacuum degree range, the most obvious
influencing factors are the distillation temperature
and distillation time. GAO et al [52] used vacuum
gasification directional condensation technology to
extract tellurium from lead anode slime. The effects
of distillation temperature and distillation time on
the experimental separation are discussed. The
experimental results show that the volatilization
rate of the matrix metal increases gradually with
increasing temperature. When the temperature
reaches 1173 K, the volatilization rate is close to
100%. With the extension of the distillation time,
the volatilization rate will gradually increase. The
volatilization rate is as high as 92% when the
distillation holding time is more than 50 min.
Within  100—125 min, the substrate metal is
completely volatilized. This shows that within a
range of conditions, the volatilization rate of metals
is proportional to the distillation temperature and
holding time. In the process of vacuum distillation,
the degree of vacuum can affect the purification
effect, so we also need to choose the appropriate
degree of vacuum. By increasing the degree of
vacuum to a suitable range, the volatilization rate of
some impurities can be reduced [53]. Exploring a
suitable set of process parameters can maximize the
efficiency of the process, while also maximizing the
use of energy. The condensation temperature also
affects the final form of purifying products [54].
When the condensation temperature is low, the
metal near the condenser wall has poor gloss. The
crystal grains on the other side are coarse, and the
hardness does not meet the requirements. When
the condensation temperature is high, the metal
attached to the side near the condensation wall is
prone to sintering, which affects the recovery rate
and makes it difficult to clean the equipment later.
Therefore, it is important to choose a suitable
condensation temperature in the experiment.

In practical experiments, there is always a
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gap between the experimental and theoretical
calculation results. PRASAD et al [55] pointed out
that the structure and material of cold fingers are
key factors affecting the purification of metals by
vacuum distillation. The cold finger materials
commonly used to deposit gas phase impurities are
mainly stainless steel, quartz alumina and copper. In
the selection of cold finger materials, the properties
of the main metals and impurities in the distillate
should be considered to avoid the secondary
pollution during the distillation process. Other
parameters of the condensation finger, such as
rotational speed, must be considered in the
experiment [56].

In addition to the above factors, the types
and contents of impurities in raw materials, the
interaction between impurities in the distillation
process, and the structure, materials and inevitable
subjective factors of distillation equipment can lead
to errors in the experiment [57—59]. This should be
taken into account when analyzing the experimental
data.

3 Design of vacuum distillation furnace

3.1 Basic structure of furnace

Vacuum distillation furnaces are divided into
vertical and horizontal vacuum furnaces. Their
basic structures are similar, mainly composed of a
heating system, vacuum system, condensation
system and collection system, and are equipped
with gas pipelines outside the equipment. The
difference is that the horizontal vacuum furnace
avoids the influence of gravity on the volatilization
of impurities. But it occupies a relatively large area.
Two types of distillation furnaces are shown in
Figs. 7 [33] and 8 [60].

3.2 Improvement of furnace

Vacuum distillation is a method of separating
and purifying metals. The principle is that under
closed conditions, different metal elements have
different pressures when the gas phase and liquid
phase reach equilibrium at the same temperature.
Therefore, some impurities with similar melting
points, boiling points or saturated vapor pressures
cannot be effectively removed. A high-precision
temperature control system needs to be set up to
control the heating and condensation for better
separation of impurities.
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Fig. 7 Schematic diagram of vertical vacuum distillation
furnace: 1-Distiller evaporator; 2—Receiver; 3—Two zone
resistance furnace; 4—Evaporator resistance furnace;
5—Receiver gradient furnace; 6—Heater; 7—Distillate;
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6—Crystallized sodium; 7—Thermal fuse; 8—Raw material,;
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LIANG et al [61] designed a horizontal staged
condensation vacuum furnace (see Fig.9). The
quartz tube, as the core of the horizontally staged
condensation vacuum furnace, consists of two
different parts: the volatilization zone on the left
and the condensation zone on the right. When the
volatilization zone is heated, a temperature field
from high to low can be formed in the quartz tube.
Elements such as K, Na, Zn and Mg can evaporate
and undergo fractional condensation, and non-
volatile impurities remain in the residue. Finally,
the effective separation of different elements is
realized. The device realizes the effective separation
of magnesium and impurities by accurately
controlling the evaporation and condensation
process. The content of harmful impurity Fe is
controlled at approximately 1x107¢ (mass fraction).
The content of volatile impurity Zn, which is not
easy to separate from magnesium, is also reduced to
1x107% (mass fraction).
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During the distillation process, the migration
of the metal layer at the vacuum interface is the key
to affecting the evaporation rate of impurity
elements. The diffusion rate has a more significant
effect on the evaporation rate. In the absence of
stirring, to make the metal melt have good mass
transfer conditions, it is necessary to design an
evaporator with a unique structure, and the concept
of multistage evaporation comes into being. The
multistage evaporator has good mass transfer and
heat transfer conditions by changing the flow rate
and the number of falls of the melt. After
experimental verification, the Pb—Sn alloy with a
Pb content of approximately 80 wt.% was distilled
in a 5-level constant volume distillation furnace.
Crude Sn with a Pb content of approximately 5 wt.%
was obtained [62]. HAGEMAN et al [63] used
specially designed quartz ampoules coupled to a
permanent vacuum system. A final vacuum of
approximately 1.33x107 Pa can be achieved on an
empty ampoule using a turbo pump with a liquid
nitrogen trap. During the experiment, a 1.33x10™*Pa
vacuum system was used for three-stage distillation.
The average overall yield achieved for single-stage
distillation was 84%, the average overall yield for
two-stage distillation was 80%, and the average
overall yield for three-stage distillation was 76%.
After a three-level distillation process, 4N metal
materials were purified to 6N. The unique quartz
design allows residual material to be removed
between distillation stages. The product purity was
improved by avoiding product exposure to
atmospheric conditions. The purification material
does not need to be processed, making the operation

more convenient. A schematic diagram of the three-
stage distillation tube is shown in Fig. 10 [63].

Vacuum System
Quartz Ampoule

/

Load-bearing System

L]

Resistance Furnace

Fig. 10 Three-stage distillation device diagram (Adapted
from [63])

Researchers have developed a new type of
vacuum thermal reheating furnace (Fig. 11 [64])
because vacuum distillation equipment cannot
monitor the changes in raw materials in real
time during the experiment. When the material
undergoes vacuum distillation, small changes in
mass, pressure and temperature in the system can
be recorded by the scale, vacuum gauge and
thermocouple, respectively. Then, the signal is
transmitted to the computer terminal. The actual
experimental evaporation rate can be obtained by
measuring the mass change of the material per unit
time and area during the actual distillation process.
In addition, DENG et al [65] have developed a
continuous vacuum distillation furnace (Fig. 12).
The material is first put into the material tank
and then melted into the furnace through the top of
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Fig. 11 Schematic diagram of vacuum thermogravimetric
analysis furnace (Reprinted with permission from [64])
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Fig. 12 Vertical continuous vacuum distillation furnace
(Reprinted with permission from [65])

the equipment through the vacuum furnace feeder
to realize the continuous feeding process. After
entering the furnace through the multistage
distillation tray, the residue falls to the bottom.
Volatiles are released from the sides of the
condensing unit. The device realizes the continuous
inflow of materials and the continuous outflow of
products, which improves the operation efficiency
to a certain extent.

In order to achieve the effect of high efficiency
and energy saving, researchers have been
committed to the continuous improvement of
equipment. In addition to the traditional vacuum
distillation furnace, researchers are more inclined to
combine vacuum distillation technology with other
purification technologies. With the development of
scientific research, various new vacuum distillation
equipments have been developed. For example,
combining vacuum distillation and vacuum
electromagnetic refining technology, its principle is

to use the electromagnetism of electromagnetic
induction to suspend the metal materials in the
quartz tube. The impurities will volatilize more
fully under the heating and stirring of
electromagnetic induction. It can also avoid the
contamination of the material by the crucible [66].

4 Measures to improve efficiency of
vacuum distillation

4.1 Multistage distillation

Based on the analysis of the mechanism and
influencing factors of vacuum distillation, many
researchers have devoted themselves to improving
the efficiency of vacuum distillation and realizing
green and efficient production. In addition to
performing vacuum distillation experiments under
optimal process conditions, multiple partial
vaporizations and condensations of raw materials
can also greatly improve the purity of the product.
Distillation temperature and holding time can be set
according to material composition and properties
during each distillation process.

ZHANG et al [67] proposed the application of
the multistage vacuum distillation in secondary
resource recovery: a potential recovery method of
cadmium telluride photovoltaic waste. Since the
saturated vapor pressure of the matrix metal
tellurium is much higher than that of the impurities
at the same temperature, the matrix metal can
evaporate at a relatively low temperature. Three-
stage vacuum distillation is used in this process.
The first-stage distillation temperature is 700 °C,
the vacuum degree is 15 Pa, and the holding time is
40 min. The distillation temperature of the second
stage is 450 °C, the holding time is 20 min, and the
vacuum degree is 15 Pa. In the third stage, the
temperature is kept at 400 °C, and the holding time
is 20 min. The second (HTVD) and third-stage
(LTVD) impurity separations are shown in
Fig. 13 [69]. In the first-stage distillation stage, the
matrix metal is evaporated to the maximum extent
at high temperature. In order to remove impurities
in the rear section, the impurity content in the
rectification product of the first section should not
be controlled too high. The purpose of the second
stage of vacuum distillation is to remove cadmium
at high temperature. The third stage of vacuum
distillation is to remove sulfur at low temperature.
At high vapor pressures, low-boiling metals can be
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separated from other metals by distillation or
sublimation. Metal evaporated into the gas phase is
condensed to affect separation. The results show
that the purity of the matrix metal can reach
99.97%, and the recovery rate can reach more
than 99%. The contents of cadmium and sulfur
in distillation products are 0.0061 wt.% and
0.0194 wt.%, respectively. At the same time,
vacuum distillation can enrich the cadmium sulfide
produced in the smelting process, and the purity can
reach 99.6%.

e CdS

® Te

A2 = °

(@) (b)

Fig. 13 Schematic diagram of the separation of impurity
elements using (a) HTVD and (b) LTVD (Reprinted with
permission from [67])

For the purification of metals by multistage
distillation, in addition to the abovementioned
method of first high-temperature distillation and
then low-temperature distillation, a process of first
low-temperature  distillation and then high-
temperature distillation can also be adopted. The
first low-temperature distillation removes most of
the highly volatile impurities, and the raw material
for the second high-temperature distillation comes
from the product of the low-temperature distillation.
The second high-temperature distillation removes
most of the low-volatility impurities, thereby
maximizing the purity of the product. In the
experiment of purifying indium, the content of
impurities was greatly reduced by this method of
first low-temperature distillation and then high-
temperature distillation, and the 2N raw material
was successfully purified into SN product. The flow
chart of the secondary distillation experiment is
shown in Fig. 14 [68].

Multistage distillation can effectively improve
the product purity. The specific distillation scheme
also needs to be formulated according to the
composition and properties of the experimental raw
materials.

Crude indium

Low-temperature|

distillation High-volatile impurities

High temperature

distillation —Low-volatile impureties

High purity indium

Fig. 14 Flow chart of the two-stage distillation experiment
(Reprinted with permission from [68])

4.2 Removal of specific impurities

The type and content of impurities in the raw
material can be analyzed from the raw material
itself. Differences between the behavior of
impurities were identified and impurities were
separated through a series of calculations [69—71].
It is also helpful to analyze whether there are
physical interactions and chemical reactions
between different elements under experimental
conditions [72—77]. HAGEMAN et al [63] improved
the purity of tellurium from 5N to 6N. The most
difficult impurity to remove is selenium. Its
saturated vapor pressure at the same temperature is
slightly higher than that of the matrix metal, so it
will evaporate first. Additionally, the condensation
temperatures for these materials are similar,
minimizing the ability to remove selenium from
the system. Given this disadvantage, SUN and
ZHENG [78] proposed that selenium can be
removed by bubbling hydrogen in molten tellurium
to form selenium hydride and remove selenium
together with hydrogen. The sample of vacuum
distillation raw material contains 8.656x107° (mass
fraction) impurities. The total impurity content of
the product measured after hydrogenation is
0.92x107° (mass fraction). The selenium content is
greatly reduced in this way.

Another promising method is to add an
appropriate amount of elements to form intermetallic
compounds or have high affinity with the elements
to be removed [79,80]. This method can also
prevent impurities from evaporating with matrix
metal [81]. Taking crude antimony purification as
an example, antimony and arsenic have similar
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saturated vapor pressures at the same experimental
temperature. These two elements will co-evaporate
during vacuum distillation. It is difficult to remove
arsenic only by vacuum distillation. Adding a
certain amount of metal aluminum to the raw
material can make aluminum and arsenic generate
nonvolatile intermetallic compounds, thereby
inhibiting the volatilization of arsenic. Experiments
have shown that the content of arsenic in antimony
products with additives is much lower than that in
products without additives [82].

4.3 Establishment of impurity distribution model

There are a series of studies on high-purity
metals prepared by vacuum distillation method.
Nevertheless, only a few works have studied the
impurity distribution in distillates. Because of the
experimental principle of vacuum distillation, we
cannot analyze the volatiles and distillate at any
time during the experiment. The distilled products
are evenly sampled according to the direction of
crystal growth, and the distance from the sampling
point to the condenser is approximately the
distillation progress. The impurity distribution
curve is obtained by analyzing the samples. The
theoretical distribution models of impurities fill the
research blank of impurity motion behavior and
distribution in vacuum distillation process of high-
purity metals [83—86].

An equation is derived for the impurity
distribution in solidified distillates at a low impurity
content and ideal stirring of the source material [87].
The impurity distribution is calculated by using the
formula:

C/C,=p[1-(x/L)]"" (13)

where C is the concentration of the impurity at a
distance from the condensing substrate of x, Cp is
the initial impurity concentration in the raw
material, § is the separation coefficient, and L is the
total length of the distillate. This formula assumes
that o is close to 1 and the source material is ideally
stirred. In particular, the distillation process in the
apparatus is accompanied by revaporization both in
the vapor line and from the condensate surface.
As a result, the theoretical analysis and the
actual situation of distillation-related processes are
slightly different. The impurity distribution in the
sublimation is calculated by applying the formula to
the vacuum distillation of magnesium [88]. The Mn

and Ca distributions can be described by a
distillation equation. However, for most of the
impurities, the distributions have a complex shape
so that they cannot fit the theoretical curve
completely.

ZHANG et al [89] proposed an improved
separation coefficient in order to describe the
impurity distribution more accurately. The modified
separation coefficient is shown in Eq.(4). The
distribution model is established as C/Co=
B'T1-(x/L)]*™ to describe the fraction of the
impurity distribution in the liquid. The results show
that the calculated method of the separation
coefficient of impurities in crude metal by the
impurity content in distilled metal was not suitable
for high-purity metals. This is because the
calculation method is derived from sublimation
theory. In contrast to the object being distilled, the
substance being refined during sublimation is not
actively mixed.

ZHANG et al [90,91] proposed a volatile
distribution model for impurities based on the mass
transfer rate equation and the law of conservation
of mass in the liquid boundary layer. They
built the distribution model of C/C,=k
[1—(x/L)]k[‘]"/k[‘“]e for highly volatile impurities
and C/C, =k [1-(x/L)]* ™" for lowly volatile
impurities in distillate. In these models, ks is the
effective separation coefficient, kjijq is the impurity
mass-transfer coefficient in the liquid boundary
layer, and kpmje is the evaporation mass-transfer
coefficient of the matrix metal. The former model is
reliable in the direction of high purity metal
preparation by vacuum distillation. Although there
is a deviation between the calculated results and the
experimental results, it provides a reference for the
future model distribution.

In addition, it is also a good idea to combine
vacuum distillation  technology  with  other
purification techniques [92—94]. Last but not least,
the combination of vacuum distillation experiments
and simulations is a big hot trend. The optimal
parameter range of the experiment can be
determined through simulation, which avoids
wasting a lot of time in the process exploration
experiment. It can also understand the real-time
changes of the experiment, such as the reaction
process and the temperature distribution of the
material. The simulation results are different from
the actual experiments because the simulation is
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carried out under ideal conditions. Supplementing
and optimizing the simulation model based on the
experiment is a direction of future development.

5 Vacuum distillation simulation

Some researchers have studied the thermo-
dynamics and dynamics of vacuum distillation
technology. Through various software and
mathematical models to simulate the experimental
process, the experimenter can better understand the
whole process of the experiment. The experimental
parameters can be adjusted at any time to achieve
the best vacuum distillation effect. With the
development of computer technology, simulation
has become a powerful tool [95,96].

5.1 Thermodynamic simulation

It is difficult to accurately measure the
temperature in a vacuum distillation furnace in
running mode in actual production. The existing
temperature control model has uncertainty and
serious delay [97—101]. It is not easy for traditional
control methods to achieve precise control. The
temperature distribution during the distillation
process cannot be obtained intuitively either.
Therefore, the thermodynamic simulation of the

vacuum distillation process is developed [102—104].

There are three main heat transfer modes in vacuum
distillation, which are heat conduction, heat
convection and heat radiation. Heat transfer mainly
occurs between the vacuum distillation furnace and
the environment, the distillation furnace shell and
the crucible, the crucible and the material. It is

necessary to consider the changes of material
temperature caused by three heat transfer modes in
the simulation process.

LI et al [105] used CFX software to simulate
the purification process of tellurium. The effects
of the temperature gradient, argon flow rate
and vacuum degree on the impurity diffusion and
condensation are investigated. The established
mathematical model takes into account distillation
and multiphase models, and optimizes the
Hertz—Langmuir equation based on gas dynamics
theory. During the simulation, it is assumed that
there is no additional gas flow other than the
evaporation of impurities flowing in the unit. The
total evaporation rate of the distillate in the
system is represented in the diffusion model as a
volumetric source term. It is assumed that the
interfacial momentum, interfacial heat, and mass
transfer depend directly on the contact surface area
between the two phases. Additionally, the authors
consider the heat transfer process on both sides of
the phase interface and apply the thermal phase
transition model to the condensation process. The
experimental geometry and simulation grid are
shown in Fig. 15 [105]. Different distillation
conditions set through the CFX simulation show
that the purification effect is consistent with the
overall trend of the process parameters. It can be
seen that it is feasible to simulate the vacuum
distillation process by CFX software.

ZHANG et al [106] used the vapor pressure of
metal Tm to determine the thermophysical
parameters and sublimation temperature range of
the Tm steam. The temperature distribution of the

Argon outlet 303K 543K 773K 873K 573K Argon inlet
‘—‘ I | | | 1 S I | 1 B | |’_'
T Distillation surface 4
(a) — —
543K 773K 873K
e 40T
(M)
=57 45
1
)

(b)

Fig. 15 Simplified geometry setup (a) and simulation mesh (b) for CFX simulation (Reprinted with permission

from [105])
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sublimation furnace at a heating body temperature
of 1000 °C is studied by establishing a two-
dimensional axisymmetric heat transfer model. The
simulation results are shown in Fig. 16 [106]. Due
to the heat loss at the bottom of the crucible, the
temperature of the crucible, solid metal and Tm
steam increase with increasing crucible height. The
figure shows that the maximum value is reached at
the middle of the crucible height direction and
then drops rapidly. The surface temperature outside
the condenser drops sharply, and the surface
temperature and evaporation rate of the distillate
can be obtained at the same time. The experimental
process is clearer through this simulation. As early
as 1996, a mathematical model of the pure
metal vacuum distillation process was established,
including the volatilization process, gas phase mass
transfer process, condensation process and heat
transfer process [107]. By solving the mathematical
model with an iterative method, the evaporation
rate of pure metal under different experimental
temperatures and vacuum degrees can be obtained.
This mathematical model is also widely used.

Temperature / C
1000

Fig. 16 Temperature in the sublimation furnace with a
heating body temperature of 1000 °C (Reprinted with
permission from [106])

XU et al [108] made a lot of efforts to solve
the engineering problems such as long delay of the
temperature control system and the difficulty of
accurately measuring the real-time temperature.
They found that PID genetic algorithm can
effectively solve the delay problem of electric
vacuum furnace. So the PID algorithm is widely
used in industry. Unfortunately, the related
algorithm easily falls into a local optimum, and
there is no way to achieve the optimization goal in

time. From this point, the PID model cannot be
guaranteed to achieve the best performance [108].
WANG and LIU [109] proposed a modeling and
calculation method for the temperature value of
each node in the no-load furnace. The perturbation
model for the temperature field of the system is
established by the vacuum furnace itself. The
distribution of the temperature field is simulated by
controlling the temperature under the experimental
conditions and ANSYS is used software to model
and analyze the right half of the front view of the
vacuum furnace. The thermal radiation simulation
diagram of the vacuum furnace is shown in
Fig. 17 [109]. By comparing the experimental
results measured by the thermocouple sensor with
the simulation results, the maximum relative error
of the two is 3.696%, and the average relative error
is 1.909%. The reason for this result is not only the
error caused during the experiment but also
the assumptions made in the early stage of the
simulation. For example, the angle coefficient of
radiation heat transfer is assumed to be equal. And
only the heat radiation among the electric column,
the heat conduction cover and the water-cooled
furnace cover is considered. There is a deviation
between the simulation results and the experimental
results because the assumptions in the simulation
cannot be realized in reality.

5.2 Dynamics simulation

The microstructure, thermodynamic properties,
and internal transport properties of the melt not
only affect the structures and properties of the
synthetic materials, but also determine dynamics
processes, such as separation and purification
between metals [110]. The molecular dynamics
method can not only be used to study the
dislocations, defects and vacancies of pure metals
but also calculate the thermodynamic properties of
pure metals [111]. Molecular dynamics can be
used to accurately simulate both macroscopic
properties and microscopic information of the
reaction system [112—114]. Therefore, dynamics
and thermodynamic researches have become
hotspots in the field of simulation. To study the
dynamics of vacuum distillation to prepare high
purity metals, the regularities of distribution of
different impurities between evaporation and
condensation are supplemented.

JIA et al [115] used the molecular dynamics
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method to simulate the thermodynamic properties
of Pb—Ag alloys in the temperature range of
298-1498 K. By calculating the excess free energy,
condensation energy and formation energy of the
system, the change in interatomic force with
temperature during the experiment is reflected. This
further reveals whether the heating operation is
conducive to the evaporation and separation of
metals. By comparing the simulation results with
the experimental results, the relative errors of the
excess free energy, condensation energy and
formation energy are more than 1%. For the
inevitable errors in the experimental process, the
calculation model is not well avoided. The
calculation of formation energy and cohesive
energy is also applied to Si—Al alloy [116].
Deviation degree between the actual alloy and the
ideal melt is quantitatively described by calculation.
The interaction of atoms is strong in the process of
vacuum distillation. As the temperature increases,
the formation energy of the alloy continuously
increases to about zero, which is close to the ideal
melting state. This is consistent with the actual

experimental phenomenon. Therefore, it is also a
good method to calculate energy functions such as
formation energy, cohesive energy and excess free
energy.

The same CFD series software can also be
used to study the kinetics of the vacuum distillation
process. They can help us to understand the
physical processes such as phase transition and
metal solidification in the heating purification
process [117]. Its modeling equations include the
Navier—Stokes equation, energy equation and metal
concentration equation. By modeling the vacuum
distillation reactor, the temperature distributions
under diffusion, natural convection and forced
convection are simulated. The specific simulation
distribution diagram is shown in Fig. 18 [117]. This
figure explains the reasons for the product
morphology and chemical composition. In addition,
the distribution of impurity concentration with the
distance of the reactor was also studied by
simulation to compare whether there is forced
convection on the surface of the molten metal
at different distillation time. Through comparative

(a) Distribution of test nodes

(b) Simulation results for node temperature

Fig. 17 Thermal radiation simulation of vacuum furnace model (right half front view, °C) (Reprinted with permission

from [109])

Fig. 18 Temperature distribution with diffusion only (a) and with forced convection (b) (Reprinted with permission

from [117])
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analysis, it is found that the removal rate of
impurities can be improved to a certain extent in the
presence of forced convection. Since the calculation
model ignores some influencing factors, such as the
temperature gradient that occurs in the molten metal
and the condenser in the experiment, the accuracy
of the model remains to be verified.

With the development of science and technology,
computer simulation has quickly become a research
hotspot because of its simplicity, convenience and
accuracy. The simulation also solves the problem
of atomic level reaction process that cannot be
observed by the eye in experiments. What is more,
feasibility analysis and theoretical support are made
for practical experiments. However, due to the need
to make assumptions about the experimental
environment in the simulation, the errors caused
by the environment and human behavior in the
experiment are ignored in many aspects. Therefore,
there are discrepancies between the simulation
results and the experimental results, which is also a
direction for future researches.

6 Conclusions and outlook

(1) To meet the demand for high-purity metals
in high-precision industries, in recent years,
researchers have innovated new ideas and
investigated new technologies. Efficient, clean and
environmentally friendly experimental routes are
developed. This paper mainly summarizes the
technology of preparing high-purity metals by
vacuum distillation and discusses the refining
principle, distillation device and simulation
application of this technology in recent years. A
large number of studies have proven that
calculating the saturated vapor pressure and
separation coefficient of impurities can predict the
rectification effect. The molecular mean free path is
also one of the key factors to judge the type of
distillation process. The type and concentration of
impurities, the structure and material of the
equipment, the distillation temperature, distillation
time, vacuum degree and condensation temperature
have an impact on the distillation effect. In addition,
the evaporation rate of impurities can also indirectly
reflect the distillation effect.

(2) Due to the principle of vacuum distillation,
it is difficult to have a high removal rate of
impurities with similar saturated vapor pressures at

the same temperature. It can be separated by taking
advantage of the difference in physical or chemical
properties between different impurities, which
makes up for the shortcomings of vacuum
distillation technology to a certain extent.

(3) Some researchers have conducted
thermodynamic and dynamics research on vacuum
distillation technology. The experimental process
is simulated by various model softwares so
that the experimenters can better understand the
whole process of the experiment. The appropriate
experimental parameters should be found to achieve
the best vacuum distillation effect. The combination
of experiment and simulation calculation will
be a hot research direction in the field of vacuum
purification.

(4) The optimization of high-purity metal
preparation by vacuum distillation can be realized
by combining theoretical calculation, experimental
process and simulation. It can be used for providing
reference in actual production, improving
production efficiency, saving production cost and
realizing high purification preparation of metal.
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