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An analysis of literature data for oxidative refining of cadmium is presented.
A thermodynamic analysis of the oxidation reactions of Cd and the impuri-
ties Zn, Pb, Fe, Cu, TI, Ni, Sn, As, Sb, efc. present in it during melting under
standard conditions, as well as during distillation of cadmium in vacuum, is
performed. The strength of oxide compounds of impurities in cadmium is
evaluated by the absolute value of the change in Gibbs free energy in the con-
densed (liquid) state and in the vapour (vacuum) phase. A comprehensive
method for Cd purification, including oxidizing refining and subsequent
removal of non-volatile and volatile impurities in a single refining cycle is
investigated.
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ITpencraBieno aHaaidy JiTepaTypHUX JaHUX CTOCOBHO OKMCHOTO padiHyBaHHA
Kaamiro. Bukomnamo repmoamHaMiuny aHanisy peakitiiit okucuenus Cd Ta mpu-
CyTHiX y HBOMY moMmimok Zn, Pb, Fe, Cu, TI, Ni, Sn, As, Sb Ta iu. 3a poarom-
JIEHHA Y CTAHJAPTHUX YMOBaX, a TAKOXK 3a OUCTUIAIII KaaMiio y BarkyyMi.
MimnuicTh OKMCHUX CIIOJIYK AOMIITIOK Y KaaMii oIliHOBau 3a abGCOIOTHOIO Be-
amaunHo 3Minu I'166¢0B0i BlIbHOI eHeprii y KoOHJeHCOBaHOMY (PiZKOMY) CcTaHi
Ta maposiii (y Bakyywmi) dasi. Jocrigxerno kommiaekcuuit meron ounctku Cd 3
OKMCHUM padiHyBaHHAM i HACTYIHUM BUAAJIEHHAM TAMKKO- Ta JIETKOJETKUX

Corresponding author: Olexii Petrovych Shcherban
E-mail: shcherban@kipt.kharkov.ua

Citation: O.P.Shcherban, O. I. Kondrik, and D. O. Solopikhin, Cadmium Purifica-
tion by Comprehensive-Distillation Method, Metallofiz. Noveishie Tekhnol., 47, No. 7:
769-781 (2025), DOI:10.15407/mfint.47.07.0769

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2025. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

769


https://doi.org/10.15407/mfint.47.07.0769
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.47.07.0769

770 O. P. SHCHERBAN, O. I. KONDRIK, and D. O. SOLOPIKHIN

JOMiIIIOK B OMHOMY ITMKJIi padiHyBaHHA.

Karouogi ciiosa: kaamiit, okcunu Kagmito i momimoxr, I'i66cosa eHepris, okuc-
He padinyBaHHs, QiabTpaIlia, IMCTUIAITiA.
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1. INTRODUCTION

High-purity cadmium (> 99.999 wt.%) is used in microelectronics, op-
toelectronics, and other fields of electronic engineering as a constitu-
ent component for the synthesis and growth of semiconductor com-
pounds CdsAss, CdAsz, CdSb, CdTe. For that, various equipment and
devices are manufactured [1]. The purity of the source elements de-
termines the quality and reliability of such products.

Grown crystals of Cd chalcogenides are successfully used for the
production of windows and lenses of continuous CO; lasers with a pow-
er up to 5 kW at the power density up to 100 kW /cm?; various optical
elements of devices within the visible and IR ranges (CdSe, CdS, CdTe);
IR radiation polarisers (CdSe); oriented crystalline substrates for the
creation of epitaxial structures (CdSe, CdTe)[2].

The important task is development of efficient and reliable solid-
state semiconductor detectors for dosimetry of ionizing o- and y-
radiation in nuclear and future thermonuclear power. Semiconductor
compounds CdTe and Cd;_.Zn,Te (CZT) with a molar fraction x=0.1-
0.4 have advantages when used as the materials for the efficient ioniz-
ing radiation detectors owing to their unique combination of a number
of electrophysical parameters.

Solid semiconductor solutions Cd.Hg:-.Te (CHT) having a molar
fraction of x=0.2—-0.3 are principal materials for manufacturing pho-
todetectors in the IR range (8—12 um) [4]. As the requirements to epi-
taxial CHT structures increase, so do the demands to the purity of the
source components, including gas impurities [4].

The synthesis of semiconductor compounds for microelectronics
requires source elements having the purity > 5N, where the content of
the electrically active majority impurities should be at <1-107° wt.%
[6—T7]. Achieving this cadmium quality is not a trivial task and requires
the development of special refining technological processes. Various
aspects of this problem permanently attract the attention of research-
ers.

The developed Cd refining technologies are multistage and use a
complex of methods [1, 8—15]. One of the radical means to increase the
efficiency of metal purification is to successive use a number of refin-
ing methods that have different mechanisms for separating impuri-
ties. In this case, more efficient separation of impurities is expected
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than with repeated use of the single method, even a very effective that.

The increasing needs for high-purity cadmium and higher require-
ments for its purity determine the importance and relevance of curry-
ing out research to establish the regularities of behaviour of impurity
elements in various refining methods and to develop effective process-
es for obtaining high-purity Cd. This is the subject of the research in
the present work.

1.1. Relevance of the Problem and Formulation of the Task

From experiments on the melting of cadmium both under an inert gas
atmosphere and in a vacuum, it is known that oxide films form on the
surface of the molten metal. These films are formed as a result of
chemical reactions of residual oxygen in the surrounding atmosphere
with both the atoms of the base metal and the atoms of impurity ele-
ments.

To make useful application of the presence of oxide films on the sur-
face of molten metal refined and to use the effect of their formation,
the authors of a number of papers have described a technique such as
filtration of liquid metal to remove oxide films. This approach can be
conventionally classified as a method of oxidizing refining of metals.
Oxidizing refining of metals is based on the difference in oxygen affin-
ity between the base metal and impurities. If the impurity oxide is not
soluble in the base metal, it floats to the surface and is removed from
the crucible.

One of the options for oxidizing refining of cadmium is distillation
in a stream of overheated water vapour [16]. The interaction of cadmi-
um with water vapour can be called hydrothermal oxidation. Authors
determined the coefficient of cadmium purification of zinc during its
distillation with water vapour. During the distillation of cadmium, the
temperature in the evaporation zone was maintained at about 920 K,
and in the condensation zone at =590 K. The total vapour pressure of
cadmium and water was equal to atmospheric that.

The purification coefficient was calculated using the approximate
formula: o = x/y, where x and y are the impurity contents in the origi-
nal and purified distillate, respectively. The results of experiments to
determine the separation coefficient of zinc a during the distillation of
cadmium with hydrothermal oxidation showed that the value of alpha
in this case is equal to 235. Thus, during distilling cadmium with hy-
drothermal oxidation, it is possible to increase the efficiency of cadmi-
um purification of zinc.

The issue of the effect of the presence of cadmium oxide on the de-
gree of cadmium purification of impurities during the distillation pro-
cess was considered in Ref. [14]. The study of the cadmium distillation
process was carried out using quartz crucible of the horizontal type



772 O. P. SHCHERBAN, O. I. KONDRIK, and D. O. SOLOPIKHIN

under the conditions of static and dynamic vacuum. The temperature
of the evaporation zone was 820—-870 K, the condensation temperature
was 600—-620 K. In all experiments, a loading with a mass of Go=1 kg
was used.

The content of impurities in cadmium at different stages of purifi-
cation was monitored by the spectral method. The purification degree
(Nq4) was determined at the fraction of cadmium distillation ¢ =0.94—
0.96. Nq=Cy/Cq is the ratio of the impurity content in the initial sam-
ple and the distillate. It was established that the presence of cadmium
oxide, which is a collector of impurities, leads to an increase in the pu-
rification degree. This conclusion is confirmed by model experiments
at the addition of cadmium oxide in the amount of 0.10-0.12% of the
initial substance loading Go. At the same time, the degree of purifica-
tion achieved is lower than the values corresponding to the ideal sepa-
ration coefficients. This fact can be explained by the influence of non-
equilibrium processes, where non-volatile impurities are captured by
the steam flow of the base metal, and by their concentration in the
near-surface layer.

The results presented in Ref. [14] indicate the moderate efficiency
of the cadmium distillation purification of impurities in the presence
of Cd oxide, which can be considered as one of the stages of a complex
technological scheme for obtaining high-purity cadmium.

In the paper [17], the thermodynamic equilibrium of cadmium in the
condensed and vapour phase and impurities is considered: each in a
binary alloy with cadmium, each of the impurities in the vapour phase
above a binary alloy with cadmium. When plotting partial pressure
diagrams, the following assumptions were made: the activities of cad-
mium and impurities in the resulting condensed phases are equal to
unity; impurities in cadmium do not interact with each other and their
activities in the polymetallic alloy are equal to those in binary solu-
tions based on cadmium. Due to the fact that cadmium distillation pro-
cesses are carried out at 673-873 K (400-600°C), the temperature
range for the study was chosen within 400-900 K.

The metal may interact with residual gases at high temperatures
during refining cadmium by vacuum distillation. The gas phase may
contain significant amounts of the main components of the atmosphere
(nitrogen and oxygen), as well as water vapour and carbon dioxide.
Cadmium is passive towards normal nitrogen N2, but reacts with active
nitrogen N. Cadmium nitride CdsN: is unstable and decomposes by ox-
ygen at standard temperature.

The following results emerge from the studies performed in Ref.
[17] on the interaction of cadmium and its impurities with gas phase
components under the distillation process conditions. Cd and impuri-
ties T1, Zn, Pb, Cu, Ni, Ag and As, dissolved in cadmium and in the va-
pour phase above cadmium, under cadmium distillation conditions at
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700-900 K, are not oxidized by water vapour and CO.. Such an interac-
tion is possible only at pressure greater than atmospheric.

Under distillation refining conditions, cadmium interacts with re-
sidual oxygen to form a volatile oxide; refractory impurities nickel,
copper, and silver, dissolved in cadmium, do not interact with oxygen
under distillation conditions. Nickel in the vapour phase reacts with
residual oxygen to form a lower oxide, and copper does to do a higher
oxide. Silver remains in elemental form under these conditions.

Fusible impurities of lead and thallium in cadmium interact with
residual oxygen and in the vacuum form oxides including higher those.
Moreover, if lead oxides are non-volatile and do not affect the quality
of refined cadmium, then univalent thallium oxide has a vapour pres-
sure comparable to that of cadmium, that is, its transition to the va-
pour phase and into the refined metal is possible, which can cause a
deterioration in metal quality. Volatile impurities (zinc and arsenic)
form oxides: in the first case, non-volatile one, that does not affect the
refining process, in the second case, very volatile that, which turns
into the vapour phase.

In the presented article, a thermodynamic analysis of the oxidation
reactions of impurities in the cadmium melt and the surrounding at-
mosphere was performed, the relationship between the affinity and
redox processes of impurity oxides and cadmium oxide was revealed,
oxidizing refining of cadmium was applied, etc.

The purpose of this paper was to calculate the oxygen potentials of
impurity oxidation reactions during melting of cadmium in an atmos-
phere of inert argon gas with oxygen present in it and during distilla-
tion in vacuum, as well as to study the complex process of cadmium
purification using oxidizing refining.

2. THEORETICAL AND EXPERIMENTAL RESEARCH

2.1. Thermodynamic Analysis of Impurity Oxidation Reactions during
Cadmium Melting and Distillation

The removal of impurities can be carried out by the method of oxidiz-
ing fusion of cadmium which, in turn, forms with oxygen a stable ox-
ide CdO. The efficiency of metal impurity removal from cadmium in
the form of oxides can be assessed by the strength value of the oxide
compounds in certain ranges of change in temperature and ambient
pressure. The strength of an oxidizing compound is characterized by
the value of the oxygen potential or the absolute value of the change
(decrease) in the Gibbs free energy |AGaco|.

A simple model described in Ref. [18] was used to calculate the de-
pendences of the change in Gibbs free energy AG on temperature dur-
ing the formation of impurity oxides in the liquid and vapour phases of
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Fig. 1. Change in Gibbs potential at the formation of oxides of impurities Zn,
Sn, Fe, Mo, Si, Ta, B, Ta, Ge in the liquid phase of cadmium during melting in
an argon atmosphere.

cadmium. Figure 1 shows the temperature dependences of the oxygen
potentials of the majority impurities in the liquid phase of cadmium
during its melting in an argon atmosphere.

Analysis of the obtained dependences shows that impurities Zn, Sn,
Fe, which the change in the Gibbs potential of oxide formation in abso-
lute value is high, will form oxides, releasing Cd and the elements Mo,
Si, Ta, B, Ta, Ge from their less stable oxides. All oxides are removed
by filtering the molten cadmium, and impurities introduced into the
melt during deoxidation are removed during the distillation process.

Figure 2 shows the dependences of the oxygen potentials of the ma-
jority impurities in cadmium within the studied temperature range
and under the gas pressure of 0.5 Pa. The indicated curves in Fig. 2
were drawn by extrapolating the AG dependences obtained at the for-
mation of oxides in the vapour phase of the high-temperature region to
the studied temperature range of 600—900 K. It was assumed that all
the considered impurities can transfer into the vapour phase due to the
entrainment of these impurities by volatile cadmium atoms, which
evaporate intensively.

In the vapour phase, the impurities such as Sn, Zn, Sb, As, and Cu
form oxides that are more stable than CdO and have low vapour pres-
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Fig. 2. Change in Gibbs potential during the formation of oxides of impurities
Zn, Pb, Fe, Cu, Tl, Ni, As, Sn, Sb in the vapour phase of cadmium in the vacu-
um of 0.5 Pa.

sure. They remain as a residue in the crucible during the distillation
process. Volatile arsenic oxide transfers into condensate, which can
restrict the quality of the final product.

For impurities Pb, Fe, Ni, TI, the Gibbs potential during the for-
mation of their oxides is, in absolute value, less than the free energy of
formation of cadmium oxide and metal oxides shown on the graph. The
elements Pb, Fe, Ni, Tl will remain in the cadmium melt, releasing ox-
ygen to form non-volatile oxides of cadmium and impurity attending
in it. Volatile thallium oxides will enter the cadmium condensate, mak-
ing fine cleaning of thallium difficult. One way to additionally remove
volatile As20s; and T10 may be using a hot condenser during the Cd dis-
tillation process, which was applied in this work.

To remove oxides formed in the cadmium condensate during its pu-
rification, the resulting distillate was melted and filtered in an envi-
ronment of inert argon gas, which increases the purity of the final
product.

2.2. Cadmium Purification Process Using a Complex Method

Analysis of literature data [13, 14, 19] shows that a simple scheme of
single or multiple distillation gives a small yield (< 60%) of a suitable
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product, without providing high degrees of purification (> 5N). Higher
purity materials are obtained by improving distillation processes, for
example, the application of getter filters [4], the use of gettering im-
purity [14], preliminary filtration of the melt and distillation of vola-
tile impurities [15, 20], the use of a barrier oxide layer [19], heating
the surface of the condenser [21].

Crystallization refining methods (oriented crystallization, growth
crystals from a melt, zone melting) are used mainly at the final stage of
purification when removing small amounts of impurities from the
melt. These methods can produce metals with a purity up to 99.99998
wt.% [10, 13, 21], but they can be combined with other refining meth-
ods in most cases.

In this work, the complex distillation process is investigated, in-
cluding such stages as melting of the original metal and filtration in an
environment of inert argon gas (a component of oxidizing refining)
followed by distillation of cadmium in a vacuum from a crucible to a
hot condenser (purification of non-volatile and volatile impurities).

The availability of volatile and non-volatile impurities in cadmium
was determined by calculating the values of ideal impurity separation
coefficients o; during molecular evaporation [23] according to the for-

mula
0
M
a. = pCd B (1)

b pg\/MCd ,

where pg,, pg —vapour pressures of cadmium and impurity B; Mca,
Mp—molecular weights of cadmium and impurity B, respectively.

Table 1 shows the calculated values of the ideal impurity separation
coefficients a; during molecular evaporation of cadmium in vacuum.
The vapour pressures of the elements at specified temperatures were
taken from Ref. [24]. The impurities in Table 1 above the row with Cd
are classified as volatile, and below as non-volatile. Therefore, simple
distillation does not provide optimal conditions for cadmium refining
due to the transition of highly volatile impurities into condensate. In
this regard, the processes of removing volatile impurities and purifica-
tion of non-volatile impurities must be separated and carried out in a
single refining cycle.

When refined cadmium is melted, surface contaminants accumulate
on the surface of the melt mirror in the form of oxides, suboxides, and
metal compounds, based both on Cd and impurity elements, the volatil-
ity may differ from that of pure components. The presence of surface
contaminants leads to the transfer of volatile components of the oxide
film into the distillate and to significant reduction in the productivity
of the refining process. That is exactly why the removal of oxide film
and slag from the surface of the melt during cadmium distillation is an
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TABLE 1. Calculated values of ideal impurity separation coefficients ou dur-
ing molecular evaporation of cadmium in vacuum.

Imourit Temperature, K
Pty 600 | 700 800 900
He 5.1-10°7 - - -
P 7.9-10 2.910°3 - -
s 1.1-10 2.2:10°3 - -
Cs 4.210°8 7.6-10°2 1510 2.8-10"!
K 1.6-10°2 2.1-10" 3.210°! 3.310°!
Se 2.5-10°2 1810 1.9-10" 2.5-10"!
As 1.8-10" 5.3-10"! 2.9-10"! -
cd 1 1 1 1
Zn 2.7 7.6 6.9 5.2
Te 2.2:10" 3.2-10! 1.8-10" 1.4-10"
Na 2.3-10" 8.2-10! 4.710! 3.3-10!
Mg 7.2:102 1.6-102 6.4-10! 3.2-10!
Li 1.3-10° 6.510° 7.3-102 3.2-10?
Sr 5.6-10° 7.8-10° 2.3-10° 9.1-10?
Ca 4.0-10* 3.9-10 9.310° 6.1-10°
sh 4.010° 2.2:10° 3.1-10 7.5-102
Bi 1.0-10° 7.9-10° 4.7-10° 1.7-10"
Ba 1.4-10° 1.6-10° 3.9-10° 1.3-10°
Tl 1.3-10° 1.4-10° 3.0-10° 1.0-10*
Pb 7.6-10° 4.510° 7.3-10° 1.8-10°
Mn - - 4.310° 2.2-10°

important point in increasing the efficiency of deep cleaning.

One of the technological methods to remove oxide contaminants is
filtration of liquid metal [13, 15, 18, 20]. In this regard, the task was
set to study the complex process of Cd distillation, which includes the
step-by-step cadmium purification of impurity oxides by filtration
(component of oxidizing refining) followed by purification of non-
volatile and volatile impurities by distillation of the majority element
on a hot condenser.

To implement the process of stepwise purification of Cd, a distilla-
tion device is proposed, the design is schematically shown in Fig. 3.

The distillation device is made of high-purity dense graphite, which
is characterized by heat resistance, minimum impurity content and
chemical inertness to cadmium. The concentration of impurities in it,
such as Si, Fe, Al, Mg, B, Cu, Mn, is of 1.0-0.1 ppm. The quasi-closed
type distillation device consists of two identical components: the lower
part serves as a crucible (2), and the upper that (1) is a collector (D) for
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Fig. 3. Scheme of the device for cadmium distillation: a—filtration stage and
partial removal of volatile impurities; b—stage of purification of non-volatile
and volatile impurities by distillation of the metal onto a heated condenser.
1—condenser; 2—crucible; 3—heater; 4—outlet hole. A—source metal; B—
filtered metal; C—a thin layer of condensate with volatile impurities; D—
distillate; F—residue with non-volatile impurities in the crucible.

the Cd condensation. The volume of the crucible makes it possible load-
ing from 1.8 to 2.3 kg of initial cadmium.

The purification process was carried out in two stages. At the first
stage, the initial metal was melted in an environment of technical puri-
ty inert gas argon with a volume fraction of oxygen in it 0.002% under
the pressure in the installation chamber of about 1 atm. The melted
cadmium flowed down through a hole in the plate into the crucible (fil-
tration process). At the same time, surface oxides and slags of the melt
remained on the inclined surface of the plate, and volatile impurities
(Na, K, S, P, Cl, Se, etc.) partially evaporated from the melt onto the
inner surface of the condenser (C) (Fig. 3, a).

At the second stage, the removal of non-volatile impurities (Cu, Fe,
Si, Ni, Co, V, Cr, Au, Ag, Al, TIl, Sb, Bi, Li, Sn, Mn, etc.) was carried
out by distilling filtered metal, poured into the crucible, onto a heated
condenser. During the evaporation process, the cadmium condensate is
purified of non-volatile impurities that remain in the residue F at the
bottom of the crucible (Fig. 3, b). In this case, volatile impurities are
removed through the outlet because the condenser temperature is too
high for volatile impurities to condense.

The temperature of the distillation process is higher than the melt-
ing point of Cd (5694 K), and the condensation temperature is lower
than that.

This combination of purification stages significantly increases the
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TABLE 2. Content of majority impurities in initial cadmium, after filtration
and vacuum distillation (distillate).

Impurity Initial Cd | Cd after filtration Distilled Cd
Impurity, x10° wt.%

Zn 20 6 3

Pb 440 110 4

Fe 20 4 3

Cu 420 80 5

Tl 180 45 12

Ni 200 60 9

As 60 20 5

Sn 120 40 3

Sb 100 20 4
Cd, wt.% 99.98 99.992 99.9995

purification efficiency, process productivity, and the yield of a suita-
ble product, which is at least 95% of the initial mass.

3. RESULTS AND DISCUSSION

Table 2 presents the results of the analysis of the impurity content in
cadmium: initial, after filtration and vacuum distillation. The analysis
was performed by high-resolution laser mass spectrometry. The ran-
dom error of the analysis results is characterized by a relative standard
deviation of 0.15—0.30.

The content of other impurities not listed in Table 2 is below the de-
tection limit of the analysis technique—(3—6)-107-(2—-4)-107" wt.%.

After filtration (oxidizing refining), the purity of cadmium increas-
es by almost one order of magnitude (from the initial 99.98 wt.% to
99.992 wt.%). The efficiency of this purification method is 3—5 times
for all impurities listed in Table 2.

As can be seen from the data presented in Table 2, the comprehen-
sive method of cadmium refining is effective for the entire range of
impurity elements.

The concentration of most impurities is reduced by one or two orders
of magnitude. For example, the concentration of lead and nickel is re-
duced by 100 times and copper by 84 times.

Analysis of the results shows that the comprehensive process of
cadmium purification with oxidizing refining and single distillation in
vacuum with simultaneous distillation of non-volatile and volatile im-
purities provides almost 100-fold purification of Cd in terms of the
total content of impurities.
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4. CONCLUSIONS

The literature review carried out shows that oxidizing refining for
cadmium has been investigated to some extent, but further study of
this process is required.

Stable and unstable impurity oxides in relation to the main cadmium
oxide were determined. It has been shown that, during the distillation
process, the impurities form both non-volatile and volatile oxides; the
removal requires the use of special techniques. To remove non-volatile
oxides, it is proposed to filter the cadmium melt in the argon atmos-
phere with oxygen present in it. Moreover, to remove volatile arsenic
and thallium oxides in the vapour phase, cadmium should be condensed
on a hot condenser.

The results of experimental studies of the comprehensive process of
distillation refining of cadmium, which includes such stages as oxidiz-
ing refining and cadmium purification of non-volatile and volatile im-
purities by distillation of cadmium in a vacuum from a crucible on a
hot condenser, are presented. Studies have shown that the efficiency of
such a process is almost two orders of magnitude (from the initial
99.98 wt.% t0 99.9995 wt.%).
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