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A comprehensive process of zinc distillation refining was investigated, which includes the stages such as
oxidizing refining, zinc purification of volatile and nonvolatile impurities by vacuum distillation from a crucible
on a hot condenser, and filtration of the distillate. Special attention was given to the study of oxidizing refining
and the efficiency of applying this method in a comprehensive Zn purification scheme. A thermodynamic
analysis of the oxidation reactions of Zn and present in it impurities Cd, Pb, Fe, Cu, TI, Ni, Sn, As, Sbh, etc.,
during melting in an argon atmosphere, as well as during distillation of zinc in a vacuum, was performed. The
strength of impurity oxides in zinc was estimated by the absolute value of the change in Gibbs free energy
during melting of the metal in an argon atmosphere and distillation in the vacuum of 0.5 Pa. Experimental
results of the application of the complex process for obtaining high purity (> 5N) zinc are presented.

PACS: 05.70.Fh, 81.05.-t, 81.05.Bx, 81.70.Jb, 82.60.Hc

INTRODUCTION

Many outstanding problems in fundamental
physics are related to rare event processes, so called
because they actually have a low probability of
occurrence (double beta decay and other rare types of
nuclear decay), or due to the particles involved, such
as neutrinos, hypothetical axions, and dark matter
particles (WIMPs — weakly interacting massive
particles), have an extremely low cross section for
interacting with matter. To register rare events, an
important aspect is the arrangement of experimental
conditions that ensure an extremely low (ideally
zeroth) background and the creation of detectors
having extremely high sensitivity. That is why
experimental facilities must be located deep
underground or underwater (to reduce the impact of
cosmic radiation), and the detector material and

immediate surroundings must be particularly
radiation-pure (to reduce the level of natural
radioactivity). To make new highly sensitive

detectors, crystals are very often used as cryogenic
bolometers [1]. Cryogenic bolometric techniques [2]
are one of the most promising experimental
approaches in detecting rare events due to excellent
energy resolution, recording efficiency, and flexibility
in the use of the absorber. A cryogenic bolometer
consists of an absorbing material cooled to very low
temperature (<100 mK) and a thermometer able to
measure the temperature rise with the tiny energy
deposit caused by the interaction of particles with the
absorber. But the drawback of the bolometric method
is that it cannot discriminate between different
particles which release the same amount of energy in
the absorber. However, if the absorbing material is
also a scintillator, the use of a second readout channel
and simultaneous measurement of bolometric and
scintillation signals allows different types of particles
to be discriminated by changing the ratio of light to
heat. It contributes to significant reduction in
background to very low level.

Zinc-bearing crystals are widely used in rare-event
physics as room-temperature ZnWO, scintillators

[3-5], low-temperature ZnSe calorimeters in the
CUPID-0 experiment [6], ZnMo0Q, in the LUMINEU
facility [7], or CdZnTe semiconductor detectors in the
COBRA collaboration [8]. Using elementally purified
zinc (> 99.999 wt.%) with its high radioactive purity,
it was possible to establish the most stringent lower
limits of half-lives for such decay modes of ®*Zn as
two-neutrino electron capture with positron emission
ef” and neutrinoless double electron capture Ov2e,

which are T2 >27-102  years and
T3¢ > 2.6 - 10%* years, respectively [9].
In addition to radiation purity, scintillation

bolometers also have high requirements on chemical
elements. Owing to chemical impurities, point defects
can act as traps for both phonons involved in the
development and propagation of the bolometric signal
and free carriers involved in the scintillation process.
So, the content of impurity elements Fe, Cr, V, Ni,
As, Cu, Mo, Si, and S, which affect the scintillation
characteristics of crystals, should be less than 1 ppm
[1, 9-11].

The extreme degree of purification in a process
carried out in multiphase systems is usually performed
in quasi-equilibrium modes that can be described in
terms of thermodynamics. In this regard, it is possible
to construct a thermodynamic model of the metal
purification process during distillation. Such a model
for the zinc refining process is considered in [12]. On
the basis of the material balance conditions, the
authors proposed an expression that connects the
impurity concentration in the melt with their content
in the surface layer of the condensate, as well as a
purification criterion o which is equal to the ratio of
the average concentration of the impurity in the
condensate to its concentration in the initial substance.

The model presented in [12] permits to study the
behavior of impurities having volatile forms in the
Zn-ZnO system. The main result of the calculations is
the following: impurities Mg, Ca, Ba remain in the
concentrate in the form of non-volatile oxides. Both
forms of As (element and oxide those) have high
vapor pressure and, according to the calculations, As
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evaporates during the process. Sb and Bi do not
interact with ZnO and remain in the element form.

The purpose of this work is to study and analyze
the thermodynamic reactions of impurity oxidation
during the melting and distillation of zinc, and to
investigate the comprehensive distillation method for
producing high-purity zinc (> 99.999 wt.%) to create
the zinc-containing rare event detectors.

1. THEORETICAL AND EXPERIMENTAL
RESEARCH

An analysis of the literature on the experimental
use of oxidizing refining for zinc showed that the
application of this technique in the distillation refining
scheme has been investigated to some extent.

The authors of [12, 13] used vacuum distillation in
the presence of basic metal oxide for deep purification
of zinc. An oriented crystallization process was
carried out at the final stage. Analysis of the purity of
the purified material showed that the proposed method
ensures its purity of no worse than 99.99999 wt.%.

The authors of [14] presented an original
installation for multistage vacuum distillation of Cd,
Zn, and Te. A feature of this method is the use of an
oxide film on the metal surface, which is formed
during the melting of Zn (Cd, Te) due to the natural
oxygen content in metals. The oxide film serves as a
good collector of impurity oxides formed due to their
higher sensitivity to oxygen compared to the basic
metal as a result of the exchange reaction:

MAO + Mg — M1 + MgO. (1)

In equation (1), Ma and Mg are elements of the
main and impurity components, respectively (Mg =
Li, Na, K, Ca, Mg, Al, Au, Ag, In, etc.).

Since impurity oxides are in practice non-volatile
(the vapor pressure of the metal Py, exceeds the vapor
pressure of the oxide Pyo by several orders of
magnitude), and the separation coefficients
a = Pu/Pyvo >> 1, they are captured by the oxide film
MAO, i.e. in our case ZnO. The total content of
impurities in the initial Zn is 1.3-10* wt.%. After
three stages of purification, the content of these
impurities decreased by 170 times. The results
obtained prove the high efficiency of the studied zinc
purification method.

It would be appropriate to note here the recent
paper [15] which describes a combined method for
deep purification of Zn, Cd, and Te developed by the
authors, which make it possible obtaining high-purity
materials in an installation with a vertical arrangement
of crucible. The method includes the following
processes: filtration refining of the metal melt with
the possibility of its vacuum degassing and additional
purification through the oxide layer; first distillation
with the possibility of using getter additives in the
melt and using getter filters; degassing of the melt
with the removal of volatile impurities on a condenser
under low vacuum conditions; second distillation and
pouring of the metal into the necessary ingots.

The authors of [15] developed and manufactured a
pilot model of the installation which was used to carry
out the experimental processes of deep purification of

metals using the proposed method. Physical
experiments were performed, that makes it possible
obtaining Zn of the purity above 99.9999 wt.% on 30
main residual impurities with a final product yield at
least 55 wt.%.

The oxidizing refining method is carried out using
the installation for refining metals in vacuum [16]
developed in the Scientific-Researching Laboratory of
Physics of Zirconium and Technologies of Pure
Metals of the Institute of Solid-State Physics of
Materials Science and Technologies of the NSC
KIPT. In subsequent applications of this approach [9,
10, 17, 18], the thermodynamics of impurity oxidation
reactions during zinc melting and distillation, as well
as the efficiency of oxidative refining of Zn, were not
investigated, which were studied in this work.

1.1. THERMODYNAMIC ANALYSIS OF
IMPURITY OXIDATION REACTIONS DURING
ZINC MELTDOWN AND DISTILLATION

A thermodynamic analysis of the oxidation
reactions of Zn and the impurities present in it was
performed in the presented paper. Chemically active
to oxygen impurities in zinc, their content analyzed in
our work, are the following: Pb, Cd, Fe, Cu, Sn, As,
Al, Bi, Ni Sh, Mg, Si, Mn. The efficiency of removing
metal impurities from zinc in the form of oxides can
be assessed by the values of oxide compounds
strength in certain ranges of change in temperature
and pressure of the surrounding gas environment. The
main characteristic of the strength or stability of metal
oxides MeO is their oxygen potential or the change
(decrease) in the Gibbs free energy AG°yeo during the
formation of oxide compounds. To assess the stability
of metal impurity oxides in molten zinc under
atmospheric pressure, the change in standard Gibbs
energy AG°weo can be used. Since zinc distillation in
vacuum can be carried out at the temperature greater
than 0.6TZM%,, where TZ%, is the zinc boiling point
which is approximately 1180 K, the operating
temperature range starts from T = 700 K and riches up
to 1000 K. Within this interval, for the formation of
zinc oxide ZnO under normal conditions, the
temperature dependence of the decrease in standard
energy per mole of oxygen has the form:

AG°z,0 = -987332 + 407.96-T [19],
or according to data from another source
AG®z,0 =-910012 + 375.22-T [20].

Similarly, using reference data, AG® is determined
for the formation of stable impurity oxides in zinc,
namely: A|203, A5203, Cu,0, Cdo, BizOg, Fezog,
MgO, MnO, NiO, Sh,03, SiO,, SnO,, TIO, TI,05. To
compare the oxygen potentials of the specified
impurity oxides with each other, the changes in
AG°ueo Were determined per mole of oxygen, i.e. for
reactions that generally proceed according to the
equation:

2n _2
2% Me + 0, = =Me O, )

Here m and n are indices (coefficients)
representing the ratio of the atom valences in the
compounds.
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The gaseous medium pressure P in the quasi-
closed volume of the distillatory device is determined
by the vapors of the metal being refined. This pressure
in a steady distillation process is equalized with the
residual pressure in the chamber of the vacuum unit.
Thus, to assess the effect of vacuum on the stability of
oxides, it is necessary to introduce a value that takes
into account the transition of the metal or its oxide
into the gaseous state. For the case where the activity
of MeO is 1 and the boiling point of the metal is lower
at atmospheric pressure than the boiling point of the
oxide, the change in Gibbs energy upon formation of
the metal oxide according to reaction (2) is given by
the formula [20]:

AGypeo (P, T) = @)
AGYeo — == RT - In(P/1.03 - 10°),

where AGY.o — change in standard Gibbs energy
during the formation of oxidizing compounds; P —
pressure of the gas environment, Pa; T — temperature,
K; R — universal gas constant, J/(mol-K).

If the boiling point of metals is higher at the
atmospheric pressure than the boiling point of the
corresponding oxides, for example, such as PbO,
Sn0,, SiO,, Al,O3 etc., then in the general case for
reaction (2) the change in Gibbs energy upon
formation of metal oxide is of the form:

AGMEO(P' T) =
0 2 5 4)
AGSeo +ZRT - In(P/1.013 - 10%).

The dependences for AGy,o(P, T), calculated by
formula (3) at T > 1180 K, were extrapolated to the
temperature range of 700...1000 K. During intensive
evaporation of Zn in vacuum, its atoms can capture
and drag along impurity oxides Me,O,,. At the same
time, to calculate AG(P,T) during the formation of
Me,Op, in a vacuum, AGpyenom(T) can be used in the
temperature range the impurity metal is in a liquid or
gaseous state, and if necessary, the obtained
dependences may be extrapolated to the temperature
interval under study. A more detailed description of
the model used to calculate the dependences of the
change in Gibbs free energy AG on temperature and
pressure during the formation of impurity oxides in
the liquid and vapor phases is given in [21] using the
example of oxidizing refining during tellurium
distillation.

Calculations of AG%T) and AG(P, T) were
performed for the formation of base metal oxide
(Zn0O) and impurity oxides in the liquid and gaseous
phases according to formulas (3) and (4). The graphs
of the obtained dependences are shown in Figs. 1 and
2.

Analysis of the obtained dependences of the change
in the Gibbs potential during the formation of ZnO and
oxides of impurities Pb, Cd, Fe, Cu, Sn, As, Al, Sb, Si,
Mg, Mn in the liquid phase of zinc during melting in the
argon atmosphere shows the following. Impurities Mn,
Si, Al, Mg which the change in the Gibbs potential
AGyeo Of oxide formation is higher by absolute value,
will deoxidize the oxides, releasing Zn and the elements
As, Sn, Fe, Cd, Sh, Pb, Cu from their less stable oxides.

Resistant oxides are removed by filtering the molten
zinc. Nonvolatile impurities (Sn, Fe, Sh, Pb, Cu),
entering to the melt at the deoxidation, are removed
during the distillation process. Volatile impurities Cd
and As (Table 1) will pass to the condensate during
distillation, but due to the application of a hot
condenser, their content in the condensate is reduced by
removing them from the volume of the distilling unit.
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Fig. 1. Change in Gibbs potential at the formation of
ZnO and impurity oxides Pb, Cd, Fe, Cu, Sn, As, Al,
Sh, Si, Mg, Mn in the liquid phase of zinc during
melting in argon atmosphere
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Fig. 2. Change in Gibbs potential during the
formation of ZnO and oxides of impurities Fe, Cu,
Pb, TI, Bi, Cd, Ni, As, Sn, Mg during distillation of

zinc in vacuum 0.5 Pa

At the distillation temperature, Mg and Sn oxides are
more stable than zinc oxide. The remaining oxides of
Pb, Ni, Cu, Fe, Cd, As, Bi, Tl have a lower oxygen
potential. These oxides are formed at the interface
between the liquid and vapor phases and, as a result of
low vapor pressure of theirs and their elements (Pb, Cu,
Fe, As, Bi, TI), they will remain in the residue in the
crucible during distillation. Volatile As and Cd, both in
elemental and oxide form, at the interface between the
vapor phase and condensate during zinc distillation, will
migrate to the condensate, thus limiting the purity of the
refined product. The use of a hot condenser and the
proposed filtration of the resulting condensate is a
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method of additional zinc purification of these difficult-
to-remove impurities.

1.2. COMBINED PROCESS OF ZINC
PURIFICATION BY DISTILLATION METHOD

The complex zinc purification process consists of
the following main stages: oxidizing refining by
filtering the molten initial metal in an argon atmosphere;
distillation of zinc in vacuum with condensation on a
hot condenser and filtration of the distillate by its
melting and casting into mensural ingots. The block
diagram of this process is presented in Fig. 3.

The filtration process (oxidizing refining) was
carried out in an argon atmosphere after preparation of
the initial zinc, analysis of impurity content and loading
into the device. Filtration involves percolation of the
metal through a small diameter hole in a conical plate.
In this case, the metal being refined, which is on the

plate at a temperature above its melting point, flows
down on the convex surface through the hole to the
crucible. In this procedure, basic metal oxide, non-
volatile oxides of metal impurities, and slags remain on
the surface of the plate in the form of a film which is
then removed out of the subsequent refining process.
Removing the oxide film from the surface of the metal
melt during distillation leads to an increase in the
productivity of the process, but as analyses of the
impurity composition have shown, the amount of some
impurities in zinc decreases by 2—5 times after filtration.
The results of the analysis of the impurity content and
the purity of the metal after oxidizing refining are given
in Table 1. Fig. 4 shows a photo of a plate with
collected contaminants (a) and filtered zinc (b) to
illustrate the effect of filtration visually.

Cutting the ingot, Filtration Distillation, Meltdown of
etching the pieces, | | (oxidative > vacuum, > distillate into
drying refining). Ar 05Pa ingot, Ar

T~ l

Purity control Sampling for

F

analysis -+

Packaging pure Distillate pouring
metal -+ into mensural ingots,
Ar

Fig. 3. Block diagram of the complex process of obtaining high-purity zinc by vacuum distillation

Fig. 4. Collected oxide contaminants after filtration of the initial zinc (a) and filtered zinc (b)

After preliminary purification, Zn was distilled in
vacuum with condensation of metal vapor on a hot
condenser. It leads to additional removal of volatile
impurities and oxides from the condensate of metal.

The scheme of device and a detailed description of
the metal filtration and distillation process are given in
previous papers [9, 16-18].

The availability of volatile and non-volatile
impurities in zinc was determined by calculating the
values of the ideal impurity separation coefficients o;
during molecular evaporation [22] according to the
formula:

p3 My

= 5
PaMy, ©

where p2,, , p3 — pressure of zinc and impurity B vapor;
Mz, Mz — molecular weight of zinc and impurity B,
respectively.

Table 1 shows the values of the ideal impurity
separation coefficients o; during molecular sublimation
of zinc in vacuum, calculated by formula (5). The vapor
pressure of the elements at given temperatures was
taken from [23].
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Table 1
Calculated values of ideal impurity separation
coefficients o; during molecular evaporation of zinc

in vacuum
Imourit Temperature, K

purity 700 800 900 1000
P 2.9-10* - — -

S 6.1-10™ - - -

Fr 3.7-10%  1.3:10% - -
Cs 22:10% 23107 561072 -
Rb 9.7-10°  2.6:10%  5.5-107 -
Se 2.7-10%  4.1-10%  6.9-1072 -
As 53-10%  4.1-10° - -

K 2.1-10%  4.7-10%  8.7-10%  1.4-10*
Cd 9.8-102  1.4-10Y  19-10t  24-10*
Zn 1 1 1 1
Te 2.9 2.38 2.4 2.6
Na 7.3 6.4 5.9 5.6
Mg 15 9.1 6.1 4.8
Li 2.1-10° = 9.7-101 55101 | 3.4-10
Sr 53-10°  4.6:10°  1.7-10° = 1.11-10%
Ra 24-10°  1.1-10°  6.0-10° | 4.1-10?
Sh 29-10*  5.9-10° 1.9-10° @ 2.1-10
Bi 7.8-10°  25-10°  1.1-10° @ 5.7-10
Ba 2.6:10°  1.810° 22-10° @ 1.2:10°
T 1.4-10°  43-10°  19-10°  9.8:10°
Ca 4110°  1.3-10° @ 12-10° 4.8-10°
Pb 4510 1.0-10°  3.5-10* 1.4-10°
In - 2.4-10"  3.810° 8.5-10°
Mn - 6.2-10° 4.3-10"  5.1-10°

The impurities located above the Zn row are
considered to be volatile, and below them they are
nonvolatile. In this regard, the process of removing
volatile impurities during distillation was carried out on
a hot condenser. At the same time, non-volatile
impurities remained in the residue of metal in the
crucible.

This combination of purification stages significantly
increases purification efficiency, productivity of the
process, and the yield of a suitable product, which is at
least 95% of the initial mass.

The distillation device [16] is made of high-purity
dense graphite which is characterized by heat resistance,
chemical inertness to zinc, and minimal impurity
content. The concentration of impurities in it, such as Si,
Fe, Al, Mg, B, Cu, Mn, is 1.0..0.1 ppm. The quasi-
closed type distillation device consists of two identical
parts: the lower part serves as a crucible, and the upper
one is a collector for the condensation of Zn. The
volume of the crucible makes it possible loading from
1.8 to 2.3 kg of initial zinc.

2. RESULTS AND DISCUSSION

It should be noted that zinc grade CWO00 was chosen
for the research of the purification process, as it has the
highest purity among the grades of technical purity.

Table 2 presents the results of the analysis of the
content of impurities in the initial zinc, after filtration
and distillation in vacuum. The analysis was performed
using high-resolution laser mass spectrometry. The
random error of the analysis results is characterized by a
relative standard deviation of 0.15...0.30.

Table 2
The content of major impurities in the initial zinc, after filtration
and distillation in vacuum (distillate)
Grade, product
Impurity initial ‘ after filtration ‘ distillate
impurity, x10° wt.%
Pb 5 1 0.8
Cd 200 40 14
Fe 3 1 <0.09
Cu 6 <0.1
Sn 5 2 <0.6
As 50 10 1
Al 2 1 <0.03
Bi 3 2 <0.1
Ni 4 2 <0.3
Sb 2 1 <0.1
Zn, wt.% 99.997 99.9994 > 99.9998

Analysis of the results shows that oxidizing refining
is quite effective for zinc, and especially for volatile
impurities of cadmium and arsenic (by 5 times). These
impurities limit the purity of the zinc and they are
poorly removed during distillation purification of the
metal. More efficient removal of these elements from
the condensate is achieved by using a hot condenser. In
terms of overall zinc purity, this combined process
provides purification efficiency of more than one order

of magnitude, namely from 99.997 wt.% in the initial
metal to > 99.9998 wt.% in purified that. Such quality
of purified zinc perfectly meets the purity requirements
for its use in the processes of growing zinc-bearing
scintillation crystals for rare event detectors.

The produced distillate was melted into an ingot and
the distillate was filtered and poured into mensural
ingots of various diameters for convenience of use,
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including in the form of granules [18], in the process of
assembling the charge for the synthesis of compounds.
Fig. 5 shows photographs of zinc as initial metal,
distillate, ingots, and granules obtained of purified zinc.
Zinc obtained by the proposed comprehensive
distillation refining method was used to study double B-

decays of the zinc isotope ®Zn [9]. The granules of
purified zinc were used to grow Zn%Se crystals
enriched with the selenium isotope ®Se to search for
neutrinoless double beta decay of the ®2Se isotope [10].

Fig. 5. Photos of zinc before and after purification and of the resulting high-purity zinc products:
initial piece of zinc (a); filtered zinc (b); zinc distillate (d) distillate ingots (c, f); zinc granules (e)

CONCLUSIONS

A thermodynamic analysis of the oxidation reactions
of impurities during melting in an argon atmosphere and
distillation of zinc in vacuum was performed. Stable and
unstable impurity oxides have been determined in
relation to the main zinc oxide by calculating the change
(decrease) in the Gibbs free energy AGyeo during the

formation of oxide compounds. Such characteristic
makes it possible to determine the behavior of impurity
oxides and evaluate the efficiency of oxidizing refining
and distillation of zinc in vacuum.

The efficiency of oxidizing refining in the scheme of
a comprehensive process of distillation purification of
zinc was investigated. The use of this method allows
reducing the content of major impurities by 2...5 times,
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especially such as Cd and As, which are difficult to
remove by distillation.

The results of experimental studies of the complex
process of distillation refining of zinc are presented.
Studies have shown that the efficiency of such a process
is more than an order of magnitude larger (from
99.997 wt.% in the initial to > 99.9998 wt.% in the
purified one). The purity of such zinc fully satisfies the
requirements for a material to produce rare event
detectors.
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OTPUMAHHS IMHKY BUCOKOI YUCTOTH JIJISI JETEKTOPIB PIIKICHUX IO
O.1I1. ll]epbans, /1.0. Cononixin, O.1. Konopux, B./]. Bipuu

JocmimkeHo KOMIUIEKCHUH Tpoliec AUCTHIISIIHHOTO padiHyBaHHS IIUHKY, SIKIMH BKIIIOYAE TaKi €TaIH, K OKUCHE
padinyBaHHSI, OYUCTKY IWHKY Bi/l BAXKKOJIETKHX 1 JETKOJETKUX JOMIIIOK NUISTXOM IIEPETOHKH Y BaKyyMi 3 THUTIIS Ha
rapsiauid KoHaeHcarop i ¢purbTpauito auctmwiaty. OcoOnuBy yBary NpuAICHO AOCIIKEHHIO OKHCHOTO padiHyBaHHs
1 e()eKTHBHOCTI 3aCTOCYBaHHS LILOTO MPUHOMY B KOMIUIEKCHIH cXeMi OYMCTKH Zn. BukoHaHO TepMoauHamidyHHI
aHaji3 peakiiii OKMCHEHHs Zn i mpucyTHix y Hhomy nowmimok Cd, Pb, Fe, Cu, TI, Ni, Sn, As, Sb Ta iH. npu
po3IUIaBiIeHHI B aTMoc(depi aproHy, a TakoX NP JUCTWIALIT UUHKY y Bakyywmi. Ilo aOcomnroTHIH BenuunHi 3MiHU
BiibHOI eHeprii ['i00ca oIiHEHO MIIHOCTI OKCH/IB JOMILIOK y LUHKY TPH pO3IUIABICHHI MeTaly B arMocdepi
aprony i nmpu auctusinii y Bakyymi 0,5 Ila. HaBeneno ekcriepuMeHTanbHI pe3yibTaTi 3aCTOCYBaHHsI KOMIUIEKCHOTO
TIpoIiecy I OTPIMAaHHS UHKY BHCOKOi (> SN) uncroTn.
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