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Interaction of Zr getter with oxygen-containing admixtures being most abundant in
molten alkali metal iodides (deoxidization) is studied. Reaction of Zr with oxide ions (in
form of the corresponding alkali metal oxide) is characterized by very negative enthalpy
and Gibbs energy values that make the deoxidization process very favorable. Practically
the interaction leads to decrease of Q0% concentration by a factor of ca. 6. Interaction of
Zr with carbonate ions is shown both by the calculations and by experiment emy lead to the
formation of carbon particles (suspension) in the melts that causes certain limitations of
the getter treatment for the purification of practically used growth iodide melts.
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HccnemoBano B3aMMOZEHCTBUE MeTAJJINYECKOTO ITUPKOHUA (TeTTep) ¢ HamboJsiee pacmpo-
CTPAHEHHBIMY KHCJIOPOACOTEPIKANINMU TpUMecaAMU (PACKUCIEHWE) B PACIJIABIEHHBIX HOM-
UJax MEeJOUYHBIX MeTaJIoB. PeakKnua MUPKOHUA ¢ OKCUA-MOHAMHU (B (DopMe COOTBETCTBYIOIIE-
TO OKCH/A IIEJOUHOTO MeTAJa) XapaKTepU3yeTcsa OTPUIIATENLHLIMY 3HAUEHUAMHN SHTAJBIUN
u cBoOOgHO# dsHeprum ['mb6Gca, UTO CBUIETENLCTBYET O TEPMOAMHAMMUECKOU BBITOAHOCTHU
mporiecca pacKuciaennA. [IpakTUUYeCKM 5TO B3aWMOJEICTBME TPUBOAUT K CHU/KEHUIO PABHO-
BECHON MOJANBLHOCTH OKCHI-MOHOB B paciiaBe Hoauga Iesud mpubausuTessrHo B 6 pas.
OKCIIepUMEHTANBLHO MOKAa3aHO M MOATBEPIKAEHO PACUETOM, UYTO PeakIns IMUPKOHUA ¢ Kapbo-
HAT-MOHAMM TPUBOAUT K 00Pa30BAHUIO YACTUIL YTJIEpoAa (CYCTeH3Usa), YTO HAJIATAET HEKOTO-
pBle OTPAHWYEHUA Ha TMPUMEHEHUEe TeTTEePOB JJS PACKUCIeHUS MPAKTUUECKU UCIONB3YEeMBIX
HOAMAHBEIX PACILIABOB.

Oco6aurocti poskucienasa posromy Csl mupkoniesum rerrepom. FO.M Jauvko, T.I1.Pe6posa,
B.J1.Y9epzuneuyv, B.O.Haymenwxo, O.JI.Pebpos, I1.B.Mameiivenrxo, I.M.B'ronux.

HocaimKeHo B3a€MOMiI0 METAMIYHOTO IUPKOHI0 (TeTTep) 38 HAMOIMBII TTOITUPEHNMH OKCU-
TeHBMiCHUMH MOMIMIKaMu (PO3KUCJAEHHA) YV PO3TOIJIEHUX HoauAax JYKHUX Meraini. Peak-
1iag MUPKOHi0 3 oKcug-ionamMu (y GopMi BiAIOBIZHOTO OKCHUAY JAYIKHOTO METANY) XapaKTepu-
3yeThCA HETATUBHUMM B3HAUEHHAMM eHTaAbmil i BimbHOI eHeprii I'ibca, mio cBiguuTs mpo
TEePMOAMHAMIUHY BUTIAHICTEL TIporiecy posKuciaeHHA. [IpaKTUUHO 1A B3AEMOJisA BeJe IO 3HU-
JKeHHS PIBHOBaIKHOI MOJAJBHOCTI OKcuA-ioHIB y posmaasi #flogupy 1esiro mpubamsHo y
6 pasis. ExcriepuMeHTATLHO TTOKA3aHO 1 MiATBEPAKEHO PO3PAXYHKAMU, IO PEAKIifA ITUPKO-
Hito 38 KapOoHaT-ioHaMM Befle MO YTBOPEHHS UYACTWHOK BYTJIEIIO (CyCIeH3id), IO HAKJIATae
mesAKki oOMe)KeHHs Ha 3aCTOCYBAHHSA TETTEPIB [AJs POBKUCIEHHA HOAMAHUX PO3TOMIB, IO
BUKOPUCTOBYIOTHCA Ha IPAKTUILI.

Functional materials, 23, 2, 2016 307



Yu.N.Datsko et al. / On features of deoxidization ...

1. Introduction

Single crystals of undoped cesium iodide
are widely used for precision measurements
in high-energy physics [1, 2]. However, for
this purpose the crystal should possess good
performance and high radiation hardness.
These properties are known to be essentially
dependent on the technology of crystal ob-
taining (the growth procedure, purity of the
raw). In particular, the presence of admix-
tures increases the fraction of the slow com-
ponents in the scintillation pulse that makes
the scintillator slower.

Oxygen-containing admixtures are the
most abundant ones and their appearance in
the growth melt and, hence, in the obtained
crystals is caused by interactions of the in-
itial Csl with traces of water, oxygen and
carbon dioxide which are contained either in
the atmosphere or in the salt (hygroscopic
moisture, organic admixtures). It makes the
treatment (deoxidization) of the melt to be
the most important procedure immediately
preceding the crystallization process (crys-
tal growth).

The deoxidization of halide melts can be
performed by two common ways: the treat-
ment in the reactive gas atmosphere and the
precipitating deoxidization.

The common drawback of treatment of
iodide melts in reactive gas atmosphere con-
sists in supply or formation in situ of very
aggressive substances such as Hl or I,
which cause intensive corrosion of metal
parts of equipment. Because of this reason
the use of gases for purification of iodide
melts in manufacturing conditions seems
undesirable.

In this relation the precipitating deoxidi-
zation recently proposed in our work [3]
presents more available way of iodide melt
purification since addition of deoxidizing
dopants does not result in the formation of
aggressive gases. The destruction of the
most abundant oxygen-containing admix-
tures OH~ and CO3%~ by action of cation
acids:

Mg2* + 20H- — MgOl + H,0T, (1)

Mg2* + CO3~ — MgOl + CO,T (2)

results only in formation of gases which are
atmosphere components. It should be noted
that the above mentioned admixtures (hy-
droxide and carbonate) are formed because
of interaction of water and carbon dioxide
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with Csl raw or melt at the stages preceding
the crystal growth:

2H,0T + 21~ — 20H" + 2HI, (3)

CO,T +5 0,1+ 2" COF+1,1.

Therefore, the gases yielded as products of
reactions (1) and (2) do not create addi-
tional contamination of the growth atmos-
phere.

The use of cation acids, nevertheless, has
disadvantages connected with the existence
in the melt of the cation-scavenger and the
product of its interaction with oxygen con-
taining admixtures. The first, since the ad-
dition of the dopant should be equal to the
total concentration of the admixtures and
the excess of the scavenger should worsen
the quality of the grown Csl crystal. The
second, the formed metal oxide stays in con-
tact with the iodide melt and can be par-
tially dissolved. Therefore, only cations
forming oxides with extremely low solubili-
ties in melts (Mg2*, Y3*) can be recom-
mended for the purification [3].

The Red-Ox variation of the precipitat-
ing deoxidization consisting in the treat-
ment of purified melt by a metal-getter [4]
is free from the former drawback proper to
cations-scavengers: the refractory metal it-
self is insoluble in the melt and cannot con-
taminate the melt and crystals. The Red-Ox
variation was checked on Zr-Csl (Aldrich,
5N) system and the high efficiency of Zr
getter was confirmed.

Nevertheless, some questions connected
with this way of the purification remain.
Taking into account very high reducing
properties of Zr it can be assumed that
gases yielding due to decomposition of the
main oxygen-containing admixtures may
react with the remaining metal with forma-
tion of gaseous hydrogen (from H,O) and
solid carbon (from CO,) and the presence of
the latter product is especially undesirable.

The purpose of the present work consists
in investigation of interaction of Zr with
Csl melt prepared from the raw with higher
level of contamination by oxygen-containing
admixtures than Csl| Aldrich, 5N.

2. Experimental

Cesium iodide of two kinds of quality
was used in the studies of deoxidization
process and the crystal growth: Csl supplied
by Aldrich with the mass fraction of the
main substance of 0.99999 (kept for a year)
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Table. Thermodynamic parameters of interactions between some oxoderivatives of

with zirconium at 1000 K

alkali metals

and the reagent of "extra pure” quality
produced by Technoprom, Saki (kept for
2 years). The different term of the stor-
age should provide different degree of
contamination by oxygen-containing ad-
mixtures because of process (4). Concen-
trations of carbonate ion in the said
chemicals (raw) were ca. 51074 molkg™!
(Aldrich) and ca. 1.5-1073 mol-kg™! (Tech-
noprom).

Zr shavings were obtained from the metal of
4N purity. Before the experiment they were
treated by diluted HCI (4N) to remove the
traces of other metals which may remain on
the surface after mechanical treatment. In the
potentiometric experiments we used amounts of
Zr providing surface area ca. 0.5 cm2.

The study consisted of the following ex-
periments:

— a weight of the metal shaving was
added to molten Csl heated to 973 K, and
the decrease of oxide ion concentration in
the melt was detected by a potentiometric
method with the use of an electrode revers-
ible to oxide ion;

— commercial Csl salt and the metal
shaving was placed in a growth ampoule
which then was heated to 973 K. The melt
with the metal pieces was kept under vac-
uum for a day; after that a single crystal
was grown from the melt by the Bridgman
method.

— the surface of the getter after crystal
growth or deoxidization process was studied
by SEM.

For studying the processes of "getter-melt”
interaction in situ we used the potentiometric
cell with a membrane oxygen electrode
Pt(02)|YSZ (where YSZ the 0.9 Zr0O,-0.1 Y,03
ceramics):

AglAg*(0.1M),Csl : : Csl,02]YSZ|(PtO,). (5)
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The presented potentiometric cell was
first calibrated with known weights of KOH
serving as a donor of oxide ions since its
dissociation in molten salts:

20H- — H,OT + 0% (6)
occurred completely in dry inert atmosphere.
This gave us possibility to obtain the depend-
ence of emf of cell (4) on pO (p = —logmoz‘,
where moz‘ the equilibrium molality of
oxide ions in Csl melt). The plot was fur-
ther used for recalculation of the emf val-
ues obtained at the deoxidization process
into mg?~ and pO.

Microphotographs were made using JSM
6390 LV scanning electron microscope with
a MAXN X-ray microanalysis system.

3. Results and discussion

Thermodynamic predictions

As is known, zirconium possesses consid-
erable affinity to oxygen and the heat of
formation of ZrO, is ca. 550 kJ-mol™! per 1
oxygen [5]. Therefore, at high temperatures
it is able to displace even the most active
alkali metals from their oxocompounds. Ther-
modynamic analysis performed using existing
data on sodium and potassium compounds
(284 Ulich approximation, Acp = const) [5]
permit to construct the scheme of interac-
tions in molten salts which can give an
imagination about processes taking place
during halide melt deoxidization (see
Table). Temperature 1000 K was chosen
since melting of alkali metal iodides occurs
in the vicinity of the said temperature.

As seen from this Table, all the processes
with participation of oxocompounds and me-
tallic zirconium are characterized by very
negative free Gibbs energies. This means
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that the equilibrium state of all listed proc-
esses should be shifted to the right side.

Comparison of thermodynamic parame-
ters for reactions of Na,O, K,O and Cs,O
with metallic zirconium gives possibility to
state that the difference between standard
enthalpies of their formation is the main
part of difference in AG or AH of the said
reactions. The thermodynamic favorability
of these process increases going from Na,O
to Cs,0 and it means that purification with
getters is the most effective in the case of
cesium halides.

These speculations are referred to partial
pressure of 1 atm and naturally, that under
vacuum volatile alkali metal will be evapo-
rated from the melt providing completeness
of the corresponding chemical reactions. For
example, reaction:

2N2,0 + Zr = 2Nay 4,5 + ZrO, (7
is characterized by AG = —293.4 kJ-mol™! at
1000 K.

As to reaction of CO, or carbonate ions
with Zr, it should to note that these com-
pounds will be decomposed completely. Nev-
ertheless, a question arises, what amount of
the oxygen-containing admixtures (existing,
mainly, as carbonates) will affect the qual-
ity of the grown single crystals due to the
decomposition with formation of carbon.

Interaction of Zr with oxygen-contain-
ing admixtures in molten CsI

The addition of Zr to Csl (Aldrich) placed
in the potentiometric cell causes the sequen-
tial rise of pO (Fig. 1, curve I) that means
decrease of oxide ion concentration in the
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Fig. 1. The dependence of pO vs. time for proc-

ess of deoxidization of Csl melt by zirconium

getter at 973 K: 1 — the section where the

purification occurs, 2 — the plateau section.

melt up to a certain point where a plateau
begins (Fig. 1, line 2). The plateau section
corresponds to moment when the surface of
zirconium is completely covered by interac-
tion products that stops the following run-
ning of the deoxidization process.

Knowing the initial and final concentra-
tion of oxide-ion before (the starting pO
value) and after purification (pO value at
the plateau) and the square of surface of
the shaving permits to estimate the surface
capacity of the used Zr getter with respect
to oxygen as 0.42 mol-m 2 [6]. The concen-
tration of oxide ion during the purification
process is decreased by a factor of 6, i.e.,
the deoxidizing action of the getter on Csl
melt is effective enough and the time of the
treatment should be not less than 2 h.

The initial stage can be considered as an
irreversible process, therefore, its running
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Fig. 2. The dependences of oxide ion concentration vs. time for process of deoxidization of Csl melt

by zirconium getter at 973 K made for determination of kinetic parameters: a — 15t order
dependence, lnmoz‘ = f(t), 1 — approximation by least squares method; b — 2% order dependence,
1/m02_ = f(®)-
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Fig. 3. Photo of Csl single crystals grown from
the melt contaminated with carbonate ion.

should be subjected to the known kinetic
regularities. Since we can determine current
concentration of only oxide ion the running
of the process can be described by pseudo-
order, i.e., power in which oxide ion concen-
tration enters in the kinetic equation of the
following general form:

w=Fk- - m§e-

(8)

where k the rate constants of the purifica-
tion process.

The necessary data for the estimation of
the process kinetics are presented in Fig. 2.
It should be noted that, although the de-
pendence of Inmn2~ against time (proper to
reactions of the 15' order) can be considered
as practically linear (approximation line I,
ey = 0.931 at 19 degrees of freedom) one
can see that actually this dependence is
somewhat convex to ordinate axis that is
obvious if we consider position of the ex-
perimental points comparing with line 2
(Fig. 2a). The similar behavior is observed
to "pO — time” dependence (Fig. 1) which
is similar to the discussed logarithmic one
(Fig. 2a).

Contrary, the dependence of 1/m02‘ vS.
time is linear with small oscillations of the
experimental parameters near the approxi-
mation line (r,, = 0.985 at 19 degrees of
freedom) (Fig. ZIIb). These speculations help
us to determine the pseudo-order of interac-
tion "Zr — oxygen admixtures” as second,
and the slope, 73.8+7 kg:mol l'mol™! is the
rate constant of this process. The obtained
result corresponds completely to
stoichiometry of reaction (8) that leads to
formation of ZrO,. On the other hand such
value of pseudo-order can confirm that reac-
tion (8) is the limiting stage of the process
whereas the reduction of CO, to carbon can
not be detected by potentiometric method
since this reaction is not accompanied with
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Fig. 4. SEM photographs of surface of Zr
shaving used for deoxidization of Csl melt:
a — carbon particle, b — ZrO, particles.

formation or fixation of oxide ions in mol-
ten Csl.

For treatment of Csl (Technoprom) with
Zr pO changes were insignificant because of
very high concentration of carbonate and
they did not permit to make quantitative
estimations.

Detection of products of "Zr — oxygen
admixtures” interaction

To state what products are formed as a
result of destruction of oxygen-containing
admixtures by the metal getter, we per-
formed the growth of Csl single crystals in
quartz ampoules with addition of Zr shaving
to the initial melt. In the case of Aldrich
raw the crystal remained completely trans-
parent and possessed scintillation parame-

ters which were described elsewhere [4].
The result of treatment of more contami-

nated with carbonate Saki raw (which was
kept for more long time) deserves special
figure (Fig. 3).
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As is seen, the bottom part of the grown
single crystals contains appreciable amount
of black inclusions (suspension) which is
displaced to the ampoule walls during the
growth process. Analysis showed that this is
carbon soot containing ZrO,. It means, that
zirconium getter can be used for additional
deep purification of "fresh” iodide raw of
high purity, however, it is not usable for
the purification of melts prepared from the
raw appreciably contaminated by carbon-
containing admixtures (carbonates, organic
salts) because of destruction of the latter
with the formation of suspended carbon.

To get more information about the deoxi-
dization process we obtained SEM photo of
the zirconium surface after the interaction
(Fig. 4).

The surface on the shaving is covered by
particles of ZrO, (Fig. 4a) and carbon (Fig.
4b), and the quantitative analysis of the
sample of shaving gives the following
ratio: Zr — 24.0 at.%, O — 45.2 at.%
and C — 80.1 at.%, i.e. there is ZrO, and
C as the main interaction products. Ditto,
there is a definite amount of sodium on the
Zr surface, ca. 0.51 at.%. Simply it means
that the formed ZrO, serves as additional
sorbent for sodium and the chemisorption
process takes place according to the follow-
ing equation:

2Na* + 0% + ZrO,l = Nay,Zrogl  (9)

leading to the formation of sodium zircon-
ate which is insoluble in molten alkali metal
halides (excluding lithium salts because of
their strong affinity to oxide ion [7]). This
reaction also gives the evidence of effective
usage of dispersed ZrO, (powder) for re-
moval of sodium admixtures from molten
cesium halides.

4. Conclusions

Processes of interaction of Zr with the
most abundant oxygen-containing admix-
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tures (alkali metal oxides and carbonates)
were demonstrated by thermodynamic
analysis to possess very negative Gibbs en-
ergy values that makes the said deoxidiza-
tion process very favorable. Practically the
interaction leads to decrease of O2~ concen-
tration by a factor of ca. 6.

The reaction running is described by ki-
netic equation of the second pseudo-order.
The rate constant of the deoxidization proc-
ess and the surface capacity of zirconium
with respect to oxygen in molten Csl are
determined.

Interaction of zirconium with carbonate
ions is shown both by the calculations and
by experiment to lead to the formation of
carbon particles (suspension) in the melts
that causes certain limitations on use of
getters for the purification of practical
growth iodide melts. ZrO, formed as one of
the deoxidization process products shows
acidic properties and fixes sodium probably,
in the form of Na,O to insoluble sodium
zirconate.
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