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Interactions between the admixture oxo-species (as 0%~ donors) and the most acidic cations
being the basis of the melts of CsBr + LiBr and (2CsBr—LiBr) + YBr; systems containing differ-
ent amounts of LiBr and YBr;, respectively, were studied at 973 K by the potentiometric
method with the use of Pt(Oz)|YSZ membrane oxygen electrode as reversible to O?~. The
addition of LiBr to CsBr melt up to x5, = 0.83 (x is mole fraction) results in the formation of
Li,O as the main product, K, po) = (6.1£1)-10%. The formation of LiO~ is almost statistically
insignificant 2CsBr-LiBr melt at 973 K is characterized by the upper limit of basicity due to
the limited solubility of Li,O (1.23-1072 mol'kg™!). The addition of YBr; to 2CsBr-LiBr melt
leads to the formation of YO' complex and its stability constant is K, XYOH) = 2.4(+0.1)-102.
Together with the composition of the oxo-species the oxobasicity indices, pI; of the said
systems were estimated as 3.62 for 2CsBr—LiBr melt and 4.74 for 0.99(2CsBr-LiBr)-0.01YBr;
one. The obtained characteristics are close to those of the analogous chloride systems.

Keywords: cesium bromide, lithium bromide, yttrium bromide, melts, potentiometry,
oxoacidity, complexation, solubility.

Jeaki ¢izuKo-xiMuHi acneKTH yTBOPEHHS OKCOCIOAYK y posromax cucrem CsBr-LiBr i
CsBr-LiBr-YBr; nmpu 973 K. B.JI.Yepeuneuv, O.JI.Pe6pos, O.FO.I'punna, T.II.PeGposa,
T.B.ITonomapernro, H.B.Pe6posa, A.I'.Bapuy, O.I.FOpuenro, B.B.Conosiios

Baaemogmii Mk ZOMINTKOBUMU OKCOCHONYKaAMH (JOHOPaMU OKCHUA-i0HIB) i HalbimbIn KucaoT-
HUMU KAaTiOHAMH IO BXOAATbL A0 ocHoBu poasromiB CsBr + LiBr ta (2CsBr-LiBr) + YBry si
aminmamm BMmicTom LiBr i YBrs, Bimmosigmo, 6ymmu mocmimsxeni mpu 973 K moremrmiomerprrumim
METOZOM 3 BUKOPHCTAHHAM MeMODPAHHOTO eJIeKTPOLY Pt(Oz)|YSZ y fAKOCTi iHZMKATOPHOTO 1O
iomie O%~. Hogmapamusa LiBr zo posrommenoro CsBr mo X igr = 0,33 (x — MomApHA YacTKa) Befe
no yrBopeHHA Li,O AKX OCHOBHOTO HPOAYKTY B3acMOZil K(x,LiZO) = (6.1+1)-10%. VrBopenns rom-
nnexey LiIO™ B mux ymoBax e crarucTuyHo HesHaunmMmum. Posron 2CsBr-LiBr mpu 973 K mae
BEPXHIO MesKy OCHOBHOCTI (KoHmerTparii O%7) 110 0GyMOBIEHO OGMEKEHOK) POSYMHHICTIO B HEOMY
Li,O (1,28-102 momekr1). JlogaBamus YBr3 mo posromy 2CsBr-LiBr mpusoguts 10 yTBOpeHHs
rommexkcy YO' 3 KoHCTaHTOR) cTifiKOCTI K(x,YO v = 2.4(+0.1)-102. Byso pospaxoBaHO IHIEKCI OKCO-
OCHOBHOCTI (Mipa KMCJIOTHUX BJIACTUBOCTEIl POSTOIY), pl; AOCHiHKEHUX crcTeM, BOHU JODiBHIOIOTH
3,62 mnst posromry 2CsBr—LiBr i 4,74 mna posromy 0.99(2CsBr-LiBr)—0.01YBr;. Ogepsxani xapaxTe-
PUCTHUKY € OIUBBKUMN IO BiAIOBITHIX ITapaMeTpPiB aHAJIOTIUHUX XJIOPUIHUX CHCTEM.
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1. Introduction

Molten alkali metal halide mixtures con-
taining lithium halides, such as CsX-LiX or
KX-LiX (X = CI,Br), or those doped with a
rare earth (Ln) halide are of great interest
for modern industry and material science.
The reason consists, mainly, in the low
melting point of the similar multicompo-
nent eutectics that provides the wide use of
this mixtures as the main electrolytes in
high-temperature power sources [1] and for
the separation of spent nuclear fuel compo-
nents [2, 8]. As for rare earth halide doped
systems, they can be used as growth melts
for obtaining single crystals of
Cs,LiLnXg:Ce3* composition which are used
as common scintillators or neutron detec-
tors (if the SLi-enriched lithium salts are
used for the material preparation) [4, 5].

Naturally, the present-day prospective of
the above-said molten mixtures application
requires additional studies devoted to the
determination of the essential physicochemi-
cal characteristics of these melts and the
corresponding investigations are known [6,
7]. The use of rare earth or heavy metal
salts as components of the practically im-
portant systems requires information about
the affinity of their main components to
oxide-ions which originates due to the inter-
actions of raw chemicals or charge with
water and oxygen from atmosphere since
the obtaining process of these melts usually
pass through the stages of wet synthesis,
drying (dehydration) and melting. If these
melts are used for the obtaining of crystals
the stages of melting, crystal growth from
the melt and final treatment (cutting, pol-
ishing etc.) are added.

The contamination of rare earth halide
containing growth melts results in the pres-
ence of appreciable amounts of LnO* (LnOX)
and Ln3* (LnX3) ions in them that can cause
distortion /worsening of the functional
properties of the final product. The course
of oxygen-containing admixture removal is
considerably dependent on the affinity of
the main charge materials (and their melts)
to oxide-ions and the corresponding infor-
mation should be very helpful for estima-
tion of the efficiency of the common deoxi-
dization processes [8].

Unfortunately, such information is rare
and the works [9, 10] where some oxoacidic
properties of KCI-NaCl-CeCl; and CsCl-
LiCI-YCl; systems were reported can be pre-
sented as examples. Similar bromide mix-
tures were not studied before.
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The goal of this work is to investigate
the interactions of melts of CsBr+yLiBr and
(2CsBr-LiBr)-YBr3 compositions with 0%~
(originated from admixture oxygen-contain-
ing substances), to determine the main
forms of oxocomplexes and the correspond-
ing equilibrium constants and the estimate
the oxoacidic properties of CsBr-LiBr-YBr;
melts of different compositions.

2. Experimental

Cesium bromide of 4N purity, Reakhim™
was used without purification. The prelimi-
nary measurements showed that due to the
presence of oxygen-containing admixtures
the equilibrium concentration of 02~ was
ca. xg2~ =2107% (x meant mole fraction
scale). The said concentration serves as
inner standard lying in the basis of calcula-
tion of the interactions running in the sa-
line mixtures.

Extra pure Li,CO3, 4N, was the starting
material for obtaining lithium bromide.
This compound taken with 5 % excess was
dissolved in aqueous HBr of reagent quality.
The solution was filtered from the excess of
Li,CO3 and acidified with HBr to pH of ca.3.
Then, NH4Br of reagent quality was added
in a ratio of 0.5 mole per 1 mole of LiBr and
the obtained solution was evaporated, dried
and heated at vacuum of 5 Pa at stepwise
increase of the temperature up to 500°C
with stops at 200 and 400°C for an hour.
After 2 h holding at 500°C the salt was
cooled to the room temperature and kept in
the glove box.

YBr; was prepared by the dissolution of
Y503 (reagent quality) in the excess (5 %)
of aqueous HBr of reagent quality and extra
pure NH4Br (6 mole per 1 mole of YBr3) was
added to the formed solution. This solution
was dried and heated in vacuum up to
600°C with stops at 200 and 400°C for an
hour. After 2 h holding at 600°C the salt
was cooled to the room temperature, re-
packed and kept in the glove box.

Potassium hydroxide, KOH (reagent qual-
ity) was melted and kept in Ar atmosphere
for 2 h at 600°C that provided quantitative
removal of the absorbed water.

The Lux-Flood acid-base equilibria in
CsBr+LiBr and (2CsBr-LiBr)+YBr; systems
were studied on the basis of controlling the
02~ equilibrium molality in the melt after
addition of known amounts of LiBr to mol-
ten CsBr or YBr3 to CsBr-LiBr melt, respec-
tively. The principal scheme of potentiomet-
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ric cell for oxide ion determination is as
follows

(PHAGIAGY + melt ©F melt+ OPIYSZ|(O,)Pt+), (1)
where YSZ is 0.9 ZrO, + 0.1 Y,05 ceramics
test-tube and its construction is described in
detail in [8]. The descriptions of the experi-
mental routine and the sequential addition
method (SAM) are also presented there.

High-purity argon, 5N, additionally puri-
fied by passing over P,O5 was used to pre-
vent an interaction between the melt and
the atmosphere. O, and H,O concentrations
in the inert gas were 31078 vol.% and
2:1073 vol.%, respectively.

3. Results and discussion

We chose 2CsBr-LiBr composition as the
reference one since it is an intermediate in
the CsBr — 2CsBr-LiBr — 2CsBr—LiBr—-YBrs
sequence. This melt is neither eutectic (the
eutectic point corresponds to xjc = 0.62)
nor peritectic (there is and incongruent
compound of CsLiBr, composition in CsBr—
LiBr system) [11]. The plot of emf (E, mV)

of cell (1) vs.pO (pO = —logaoz‘ = —logmoz‘,
agz‘ and mg“" are activity and molality of
O+, respectively) is presented in Fig. 1.

As is seen, the E—pO plot contains some
features. Sections a and b are usual for the
calibrations of the membrane oxygen elec-
trode Pt(02)|YSZ in molten halides [7]. The
section a above the inflection point isrefer-
red to the region with low oxide ion concen-
tration and here the oxygen electrode is re-
versible to 0%~ according to the equation

30, T+ 20 = O (2)

and it can be approximated by the following
equation:

E =23(+20) + 91(#8) - pO, mV. 3

These data were used for the calculation of
the equilibrium molalities of oxide ions in
the melts and for the estimation of the
oxoacidic properties of the latter since the
common content of oxide ions was low and
their equilibrium concentration in the stud-
ied melts only reduced due to additions of
acidic cations like Li* or Y3*.

The increase of oxide ion concentration
in 2CsBr-LiBr melt results in the slope
change and the section b corresponds to the
electrochemical process:
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Fig. 1. The dependence of E of cell (1), mV
vs.pO,, (molalities) in 2CsBr-LiBr melt at
700°C: a — the calibration plot, upper sec-
tion (Eq. 2 and 8), b — the calibration plot,
lower section (Eq. 4 and 5), ¢ — the satu-
rated solution region.

303 T+ 2= 02 @)

called "peroxide function™ and the approxi-
mation equation is as follows:

E = -224(+5) + 185(2) - pO, mV.  (5)

At the decrease of pO the dependence passes
through the minimum and reaches the pla-
teau where the equilibrium concentration of
oxide ion remains constant.Similarly to
other investigations [12] it can be concluded
that at this point the melt becomes satu-
rated with respect to Li,O. The existence of
the minimum in the calibration plot gives a
certain information about interaction be-
tween KOH with CsBr—LiBr melt. The addi-
tion of the solid alkali leads to the immedi-
ate formation of solid Li,O:

2KOH ({) + 2Li* — Li,Ol + 2K* + H,O T (6)

which further dissolves in the melt. If the
added amount of O?~ corresponds to points
at sections 1 and 2 (excluding the minimum
point) then Li,O dissolves completely, how-
ever, the addition corresponding to the
saturation point results only in partial dis-
solution of the formed Li,O powder. So,
under the equilibrium conditions there ex-
ists the saturated melt in contact with pow-
der consisting of particles with considerably
smaller final sizes than initial ones. Such
powder possesses higher solubility compar-
ing to the initial one due to the Ostwald-
Freundlich rule:
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2.8RTd; Sz 1 1 (7

c.ohlad 72
26M %sy rg 1y’

where s; and s, are the solubilities of pow-
ders of the particle radii r; and ry, respec-
tively, R the universal gas constant, T the

absolute temperature, d the density, o sur-
face energy and M the molar mass.

The following additions of KOH result in
the formation of Li,O powder whose parti-
cles do not undergo dissolution and, there-
fore, the average particle radius increases
causing the decrease of the solubility. As is
seen from Fig. 1, the minimum depth is
26 mV (0.14 pO units) that agrees with the
data obtained in KCI-NaCl melt at 1000 K
[18]. We can conclude from this agreement
that common regularities of solid oxide dis-
solution in alkali halide melts remains prac-
tically the same regardless cation and anion
melt composition. On the basis of the mini-
mum depth the mole surface energy on
"LiO-melt” boundary can be estimated
within 35-40 J-m~2.

It is obvious that for the Li,O solubility
we should choose the lowest values, corre-
sponding to the particles with the smallest
size changes and using the calibration data
the value of pO in the saturated solution
region can be estimated as 1.91 and the
solubility product of Li>O according to the
following equilibrium:

leo t} 2Lt + 02_, KS,LiZO = cEi+ - Co2- (8)

is equal to 4.6-1072 mol3-kg™3 that corre-
sponds to 2.3:107% in mole fractions. The
obtained solubility parameters are lower
than those in 2CsCI-LiCl melt at 973 K
(2.2107! mol3kg™® and 4.5:107%, respec-
tively). This can be explained by lower
oxoacidic properties of bromide melts com-
paring with their chloride analogs [14] that
results in the oxide solubility decrease.

The interactions between Li* and OZ" ions
in CsBr (basic melt) — LiBr (addition) + 0%~
(residual admixtures) system were studied
by sequential additions of LiBr to CsBr melt.
To determine equilibrium constants we as-
sumed that the addition of Li* to CsBr melt
leads to interactions:

nLit + 0% <=, Li,O"2,K i, n=1,2. (9
For this system of equilibriums the mate-

rial balance with the respect to oxide ions
can be presented by the following equation:
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Fig. 2. The dependence of E of cell (1) vs.
concentration of the most acidic cation of the
melt (—logm,) at 700°C: a, a” — CsBr + LiBr,
i = Li*, b, b’ — 2CsBr-LiBr + YBr, i = Y3*.

mbe (10)

mo2f
=1+ Kyjq- my+Kijo- mgpe

(E'~Eceg)/91 _

10

b

where E¥ is emf value of melt after Li*
addition to pure CsBr, Eqgp; is emf value of
cell (1) in "pure”™ CsBr (185 mV) and 91 is
the slope of E—pO plot (3), mV.

The dependence of E vs. logarithm of Li*
molality in CsBr-LiBr melts is presented in
Fig. 2 (dependence a’, a).

The slope of the linear section of this
plot is equal to 116+10 mV, i.e., it is essen-
tially higher than the calibration plots one
(Fig. 1, section a). This can be explained by
the formation of Li,O as one of the products
of Li*-O% interactions in the melts of
CsBr—LiBr system. As it was explained in
[10], the dependence of E vs.logm ;" be-
comes linear in the case where the concen-
trations of Li* ion considerably exceed that
of 0% (dependence "a”), therefore, the de-
viations at logm|;* (dependence "a’™) are ex-
plained by the fact that in the vicinity of this
point Li* and O%~ concentrations become com-
parable (experiment gives logmoz‘ =~ 2.7 and
me2 = 1.7-1073 mol'kg™1).

The processing of the obtained poten-
tiometric data results in the following equi-
librium constant values (in mole fraction
scale): KLi,1 = 13(i1)104 and KLi,2 =
6.1(+x1)-10% at good coincidence of the ex-
perimental data (points of dependence "a™)
with the calculated one (line "a™). It is seen
that the value of constant of LiO~ complex
formation is practically equal to the statis-
tical zero. Nevertheless, comparing with the
analogous chloride system this equilibrium
becomes pronounced due to some weakening

Functional materials, 29, 3, 2022
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Table 1. The experimental and calculated
data on oxoacidic properties estimations of
(1-y)CsBr-yLiBr and (1-y)[2CsBr-LiBr] +
YYBr; systems at 973 K ("y" the mole frac-

tion)
y | Eowv | pl;
System (1-y)CsBr—yLiBr
8.76-1073 296 1.22
3.73.10°2 374 2.08
9.58-1072 410 2.47
1.98.107! 476 3.20
4.81-10°1 512 3.59
(1=y)[2CsBr-LiBr] + yBr,
4.92.10™¢ 600 4.56
3.16-1073 603 4.59
5.48-1073 609 4.66
1.11.1072 616 4.74

of acidic properties of bromide system. The
study of the chloride system CsCI-LiCl [10]
confirmed only one equilibrium of Li,O for-
mation with K|, = 7.5(+0.2)-104.

Due to the fixation of oxide ion in the
above oxo-complexes the addition of LiBr to
CsBr melt results in the increase of its
oxoacidic properties. The oxobasicity index
[6] for the studied systems can be estimated
according to the following formula [10]:

pI, = (E" — Ecgp)/91, (11)

i.e.,it is the difference between acidity of
pure CsBr and the melt obtained after addi-
tion of LiBr amount. The wvalues of the
oxoacidity estimations for some of the stud-
ied systems are presented in Table 1.

The oxobasicity index pI; for 2CsBr-LiBr
melt can be estimated by juxtaposition of
the obtained plot "a™ (Fig. 1) as 8.62 that is
lower than the corresponding value for
2CsCI-LiCl melt — 4.1 that also confirms
the weakling of the oxoacidic properties
going from bromide melts to the chloride
ones with the same cation composition.

To complete the oxoacidity data for
CsBr-LiBr-YBrssystem we performed the
similar potentiometric investigations of
[2CrBr—LiBr] (basic melt) — YB3 (addition) +
02 (residual admixtures) system (the loga-
rithmic dependence is presented in Fig. 2,
dependence 2). However, the extremely high
sensitivity of YBr3 to moisture and oxygen
in pure argon gave possibility to make in-
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vestigations in relatively narrow concentra-
tion range. We found that the values of the
oxobasicity indices for 2CsBr-LiBr melt con-
taining 5.48-1073 and 1.11-1072 mole frac-
tions of YBr; are 4.59 and 4.74 that agrees
with the corresponding parameters of
(1- Y)[2CsCI-LiCI] + yYCl; system (4.87 for
y = 8.2.1073 and 4.58 for y = 1.0-1072). The
complex composition corresponds to YO*
and the constant of the process:

Y3+ 4+ 0% <=, YO, Ky 1, (12)

on the background of 2CsBr-LiBr melt was
estimated as 2.4(10.1)-102. This value is
close to the corresponding value for YO* in
2CsCI-LiCl melt (8.1-102) [10].

4. Conclusions

Interaction of Li* cations with O%" in
molten CsBr-LiBr results in the formation of
Li,O in the solution, K|j, = =(6.1£1)-10%
(mole fractions) while the formation of
other product of LiO~ composition is not
entirely confirmed, K\, = (1.8+1)-10%. The
solubility product of LiO in 2CsBr-LiBr
melt is 0.046 mol3-kg=3 that corresponds to
2.8-107% in mole fraction scale.

Investigations of the oxoacidic properties
of (1-y)CsBr-yLiBr (y=0+0.5) and
(1-y)[2CsBr-LiBrl+yYBrz (y = 0 + 0.01) melts
at 700°C shows that their acidity rise with
the concentration of the most acidic compo-
nent(Li* and Y3*, respectively) in the molten
mixtures. The oxobasicity index values (pI})
is 3.62 for 2CsBr—LiBr melt, and 4.74 for
0.889[2CsBr—LiBr] + 0.011YBrz melt. The ob-
tained oxoacidity estimations correspond to
the similar parameters of the analogous
chloride melts. The formation constant of
YO* complex on the background of 2CsBr—
LiBr melt is 2.4(+0.1)-102.
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