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The causes resulting in contamination of ionic halides with oxygen-containing admix-
tures at elevated temperatures and factors affecting the hydrolysis of those salts have been
considered. The interaction of molten hygroscopic ionic halides with halogenating agents
has been examined and main regularities of those processes have been considered.

IIpoBenen amanu3 MPUYMWH, IPUBOAAIIUX K Barpsa3HEHUI0 MOHHBIX raJoreHugoB (Iesou-
HBIX, I[EJIOYHO3€MEJbHBIX U PEIKO3eMEeJIbHbIX 2JIEMEHTOB) KUCIOPOACOAEPIKAINMU IPUMECS -
MU IIPA BBICOKHX TeMIeparypax, u (DaKTOPOB, BIMUAMIOIIAX HA IIPOIECCHI M'MPOJIU3a YKA3aH-
HBIX coJjieii. PaccMoTpeHbl IIPOIlecchl B3aMMOIEHCTBUS PACILIABOB I'MI'POCKOIUYHBIX MOHHBIX
TaJIOTEHUZOB C TaJOTeHUPYIOIIMMHU areHTaMud M IIPOaHAJM3UPOBAHBI OCHOBHBIE 3aKOHOMED-

HOCTH HX IIPOTEKaHH.

The manufacturing of special purity
grade halides of I-III Group metals and
rare-earth elements and the growing of sin-
gle crystals from the compounds mentioned
are accompanied by interaction of the hal-
ides with oxygen-containing components of
the gas medium as well as with water con-
tained both in the gas medium and in the
raw materials. Although it is possible to
minimize the effects of gas medium and
free water in the raw mixture, it cannot
avert the hydrolysis processes at elevated
temperatures that result in the material
contamination with oxygen-containing im-
purities. The high-temperature hydrolysis
processes in hygroscopic halides became of a
special importance in connection with the
wide use of lanthanide halides as matrices
of fast-acting scintillators.

The removal of oxygen-containing impu-
rities from alkali halides (mainly of Nal:Tl
and Csl:Tl) was simple enough. The main
aspects of the purification processes using
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various halogenating agents are described in
detail in [1-4]. Those aspects were extended
a priori over essentially all halides being in
use at that time, so there were no reasons
for reconsideration, e.g., of the work [5].
During the last few years, novel scintilla-
tion materials are under active development
based on lanthanum chloride and bromide
activated with cerium [6, 7] exceeding con-
siderably Nal:Tl in the performance parame-
ters. These materials, as well as some simi-
lar ones, are, however, very hygroscopic,
thus causing difficulties in the raw material
preparation, the crystal growth and treat-
ment. The current drying techniques, e.g.,
of sodium iodide, are inefficient. The vac-
uum drying, even when carried out at a
cautious temperature elevation, results in
carbon formation in the raw mixture and
appearance of oxygen-containing impurities.

In this work, the processes are consid-
ered resulting both in formation of oxygen-
containing impurities in ionic halides at ele-
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vated temperatures and in removal of those
impurities. The former include pyrohydro-
lysis affecting negatively the final product
quality, while the latter, treatment of hal-
ide melts with various halogenating agents
favoring the improved performance charac-
teristics of the halide materials.

The pyrohydrolysis of ionic halides re-
sults in a partial or complete decomposition
under formation of the corresponding hy-
drogen halide and the metal oxide (hydrox-
ide):

MeX, + nH,0 5 nHX T + Me(OH), (1)

MeX, + 5H0 5 nHX T + Me(O)y,. ()

The most of well-known works associated
with determination of thermodynamic or ki-
netic parameters of halide or melted halide
reactions with water vapor at elevated tem-
peratures are aimed just at pyrohydrolysis
[8-10]. There are several causes of the
water appearance in the atmosphere above a
crystalline halide under heating:

— the water presence in raw mixture due
to insufficient drying or to dry material
contact with atmosphere;

— a high residual pressure at the vac-
uum drying;

— decomposition of oxygen-containing
organic impurities.

The first cause requires no comments.
The second one is obvious enough, too: the
higher the residual pressure is, the higher
is the decomposition temperature of the hal-
ide crystal hydrate, so the last fraction of
water passing through the anhydrous halide
heated up to a higher temperature cause its
hydrolysis. This process is also favored by
inhomogeneous heating of the bulky mate-
rial, due to the fact that its outer layers
have a higher temperature than the inner
ones. The influence of such processes can be
reduced to a great extent by using technolo-
gies providing a homogeneous heating of
the whole raw material volume, e.g., drying
using microwave heating.

The third cause is not so obvious, and its
influence intensity is connected with the
raw material purity and its pre-history. If
the raw mixture contains nonvolatile oxy-
gen-containing organic impurities, those
will decompose at a certain temperature ac-
cording to the following general scheme:

C,HO - (3)
->Cl+CH,T +CO,CO)T +H,0T,
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where (C,H,0) is a general designation of an
oxygen-containing organic substance. This
process is manifested itself usually as the
raw material darkening (due to release of
carbon), the darkening extent depending on
the organic impurity content. The water re-
leased interacts with the halide. If CO, is
present in the gas atmosphere above the
mixture, the oxide or hydroxide being
formed is subjected to simultaneous car-
bonization resulting in the corresponding
carbonate. In the case of alkali or alkali-
earth halides, the carbonate is stable
enough up to rather high temperatures
(about 1000 K); as to rare-earth halides, the
carbonate is decomposed at about 700 K,
i.e., prior to the base material melting.
Thus, the halide raw material becomes con-
taminated with oxo compounds during the
drying mainly due to the presence of oxy-
gen-containing organic impurities but not
due to the process regime.

The halide hydrolysis process at high
temperatures can be presented as

HO T +2X" - 2HXT + 0% Ky, (4)

where X~, HX is the general designation for
halide ion (including the constitutional one,
e.g., in solid NaCl) and hydrogen halide,
respectively; O2-, the general designation
for oxide ion (including the constitutional
one, e.g., in solid LaOCI, BaO). The extent
of the process (4) shift from left to right
depends on several factors, mainly on tem-
perature, the halide acidity (i.e., the bond
strength between the halide cationic base
and the oxide ions) and the corresponding
hydrogen halide stability at the specified
temperature. The acidity of a material is
defines as its ability to bind cations, oxide
ions in the case of question; it depends on
the material cationic composition, the corre-
sponding process can be presented as

Men + 502 — MeOs,, (5)

where Me is the general designation for
the halide-forming metal cation. Since the
oxide ion does not exist in isolated form,
the substance acidity is a relative charac-
teristic. For example, the cation in melted
salts is considered as an acidic one, when
the equilibrium constant for (5) in eutectic
KCI-NaCl or CsCI-KCI-NaCl melts exceeds 1,
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that is, the acidity is determined with re-
spect to Na* ions being the most acidic cat-
ion in the mentioned melts [11].

Here are two known methods to estimate
the melt acidity. The first one is based on
determination of the hydrolysis constant
(pR'(4)) of the system under study and its
comparison with the corresponding wvalue
for KCI-NaCl melt (pK(4y~14), that is used
as a reference. The function

Q =14 +1g(Pfc)/ pr,o) = 14 - pK(yy  (6)

is used as the acidity parameter. Here, pyg
and PH,0 are partial pressures of HCI and

H,O in the gas mixture, respectively. The
function (6) shows the number of decimal
orders by which the acidity of a specific
melt exceeds that of the equimolar KCl-

NaCl mixture (where Q = 0). It was sup-
posed that the function (6) will make it pos-
sible to estimate the equilibrium constant
changes when passing from one melt to an-
other, but the supposition was not con-
firmed in practice. Another approach con-
sists in determination of the equilibrium
constants for indicator "acid/base” couples
in the melt under consideration (pKj;) and
in the KCI-NaCl melt (pKKCI—NaCI)' The dif-
ference of those constants is referred to as
the oxo-basicity index (pI;) of the melt L
being studied:

plr, = pKy — pK¢cpnacr M

This parameter is similar to Q in its
physical sense. The parameters obtained
using that method forecast well enough the
change of equilibrium constants when pass-
ing from one melt to another, except for
reaction (4).

The acidity indices of melted media, pl},
and Q (or pR'(4) are in correlation (Fig. 1).
It is to note, however, that the change of
equilibrium constants for (4) when passing
from one melt to another exceeds consider-
ably the difference between the correspond-
ing acidity indices. Perhaps that deviation
is caused by the fact that the most acidic
melts are simultaneously the most hygro-
scopic ones. In this case, the water solubil-
ity in those melts exceeds considerably the
values predicted by the Henry law. The melt
contents an appreciable amount of water
that could result in formation of H3O* ions
that intensify significantly the system
acidic properties. Thus, in the studied men-
tioned, the equilibrium (4) is not only an
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Fig. 1. Dependence of pK(4) on the basicity
index pI; for eutectic melts KCI-NaCl (1),
KCI-LiCl (2), KCI-CaCl, (3) at 1000 K.

indicator reaction but also a way to increase
the acidity of a hygroscopic melt.

It follows from Fig. 1 that as the acidity
of a melted halide system increases, its
trend to hydrolysis becomes intensified. So,
KCI, NaCI, and CsClI (pEi4)~14, pIL~0) are
not hydrolyzed essentially under heating
and melting, and a substance having acidic
properties was to be added to those materi-
als when studying the hydrolysis thereof
[8]. Another group consists of systems
based on CaC|2 (pH(4)~5, pIL~4) and LiCl
(PK(4y~7, pI;~3.5) that are hygroscopic salts
with rather acidic cations. The dehydration
of those salts in vacuum causes formation
of Ca0O and LiIOH in small amounts; as a
result, the melts thereof are alkalified and
give rise to corrosion of platinum or quartz
containers. Nevertheless, when a solid chlo-
ride is treated with hydrogen chloride gas
during heating, its hydrolysis is suppressed
completely. The systems based on halides of
magnesium and rare-earth elements having
PE(4<2 (pI;26) could be considered as the
third group. Those systems are highly hy-
groscopic and tend to hydrolysis. The raw
material treatment with HCI gas is ineffi-
cient due to low pK) values. To date, no
general rule is developed making it possible
to judge the acidity of solid substances.
Basing on general consideration, the acidity
increases as the cation radius diminishes
within one subgroup and is intensified as the
element number increases within one period.

Another aspect of importance that de-
fines the extent of hydrolysis is the thermal
stability of the corresponding hydrogen hal-
ide HX. The stability of hydrogen halides,
i.e., their ability of dissociation according
to the scheme
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2HX T =H, T + X, 1 (8)

decreases as the anion radius increases (i.e.,
from chlorine to iodine). Thermodynamic
calculation results in values of the corre-
sponding dissociation constants, e.g.,
1.74.10715 for HCI, 1.78:1079 for HBr and
1.74.102 for HI, all at 700 K. In the latter
case, the dissociation of hydrogen halide
contributes rather considerably to hydroly-
sis process, since the dissociation extent of
HI at the specified temperature attains
18 %, thus favoring a more considerable
shift of the process (4) to right as compared
to other hydrogen halides. That is, other con-
ditions being the same, iodides tend to hydro-
lytic decomposition to the most extent [10].

The studies of halogenating agents with
oxygen-containing impurities in solid og
melted halides consist an important con-
stituent of the acid and base chemistry in
high-temperature systems, since the data on
corresponding equilibrium constants make
it possible to select one substance or an-
other purposed to remove oxygen-containing
impurities from a specified ionic halide or
halide melt.

In principle, the halogenating agents can
be subdivided into two kinds:

— proper acids forming a coupled base
with 02~ ions;

— redox agents.

According to the Lux-Flood definition
[13]:

Acid + 0> - Weak acid + Weak base (9)
2HX + Na,0 —» H,0 + NaX

the halogenating agents of the 15! kind ex-
hibit the properties of acids, since their ac-
tion results in a reduction of oxygen-con-
taining impurity concentration (reduction in
the melt basic properties) due to formation
of volatile or insoluble (in the melt) oxygen-
containing compounds (bases) that are re-
moved from the melt. Considering the sec-
ond row of (9) and proceeding from the
principle of hard and soft acids and bases
by Pearson [14], the purification processes
using hydrogen halides can be concluded to
be thermodynamically favorable as a rule,
because the reaction results in products
formed by more hard acid and base (H* and
02, respectively) and more soft acid and
base (Na* and X-, respectively). Since there
is a transition from a hard base to a soft
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one in the sequence ClI=—Br—— I~ of halide
ions, the process is the least thermodynami-
cally favorable with iodide salts, that being
in agreement with the above.

The ammonium halides acting in a double
manner can be also included into that
group. First, ammonium halides form easily
double salts with alkali-earth and rare-earth
metals; those salts are the least inclined to
hydrolysis and are dehydrated more easily.
Second, the purification processes using am-
monium halides suppose the sublimation of
the latter out of the dehydrated substance.
The sublimation of ammonium halides is ac-
companied by thermal dissociation accord-
ing to the scheme:

NHX & NH3 T + HX T, (10)

while on cold parts of the container the
process runs in the reverse direction. The
hydrogen halide thus formed reacts with the
oxygen-containing impurities according to
reaction reverse to (4), causing an addi-
tional purification of the raw mixture.
Since water is removed due to the purifica-
tion, it is expedient to carry out the ammo-
nium halide sublimation in vacuum (usually
at 200 to 400°C).

Another way to purification is to use
redox processes. The most simplest and the
least efficient one is the direct treatment of
an ionic halide with a halogen. For the reac-
tion

X1 +0% = 20,1 vox- (D)

the extent of equilibrium shift to the right
depends on the relation between the redox
potentials of the halogen and oxygen as well
as on acidic properties of the melt (see
above).

Proceeding from [15, 16], the oxygen
electrode potentials can be estimated in
melts containing cations of various acidity.
Knowing the potential of the Ag*|Ag elec-
trode for KCI-NaCl, KCI-LiCl, and KCI-
NaCl-SrCl, melts at 700°C with respect to
sodium reference electrode Na*|Na
(~+2.5 V), it is possible to estimate the oxy-
gen electrode potential in solutions with the
02~ molality of 1073 molekg™! (a melt con-
taminated with oxygen-containing impuri-
ties) to be of +2.85 V for KCI-NaCl and
KCl-NaCl-BaCl,, +2.9 V for KCI-NaCl-
SrCly, +38.0 V for KCI-LiCl and KCI-CaCl,,
while the chlorine electrode potential is
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+3.3 V, the bromine one, —2.5 V, and the
iodine one, 2.0 V. It follows therefrom that
the melt purification using bromine and io-
dine is thermodynamically unfavorable, be-
cause the potential of those electrodes in all
the melts is lower than that of oxygen one.
As to chlorine electrode, for chloride melts
containing 1073 molekg™! 02, the condi-
tional equilibrium constants are of 103 to
104, For a KCI-NaCl melt containing
0.05 mole-kgl of Mg2* cations (a very di-
luted solution) the K value is 1.6, thus, the
purification of such a melt with free chlo-
rine will be no longer efficient. This will be
valid also for melts containing rare-earth
metal ions in the oxidation degree of +3.
The carbohalogenation process is the sum of
the reaction (11) and the following reaction:

Cl +30,=CO". (12)

It is just CO rather than CO, that is the
reaction product, since carbon is introduced
usually in a sufficient amount. The equilib-
rium constant of that reaction within 500—
1000°C temperature range varies from
1.5-1012 to 1.6-109, i.e., the equilibrium
constant of the total process:

Cl +X,1T +02=2COT +2X (138)

will vary from 1016 to 1013 for chloride
melts, from 109 to 108 for bromide ones,
and from 10% to 10! for iodide ones with
weak acidic properties. As to the strong
acidic melts (containing magnesium and
REs), the constants will be 3 orders lower.
Thus, the removal of oxygen-containing im-
purities from such melts using carbohalo-
genation is a difficult problem for bromides
and almost insoluble one for iodides.

As it was noted above, the use of most
halogenating agents for purification of ionic
halides with low acidic properties (alkali
and alkali-earth metal salts) provides a posi-
tive result in essentially all cases. This is,
however, not the case for strong acidic hal-
ides (salts of magnesium and REs in the
oxidation degree of +3). The fact is that
halogen derivatives of hydrocarbons, espe-
cially when those contain hydrogen atoms,
tend at high temperatures to pyrolysis with
formation of the corresponding hydrogen
halide. For example, dichloromethane
CH,Cl, is decomposed under heating and
forms carbon and HCI:

CH,ClL, T = C{ +2HCIT (14)
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the equilibrium of that reaction being
shifted to the right considerably.

The carbohalogenation process (13) sup-
poses the simultaneous action of the carbon-
halogen couple, that is, a redox process. At
the same time, in the reaction (14), the
products can interact with oxide ions only
according to an acid-base reaction. It is ob-
vious that in the case of alkali and alkali-
earth halide melts with sufficiently weak
acidic properties, the action of CH,Cl, (i.e.,
C+HCI) and CCl, (C+Cly) will be the same,
because the constants of the corresponding
equilibria are though very different but ex-
ceed 1 by many orders. As to strong acidic
melts, the action of halogen substituted hy-
drocarbons containing hydrogen atoms will
be reduced to a reaction reverse to (4) and
thermodynamically unfavorable.

The practical realization of carbohalo-
genation process supposes the halogenating
agent introduction into the melt in gaseous
state. This, in turn, requires a selected
volatile halogen source and the presence of
carbon in the melt or in the volatile reagent
at the absence of hydrogen; the latter is of
a particular importance for the strong
acidic melts. For chloride materials, the
most suitable halogenating agent is CCly,
for bromide ones, bromine vapor + carbon
black in the melt (CBr, has a low vapor
pressure and boils at 190°C with decomposi-
tion). No suitable combination of reagents
has been found for iodide melts.

The carbohalogenation of chloride melts
using CCl, is carried out as follows. As the
raw material is heated under CCl; vapor
flow in a quartz container up to 500°C, the
solid or melted material becomes darkened.
The further heating up to 700-800°C re-
sults in a gradual clarification of the melt
(carbon removal), at the end, it becomes
transparent and does not wet the container
wall; this fact is a visual sign of the com-
plete removal of oxygen-containing impuri-
ties.

Let the processes be considered taking
place at the mentioned temperatures:

— pyrolysis of CCl,

cc,t=cl +2c, 1, (15)

2cCl, T =C,Cl, T +2ClL, T, (A7)
— removal of the pyrolysis products

from the melt and the gas medium above
the melt:
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Fig. 2. Temperature dependences of equilib-
rium constants for reactions (15) (1), (16) (2),

(17) (3), (18) (4) from inverse temperature.

2C1 +2CL T =CCl, T. (18)

The dependences of the equilibrium con-
stants for the corresponding processes on
inverse temperature are shown in Fig. 2.

It is seen from Fig. 2 that at tempera-
tures lower than 700 K (1/T = 0.0014), the
process (15) predominates over (16), and
this fact results in formation of carbon in
the mixture or melt and of chlorine. Above
700 K, the processes resulting in formation
of gaseous chlorine-containing derivatives
(C,Cl,,), mainly C,Cl, (17), and chlorine. A
carbon black + chlorine mixture is formed
that is just the chlorinating agent. Another
process is the carbon removal from the melt
due to C,Cl; formation; however, the equi-
librium constant of that process is less than
1, so it may run only under removal of the

reaction products from the gas atmosphere
(in argon flow). This process is rather slow,
the melt clarification requires in practice 5
or 6 h. The direct reaction of CCl; with
carbon is characterized by constants of the
order of 1072 to 1073 and runs slowly, too.
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B3aemoaia rirpoCKomiuyHNX raJIoreHixiB
3 peakHmiifHO3TATHMM Ta30BHM cCepeIoBHUIIEeM
NpM BHCOKHX TeMIeparypax

T.I1.Pe6posa, B.JI.Uepzuneyw, T.B.Ilonomapenro, I0.1./Jonsxenko

ITpoBeneno aHaJyis mpUYMH, O[O0 BeLyTb OO 3a0pyAHEHHA iOHHUX TaJIOTeHiAiB (JIy:KHUX,
JY/KHO3eMeJbHUX Ta piAKicHO3eMeJbHUX ejleMeHTiB) KMCeHbBMIiCHUMM JOMIIIKaMu, 1 YWH-
HUKiB, AKi BIJIMWBAIOTh Ha Hpollecu Trigposisy mux cojeit. PoarnanyTo mporecu B3aemMofii
POBIIaBiB TirpoCKOMiYHMX 10HHUX TaJIOTeHiAiB 3 rajJloreHyBaJbHUMU areHTaMW i BCTAHOBJIE-

HO OCHOBHIi 3aKOHOMipHOCTi iX mepebiry.
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