ISSN 1027-5495. Functional Materials, 24, No.4 (2017), p. 640-648.
doi:https://doi.org/10.15407/fm24.04.640 © 2017 — STC "Institute for Single Crystals”

On some features of low-temperature mixed
crystallization of Csl solutions obtained from
industrial wastes

A.Yu. Boyarmtsev , V. L Chergmets , T.V. Ponomarenko ,
T.P. Rebrova A.G. Varzch EYu. Bryleva2’3, E.M.Kor akmaz,
T.vV. Shema V.V. Varchenko , O0.1.Yurchenko

Hnstitute for Scintillation Materials, STC "“Institute for Single Crystals”
National Academy of Sciences of Ukraine, 60 Nauky Ave., 61001 Kharkiv,
Ukraine
2STC "Institute for Single Crystals”, National Academy of Sciences of
Ukraine, 60 Nauky Ave., 61001 Kharkiv, Ukraine
3V .N.Karazin Kharkiv National University, 4 Svobody Sq., 61022
Kharkov, Ukraine

Received May 22, 2017

Investigation of multiple low-temperature mixed crystallization (LTMC) of the solution
wastes of cesium iodide was reported. LTMC is a very simple and convenient way for an
essential decrease of the concentrations of practically all the admixtures including isomor-
phic ones (Na, K, Rb). However, LTMC results in Csl enriching with Tl, which enters into
the crystallized fraction. Due to the presence of considerable amounts of Na and sulfate
admixtures during the first 3—4 LTMC the displacement of other admixtures occurs with
lower intensity comparing with the following LTMC stages and the threshold concentration
of Na is ca. 51072 wt.%. For Na the effective purification coefficient B is 0.6—0.7 for the
initial solution and it reduces to 0.835-0.5 in more pure solutions, for K these values are
0.75 and 0.5-0.55. Na content does not affect Rb distribution and for this admixture
B = 0.65-0.75 for all the solutions. For Cu the value of P is close to 1 since Cul is insoluble
in water and LTMC favors its entering in the solid fraction. § value for Tl admixture is
ca. 1.06 that means the enriching of the final product of LTMC with respect to this
admixture. The removal of sulfates from Csl using LTMC occurs very easy.

Keywords: cesium iodide, wastes, low-temperature mixed crystallization, effective pu-
rification coefficient.

IIpoBegeno usydyeHHe MHOTOKPATHON HUBKOTEMIIEPATYPHON CMEIIaHHOM KPUCTAIIN3AINN
(HCK) TeXHOT€HHBIX PACTBOPOB Hoauaa 1esus. ITOT METO] ABIAETCA MPOCTHIM M YAOOHBIM JIs
CYIIIECTBEHHOTO CHIKEHUA KOHIIEHTPAIIMN IPAKTUUYECKN BCeX MpHMeceil, B TOM Uucjie U30Mopd-
merx (Na, K, Rb). Ogumaxo B mporecce KpueTaaamsaluy IPOAYKT o0OralaeTcs MPUMeChIo TaJ-
JINSI, KOTOPBIA MPEeNMYIIECTBEHHO BXOAUT B 3aKPHCTAMIN30BABIIYIOCSA YACTL. BejeacTBre 3HAUN-
TEeJILHOTO 3arpsA3HeHnsI TEeXHOTEeHHBLIX OTXOJO0B IPUMeCAMN HATPUA U CYJIL(PATOB B TeueHue
nepsoix 3—4 HCK mporiece BLITeCHEeHUs IPYTrUX MpHMeceil MPOMCXOAUT MeHee MHTEHCHBHO,UYeM
BITOCJIE/ICTBIY, TIOPOTOBAs KOHIEHTPAIA HOHOB HATpusa — 51072 wt. %. Jlnsa matpus odhdexTrs-
Hpiti Koadduiment ouncTku [ Haxoxutesas B npemenax 0,6—0,7 11d MCXOZHOTO PACTBOPA U TIO
Mepe oumceTKu yMmenbinaerca go 0,35-0,5, nnsa kaaus coorsercrBylomue suHauveHusa 0,75 u
0,5-0,55, mna pybumua — [ = 0,65—-0,75 u He 3aBUCUT OT comepKaHud HarTpud. [as menu
2(PpPEeKTUBHBIN KOo>(PPUINEHT OUNCTKEY OJM30K K €IWHUIE BCJaeacTsue Toro, uro Cul mepacrso-
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PUM B BOJe M TPU KPUCTANIUBAIUU NMPEUMYIIECTBEHHO BXOAUT B 3aKPUCTAJIMZ0BABITYIOCT
yacTb. s Ttanaua spdeKTUBHBIN Koo(DPUIMEHT OYNCTKY HECKOJILKO BOJIbITIe €IMHUIIBI, YTO
YKasEIBaeT Ha MOCJeTOBaTENLHOE HAKOIJIEHUA 3Toi npuMecu B mpoxykTe nmpu HCK. Cyib-
(aT-MOHBI JOCTATOYHO JIETKO BHITECHANOTCA B mporecce HCK oTxomoB mpoms3BOACTBA MOHO-
KPUCTAJNJIOB Homuaa 1esund.

OcoGauBOCTI HU3BKOTEMIEpATYpHOI MimaHol Kpucragizamii posuwHiB Homumy mesiro,
ofep;KaHUX 3 MpoMuCIOBUX Bimxomie. A.JO.Boapunuyes, B.JI.Uepzuneuyv, T.B.IloHomaperKo,
T.I1.Pe6posa, A.I'.Bapuu, K.IO.Bpunvosa, O.M.Kapaxina, T.B.Illeina, B.B.Bapuerko, O.1.I0p-
YEeHKO.

Baratopasopa nHusbKoTeMnepaTypHa Mimana kpucranisamia (HMK) TexHOTeHHHX pO3-
YWHIB HOAUAY I1€3if0 € TPOCTUM 1 3PYUYHUM METOJOM JJisi CYTTEBOTO BHUIKEHHS KOHIEHTpAIlii
MPaKTUYHO ycix goMmimiok, y tomy uwmcai isomopduux (Na, K, Rb). Oguak y mporeci xpuc-
Tamisalii TPoAYKT 30arauyeTbcsa AOMINTKOIO Tadiio, AKWIl TepeBasKHO BXOAUTHL Yy 3aKpUC-
TajaidoBany yacTuHy. BHachiok 3HaYHOTO 3a0pyAHEHHS TEeXHOTEeHHUX BiaXoAiB moMimkamu
Hatpito i cyabdarie nporsarom mnepmux 3—4 HMK mnporiec BUTiCHeHHS iHMINX AOMINIOK
Big0yBaeThCcA MEHIN iHTeHCHUBHO, HijK Hajgasi, moporoBa KOHIleHTpallil ionis matpiio — 5-107
2 mac.%. Ilnst Hatpito eeKTUBHUN KoediI[ieHT OUMIEeHHA, §, 3HAXOAUTLCA y Mexax 0,6—
0,7 mna BuxigHoro posumHy i B Mipy ouwminenHs smeHmnyerbea xo 0,35—-0,5, nna kaxiro
Bignosigui smavenus 0,75 i 0,5-0,55, gna py6igio p = 0,65-0,75 i "e saxexuTs Bix BMicTy
garpilo. duada Kyupymy edexruBHuil KoedinieHT ounnienssa OJUSLKUHN N0 OAUHUILL BHACIITOK
Toro, mo Cul ¢ HeposumHHMM y BoAl i mpm Kpucragisamii ImepeBaHO BXOAUTL y 3aKPUC-
TajisoBany uyactuHy. uda Taniro ed@eKTUBHUI KoedillieHT OUUCTKH € TPOXHM OiJNbIINMM Bif
OJMHUIII, IO BKasye€ Ha IIOCTYIIOBEe HaKoHWUYeHHs Ifiei momimxkm y mpoxykri npu HME.
Cyabdar-ioHn mocuTh Jerko suricHaioTbed y nporeci HMEK sigxoxis BupoOHUIITBA MOHO-

KpucTaJis foguay mesiro.

1. Introduction

Single crystals based on alkali metal io-
dides (mainly, Csl and Nal) are widely used
for the creation of working parts of optical
equipment of different applications. In par-
ticular, Csl crystals are applied for making
windows transparent in IR range due to
their low hygroscopicity and the absence of
absorption bands in the said part of spec-
trum [1]. The main part of the iodide single
crystals (Csl, Csl:Na, Csl:Tl, Nal:Tl) is scin-
tillation detectors applied for different pur-
poses (medical tomography, high-energy
physics, cosmic and nuclear instrument
engineering, the logging of drill holes
etc.) as detectors of the ionizing radiation
of wvarious origin [2]. Annual production
volume of the scintillation single crystals
is several dozens of tons.

The said single crystals are grown,
mainly, by Chokhralski or Kyropoulos meth-
ods that permits to grow crystals with
masses of several hundred kilos within
short interval of time. For the practical ap-
plications the grown cylindrical crystals are
cut to smaller parts of various geometry.
Besides, some pieces with inclusions,
cracks, turbidities and other visual defects
are removed. Thus, an appreciable part of
the grown crystal passes into wastes: non-
used solidified melt and deposit from the
walls of the growth apparatus, rest pieces
(cuttings) which are dissolved in water for
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the waste unification. These wastes are a
serious problem for crystal manufactures
and this problem requires urgent solution.
The best solution of the waste problem is
the returning of the valuable constituents
of these wastes (iodine, cesium and thal-
lium) in the production. The separation of
thallium does not present a serious problem
since TIl is practically insoluble in water
and slightly soluble in iodide soclutions. In
the latter case the dependence of the solu-
bility against alkaline metal iodide concen-
tration passes through the minimum corre-
sponding to mass fraction of iodide in the
solution within 10-15 wt. % . The following
treatment of Nal wastes is very simple since
the solution after TIl separation contains
only one valuable components — iodine. So,
the waste solution is acidified and hydrogen
peroxide is added to complete precipitation
of |, which is separated from solution by
filtration and further it is purified by sub-
limation.

The processing of Csl wastes is more
complicate since they also contain cesium
besides iodine. Due to this reason the solu-
tion after TII separation is treated by
Ba(OH), to precipitate sulfates (as BaSOQO,)
and heavy metals, aluminum and magne-
sium (insoluble hydroxides). Further this
solution is treated by Cs,CO5 to precipitate
the excess of barium, alkaline earth metals
(as carbonates). Nevertheless, such a way of
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purification does not provide the separation
of alkali metal cations (residual content of
sodium is varied from 0.1 to 1 wt. %). The
removal of alkali metal cations is the hardest
problem, which is solved by multiple recrys-
tallization from aqueous solutions. The
above-described method possesses essential
disadvantage caused by relatively small
changes of Csl solubility with the tempera-
ture: from 80 g/100 g of water at 20°C to
200 g/100 g of water at 100°C [3, 4]. It is
obvious that one cycle of recrystallization
leads to the loss of approximately 40 % of
Csl in the mother waters and the direct yield
of Csl after 3'd recrystallization is ca. 25 %.
The treatment of the mother waters is diffi-
cult since the concentration of admixtures
in them is considerably higher than in the
initial solution. This forces engineers to
consider alternative approaches of crystal-
lization or chemical treatment of the waste
solutions, which can result in higher yield
of extra pure Csl free from Na, K and Rb.

Studies of the low-temperature direct
crystallization (LTDC) of water-salt eutectic
mixtures (WSE) are originated from ana-
lytical methods of determination of admix-
ture concentration in the cases where their
content is lower than the detection limit.
Thorough consideration of the LTDC was
performed in the monograph by A.B.Blank
[6] where the distribution coefficient for
main admixtures at Csl-H,O WSE crystal-
lization were presented. The problem of
deep purification of Csl using LTDC was
solved in [6]. For this purpose authors took
extra pure Csl with the total concentration
of admixtures ca. 1073 wt. % . The purifica-
tion resulted in the decreasing of the con-
centrations of heavy and transition metals
to level lower than 1075-1076 wt. %. Con-
centrations of alkali metals also reduced al-
though the corresponding quantitative data
were absent.

So, there are certain preconditions for
the use of LTDC for the purification of
technogenic solutions of cesium iodide, al-
though the above-mentioned results cannot
be used immediately since the level of ad-
mixtures in the salts used in [5, 6] was
lower by 2 orders of magnitude than usual
level of the wastes contamination. Ditto,
the complicated equipment was used there
for LTDC:tank with antifreeze (for cooling
to —17°C), system for antifreeze stirring,
system for rotation of vessel (10 1) with the
water-salt eutectic. Considerable volumes of
WSE favored the slowing of the crystal-
lization process due to the slight thermal
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conductivity if the solid WSE. This forces
the searching for a new design of LTDC
under industrial conditions.

One of ways of developing this routine
can be deduced from the fact that usual
industrial mass crystallization finishes at
room temperature (rt) and the remaining
mother waters contain about of 40 wt. % of
Csl whereas the corresponding concentra-
tion of Csl in WSE is only 27.5 wt.%. It is
of interest to study the process of cooling
the solution saturated at rt to crystallize
some additional amount of Csl and, then,
at -5.6 °C WSE. However, such investiga-
tions were not performed before. Since in
this process crystallization of WSE follows
usual mass crystallization (cooling from rt
to WSE point) we called this crystallization
routine low-temperatire mixed -crystal-
lization, LTMC. Its features are discussed
below.

2. Experimental

Preparation of Csl solution. The techno-
genic Csl solution was thermostated and its
density was measured (p =1.10 g-cm™3).
This density corresponds to Csl concentra-
tion ca. 12 wt. % assuming that admixture
amount in the solution can not appreciably
affect its density. Then the solution was
evaporated to Csl concentration near 38-
40 wt. % that was controlled by the loss of
the solution wt. Then the cooled solution
was separated from the deposit of carbon-
ates (CaCO5;, MgCOj3) and calcium sulfate
and further it was used for LTMC.

LTMC. The process was performed in
usual freezing chamber cooled to —12°C. 1.5
1 PET bottles from mineral or potable water
were used as containers. The crystallization
degree was 0.96-0.97 and the time required
for LTMC was ca. 36 h. After each LTMC
cycle ca. 50 ml of residual solution was re-
moved, the frozen WSE was heated to the
formation of homogeneous solution which
was subjected to following LTMC (up to
10 cycles). After each LTMC samples of the
product and mother waters were evapo-
rated, dried and analyzed.

It should be noted that the first 3 cycles
of LTMC occurred without ordered crystal-
lization from vessel walls inside that could
be caused by spontaneous formation of crys-
tallization centers into whole bulk caused by
the admixtures. Beginning with 4th LTMC
there was the directed movement of the
crystallization front into the vessel and
time necessary for the crystallization some-
what reduced.
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Table 1. Concentrations of certain admixtures (in wt. %) in cesium iodide purified using multiple

LTMC, g = 0.96-0.97

LTMC Concentration, wt.%

No Na* K* Rb* cut TI* 50,2~
Initial 0.29 0.0058 0.00013 0.000015 0.00020 >0.01
solution

1 0.21 0.0045 0.0001 0.000057 0.000068 >0.01
2 0.13 0.0035 0.00008 0.000026 0.000065 >0.01
3 0.095 0.0019 0.00006 0.00002 0.000068 >0.01
4 0.053 0.00098 0.00004 0.000017 0.000083 0.008
5 0.028 0.0005 0.00002 0.000011 0.000087 0.002
6 0.011 0.00028 0.00002 0.000017 0.000084 0.001
7 0.0056 0.00018 <0.00002 0.000019 0.000083 <0.0005
8 0.002 0.00015 <0.00002 0.000017 0.00011 <0.0005
9 0.0014 0.00008 <0.00002 0.000016 0.00010 <0.0005

10 0.00044 0.00005 <0.00002 0.000008 0.00011 <0.0005

Table 2. Concentrations of certain admixtures (in wt. %) in cesium iodide from mother waters

after multiple LTMC, g = 0.96-0.97

LTMC Concentration, wt.%
No Na* K* Rb* cu* " 80,2
Initial 0.29 0.0058 0.00013 0.000015 0.000015 0.29
solution
1 0.62 0.027 0.0007 0.00018 0.000015 0.62
2 0.87 0.0387 0.0012 0.00021 0.000015 0.87
3 0.43 0.02 0.0005 0.00014 0.000015 0.43
4 0.44 0.02 0.00055 0.00015 0.000015 0.44
5 0.21 0.01 0.0003 0.000082 0.000015 0.21
6 0.12 0.0056 0.00015 0.000057 0.000015 0.12
7 0.09 0.003 0.00009 0.000039 0.000015 0.09
8 0.075 0.0014 0.00005 0.000023 0.000015 0.075
9 0.025 0.00045 0.00003 0.000008 0.000015 0.025
10 0.0009 0.00033 0.00002 0.000011 0.000015 0.0009

Determination of thallium and copper in
Csl was performed by differential pulse an-
odic stripping voltammetry after processing
of samples with concentrated nitric acid. Vol-
tammetric measurements were carried out at
a hanging mercury drop electrode as a work-
ing electrode using 797 VA Computrace
(Metrohm, Switzerland). An acetic buffer
solution with EDTA (pH 5.5) was chosen as
a supporting electrolyte. Peaks of thallium
and copper were observed at —0.45 V and
—0.23 V (versus Ag/AgCI (3 M KCI)), respec-
tively. Flame spectrometry was used for Na,
K, and Rb determination. Measurements
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were carried out using iCE 3500 atomic ab-
sorption spectrophotometer (Thermo Fisher)
in an emission mode. Flame of acetylene-air
gaseous mixture was used as an excitation
source. The low determination limit for Na
and K is 2:107% and for Rb — 51076 wt. %.
Relative standard deviation values for con-
centration interval of 2:107% to 21071 wt.
% are within the range of 0.01-0.15.
Reaction of barium sulfate formation
was used for turbidimetric determination of
sulfates. Solvent composition (water, 10 %
ascorbic acid solution, precipitating agent:
5 % barium chloride solution, diethylene
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glycol, ethanol (1:3:3 by volume)) and tem-
perature regimen provide obtaining a stable
suspension of desired dispersity. The low
determination limit is 51074 wt. %. Deter-
mination error was not greater than 9 %.

3. Results and discussion

We considered the obtained results from
the viewpoint of chemical engineering
meaning that multiple LTMC is the cascade
consisting of several separation elements
(se). For the separation element "i" we have
the following situation. The product from
"i—1" stage with admixture concentration of
y;_; entered in se; and the product from "i"
stage with admixture concentration of y;
(lower than y; ;) and mother waters with
admixture concentration of x; (higher than
y;—;) leave the se;.

The operation efficiency of se is charac-
terized by the purification coefficients. The
thermodynamical purification coefficient o
is calculated as:

o =y;/x; 1

whereas the effective purification coeffi-
cient P is estimated as follows

B= Y/ Yi1- 2

The initial data used for the analysis of
the purification efficiency are presented in
Tables 1 (product) and 2 (mother waters),
here the crystallization degree was in g =
0.96-0.97 range.

On the distribution of alkali metal ad-
mixtures at LTMC.

The difficulties arising at the purifica-
tion of cesium iodide from alkali metal cat-
ions are caused by the fact that Na*, K* and
Rb* are isomorphic to Cs*.

Na* admixture is referred to the most
abundant (from Csl:Na and Cs:Tl which is
doped also by Na*) and harmful contamina-
tions (it makes the salt hygroscopic). The
dependences of Na* concentration in the
crystallization product and mother waters
and purification coefficients are presented
in Fig. 1. The obtained dependences (at
least, 1-8) can be conditionally split in two
sections one of which corresponds to
strongly polluted solutions (Na* concentra-
tion exceeds 0.1 wt. %) and other is re-
ferred to relatively pure ones. As is seen, at
cycles 1-3 sodium concentration in the solu-
tion remains practically unchanged that
demonstrates the features of strongly pol-
luted Csl solutions comparing with the lit-
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Fig. 1. The dependence of logarithm of Na
concentration (-log c¢y,) in product (1),
mother waters (2) and logarithms of thermo-
dynamic (o) and effective (B) purification co-
efficients on numbers of LTMC cycles (N).

erature data for LTMC of solutions of extra
pure Csl. The low efficiency of the purifica-
tion can be caused by the fact that concen-
tration of sulfate ions in the initial solution
are also high and Na,SO, is able to form
crychydrate (T = 272 K, concentration of
Na,8O, is ~4 wt. %, phases are
Nast410H20 and ice [7]).

As for the dependences of concentra-
tions, they can be approximated by such
lines:

—logen, = a + N(-logP), (3)

where a the free term. The initial section of

the dependence 1 (N<3) is approximated as
follows:

~loge (£0.02)+0.167(£0.01) - N, = 0.68 . (4)

Thus, the process of displacement of so-
dium into mother waters is more difficult
at high admixture concentrations. However,
the purification becomes more effective
after the 8™ cycle and the corresponding
dependence is as follows:

~logey, = ~0.04(£0.07) + 0.382(£0.01) - N, (5)

here § = 0.465. As for o values, for initial
cycles they exceed value of 0.1 obtained by
Blank [5] and for conditionally pure solu-
tions it agrees with the literature parame-
ter. So, considerable contamination of ce-
sium iodide wastes with sodium essentially
complicates the purification process and it
requires 3—4 additional LTMC cycles.
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Fig. 2. The dependences of logarithm of K
concentration (—log cy) in product (1), mother
waters (2) and logarithms of thermodynamic
(o) and effective (B) purification coefficients
on numbers of LTMC cycles (N).

Let us consider results concerning potas-
sium distribution at LTMC of the liquid
wastes of Csl. This admixture is especially
undesirable in Csl since natural potassium
contains 49K isotope (0.0117 %, PB-, Ti/2 =
1.18-109 years [8]) causing appreciable in-
trinsic radiation background in the scintil-
lators. The imagination about the behavior
of K admixture during multiple LTMC of
Csl solution can be obtained from Fig. 2.

The statistical treatment of the initial
section (N<3) yields the approximation:

—logek = 2.287(+0.001) + (6)
+0.110(x0.001) - N, B =0.7.
At N > 3 the dependence is as follows:

~logey = 2.08(0.07) + (7
+0.226(x0.001) - N, B =0.60.

That is, similarly to Na distribution,
high common concentration of technogenic
admixtures retards the purification of Csl
the solution from potassium and this can be
seen from [ values. As for o values, al-
though they oscillate near 0.1 (loga = -1,
this value agrees with [5]) it is seen from
dependence 1 that this parameter decreases
with the increase of N and somewhat grows
during the latest stages. This can be ex-
plained both by accuracy of analytical deter-
mination of K and the fact that at ex-
tremely low concentration of an isomorphic
admixture its distribution coefficient (and,
hence, o) grows since the amount of the
admixture becomes comparable with the
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Fig. 8. The dependences of logarithm of Rb
concentration (-logeg,) in product (1),
mother waters (2) and logarithms of thermo-
dynamic (o)) and effective () purification co-
efficients on numbers of LTMC cycles (N).

quantity of defects arising in the solid frac-
tion. In this case the admixture is captured
by the defects.

Besides potassium, Rb is also referred to
very undesirable admixtures in cesium iodide
since the natural rubidium contains 28.75 %
of 87Rb (B-, 71,5 = 4.8:1019 years) [9] and this
admixture results in the increase of intrinsic
radioactive background. The purification of
Csl from this admixture is especially difficult
taking into account that ionic radii of Rb*
and Cs* are close — 0.152 and 0.167 nm,
respectively [10] and Rb is more isomorphic
to Cs than K (0.138 nm) or Na (0.102 nm).

The experimental dependences of the con-
centrations and parameters describing the
purification efficiency from the number of
LTMC of Csl-H,O system are presented in
Fig. 3.

It should be noted that, although the de-
pendence of Rb concentration in mother wa-
ters vs. N resembles the similar depend-
ences for K and Na, the dependence of Rb
concentration in the product is practically
linear:

~logegy, = 8.84(+0.05) + (8)
+0.148(0.01) - N, B=0.71,

and authors of [11] estimated this parame-
ter as =0.59.

So, the effective coefficient of purifica-
tion of Csl from Rb is closer to 1 than in
cases of K and Na that makes the purifica-
tion by LTMC more difficult. As for o value
it oscillates around of 0.1 (0.1+0.15) that
appreciably exceeds k; parameter obtained
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by Blank (0.06+0.02) [5]. After 6th LTMC
the concentration of Rb becomes lower than
the detection limit and this does not permit
to perform correct estimations.

Distribution of Cu and TI.

The behavior of these admixtures is con-
sidered together due to two reasons. The
first one consists in the fact that both cat-
ions (Cu* and TI*) are precipitated by iodide
ion as insoluble iodides, therefore, these ad-
mixtures should be accumulated in the solid
phase during LTMC process. Other common
feature is that the precipitated iodides can
dissolve in solutions of alkali metal iodides
forming iodide complexes: Cul,” and up to
TII43‘, respectively and the complexes of Cu
are considerably stronger than Tl ones. The
latter reason should lead to the accumulation
of these admixtures in the mother waters.

Cu admixture is extremely harmful for
the Csl-based scintillators since it affects
the luminescent properties of the said materi-
als. Authors of [12] showed that addition of
51076 wt. % of Cul into the growth melt led
to the formation of complex centers which
distribution in the crystals is non-uniform
due to non-isomorphism of Cu* and Cs*
(Cu* was considered as isomorphic to Na*
[13]). The luminescence spectrum of Csl
with 1.1076 wt. % of Cu contains an emis-
sion band with the maximum at 390 nm.
The rise of Cu* concentration to 2:107% wt.
% results in the shift of the maximum po-
sition to 620 nm. Concentrations of Cu in
Csl higher than 2-107° wt. % cause the de-
crease of the light yield by 30 % [12].

As to the behavior of Cu* in the iodide
solution, Cul is practically insoluble in
water and the index of the solubility prod-

uct (sz,Cul):
Cull =cCut+1I- (9)

is equal to 11.96 [4]. Cul is dissolved in the
excess of soluble iodides forming complexes:

Cut+2I-= [Culz]_, ].Ogb2 = 8.85, (10)

where b; the instability constant of the com-
plex with i ligands. Ditto, copper (I) can
form dimers of Cu22+ composition even in
the diluted solutions and this trend is also
observed even in molten salts [14]. So, the
efficiency of Cu admixture displacement
from Csl at LTMC is dependent on the con-
currence of the precipitation and complex-
ing processes. The dependences of LTMC pa-
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Fig. 4. The dependences of logarithm of Cu
concentration (-loges,) in product (1),
mother waters (2) and logarithms of thermo-
dynamic (o)) and effective () purification co-
efficients on numbers of LTMC cycles (N).

rameters vs. the number of cycles is pre-
sented in Fig. 4.

As is seen, there are two sections in the
dependence of Cu concentration in the prod-
uct. The first section is typical for an ad-
mixture displaced into the mother waters
during the crystallization:

—logeg, = 4.17(10.08) + (11)
+0.162(+0.02) - N, B =0.69.

After the 5th crystallization a plateau
corresponding to 5:107° wt. % of Cu arises.
It can be supposed that this is the limit of
Cu removal from Csl at LTMC. As for the
purification coefficient,  values in the in-
clined section are close to 1 and o ones
oscillate near 0.1 that agrees with [5].

So, the behavior of Cu resembles that of
Rb. It can be concluded that for Cu admix-
ture complexing but not precipitation is the
prevailing for LTMC process. A certain ef-
fect is caused by the non-isomorphism of
Cu* and Cs* ions.

Although TII is insoluble in water
(pK,,Tll = 7.24), thallium admixture passes
into the iodide wastes because of complex-
ing of TII,~(1'i) composition. These complexes
are not so strong as those in the case of Cu
(logb; = 1.41, logby =1.82, logbg= 2.0,
logb, = 1.60 [4]). This leads to the assuming
that the distribution of Tl during LTMC can
differ from that of Cu. Indeed, from Tables
1 and 2 it can be seen that Tl concentration
in the mother waters during multiple LTMC
remains practically constant whereas the
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Fig. 5. The dependence of logarithm of TI
concentration (—logeq) in product (I) and ef-
fective purification coefficient (f) on num-
bers of LTMC cycles (N).

amount of Tl in the crystallized fraction
somewhat increases as it is demonstrated by
the dependence I in Fig. 5.

In contrast with the distribution of Na,
K, Rb and Cu curve 1 for Tl (see Fig. 5)
possesses negative slope meaning that the
multiple LTMC leads to the enrichment of the
solid phase with thallium and the correspond-
ing dependence can be approximated as

—logc-n = 421(1’002) - (12)
~ 0.025(£0.003) - N, B =1.06.

So, the LTMC of the technogenic Csl so-
lution did not lead to the displacement of TI
from the crystallized fraction and Tl is ac-
cumulated in the product. The low solubil-
ity of TIl in water, weak stability of iodide
complexes of Tl and isomorphism of TI* and
Cs™* ions facilitate the accumulation of Tl in
the final product. It means that the crystal-
lization methods do not permit to purify Csl
solutions from Tl up to the level necessary
for the growth of pure Csl and the LTMC
product could be used for the growth of
Csl:Tl single crystals.

To finish the consideration of the admix-
ture distribution in Csl solutions during
multiple LTMC let us stay on the distribu-
tion of sulfate ions. They are not referred
to the isomorphic admixtures, therefore,
their removal cannot be difficult. Ditto, the
well-known technology of extra pure Csl
production includes the chemical stage of
sulfate separation using Ba(OH),, namely:

Ba2t + SO‘%_ - BaSO4¢. (13)

Further, the excess of Ba(OH), is re-
moved by Cs,COj excess and other alkaline
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Fig. 6. The dependences of logarithm of SO42‘
concentration (—logcso42‘) in product (I) and
mother waters (2) on numbers of LTMC cycles.

earth metal cations are also quantitatively
removed.

The main source of sulfates in the liquid
Csl wastes are the main water and products
of commercial grease oil pyrolysis due to
their possible entrance to the growth melt.
The dependence of sulfate concentration in
the product and mother waters are pre-
sented in Fig. 6. The data from the middle
parts of the dependences can be approxi-
mated by the following equation:

—logegpz- = 0.62(+0.8) + (14)
+0.39(£0.05)-N, B =0.41.

Since the deviation of the value of P
from 1 is higher than for the other studied
ions, sulfate ions can be removed from the
technogenic Csl solution appreciably easier.

4. Conclusions

The very simple and suitable variation of
the Csl wastes purification is proposed. It
consists in the freezing of the wastes (38-
40 wt. % solution of Csl) in 1.5 1 PET bot-
tles in the freezing chamber cooled to —10°C
with the following removal of 3-5 % of
mother waters. The way permits to purify
Csl to the extra pure quality by 10-11
LTMC cyecles.

Due to the considerable contamination of
the technogenic wastes with sodium the re-
moval of all the studied admixtures during 3
initial cycles is essentially slower than during
the following crystallizations. The threshold
position corresponds to 51072 wt. % of Na
in the Csl solution.

Analysis of o and P coefficient shows
that o#B2 at multiple LTMC (the ideal cas-
cade condition). Therefore, the product
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from the n LTMC stage should be united
with the mother waters from the n + 4
stage of LTMC.

The purification coefficients for the
main admixtures are estimated. For Na f
value is 0.6-0.7 for the initial Csl solution
and decreases to 0.35—0.5 for more pure
solutions. The corresponding values for K
are 0.75 and 0.5-0.55, for Rb B changes is
0.65—-0.75 range. The value B for Cu is
closer to 1 than corresponding parameters
for alkali metal cations (excluding Rb) since
Cul is insoluble in water and partially en-
ters in the solid phase. Nevertheless, the
strong complexing with iodide ions favors
the displacement this admixture in the
mother waters. For Tl B somewhat exceeds 1
that leads to the accumulation of this ad-
mixture in the product. This is caused by
the isomorphism of TI* to Cs* ions, the low
solubility of Tll in water and relatively weak
complexing of TI* with iodide ions. The dis-
placement of sulfate ions at LTMC is the
simplest among the considered admixtures
since 8042‘ ions are non-isomorphic to the
constituent ions of Csl.
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