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Comparative analysis of Csl purification methods: mass crystallization with natural
cooling (MC), low-temperature directed crystallization without stirring (LTDC/ws) and
low-temperature mixed crystallization (LTMC) is presented. The MC routine possesses the
highest cooling rate (6—10°C/h) and the smallest effective purification coefficients (f =
0.07+0.2) from Na, K and Rb, however the yield of the product per stage is only 60 %.
The low-temperature methods are characterized by low cooling rate of ~1°C/h and higher
yields of the purified product per stage (95-97 %) and P values closer to 1 than those for
MC; the purification occurs especially hardly in the case of LTDC/ws (f ~ 0.9).The men-
tioned crystallization methods do not provide the removal of Tl which is accumulated in
the product. With respect to efficiency of the purification 1 stage of MC is equivalent to
3—4 stages of LTMC or 10-11 stages of LTDC/ws and the yield of the product (Csl) is
60 %, 85-90 % and 55-70 %, respectively. The LTMC method seems the most promising
for the obtaining of extra pure Csl| of enhanced quality due to low enough values of B for
Na, K and Rb (B = 0.46+0.6) and considerably smaller than in the case of MC rate of
cooling (a degree of overcooling).

Keywords: cesium iodide, mass crystallization, low-temperature, crystallization,
admixture distribution.

ITpoBemen cpaBHUTENBHBIN aHAJAKW3 METOJOB OUHMCTKIN HOAMIA I€3MS: MACCOBOM KPUCTAJ-
au3anuu ¢ ecrecTBeHHBIM oxJaxkiaenuem (MK), HusxkoTeMIepaTypHO HAIIPABJIEHHON KPHC-
ranausanuu 6es mepememuBanus (HHK/6m) m HusKoTeMIepaTypHON CMEIIAHHON KPHCTAJ-
ausanuu (HMK). Metronq MK xapakrepumayercda HambGoJbIllell CKOPOCTBIO oxJamgeHusd (6—
10°C/u) u HaumeHbIIMMU 3HadveHuaMu 3QdQeKTuBHOro Kosdpdunuenrta ouucriu (=
0.07+0.2) or Na, K u Rb, mpu sToM BEIXOJ TPOAYKTA 3a 1 CTAAWIO OUMCTKH COCTABJISAET
60 % . HuskoTeMmepaTypHBIM METOJaM CBOMCTBEHHA HUBKAs CKOPOCTh oxyasmmenus (~1°C/q)
u GoJiee BLICOKUII BBIXOJ OUYMIIEHHOro Npoaykra 3a 1 cragmio (95-97 %), Ho sHaueHus 3
6amke K 1, uem B cayuae MK, ocoGeHHO Tsseno IpoxoauT ouncTka B cayuae HHEK /6o (f ~
0.9). PaccMoTpeHHBIe KPUCTAINSAINOHHLIE METOAbl He 00ecIeunBalOT yaaJeHus 11, Koro-
pBiii HakamauBaeTrcs B HpoayKre. B orHomenum sdhdexTuBHOCTH oumcTKH 1 craguma MK
sxBuBasenTHa 3—4 cragusMm HMK wuam 10-11 cragmav HHE /61, mpu »TOM BBIXOJ IPOIYKTA
(Csl) cocraBasier 60 %, 85-90 % u 55-70 %, coorsercrBenno. Merogq HMEK sasasercs
Hanbojiee MEePCIEKTUBHBIM A MMOJyUeHusa ocobo unceroro CSl mMOBLINIENHOr0 KaduecTBa BCIE-
cTBUe gocrarouno Huakux suauvenuii B ams Na, K u Rb (B = 0.46+0.6) u smaunTennuo Gosee
HUBKOM 1mo cpapHeunio ¢ MK cropocru oxiamgenus (CTEIEeHDb II€PEOXTAMKIECHU).
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OcoGaueoCTi KpHCTami3amiilHUX MeETOMIB OUYNCTKM BOMHUX PO3YNHIB HOTHAY mHe3iro.
B.J1.Y9epzuneus, T.B.Ilonomapenro, T.II.Pebposa, A.I'.Bapuy, O.JI.Pebpos, I0.M Jayvko.
ITpoBeseno MOpPiBHANBHUE aHaJi3 METOAIB OUMCTKM HOAUIY II€3i10: MacoBOI KpHcCTaJi-
sa1iii 3 mpupoauuM oxojomKeHuaM (MK), HUBLKOTeMIIEPATYPHOI CIIPAMOBAHOI KpucTamisarii
6e3 mepewmimrysaunsa (HCK/6m) i mmsnkoTemmepartypnoi wmimawmoi kpuctamizamnii (HMEK).
Metox MK xapaxtepusyerbcsa Haiibinbiron mBuaricTio oxomomxennd (6—10°C/rox) i maii-
MEHIIMMU 3HAaYeHHAMU edeKTuBHOro Koediunienry oumerru (B = 0.07+0.2) sig Na, K i Rb,
IpH IMLOMY BUXiZ MpoAyKTy 3a 1 crtagiro oumeTku ckjaagae 60 % . HusnkoTeMIepaTypHUM
MeTolaM IIPHUTAMAHHA HUSbKA IIBUAKicTbL oxosomkeHHda (~1°C/ron) i Bumuii Buxim ouwuiie-
Horo npogaykTy 3a 1 cragio (95-97 %), ane savenna [ e Gamxuumu 10 1, HiM y BUmagKy
MK, oco6auBo BaskKo Bigfysaerbca oumcrra npu Burkopucranni HCK /6o (B ~ 0.9). Posrus-
HyTi Kpucrajisamiiini meromm He 3a0e3leuyioTh BUAAJEHHA 1|, AKHUI HAKONUUYYETHCHA Y
npoaykTi. ¥ BigHomenni egpexrusnocti ouncriu 1 craxia MK e exBiBanmenTHoo 3—4 cragiam
HMEK a6o 10-11 cragiam HCK/6m, npu upomy sBuxix npomykty (Csl) ckaazae 60 %, 85—
90 % i 55-70 %, Bigmosiguo. Merog HMK € HaliGiiblll HePCHEKTUBHUM AJIA OLEPrKAHHSI
ocobauBo umcroro Csl mizsuimenol AKocTi 3 oryagy Ha AOCTATHRO HU3bKI sHauenHsa [ misa
Na, K i Rb (p = 0.46+0.6) i snauno Humxuy, HixK y Bunagry MK, mBuaKiCTE 0XOJMOmMKEHHA

(Mipy TEepeoXONOMKEHH).

1. Introduction

The production of extra pure Csl or puri-
fication of this salt obtained from crystal
growth wastes is one of the most important
tasks for organizations which activity con-
cerns the growth of optical single crystals.
It is generally accepted that the purification
process consists of the filtering of Csl aque-
ous solution via active carbon, the prelimi-
nary chemical purification of the solution
leading to the removal of non-isomorphic
admixtures and the final deep purification
which is provided by several erystallization
methods.

The filtering makes it possible to remove
organic admixtures and, partially, thallium
iodide if the solution was obtained from the
wastes of Csl:Tl single crystals. The first
stage of the chemical purification is the
treatment of the filtered solution by
Ba(OH), that permits to remove sulfates and
admixtures of heavy metals, magnesium,
aluminum. Then the solution is treated by
Cs,CO3 that results in the removal of alka-
line earth metal admixtures which are pre-
cipitated as the corresponding carbonates.
However,the solution purified by such a
manner contains isomorphic admixtures
(Na, K, Rb, Tl) which cannot be successfully
removed by the usual chemical methods.

So, the crystallization methods must be
used for the final purification of Csl solu-
tion. These methods are usual mass crystal-
lization (MC), low-temperature directed
crystallization (LTDC) and low-temperature
mixed crystallization (LTMC). Each of these
crystallization methods has both obvious ad-
vantages and proper to it lacks or difficul-
ties. The comparative analysis of features of
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the mentioned crystallization methods is
presented below.

2. Experimental

The mass crystallization was conducted
using the solution of Csl|l wastes after the
stage of chemical treatment.The solution
was evaporated in the sealed titanium appa-
ratus under the conditions of lowered pres-
sure (0.1 atm) and the temperature of 75-
80°C until the formation of suspended Csl
particles. Then the solution was drained in
the crucible and cooled to room temperature
(rt, 18-25°C) during 6-10 h. The precipi-
tated crystals were separated from the
mother waters. For the following crystal-
lization stages 100 kg of the obtained Csl
was mixed with 120 kg of water and the
mixture was heated for the homogenization
and cooled to rt.

Low-temperature directed crystallization
was performed using the mother water of
the 15' mass crystallization which was di-
luted to make the concentration of Csl equal
to 27.5 wt.% . For low-temperature mixed
crystallization the solution containing
38 wt.% of Csl was used. Both low-tem-
perature crystallization processes were per-
formed in the freezing chamber 'BEKO HSA
40520 cooled to —14 — 18°C. 1.5 1 PET bot-
tles were used as containers. The crystal-
lization degree was 0.96-0.97 and the time
required for the finishing of the purifica-
tion process was ca. 36 h. After each stage
ca. 50 ml of residual liquid was removed
and the frozen WSE was heated to the for-
mation of homogeneous solution which was
subjected to the next stage of low-tempera-
ture crystallization.

595



V.L.Cherginets et al. / On the features of ..

The analysis of admixture content was
performed as it was described in [1].

3. Results and discussion

To facilitate the comparative analysis of
the crystallization methods we built the
phase diagram of Csl-H,O system (Fig. 1)
according to the data of [1]. Recently we
performed the examination of the said
methods and some results that gives us pos-
sibility to make more clear imagination
about the features of these crystallization
processes are presented below.

For the quantitative characterization of
the efficiency of the purification processes
we used the definition of the separation ele-
ment (SE). The action of SE is described by
the following scheme:

Pi_1y(x-1)) = (SE) — Py(xy), 1)

where P(ifl) the product from the stage of
purification ‘i—1” with the concentration of
admixture x; ;) entering SE number i’
(SE;) in a series of separation elements, P;
the product of purification exiting from SE;
and concentration of admixture in this
product is x,; ;

The efficiency of SE can be described by

the effective purification coefficient f3:
B=x;/x; 1y (2)

and for the processes leading to the removal
of the admixture B < 1. To facilitate the
perception of the information (unite data in
one figure) we use —logf} values.

1. Mass crystallization (MC)

This way is used to produce cesium io-
dide in relatively large amounts (up to
500 kg per a month). The essence of the
mass crystallization of Csl can be under-
stood from Fig. 1 (arrow MC). The solution
after the chemical purification is heated up
to 80—85°C and evaporated up to the forma-
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Fig. 1. The phase diagram of Csl-H,O sys-
tem: 1 — water-salt eutectic, WSE (¢t = —
5.6°C, ccg = 27.5 wt.%), 2 — the line corre-
sponding to room temperature, MC, LTDC
and LTMC — the lines corresponding to mass
crystallization (MC), low-temperature di-
rected crystallization (LTDC) and low-tem-
perature mixed crystallization (LTMC), re-
spectively.

tion of the saturated solution. Then the
saturated solution is cooled down to r¢ by
the natural cooling (horizontal line 2 in Fig.
1), so, the average rate of cooling is ca.
6—-10°C/h. The yield of the product after
the operation can be calculated using sec-
tions ‘a” and ‘b’ (Fig. 1) which are the parts
of the connode. As is known the mass ratio
of mother water (42-43 % solution of Csl)
to the crystallized salt is b:a ratio which is
equal to 1.73 from Fig. 1, i.e., the ratio of
the amounts of Csl in the solution and in
the solid phase are (1.73:0.42) to 1. In other
words 42 per cent of Csl remain in the solu-
tion and the yield of the purified salt after
each crystallization does not exceed 60 per
cent. It is obvious that after n crystal-
lizations the direct product yield Ngg (with-
out the use of mother waters) is estimated
by such a manner:

Ngg < 0.6, (3)

Table 1. Concentrations of isomorphic admixtures Na (cy,), K (cx), Rb (cgp) and Tl (cq) in initial
Csl solution and salts obtained by industrial mass crystallization

Sample origin CNa ek CRb o
Solution after chemical treatment 1.9 6.510°3 2.4.1074 3.0-.10¢
Product of 18t crystallization 7.6.10°2 4.810°4 5.107° 3.0-107¢
Product of 204 crystallization 6.0.10°3 5.107° <5.107% 7.5-1074
Product of 3rd crystallization 7.1.1074 2.10°° <5-1075 1.0.1073
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i.e., 86 per cent after the 21d crystallization
and ca. 22 per cent after 3'd one (usually
just 8 crystallizations are used).

So, the yield of the solid Csl after multi-
ply mass crystallizations is not high. How-
ever,it is interesting to analyze the data
concerning the efficiency of the purification
from isomorphic admixtures presented in
Table 1.

The dependence of —logP against a num-
ber of mass crystallization stages is pre-
sented in Fig. 2.

As is seen, the isomorphic admixtures
can be divided into two groups with respect
to the sign of —logP: for Tl —logP value is
negative, whereas for Na, K, Rb the values
of —logP are essentially positive (there is
only one point for Rb in Fig. 2 since after
the 1St crystallization its concentration be-
comes lower than the detection limit). It
means that the alkaline metal admixtures
are effectively removed from Csl| during the
mass crystallization; however, thallium is
accumulated in the product of the purifica-
tion. These results agree qualitatively with
the data of [2] obtained for LTMC. Besides,
we can see an obvious trend of —logf ap-
proaching to 0 for Na and K. This can be
explained by the known fact that the ap-
proaching of distribution coefficient of ad-
mixtures to 1 takes place in the case if a
number of defects in the crystallized phase
is comparable with the concentrations of
captured admixtures [3]. When concentra-
tion of an impurity essentially exceeds the
number of the defects the distribution coef-
ficient (and, hence, B) should be practically
constant.

Concerning the behavior of Tl admixture
it should be noted that for this admixture
the change of B going from initial solution
to product of the 3'd crystallization is not
pronounced (the slope is statistical zero)
since P is close to 1.

Finishing the discussion about the mass
crystallization of Csl from the aqueous solu-
tion, it is necessary to give the average val-
ues of —logP for the studied isomorphic ad-
mixtures with the standard deviations:
1.14+£0.23 (Na), 0.8310.40 (K), 0.68 (Rb,
single result), —0.17+£0.2 (Tl). These values
correspond to the following values of f:
0.07 (Na), 0.15 (K), 0.21 (Rb) and 1.48 (TI).

2. Low-temperature directed
lization (LTDC)

crystal-
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Fig. 2. The dependences of negative logarithm
of effective purification coefficient  (~logf) of
Csl from the isomorphic admixtures against
the number of the mass crystallizations stages
(n): 1 —Na,2 —K,3—Rb,4—TI

The essence of this process is described
in details in monographs [4, 5]. Neverthe-
less the principal features of this process
should be mentioned here. Csl concentration
in the solution to be crystallized is 27.5 wt.
% (water-salt eutectic, WSE), optimal tem-
perature is —13°C (according to [4]), the
rate of rotation of an ampoule with solution
(stirring) is ca. 600 rpm. The crystal-
lization finishes after the solidification of
90-95 % of the solution. The method effi-
ciency was tested on the samples of small
volume ca. 100 ml [4].

The course of LTDC corresponds to
‘'LTDC’ arrow in Fig. 1. The cooling of the
solution corresponding to the WSE composi-
tion to temperatures lower than —5.6°C re-
sults in simultaneous crystallization of Csl
and water (ice) and the total composition of
the solid fraction corresponds to the compo-
sition of the liquid (27.5 wt.% of Csl and
72.5 wt.% of ice).

Returning to the use of LTDC for large
amount of solutions it should be noted that
the main difficulty with the application of
the developed method at industrial scale
consists in the stirring. The application of
600 rpm stirring/rotation to the vessels of
the volume of 1 1 and above is doubted,
besides, the use of stirring will lead to con-
siderable complication of both the equip-
ment and the technology. Therefore, the
routine of LTDC  without stirring
(LTDC/ws) deserves to be considered and its
efficiency should be checked.

The essence of the experiment consisted
in the freezing of Csl solution with the con-
centration corresponding to the WSE com-
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Table 2. Concentrations of isomorphic ad-
mixtures Na (CNa)’ K (cx) and Rb (cgp) in
initial Csl solution obtained from mother
water of 15 MC and salts obtained by
LTDC/ws of WSE Csl-H,0, freezing cham-
ber temperature was —14 — —19°C, volume
of vessel (bottle) was 2 1

n CNa CK cRb

0 3.10 3.3-1072 7.7-107%
1 2.70 3.0-1072 7.1-1074
3 2.80 2.5-1072 5.7-107%
5 2.10 2.1.102 | 4.710°*

position. The time required for the solidifi-
cation of 96-97 % of the solution was 20—
24 h and the average rate of cooling was ca.
1°C/h. WSE Csl-H,0 was prepared from the
mother water from the 15' mass crystal-
lization to check the possibility of its puri-
fication by LTDC/ws. The concentration of
Tl in this solution was lower than the detec-
tion limit since Tl had been quantitatively
removed from the mother solution by the
crystallized cesium iodide.

The analysis was not performed for each
LTDC/ws stage. The reason consisted in the
fact that the concentration of an admixture
in the product is decreased by a factor of
1/p" after n crystallizations, i.e.:

x, =xq - B", 4)
or, in logarithmic form
logx, = logx, + nlogp. (5)

The latter equation means that the de-
pendence of logx; vs. n should be linear and
the slope is equal to logp.

The concentrations of the isomorphic ad-
mixtures in Csl after n stages of LTDC/ws
are collected in Table 2 and the dependence
of negative logarithm of isomorphic admix-
tures’ concentration wvs. a number of
LTDC/ws stages is presented in Fig. 2. All
the plots are practically linear that gives
the evidence of the stability of f for all the
stages caused by both slow cooling and rela-
tively high concentration of the isomorphic
impurities. The plots can be described by
the slopes of 0.044 for Na ( = 0.90), 0.053
for K (B =0.88) and 0.059 for Rb (=
0.87).

The data presented in Table 2 show that
the performing of 10 stages of LTDC/ws
leads to the decrease of Na concentration by
a factor of 3; K and Rb concentration de-
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Fig. 3. The dependences of —log ¢; (wt.%)
from a number of stages of LTDC without
stirring at freezing chamber temperature was
-14 — -19°C for admixtures of Na (I, i =
Na), K (2, i = K) and Rb (3, i = Rb).

crease by a factor of 3.7. The calculation of
product yield can be performed using the
following equation: Ng<0.967,that gives
the yield after 10 stages LTDC/ws equal to
66 % .

So, the efficiency of LTDC/ws method
for the purification of WSE Csl-H,0 is low
and it cannot have practical application in
such a simple form.

3. Low-temperature mixed crystallization
(LTMC)

LTMC is the routine proposed recently
concerning existing practical conditions in
Csl wastes purification. The mass crystal-
lization process leads to the obtaining of
two resulting products: crystallized cesium
iodide with lowered concentration of a ma-
jority of admixtures and the mother water
containing higher amount of these admix-
tures. The latter presents cesium iodide so-
lution with the concentration of Csl ca. 40—
42 wt.%.

If such solution is subjected to cooling
the process goes along the line 'LTMC’ in
Fig. 3. The analysis of this process shows
that the cooling to WSE temperature re-
sults in the crystallization of Csl, approxi-
mately 230 g per 1 kg of the mother water
and the following cooling causes the crystal-
lization of WSE. So after the performing
this process to complete precipitation 52 %
of Csl is deposited from the solution as pure
crystals, 48 % of Csl are crystallized to-
gether with water as WSE. Therefore,
LTMC presents itself a combination of MC
with slow rate of the solution cooling
(1°C/h) and LTDC. Usually LTMC stage is
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Table 8. The main technological features of crystallization methods of Csl purification

Parameter MC LTDC/ws LTMC
Average rate of solution cooling, C/h °6—10 1 1
Working temperature range length, °C 65-70 25-30 25-30
Loss of the main substance per stage, % 40 3—4 314
Bna 0.07 0.90 0.47
B 0.15 0.88 0.60
Bro 0.21 0.87 0.61
Br 1.48 - 1.06
Number of stages which efficiency corresponds to 1/40 10-11/30-44 3-4/9-16
1 stage of MC/loss of the main product (Csl), %

finished after the solidification of ca. 97 %
of the cooled solution.

As for the quantitative characteristies of
LTMC regarding isomorphic admixtures,
they can be derived from Fig. 4.

As is seen, the trends observed for MC
and LTDC maintain during the LTMC, there
is sequential removal of alkali metals ad-
mixtures, whereas Tl concentration in the
product increases. The rate of removal of
admixtures is dependent on the concentra-
tion of main admixtures: sodium and sul-
fate ions, and when their concentration re-
duces to 0.05-0.1 wt.% the rate of the ad-
mixture removal essentially increases [2].
Using Eq. (5) we estimated the slopes of se-
quences 1, 2, 3 and 4. The slope of plot 1 is
0.3331£0.01 that corresponds to P = 0.465,
for plot 2 the slope is 0.217+0.02 and =
0.61 and for plot 2 the slope is 0.2410.03

and P = 0.58. Two latter slopes are practi-
cally the same (within experimental error).
In contrast with the alkaline metal admix-
tures for Tl one the slope is negative (-
0.026+0.004) and P = 1.06, i.e., thallium
admixture is sequentially accumulated in
the product (Csl) during multiply LTMC. As
is seen, there is no increase of P with the
reduction of admixture concentration. It
means that because of low overcooling the
amount of defects in the crystallized prod-
uct is considerably lower that, e.g., in the
case of MC and the use of LTMC for the
purification of extra pure salt or solutions
seems to be more effective.

Finishing this comparison of crystal-
lization methods of Csl purification let us
tabulate their main advantages and disad-
vantages (Table 3).

So, MC and LTMC/ws methods are com-
parable by their efficiency, but, the latter
method is considerably slower. The use of
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Fig. 4. The dependence of —log c¢; (mas.%)
from a number of stages of LTMC without
stirring at freezing chamber temperature was
—-14 — —-16°C for admixtures of Na (1, 1/, i =
Na), K (2, 2, i = K), Rb (3, 8, i = Rb) and TI
(4, i = Tl), line "a” denotes a threshold where
the rate of the admixture removal changes.

the LTMC method gives the possibility to
obtain the product (Csl) of the ‘extra pure’
quality comparable with that obtained by
MC, however, the yield of the product is
considerably higher (3-fold MC allows ob-
taining 22-25 % of product whereas 12-
fold LTMC gives 55—60 %).

From the above-said it follows that the
thermal conditions of LTMC are closer to
the equilibrium ones than in the case of MC
(smaller overcooling) that gives the possibil-
ity to obtain Csl of enhanced quality using
LTMC.

4. Conclusions

The presented above comparison of the
methods of aqueous solutions of Csl purifi-
cation by mass crystallization with natural
cooling (MC), low-temperature directed
crystallization without stirring (LTDC/ws)
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and low-temperature mixed crystallization
(LTMC) leads to the following conclusions.

The MC routine applied in industrial con-
ditions has the highest cooling rate (6-
10°C/h). The effective purification coeffi-
cients () for the the isomorphic admixtures
are too small: 0.07 for Na and ca. 0.6 for K
and Rb that provides their effective re-
moval. An obvious disadvantage of MC is in
the relatively low yield per stage (60 %).

The low-temperature methods LTDC and
LTMC are characterized by the relatively
small cooling rate (~1°C/h) and higher
yields of the purified product per stage
(95-97 %). However, 3 values are closer to
1 than those for MC, for LTMC they are
0.465 for Na and ca. 0.6 for K and Rb and
for LTDC/ws values of [ for alkali metals
approaches 0.9. With respect to the effi-
ciency of the purification 1 stage of MC is
equivalent to 3—-4 stages of LTMC or 10-
11 stages of LTDC/ws and the yield of the
product is ca. 60 %, 85-90 % and 55-
70 %, respectively.

All the mentioned crystallization methods
do not provide removal of Tl which is accu-
mulated in the product, P value is varied
from 1.06 for LTMC to ca. 1.48 for MC.
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The analysis shows that the LTMC
method can be the most promising for the
obtaining of extra pure Csl of better quality
due to low enough values of B for Na, K and
Rb (B = 0.46+0.6) and considerably smaller
than in the case of MC rate of cooling
(1°C/h vs.10°C/h).
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