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Study of deoxidization process of Csl melt
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The course of removal of oxide ion admixtures (deoxidization) from molten cesium
iodide using galvanic couple "zirconium-platinum” at 973 K was studied by a potentiomet-
ric method using a membrane oxygen electrode Pt(O,)|YSZ (YSZ — yttria stabilized zir-
conia) as an indicator one for the detection of current and equilibrium concentrations of
02", The running of the deoxidization in both cases is subjected to kinetics of 2°¢ order
process with respect to 02~ and the rate constant is as (3.07+0.31)-10% kg-mol™l-min~1.em™2 for
the galvanic couple. Surface capacity of the galvanic couple with respect to oxide ions was
estimated as 7.6-107% mol-cm 2. The destruction and fixation of oxygen-containing admixtures
in the case of the galvanic couple occur more intensively that in the case of pure zirconium
and "Zr—Pt" combination is more promising agent for deep purification of growth halide melts.

Keywords: melt processing, cesium iodide, deoxidization, zirconium, rate constant,
surface capacity.

TIpeacraBieHbl pPe3yJabTATHl MCCJICIOBAHMA IIPOLIECCA OUMCTKM PACILIABA MOAUIA LESUA OT
KHUCJIOPOACOAEPIKAIIUX [IPUMecell ¢ IIOMOIIBIO rajibBannueckoil naper "Zr—Pt" mpu 973 K. Huasa
OIIpeIe/IeHNs TeKyIlell M pPaBHOBECHON KOHIEHTparuyu O2” HCIONBEOBAJIH MOTEHIIMOMETPHUUEC-
Kyl s4eliKy ¢ MeMOpaHHBIM KuciaopogueiM anertpogom Pt(O,)[YSZ(YSZ-0.92r0,+0.1Y,0,).
Ipomece PACKHUCIEHUS LIPOTEKaeT 1o ypasHeHuio 11 mopsaka mo otHOmeHUIo K 02, COOTBETCT-
Bylomas KoOHCTaHTa crKopoctm paeHa (3.07 £ 0.81)-10% kr-moms ! mumm lem 2. IloBepxHocTHAS
eMKOCTb HMUPKOHUA mo 02~ cocrasiuser 7.6-107% monb-em 2. IIpoliece paspyLIeHUS U CBASHI-
BAHUA KUCJIOPOACOAEPMKAIINX IpUMecell IPU HUCIOJb30BAHUY TaJIbBAHHUECKON Iaphl IIpoTe-
KaeT Gojlee MHTEHCUBHO,YeM IPH HCIOJIL30BAHUU YHUCTOTO IMUPKOHUA, U OHA ABJAeTCA Oojee
MEePCIeKTUBHLIM areHTOM AJd TJITyOOKOM OUMCTKM POCTOBBIX IajIOTE€HUIHLIX PACIIaBOB.

BuBuenna mnpounecy poskuciaeHns posrony Csl giew raapsamiubmoi mapm "Zr—Pt".
B.JI.Uepeuneywv, T.I1.Pe6posa, IO0.M dauvro, O.JI.Pebpos, I1.B.Mameiiuenko.

Haseneno pesyabTaTy JOCHigKeHHsS IIPOIECY OUMCTKHU PO3TONY HOAMIY Iie3ilo Bix okcu-
TeHBMICHUX JOMIIIOK 3a JOTIOMOTOW TajbBaniumoil mapu ~Zr—Pt" mpu 973 K. Ina Busnauen-
Hsl ToTouHOI i piBHOBaMKHOI KoHmenTpanii 02" BHKOPHCTAHO MOTEHIIOMETPUUYHY KOMIPKY 3
MeMGpaHHIM OKcureHoBuM enekrpomom Pt(O,)YSZ(YSZ-0.9Zr0,+0.1Y,0,). Ilepebir npomecy
pOsSKucIeHHA BigGyBaeTbesa y Bigmosinmoeri s pismammam Il nopsaaxy simmocmo 02, KOH-
cTaHTa MBUAKOCTL mopisuioe (3.07 £ 0.31)~106 gr-mouaps lmum lem 2. IloBepxHeBa €MHICTDH
nupkoHio BigEocHo 02~ onimoernes y 7.6-107¢ moup-cv 2. Ilpomec pyiiHyBamHS 1 8B A3y-
BAHHA OKCUTeHBMIiCHUX /JOMINIOK TPW BUKOPWCTAHHI TaJAbBaHIUHOI mapm mOpoTikae OiibI
iHTEHCUBHO HiyX NMPM BUKOPUCTAHHI UMCTOTO IMUPKOHIIO, BOHA € OiNBIT MEPCHeKTUBHUM areH-
TOM AJs TMINOOKOI OUMCTKYU POCTOBUX TAJIOTEHIMHUX PO3TOMIB.
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1.Introduction

Single crystals of pure cesium iodide are
widely used as one of the best materials for
optical details transparent for IR radiation
[1]. Another well-known application of un-
doped Csl is connected with high-energy
physies: it is used as scintillator stable
under action of very intensive fluxes of
high-energy particles [2]. For both Csl ap-
plications oxygen-containing admixtures
(mainly, hydroxide and carbonate) are very
undesirable since their inclusion into the
crystals leads to appearance of absorption
bands in IR region. Ditto, the presence of
carbonates or hydroxides makes the single
crystals hygroscopic and hydrogen-containing
ions formed because of crystal hydrolysis:

CO% + H,0 — HCOj3 + OH- "

are very prone to radiolysis with the forma-
tion of coloring centers worsening the
transparency and performance of the crys-
tals [3]. Therefore, the problem of deep de-
oxidization of Csl melt is very urgent for
creation of halide single crystals of excel-
lent optical quality.

As is known, oxygen-containing admix-
tures enter into halide raw for crystal
growth in all the stages of its preparation:
synthesis of initial chemicals, heating in
vacuum, melting and immediately following
growth procedure. Naturally, the purifica-
tion of the melt immediately before the
growth process should be the most efficient.
Although there are few ways of purification
of Csl in molten state some of them, e.g.
purification by gaseous hydrogen iodide,
cannot be recommended for industrial pur-
poses because of great corrosion activity of
the halogenating agent.

Treatment of iodide melts by metals-get-
ters is considered among the most conven-
ient routines since such a treatment is not
accompanied with formations of aggressive
volatile substances or appreciably dissolved
admixtures in the melts. Ditto, this way of
treatment is waste-free since the purifica-
tion process is not accompanied with emis-
sion of pollutants in environment.
Zaslavsky [4] used for this purpose spongy
titanium. According to the analytical data
there was a definite decrease of some ad-
mixtures in wastes of Csl (TI*, borates and
sulfates) down to mass fraction of (2+4)-1077.
Nevertheless, this level of growth melt pu-
rity is not enough for manufacturing of the
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high-quality single crystals meeting nowa-
days requirements.

Following development of this approach
was initiated in our paper [5] where metal-
lic zirconium was used for removal of oxy-
gen-containing admixtures.The essence of
the purification process consists in the run-
ning of the following reaction:

Zrl + 2Cs,0 — ZrOyl + 4Cs. 2)

The well-known for metallurgy rule says
that the equilibrium of reaction of a metal
with oxide of other metal (crucible) in con-
densed phase is shifted to the formation of
oxide possessing lower enthalpy of forma-

tion per one oxygen atom (AHKIIeOn / n) [6].

The application of the said rule for
Cs,0 (AH{-;SZO = —817 kJ-mol™1),

TiO, (AH%ig / 2 = —506 kJ-mol™1),
ZrO, (AHZO2 / 2 =-550.2 kJ-mol™1) and,

e.g. CaO (AHéao = —635 kJ-mol 1) predicts

that Zr should be more effective deoxidizing
agent for Csl melt containing oxide ions
than Ti, and this actually takes place [5].
Both metals-getters cannot be used, e.g.,
for purification of CaCl, from oxide ion
traces, moreover, ZrO, is reduced by Ca in
CaCl,-containing melts [7],i.e.reaction

ZrO,l + 2Ca = zZrl + 2Ca0 (3)

runs rightwards but not to the left side.

Returning to Zr-Csl(02") system it
should be noted that the use of pure zirco-
nium gave possibility to decrease of the
total concentration of oxide ion in the melt
only by a factor of 6 after long-term treat-
ment (ca. 8 h) [5]. Of course, the way of
purification should be more attractive after
finding ways providing higher efficiency
and shortening the time of the melt treat-
ment. One of such ways consists in entering
of "metal-getter-noble metal” galvanic cou-
ple into the treated melt. As is known, in
this case the rate of corrosion (Eq. 1) will
increase and the reduction process will run
at the surface of nobler metallic component
that can compensate the passivation of the
getter surface.

However, such a simple approach did not
tested yet, although it could be used for
other halide melts which preliminary purifi-
cation from oxides before the main techno-
logical process would be rather desirable.
The investigation of efficiency of such a
galvanic couple formed by zirconium and
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platinum is the goal of the present study.
Since the rule presented in [6] does not im-
pose constrains on anion composition of pu-
rified halide melts that results obtained for
Csl melt can be extended to the melts of
other alkali metal halides.

2. Experimental

For studying the process of "(Zr + Pt)—
Csl (O%)" interaction in situ we used the
potentiometric cell with a membrane oxygen
electrode Pt(O,)][YSZ (where YSZ the
0.972r0, — 0.1Y,05 solid electrolyte ceram-
ics):

AgAg*(x =0.08),Csl :: CsLO*|YSZIPLO,). (4)

This cell was first calibrated with known
weights of KOH which served as a donor of
oxide ions since its dissociation in molten
salts:

20H- — H,0T + 0% (5)

occurred completely in dry inert atmos-
phere. This gave us possibility to obtain the
dependence of emf (E) of cell (4) on pO
(pO = —log moz‘), where moz‘ the equilib-
rium molality of oxide ions in molten Csl).

Cesium iodide supplied by Aldrich with
the mass fraction of the main substance of
0.99999 (kept for a year) was used for the
melt preparation. Total concentration of
oxygen-containing admixtures in the salt
after the melting was ca. 2—5-10 4mol-kg 1.

Zr small cylinder with platinum contact
was obtained from the Zr rods with the
mass fraction of Zr equal to 0.9999 and
chemically pure platinum wire. Before the
experiment Zr was treated by diluted HCI
(mass fraction of HCI is 0.20) to remove the
traces of other metals and contaminations.
The surface area of Zr cylinders was ca.
0.92 cm?.

The calibration of cell (4) was performed
by entering of weighted amounts of KOH
into Csl melt heated to 973 K. Then equilib-
rium emf value (E) was determined by
measurement of current emf value (each
5 min, compensational scheme, Poggen-
dorff’s bridge) until three sequential meas-
urements gave the same value. According to
Eq. (6) two moles of KOH corresponded to
one mole of oxide ion. Similarly to data of
[6] the calibration plot consisted of two lin-
ear sections with slopes, approximately
equal to 1.15 RT/F at low oxide ion concen-
trations:
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E(V) = -0.0356 + 0.0976 - pO, E > 0.144 V (6)

and 2.3 RT/F at high oxide ion concentra-
tions:

E(V)=-0.338+ 0.253p0, E < 0.144 V.  (7)

These equations were further used for
recalculation of the emf values obtained at
the deoxidization process into moz‘) and
pO.

The deoxidization process was studied by
placing a Zr cylinder with Pt contact into
molten Csl (150 g). After 5 min keeping we
measured the dependence of emf versus time
(each 1-10 min dependently on rate of the
emf increase) up to the stabilization of emf.
Then a weight of KOH was added to the
melt and the next emf dependence was ob-
tained. The procedure was finished when
the getter did stop reacting with oxide ions
(no directed emf changes with the time).

3. Results and discussion

A study of interaction of pure zirconium
with oxygen-containing admixtures in mol-
ten Csl was described in details in [8]. The
surface capacity of the used Zr getter with
respect to oxygen is 4.2:107% mol-em 2. As
it has been noted above, the concentration
of oxide ion during the purification process
is decreased by a factor of 6, i.e., the deoxi-
dizing action of the getter on Csl melt is
effective enough and the time of the treat-
ment should be ca. 3 h. The deoxidization
runs according to kinetics of 24 order proc-
ess with respect to O2-, the rate constants
is 8048 kg-mol l'min~l-em 2.

Now let us consider the interaction of
"Zr-Pt" galvanic couple with oxygen-con-
taining admixtures in molten cesium iodide.
As is known, the action of a galvanic couple
consists in the fact that if two contacting
metals are placed in aggressive medium,
more active metal is subjected to corrosion.
Namely,in our case:

710 — 47 = 7r4+ 8)

and it can dissolve in aggressive liquids
(ionic halide melts). Electrons arising at
this process pass into more noble metal (Pt)
and take part in reduction processes at its
surface. If the reduction process results in
formation of insoluble products of the re-
duction, they are formed near the surface of
the more noble metal and do not affect
processes running at the surface of more
active metal. Nevertheless, in our case sur-
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face of zirconium is sequentially passivized
be cause of formation of insoluble ZrO,:

Zrdt + 202 =5 ZrO.4.
— 2 (9)

The latter reaction should result in addi-
tional contiguous retarding the main proc-
ess. Let us consider the experimental data.
Typical dependences of pO vs. time of the
deoxidization process are presented in Fig. 1.

As is seen, addition of the getter to the
initial molten Csl leads to relatively fast in-
crease of pO up to a plateau at 8.13 (Fig. 1,
curve 1) that corresponds to 7.4-1079 mol-kg™1
of 02, Comparing this residual concentra-
tion with the action of pure zirconium get-
ter was used without the galvanic pair
(pO = 4.03, m02‘= 9.5:1075) one can con-
clude that the addition of platinum contact
results in increase of efficiency of the purifi-
cation process and the residual concentration
of oxide ion decreases by a factor of ca. 104.

After the first addition of KOH (Fig. 1,
curve 2) the increase of pO is also observed
and its final value is equal to 8.13. This
gives the evidence that the surface of ZrQ is
not passivized completely. Nevertheless, the
rate of the deoxidization process becomes
slower that takes place due to reduction of
the active surface of the getter.

The second addition of potassium hy-
droxide leads to complete passivation of the
getter surface since pO increase stops at
value of 4.03 (Fig. 1, curve 3) and the fol-
lowing adding of KOH is not accompanied
with interaction, which can be indicated by
app reciable pO rise (Fig. 1, curve 4).

To perform quantitative estimations of
the deoxidization process in this case it is
necessary, in the first turn, to find the sur-
face capacity of zirconium getter with re-
spect to oxide ions. The data presented in
Table should be helpful for this purpose,
here wygoy is the current mass of added

KOH, Xwyop the total mass of KOH, Xnle

ik 4
r—‘w.—"_l_-v 1 1 1 1 1 Il i 1
0 30 60 90 120 150

t, min

Fig. 1. The dependences of pO versus time ()
for processes of deoxidization of molten Csl
by Zr-Pt galvanic pair at 973 K: pure melt
(1) and sequential additions of 0.0153 g
(2),0.442 g (3) and 0.1250 g (4) of KOH. The
mass of the melt is 150 g.

the total quantity of added oxide ions to-
gether with the admixtures (9:107° mole) in
150 g of the melt, pO_ the pO value at the
"plateau” section, moz‘ the corresponding
molality of 0%, nm’oz‘ the number of moles
of O2= after the finishing of the deoxidiza-
tion process and o is the degree of the sur-

face filling.
Since the second addition of KOH results

in complete filling of the getter surface,
here o is equal to 1. A number of moles of
fixed 02~ (noz‘,fix) is equal to:

noP fix = 2NEe ~ New 02 = (10)

=7.11-10%4-1.4-105=6.97-104.
Knowing the getter surface area (S =

0.92 cm?) we can estimate the surface ca-
pacity of Zr getter in Zr—Pt galvanic couple

(Wzr—py):

Table. Initial data for estimation of the surface capacity of zirconium getter in galvanic couple
"Zr—Pt" with respect to oxide ions in molten Csl at 978 K

Initial quantities Equilibrium quantities o
YKo & Ywgons & Y nde-, mol Moz, mol'kg!| 1, gz, mol
- - - 9-107° 8.18 7.4-107° 1.1-107°
0.0158 0.0153 2.97.10°4 8.13 7.4.1079 1.1-1079 0.325
0.0442 0.0695 7.11-1074 4.03 9.2.1075 1.4.107° 1.0
0.1250 0.1945 1.83.10°3 1.77 - - -
Functional materials, 23, 4, 2016 647
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Wy, pt = gz fiy/ Sz; = (6.97 - 1074 /0.92 =
’ 11
=7.6-104mol - cm2. an

This value exceeds similar parameter es-
timated for Zr getter acting without the gal-
vanic pair by a factor of ca. 18 [8] that
underlines the obvious advantage of the use
of galvanic couple for the melt deoxidiza-
tion. Concerning this work this parameter
gives us possibility to calculate final value
of a after each KOH addition using the fol-
lowing formula:

Zn?)zf - N, 02 (12)

o
Wzept

After calculating o we can proceed to
estimation of the kinetic characteristics of
the deoxidization. Since at first and second
KOH additions there are considerable in-
crease of pO we can consider that the deoxi-
dization process in inclined sections runs
irreversibly. Therefore, its running should
be subjected to the known kinetic regulari-
ties for simple reactions.

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

w=k - mie, (13)

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

In the case of n =1 (the first pseudo-
order) the dependence of current (¢) concen-
tration from the initial one (¢y) and time (%)
is described by the following equations:

¢ =cy - exp(-kt) orlnc=Incy— kt. (14)

This means that the dependence of loga-
rithm of concentration from time should be
linear. Nevertheless, pO-t dependences
(pOE—logmoz‘) being logarithmic are not
linear for the first three additions of KOH
that forces to reject the assumption about
the 1st pseudo-order. Contrary, dependences
(mo?)™1 = f(t) (which linearity confirms the
second kinetic order):

cl=cpl + Et (15)

presented in Fig. 2 are linear (r,,>0.99).
These speculations help us to determine the

pseudo-order of interaction "Zr-oxygen admix-

tures” as second one. The obtained result
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Fig. 2. The dependences of (moz‘)’1 = f(¢) for
process of deoxidization of molten Csl by Zr—
Pt galvanic pair at 973 K: pure melt (1) and
sequential additions of 0.0153 g (2), 0.442 g
(3) and 0.1250 g (4) of KOH.

completely corresponds to stoichiometry of
reaction (2) that leads to formation of ZrO,.
On the other hand such value of pseudo-
order can confirm that reaction (2) is the
limiting stage of the process. It should be
noted, however, that the deoxidization by
getter is complicated by changes of active
surface of zirconium which sequentially re-
duces with the decrease of oxide ion concen-
tration in the melt. The kinetic equation for
such a case can be written by such a man-
ner:

w = kSz(1 - ) - (mga)? = (16)
= Szlk(1 - 0)] - (me2)?,

where w the reaction rate, £ the rate con-
stant.

To facilitate our calculations of the rate
constant we chose for estimation points
which pO values exceeded 6, since in this
case (initial pO was ca. 4) approximately 99
per cent of the added oxide ions was fixed
by zirconium and during further interaction
o value was practically constant and equal
to final o for each KOH addition. Just
owing to this reason plots I and 2 depicted
in Fig. 2 starts from times 10 and 80 min,
respectively. The dependences I and 2 in
Fig. 2 can be approximated by the following
equations:

(moz) ! = (17
= —1.7(5) - 107 + 2.64(0.1) - 106 - ¢

and
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(mgz-)1 = (18)
=-1.26(+0.8) - 108 + 1.76(+0.3) - 106 - ¢,

respectively. In both cases the reproducibil-
ity of the slopes is very good. According Eq.
(15) the slopes should be nothing but the
rate constants, however, taking into ac-
count Eq. (16) they are actually equal to
Sz [k(1 — a)]. The recalculation yields

_ 2.64 - 106 _ (19)
17 1-0.129 - 0.92
=8.29-100%g - mol™! - min1 - cm2

for the initial Csl melt and

_ 1.76 - 106 B (20)
(1 -0.325) - 0.92
=2.84-105kg - mol! - min! - em2

for the first addition of KOH to the melt.
The average rate constant value can be esti-
mated as 38.07-10% kg mol l'min l.cm2
(S, = 0.31-10%) and this value is consider-
ably greater than in the case of using pure
zirconium.

The some decrease of the rate constant
going from the initial melt to the first KOH
addition can be explained in the terms of
uniformity of zirconium surface. In the
first turn (the initial melt) the most active
surface centers are blocked, whereas after
the first addition reaction runs on surface
centers of the lower activity.

ko

4.Conclusions

So, in the present work we studied the
course of the removal of oxide ions from
molten Csl by action of galvanic couple "zir-
conium-platinum”™ in potentiometric cell
with a membrane oxygen electrode
Pt(O,)|YSZ which was used for the control
of oxide ion concentration. According to the
obtained results the efficiency of the gal-
vanic couple is considerably higher than
that of pure zirconium.
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Concerning the physicochemical features
of the experiment it should be noted that
the running of deoxidization process is sub-
jected to kinetics of 2Md pseudo-order inter-
action with respect to 02, rate constant is
ca. 8.07-10% kg-mol 1. min~l.em 2 that is con-
siderably greater than in the case of use of
pure zirconium (80+8 kg-mol lmin~1. em™2).
The process stops at pO values near 8
(1078 molkg! of O2) and the final concen-
tration of oxide ions is lower than that at
the use of Zr by a factor of 104. The effec-
tive surface capacity of Zr in the galvanic
couple is estimated as 7.4-107° mol-em~2, i.e.
it is higher than that of pure Zr by a factor
of 18.

The practical importance of such an ap-
proach for purification of halide melts used
for different purposes from oxide ion traces
seems very promising for other halide melts
formed by cesium,rubidium and potassium
salts because of essentially higher enthal-
pies of formation of the corresponding ox-
ides comparing with that of ZrO,.
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