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SUMMARY

(FEacty )

I. PROJECT TITLE

Development of Chemical Conversion Technology of Long-lived

Radionuclides

II. OBJECTIVE AND IMPORTANCE

Nuclear power generation produces electricity and radioactive
wastes as well, but the latter one is not desirable, Out of the
radioactive wastes, there are spent fuels that contain an appreciable
amount of long-lived radionuclides, These high-level radioactive
wastes should be disposed of in a deep underground repository,
requiring long-term environmental monitoring around the disposal site
because there is the risk of radionuclide release into the environment
due to a probably natural disaster., However, it is fortunate that the
long-lived radionuclides can be artificially transmuted to short-lived
or stable nuclides by the technology of so-called “nuclear
transmutation”., The radiotoxicity of the transmuted waste would be
greatly reduced to the level of natural uranium ore in several hundred
years, otherwise it will take several hundred thousand years if it
depends only on natural decay. Some transuranium nuclides are
fissionable and thus they will be able to serve as fuel materials
while being transmuted by nuclear fission. It is known that they
undergo easier fission in fast neutron flux rather than in thermal
neutron flux. On the other hand, the long-lived fission products such
as 1-129 and Tc-99 can be transformed into such stable nuclides Xe-130

and Ru-100, respectively, by the neutron captures which occur more
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favorably in thermal neutron flux. Therefore, they can be loaded as
irradiation targets other than nuclear fuels in the transmutation
system,

Before transmutation, however, the long-lived radionuclides must be
partitioned from nuclear wastes and then converted into a suitable
fuel or a target for transmutation, As for partitioning technology,
it is desired that several requirements should be met in order to
favorably practicalize it into the P-T cycle. The general requirements
being considered in a few countries lie in technical feasibility,
proliferation resistance, safety, safeguards and economy, etc,
Intensive studies will be needed to overcome those difficulties. In
parallel with partitioning, a transmutation fuel must be also
developed for transmutation. Such types of transmarine fuel as metal,
nitride, and molten salt are taken into account in some countries, In
this study, however, molten salt was chosen as an objective fuel type
because an accelerator driven subcritical reactor is being studied as
a parallel R&D project in KAERI. If a molten salt is chosen as a fuel
type, then the material of molten salt should be fluoride in the
aspect of interaction between fuel material and neutron, This was
already studied in the development of molten salt reactor in the ORNL
during the period of 1960s and 1970s. Accordingly, the studies of
electrorefining, electrowinning, molten salt regeneration, and data
base establishment in this work were all based on fluorides, The
preparation of fluorides from metals and oxides were also examined in
this study. The electrorefining and electrowinning were chosen as key
technologies for partitioning actinide groups, which can be applied as
proliferation resistant technologies. When a eutectic fluoride salt
containing various actinides and fission products is electrolysed,
actinide elements can be preferably deposited on the cathode at a

certain electropotential, enabling the recovery of actinide elements
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in a group. The difference in Gibbs free energy of formation of each
fluoride enables the selective deposits of metals by controlling the
electropotential between the anode and cathode. The alkaline and
alkaline earth elements retained in the medium salt must be removed in
the process of salt regeneration in order to recycle the medium salt,
which reduces the radiocactive waste generation and thus ultimately
raises the process economy,

Since the Kori #1 entered commercial nuclear power generation in
1978, Korean nuclear power generation capacity has gradually
increased, accounting for 13.7 GWe as of the end of 2000, which is
ranked as 9th in the world, The cumulated spent fuels and solidified
low-level waste are about 4700 MT and 57000 drums, respectively, that
are all stored at AR storage facilities. In the mean time, a lot of
efforts have been made from relevant sectors of government, local
autonomy government, KEPCO and KAERI in Korea in order to find a
suitable candidate site for the low-level waste repository, but it has
never succeeded yet due to strong objection of local resident people
as well as environmental movement groups. So it is inferred that a
high-level waste repository would cause more severe objections in
siting in the future. In addition, no other countries in the world
have ever disposed high-level wastes including spent fuels even though
quite intensive studies for safe disposal are being carried out., With
this background in Korea, the technology of P+«T cycle may be a
meaningful alternative for the spent fuel management in the future
since it will serve as a useful method to eliminate most of the
long-lived radionuclides by transmutation before disposal., However,
it will take a long time and lots of cost to develop and practicalize
the technology., Therefore, a preparation of international joint
development plans is being taken into account in several countries in

order to reduce the economic burden for relevant R&D. In KAERI, we are
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also so eager to join international programs in this area in order to

increase the potentials of technology.

. CONTENTS AND SCOPE OF THE PROJECT

This study has been carried out during Apr. 1997 - Mar. 2001 with a
focus on the development of wunit processes of pyrochemical
partitioning. The work scope touched wupon is as follows:
establishment of physicochemical data base of various metal fluorides,
preparation of fluorides, electrorefining, electrowinning, salt
regeneration, and steam pyro hydrolysis, etc. The experimental work

was done with lab-scale inactive tests,
m Establishment of physicochemical data base for metal fluorides

The physicochemical properties of various metal fluorides were
collected from literature and such existing data bases as HSC, JANAF
table, FACT, NEA data base, and TAPP etc. The data base includes the
Gibbs’ free energies of formation, heat capacities, and some physical
properties such as viscosities and vapor pressures for various metal
fluorides, Some phase diagrams of eutectic molten fluorides are also

plotted.
®m Preparation of metal fluorides

A gas-solid type fluorination system was prepared in order to
measure reaction yields and rates at various reaction conditions, Such

metals and metal oxides as were selected to test their reaction

behaviors with HF and/or H, in the fluorination.
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® Electrorefining

Decomposition potentials of lanthanide fluorides NdF, , GdF, , and
EuF; were obtained by the cyclic voltammetry in the molten salt
electrolysis, Electrodeposition experiments were then carried out

with zirconium, yttrium, europium, neodymium, and gadolinium using two

types of medium salts, namely, FLINAK and FLICA,

m Electrowinning

Some electrowinning equipment was prepared with Nickel electrodes
that are corrosion resistive in molten fluorides, Niobium and
zirconium were chosen as objective materials to be electrolysed
because the former is a representative of transition metals and the
latter can be used as a surrogate of uranium, the decomposition
potentials of Niobium and zirconium were measured in the medium
LiF-BeF, . Then electrodeposition tests were conducted at wvarious
conditions and the effects of electropotential, current, and bath

temperature on deposition behavior were investigated,

® Steam pyrohydrolysis

Precipitation of metal oxides by steam hydrolysis in a molten salt

was tested in order to investigate its feasibility as a

partitioning method of the actinide group. ZrF, was chosen as a
surrogate material and its oxidation behavior was investigated.

® Regeneration of the medium salt

The medium salt is contaminated by fission products in the

Xvii



partitioning process and thus it must be cleaned up in order to be
recycled to the process, Recycling of the salt will reduce radiocactive
waste generation and finally increase the process economy, In this
work, cesium and strontium were chosen as major contaminants of the
molten salt and their removal was studied by means of the
potentiostatic electrolysis, Cesium and strontium can be removed from
the salt by being electrochemically reduced to metal form and then

transported into the liquid cathode such as molten lead.

V. R&D RESULTS

m Establishment physicochemical data base for metal fluorides

The collected data were systematically rearranged and published as a
separate data base report. This data base will serve as a guideline in

plotting experimental schemes of various unit processes.

m Preparation of metal fluorides

The gas-solid reaction of fluorination from metals was compared with
the tree-phase(gas-molten salt-solid) reaction in terms of reaction
rate. Though the former is a little more complicated than the latter
in process, it was proved to be more efficient in the aspect of
reaction rate, The gas-solid reactions for rare earth and transition
metals were found to be fast, but noble metals were never fluorinated
in the system, enabling them to be easily separated in the following

dissolution process.

m Electrorefining

The decomposition potentials of EuF; , NdF; , and GdF; in FLINAK
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were measured as -1.85V, -1.52V, and -1.78V, respectively, while
that  of the medium salt itself was obtained as -1.85V. This result
shows that the lanthanide would not be well separated from the molten
salt by electrodeposition because FLINAK itself tends to be decomposed
together with lanthanide fluorides., In this work, therefore, FLICA,
that has comparatively higher decomposition potential and higher
eutectic temperature, was replaced as a medium salt, showing a good

deposition behavior for the lanthanide.

m Electrowinning

Electrowinnings of niobium, and zirconium was tested by using
LiF-BeF, as a medium salt, First, the decomposition potentials of
niobium, zirconium, uranium, yttrium, and cerium were measured by
means of voltammetry at 500C and 20 mv/sec scanning rate. The
results were obtained as -0.3, -1.35, -1.4, -1.6, ~-1.7 V,
respectively, for NbFs , ZrF, , UF, , YF; , and CeF; , while -1.55 V
for medium salt itself. Based on these results, the electrodeposition
of niobium with zirconium anode was conducted to obtain a favorable
deposition on the cathode, Zirconium, then, was deposited on the

cathode by using beryllium anode,

m Steam pyrohydrolysis

The feasibility of oxidation of fluorides in a molten salt by steam
hydrolysis was investigated by using the thermodynamic data base of
HSC and JANAF table to give a favorable information that zirconium
and some actinide fluorides can be oxidized and precipitated below 60
0TC.In the experiments with zirconium in LiF - BeF, -ZrF, , 95% of
transformation occured in three hours at 550°C. After precipitation
of oxide, the salt components, even when lanthanide fluorides were
included, could be removed by vacuum evaporation at 950TC, 1X10=¢

torr,

xix



m Regeneration of the medium salt

Though used medium salts of molten chlorides were reported to have
been cleaned up by the adsorption with zeolites, However, molten
fluorides are so reactive with zeolites, destroying the oxide
structure of zeolites., Therefore, another method was introduced and
tested in this work, The potentiostatic electrolysis was put to test
in a specially designed glove box. As a result, decompositions of CsF
and SrF, occurred at lower ©potentials than their standard
decomposition potentials obtained from the cyclic voltammetry, which
seems to be ascribed to the formation of such inter-metallic compounds

as Pb-Sr and Pb-Cs in the molten lead.

V. PROPOSALS FOR APPLICATION

Long-lived radionuclides are transmuted to short-lived radionuclides
by the following steps : (D selection of an object for transmutation
@ partitioning of long-lived radionuclides @ conversion to
fuel/target @ transmutation (& unloading and transportation to the
recycle system ® repeat of @@®®. Accordingly, the results of this
work will contribute to the steps of @®@®.The development of

partitioning technology should also be done stepwise as

(i)
feasibility study (ii) development of pyro-unit processes (iii)
development of the technology for molten salt treatment (iv)
establishment of  pyroprocess (v) demonstration test (vi)

practicalization. This work corresponds to the step of (ii) in the
series of technology development steps., If a P-T cycle is adopted to
the management of high-level wastes, it will bring a lot of benefits
in economic and social points of view apart from the technological
aspects, However, some people insist on that the P-T cycle does not
have any economic merits on account of that it needs additional cost
for technology development as well as partitioning and transmutation

itself. But, on the contrary with that insists, there are also some
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positive factors that can recuperate the economic loss ( refer to the
report ” A Roadmap for Developing Accelerator Transmutation of Waste
Technology “ issued by US DOE in Oct. 1999 ). The positive factors

postulated under the Korean situation can be summarized as follows :

i) Technological aspect

The ultimate policy ( Recycle or Final Disposal ) for spent fuel
management in Korea has not been decided yet. However, if the P-T
cycle is based on the non-proliferation as well as has an economic
benefit in the future, it will contribute to the decision of the final
policy. In addition, the transparency of non-proliferation for the
recycle of nuclear wastes would be revealed as well, The separated
uranium would be disposed of in a sallow land repository, greatly
mitigating regulative disposal conditions and therefore lowering the

disposal cost.

ii ) Economic aspect

Two positive effects can be brought from the P-T cycle in an
economic point of view, One of them is the electricity itself
coming from the power generation by the transmutation system and
another one is cost reduction in final disposal assigned by the
elimination of long-lived radionuclides as well as the implementation

of sallow land disposal of uranium,

ifli) Social aspect

Since Korea has a small territory whereas the population density is
high, it is not so easy to find a suitable candidate site for the
repository of nuclear wastes. In addition, regional egoism of resident
people is so large in every district and it hampers the building of
disgusted facilities in their vicinity, Under this background, the

transmutation technology will serve as the most favorable alternative



in the management of high-level wastes in Korea and do the role of
recovering credibility for nuclear safety. Furthermore, it has a
great advantage in terms of diminishing the risk of environmental
contamination by the probable release of radionuclides from the

repositories,
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ABBREVIATION

FLICA : LiF-CaF;

FLINAK : LiF-NaF-KF

LANL : Los Alamos National Laboratory
MA : Minor Actinide

MSRE : Molten Salt Reactor Experiment
NHE : Normal Hydrogen Electrode

ORNL : Oak Ridge National Laboratory
Q.R.E : Quasi Reference Electrode

RE : Rare Earth

SHE : Standard Hydrogen Electrode
TRU @ Transuranium

XRD : X-Ray Diffraction
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Fig. 1-18. Calibration chart for the measurement of CeF3; content.
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Table 1-1 The most suitable reaction models for the fluorination

of Zr and some rare earth oxides.

Compound Reaction model Remarks
; 3-D diffusion - Activation energy:
r
controlled model 56 kJ/mol

Phase boundary

Ce0O2
model
Nucleation and growth
Nd2O3
model
Order of reaction
Eu0O3

model
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Fig.1-22. Fractional conversions of Ce0; vs, t/tys calculated

from various solid state reaction models,
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Fig.1-23. Fractional conversions of Euy0; particles with time,
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Fig.1-24. Fractional conversions of Eus03 vs, t/tps calculated

from various solid state reaction models,
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Fig.1-25. Fractional conversions of Nd:;03 particles with time,
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Fig.1-27. XRD patterns for the hydrofluorination reaction of Ag
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Fig.2-2. The photograph of experimental apparatus for
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Fig.2-17. Deposition of LiF-BeF,-UF; salts with
applied voltage.
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Table 3-1. Approximation free energies of formation selected fluorides

and chlorides at 725°C(in kcal/g-atom of halogen)

Halides |~ AF [Halides |- AF |Halides |- AF |Halides |- AF |Halides |-AF (Halides —AF
CaF3 125 | KF 110 | NpF4 90 | BaCl 84 | PaClz | 63 | AlICk | 46
BaF; 123 | AmFs | 110 | AlFs 89 | KCl 81 | PuClz | 59 | ZnClz | 35
LiF 122 | PuF3 107 | PuFy 88 | LiCl 79 | ThCls | 59 | TaClz | 28
LaF3 121 | NpFz | 102 | SiFy 84 | CaClp 78 | MgCl; | 58 | SiCls | 28
CeF3 120 | ThFs | 101 | TaFs 75 | NaCl 76 | ZrClz | 56 | HCl 24
NaF 112 | ThFs | 100 | UFs 69 | LaCls 67 | NpClz | 55
AcFs | 112 | UF3 95 | ZnF2 68 | AmClz | 67 | UCl 53

| PaFy | 111 | UFs | 94 | HF 65 | CeCls | 66 | ThCl | 53

MgF. | 111 | ZrF4 93 | PuFs 65 | AcCls 63 | UCly 46
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& &33H7] 918t cyclic voltammogram ZAgstgict. 1 ZAIE Fig. 3-
2.3, 4o LJERRLAT}H

Flinak(C.V)
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|
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0.76——— T T - T T T
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EIV

—Molten Salts(mol %) : LiF(46.5)-NaF(11.5)~KF(42)
—Potential Window @ -1 ~ -2V

—-Cathode Electrode : Ni (OD3.2, Depth 26mm)
—-Reference Electrode : Ni (OD 3.2)

-Temp. 1 550°C

Fig. 3-1. The typical cyclic voltammogram for FLINAK

Eu -Flinak(C.V)

P o---5mV/fs
= ~50mV/s
~-200mV/s

E/V

—Molten Salts(mol %) :

LiF(46.5)-NaF (11.5)-KF{42)-EuF3(1.1)
-Potential Window @ -1 ~ -2V
—Cathode Electrode : Ni (0D3.2, Depth 31mm)
~Reference Electrode : Ni (OD 3.2)
-Temp. 1 550C

Fig. 3-2. The typical cyclic voltammogram for Eulj;



Nd -Flinak(C.V)

-0.75 2
e 50mV/s ’
| ——-200mV/s |

0 -025 -050 -0.75 -1.00 -1.25 -1.50 -1.75 -2.00
E/V

-Molten Salts(mol %) :

LiF(46.5)—-NaF (11.5)-KF(42)-NdF3(1.1)
—-Potential Window :0~ -1.8V
—Cathode Electrode : Ni (0D3.2, Depth 18mm)
—Reference Electrode : Ni (OD 3.2)
-Temp. 1550

Fig. 3-3. The typical cyclic voltammogram for NdF3

Gd-Flinak(C.V)
-3.5 =]
-2.50 | smvis
| ---100mv/s
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-1.50 -
~ -0.50‘
050/ - T T
" ,7/
1.50, '
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-1.00 -1.25 -1.50 -1.75 -2.00 -2.25
EIV

~Molten Salts(mol %) :
LiF(46.5)-NaF(11.5)-KF(42)-GdF3(1.4)

—Potential Window & -1 ~ -2V

—Cathode Electrode : Ni (OD3.2, Depth 26mm)

-Reference Electrode : Ni (0D 3.2)

-Temp. :5507T

Fig. 3-4. The typical cyclic voltammogram for GdFs;



23 Az}, ztzte] B3] S FLINAK base(KF) = - 1.85, EuFs
NdF; = -1,52V, GdF; = -1,78Ve]git). ¥3 2%
3= Fig. 3-58 Zo] & F7lof uwhet Esjr ol %BE‘}—E— 3%
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Fig. 3-5. The effect of decomposition voltage on temperature

AL E3MAY ool o] FojAHol dt=d olE JAY
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hydrogen electrode, SHE or normal hydrogen electrode, NHE)
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22 4 dFHo] w9 fugacity(H,& o|7IAet 7183t 1 atm)
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o] wj Hz|utZo] Hojsl= HIGEL] EEEI BEF 1A FF 7]
UElUE 7 A2 AE TEATA(standard electrode potential)e}
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sict.
E°=—AFY nF (3-1)
A71H AFE AL BEAAAFAUA L, B EFE 714Y, F& 1}
gidlo] 4, nd A7|Eehubgof Ho3t= metdo]d] Fojtt.
o] 2 EaAz MA X AU AZ I HTAE, H

maelolq A3 W, A3 23 5 ol s w4 gEel 9

A7 E FHE EF@ol tigt o]EFHU nAE APITh cellZ F
A23 S EUIEER o] FojA &, cell?] 71AY, & F&L/FHEIE
/BAINAE BRG] it AfeuAE ] BA girh

o] zhGoURME Y] wEH FHEIE, F& 2B 7T BFEE

githd A4 ARolUR], AF, o B4 EL g Ao AAHTL

AF% = AH% - TAS® (3-2)



A714 ASE Bepge] APET weEe A= o] ofch
208.16K o[ 4ol LEold AFE @7] 9lstel Theel Alo] ARgHT}

d(—=- AF? ) JHY

dT T

U AR 228 ¥4oln the AoE EHHE A4ET 1sEe

AE3 Atolo] WL
aHS= aHy+ [ AC,aT (3-4)

o714 AHGE 298.16Kol A A A HE ALY 5 93 AGE T 7

& AlofA €& 4 rh
Acp=4a+(4b)T+—§’§—’ (3-5)
oq7|M, a, b, c= &g Frolth. ¢ A& iyshdA

4H} = AH)— (40T <AL | e (3-6)

o] AIE ARl YA] Aeof st
AFY= AH} — (4a) TinT— _M_gm +1IT (3-7)

o] Mg HE AP 2 U4E Folhrh wret aFhet AHMT} o= 2
ol @& 4 olthd FEAE L= ANT 4 Utk 19 AL 25THA
chloride & ol that Aehe] 3 8x) W3k, = 3 = Wol(first

transition), A E(metallic chloride)3} ‘ﬂ'—gg(metal and chloride)?]
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Table 3-2.Standard electromotive forces for single, solid, or molten
metallic fluorides(E™ V)

Metal ion 450C 500C 550TC 600TC 8007TC 1000°TC
Eu* 5.874 5.834 5795 5.756 5.602 5.453
Li" 5617 5.564 5512 5.461 5.256 5.071
Ca” 5.646 5.603 5560 5517 5.350 5.182
Sr” 5.643 5.602 5.562 5.522 5.364 5.203
Ba” 5.588 5.547 5.507 5.468 5.310 5154
La* 5.448 5.408 5.368 5.329 5.174 5.020
Ce” 5.376 5.335 5.295 5.255 5.097 4938
Nd* 5.286 5.245 5.204 5.164 5.004 4.843
Na" 5170 5.119 5,068 5.017 4.818 4,529
Gd* 5.236 5.198 5.161 5123 4977 4,836
K’ 5.070 5.017 4,965 4913 4674 4,355
Y 5135 5.097 5.059 5.022 4.876 4735
Mg”' 5.056 5.013 4.969 4.926 4.746 4567
Eu* 5.048 5.010 4,973 4935 4.790 4.648
Cs' 4783 4733 4,682 4632 4.367 4.055
Th* 4.600 4565 4.529 4.494 4.355 4.220
7r* 4,493 4.458 4.424 4,389 4.255 4,123
Be” 4.435 4.407 4.379 4.352 4.247 4.073
Vogll 4.276 4.242 4.208 4175 4,045 4,964
u* 4,252 4.217 4.183 4,149 4.015 3.881
Fe” 3.126 3.094 3.062 3.030 2.905 2.780
ca” 3.068 3.035 3.002 2.969 2.826 2.605
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Fig. 3-6. Systematic diagram of experimental apparatus
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J. Thonstad [3-5,6] 37} TadJolx HsjFol wyshd
I EA gutAlole] ARAYL = 3
& VoA 140v7kA] 7S] 71T stlth olE ol A @&Fn]

Uel Asle et gol Adste
2/3 Als03 + C = 4/3 Al + CO,

¥z F It WAASHE 7IAF Ryt AR EAsted], o2 847 A4
¢t d& 01 Bl&dch=s A& onigch
28 odo]A] graphite X carbon anode®] potentialo] Fx} ¥ uj
AR= %%aii gkl gt oufE dARRE
cathode density)z} 3td, olF FA3| W o2 Wit FFEIATL
A|ZEE wojrt. ol& W cryolite-alumuna -&¥ oA £4°
d uwf ~0.1A/afollA] LFnUe] =7t FUHgt] wet SFARLET} T
7¥stod 14-20A/cnf (352 Q] ~14 wtwAl,0;, 10207 )of &itct,
ojwje] Wh-gA2 tiZzt Zth
2/3A1,03 + C = 4/3A1 + CO, (EF 7]AY : 1,16V, gL} 1.4Vo[dlo]
A& overvoltage wiEol A{F7} ol A &F)
4/3NasAlFs + C = 4/3A1 + 4NaF + CFy (E& 7]A¥ : 2,5V)
2/3NasAlFg = 2/3A1 + 2NaF + Fo (ES 7]3Y : 4,42V)

3t cryorite

B Aldoas F23F AH el H A7} (seamless stainless steel)E AHE

st el ©hAZEY Abgole obfF EAIZL WASEA] YT

(1) £ A
E2RRITES FTZEE Y2 Q8 yEHSR AMEHTE I
o= Integrated Fast Reactor[3-7171@ol 2J3] X223 go] FHIEY
o2 A=Y, £EH2RY FEHARE F &= AFE IR

A|



I Qdrh X EFELS FE Kroll process[3-8]o] 23] AArEx|nt Z<&2]

S= Dol Aalo] et Wio] nAA EHEE §8dold Hslo] v

E3E BA FAFH A ML= ACH3-9,10].

a8 AFZEE Hola pull-out factor(A&H Zao] 3t 242
]

H])7} shot o} BEcAE ohlth EF &§ FIEZOAMY FH JIx

N,
44
=2
=<
(2
2,
-
N
-—1—1
M,
1o
o,
o
i)
X,
<
3
=2

2L
(e
44
2
X
N,
12
a3
o
1
i
(e,
i)

Zr{on Zr anode) — Zr>'(soluble) + 3¢

7} dojdt}, depositi= fine dendriteo]il SZAFHFLLE L2AFUR
(ced : cathode current density)ol uwig} Z 713ttt

d &3 BN(Boron Nitride) tube sheath® Zr#}z wigl HEwob i85}
993 Q.R.E(quasi reference electrode):=  wW=2(1,5mm, 99.9
counter electrode= ZTAE7IL](99,.9%)E A}&35tgict A& ¢AAFR
Aol A =3gstdrt.

olE2] A¥ Aol st HFHA ZrFe®] cyclic voltammetry(ZrFy:
0.5mol%, LiF-NaF(973K),d S3)olAd= F 718 cathodic peak”} U}E}GE
th cycled] |7} 3 Wzl peakt F WA peak A9 Atojo] 7t H Y uf
2} 2tet peakE 7HH At/ BY Moo= Y 4 gtk F HA| peakE o]
e v7tgFola, T A peake ZH¥Foltt 2 ot R WA anodic
peak®} cathodic peak?} 7+ ¥z Brl A2}z 37] wfjFo|t}.

HNEH N2IEFEHY SYF ' BEFYY EE wslr] 9
973Kl A ZrFy 7} EFH LiF-NaF-£EF22] 2 EFRY LIS &Fsg=

o, T yhges BAY & Qi)

o

—_—



3ZrFy + Zr — 47ZrF4 (3-8)

Z HN&2H A=2IETEHLE L8 I ZrFeb uheste) ZrF7t ST
(3-8)2)of tfdt X EFZFS A4S ZrF4(0.5 wol%)2] 1/38 & BEE 3}7]

A3 & ANEIZEIFSS FUISIETE o] &8 V= ©HA] 171¢] peak
Tt E 4 913 o] peak®] A= F WA peakd} LX|BtAtE R HA| peak
= th&e ®ihgoletal etetEH,

Irt + & — 7™ (3-9)
F WA peak= T ®hgolztal BZHHr)

r¥ 4+ 3¢ — Ir (3-10)

sty Aol AT FFEeutgolr= CVrt HstA| 7] wiE
o]] PSCAL} CRC(current reversible chronopotentiometry)E& ZrFs7} E3H
guol ESIAE ol Zr plate WIS AMEIEE 8F IFi
(3-9)2] wkgol &J3) ZrF;2 H#|HTE

PSCAo] 2]3] €& Tafel plote ZFAFUE(exchange current
density)= QEBrE ZrFzof FH3l3 20mA/af &2 FAHFHCE AFAFLUEE
ol ZJ] wfFel Zrd] ¥F&3Me= A7HHH LR FtYREZo|tt. AFAF
W=7} ZrFsol B#3Ici= A2 £3)]/4 &3H8-0] Sakamura®} Kirihara[3-13]
7} AAIEE ulel Zo] thEe] arFofA thEe] uhgo]l forward?} backward®b
S0l & FEE AL

Zr — Ir’ +3e (3-11)

CRCo]] £]%t chronototentiogramol 48] ZAzl= okZnbgo] SIRHE R}

wha] A8k,

Zre] H&L dBARFAAM +Y3tdct. ALH chargews 650CTE ¢F
3tA stk ALY BE Ffol &&ol 10055 FEsted], o€ IrFsE A
21517] 18 ZrdSolld ZrFeoll &3] 4njd 2oz AZpdrh ®Hd RESH
(3-9)oll &3} RE ZrFo} ZrF:2 AREATIE GFAFEE] oy g3t
S92l 7lodE o 40%7t E Zolth o] & shH ZE&2 of 100%7t H
th. SFAFLET 71 wel FIAFELEE SIS AT &
A= ulete] Hol: AL FHE XRDE F4F A3} ZrZHold=d ol
e 23FolA ¥xd Zlez itk



M.A.Steinberg S[3-14]2 NaCl AU (LF 2% 800-850T )L o]&
3lo] steel shell?] UJH-E graphite® coatingdt Aa|E A}L3le] €84
S5 =] A sto] AFsigrt. 1 H3t Table 3-3ofA4{2} Zo] KoZrFs
7 %2 30-35%d wf AFHESEO] INFEE MY I, 2=
T5 o] TPt 800-850T 7 vIHA(ARAEEE o 60%)3}
Tl A& dodth o] wfe] =AL

- E(volts) = -5 ~ -6 volts
- Current denity : 300-500 A/dm?

2
of

ki

N
Hr
o

- concentration of 20wt% by weight of KyZrFg in NaCl
ol JlEl Wt 2 AR wA| gk, WHES RS coarse
crystalline dendrite(Arc melting® 2 consolidation)gem -2.0 ~ -2.5
volt o]Atofa] RtE& QHEl depositE AT} E3F o} u|Agt Ax}st A
257 oA 5] AsiAE 500mA/dute] LSBT Lol IR H4g7

dFE&2 vha3t Zrh

Table 3-3. The yield and current efficiency on temperature

Temp(T) Yield(%) Current efficiency(%6)
790 715 435
800 76 63
860 805 61
920 70 43
1000 90 40

R.Winand[3-15,16]+= NaCl(750-10007C) #3}jZofre] A3 ut-Zofr o
ol F 7}A] ®Ego] Jhssitia stgtt. &, complex anion®] A E gl
chloride ion®] W&l T ZIoME= Ar|go] H&3IR] 3 23
B2 AHEnkgo] dojdtt oA Hajrl EEFA] 43, IAFUE

2 drhs 71E0A dojdria sttt

2§

Ir'e FUUAE ANA 4D 2HOT BAHYAD, 24§ zroL u)
Bol 422 M A AFUSAT dH o Yojyn AFUES =
Jtetol wiebd HAE HE HAHQY, FoT YA Aol deHow o
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ot 3} HAL complex iong] EIE doFrt o AU A
Hee] & H‘:',‘-?—]oﬂk] A AstAT =3t ohmic overpotentiale] ¥ojiLl=d]
= 238 # = 52 A3 filmo] 23 ZoE Az
IEFE CaCl,-BaCly-ZrFiE A A 2 AFE-3t AP o)A mechanisme NaCl-£-§
A3} FarstgAIRt £ F97F o ¢A3EE complex iono] EHUFH W2 4
oA graphiteollA] HA4] WAFL ¢, NaCle] Z-FHTUIE Nad] JAE
Tl= o Ca®] F4jo] &4ith

Winand[3-17]% chloride-fluoride@ oA Zre] L2 3 AR dojit
tlz stgch &, NaCl-KC1-ZrCl, meltE AFE3}e] potential vs, (ig -
i)/i and (ig -i)®] semilogarithmic plotofA] -0.7, -1.0(vs. silver
reference electrode)?] ul¥}A$|E 7} quasi-steady-state limiting
current& 7HA R& uUepdch 3 F AxLe] JHgRbgol thsix o]EF
Ql 2.3RT/nFe] 71&71& Uehial 0,704 3ol Aﬁi—i— %32] deposit&
UelA] ook, ol 3 Hzle #doa] WA WH-EE0] meltod &
P ou|gtcta stHch -1.00]A WA deposite= —‘u:— Hal FdolA
AP w-g=olch

olE¢] AMNANE voltammogramS F 7§2] peakE LIEPATE. linear
sweep voltammetry Hol o3l Ar|ztstad &3 Zz}, R A F HA
peak currenti= polarizing tension superposition rate(I, - V'3 e A
of dygez o&sln, A WAl F HA| peakst wol EsA Y=rhe
Az gEo] AFFZHoNA F DAV AHGFUS uiel AEIE] 3
Hal FA3Fol Foishs ALY S thd A& o8 + AUrh

RT
Elp— E}=2.2-"= . F (3-12)

X 1013Ko A

El,— El=2.20-192 (3-13)

n;e] WFAQ Zhe AAHFo 291 rh uwlebA Zre] BURESE thE Y
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F TARE 23l
et + 2¢7 > Ze¥, Ir? +2¢7 —7r°
IE 3t NaCl-KC1-KoZrFy, KC1-KoZrFs, KC1-KF-KoZrFs meltE o]£3F Al o] Azl
+ th&zt Zth
o BAAAEN?] voltammogramoll A Zr2] FTH-ZZoJA g 7| & waver} W
2t
o log(ia - 1) vs potential plotollA] 47§ HA} 719FA o s|F3t=
oMl 712718 7Hd FAo] ekt
o &30 MBEI} 1r24T DEHN UL,
o linear voltammogramojjA] integral ¥ differential curve EF
Bdoll A & 78] peakr} HHHCTY

o linear sweep voltammogramojA] S Az}, peak current: V%o

O

o,

Zg}tli Y St= vbH, peak potential2 polarizing tension superposi-
tion rateo]] &J&E31#] 9=t}

o peak current®} peak potentiald H%2] Fo|t}. peak current:
Zr(1V)ol] Av]# s} peak potential e KiZrFsd] H=7} Z713to
utel Bt} ] 223 cathodic)d] At AFEFH S ZF  chloride-
fluoride meltofjA] fluoride ion®] Z7}3o] u}e}l potential S 2
e oF oL,

o Ire] TelMe] & wtAL] NI F= FAR KFE o] 80%7 €
wj7tx] BEECE KFY 2& US F7MA714E e} K] A &o] o
o tte= Aol E="SA HiAl, Zr curver integralFdolA Fof
XA Hch ZE£AHORT Manning?} Mamantov[3-18]2] X|EFF2] |
oA four-electron one-stepol X]gtc},

o KZrFeE 373l chloride-fluorideZ3tEo|A A EF 2 four-
electron stepol 2j3t Y] ZAL Table 3-52] A EIEAEY
A AZA uveldth F, Ir 458 FAEEE KiZrFe?] T3
BFE WA Yt o] A LHolAE rfol2o] HHE Wi,
chloride melto] M 7r® + Zr' —27r%2] By o7 7 s1A 7Zr™ el
o] o] FgHrt.
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G.J.Kipouros and S, N.Flengas[3-19]+%, LiF-NaF-KF(FLINAK) 90w/o +
ZrFy 10w/0(750C ) 2] E3HES ©] &3} cathode current density 100-300A/
mollX AEFES] AP E TRty 48 2= ke P

o fluoride-rich electrolyte®] Z-$7} chloride-rich electrolyte?] 7

Sur} Rr} e Ue AEL

o AFS ditd o R EWdl, Wolg] = dendriteEfQld] dendrite

Gl

428 9g 4 Ut 3, 2wy A
o NaF-LiF(40mol% NaF, mp 652TC)ojlA&= oZtg] 242 WAL B £ ¢

A7} 2 140-420 nV(ced 30-120mA/ont). olwh 5w/o?] ZrF, mi
AMEE FF(olwle Zr metal)E ARESIE ofdel AEFS dgirh
RHESte] ALEShH AFe] Az} AR{FAEZ] HoiAc),
- SFAREES W oy, JIAFAEL 10055t &}
o 10mol%NaF+ 4bmol%KF + 45mol% LiF, solute : potassium hexafluoro-
zirconate
- 829 TRV SIS AES o] JFsich 239 AR
HE2 18-97%. ccdF7to] nmhet A{FAE ZaFich
- A3 F Eelgo] WALl
Zr + nKF = ZrFn + nK ( n& A& 49 71712)
potassium electrolysis wj&o] olut}. &, meltr} L303Fx}ju}x}
potassiumo] HAASIIL o] RAZ FFI} depositE o] E£AHE 7|H
=2
- pre-electrolysis7} H Q (12 A]7})3}c}.
o fluoride-type electrolysisolA] F8 23Fvhe-2 23} Zt},
ZrFe + 4e” — Zr°s) + 6F
- ¥ WS e 2= XElgmo] WAL potassiume] UAE TFII] ¢
e oF7te] alkali-chloride® #71std FHiy], o] &It r}g
2] Wbgol 23 Zr'o| 28] BeEE F7iA It
6C1" < ZrCls" + 6F

14

—104—-



2, o2 F NkEel o3 AEIFird&d s €4 4
it

=

- o] ¥t HAE Fol7] 3] electrolyte?] conditioningZ 3jo]
meltE A 3}s

A7t A EARwFTE WEC Folof Trl

o
o
fd
o,
e
A,

A2 A7/MAHYE -1.2, -1.3, -1.5, -1.8, -2.0, -2.5V& ¥3}
A1 A, ALY Aol inert anode thAle] F= basketo] RE2IHLS <
3 3%t cyclic voltammogram Fig., 3-100] Ueh gttt oA BZo]
A 23w AL -1.5VE F3H sl

Zr-Flinak(C.V)

~10.00
-7.50

-5.00

0 -0.25 -0.50 -0.75 -1.00 -1.25 -1.50 -1.75 -2.00 -2.25 -2.50
E/V

Fig. 3-10. Cyclic voltammogram of zirconium fluoride (scan rate 5

mV/sec,, window potential : 0 ~ -2.5V)

AHAY A SR EFEY AU -1.5V o]ty AstAYe A=
HqEo] dojubA] gk, -1.5V ojeM F2I HE AE ddch 7
AAAGel A HEH 32 EY2 Fig. 3-11% Zth

Fig. 3-12& 71 WElo] wiE A=23wd IAXEZE UE 1l
o SMHU(F, -1.5V) o[stollAs Hao] HF o] Folx]A] gkl stA

—_—

i
N
0,

—105—



o) F7tel mhel AAGEs 343 FAUS Ushdnh 2,508 ARy
Al oF 602 Fol ARol FAS F7HALY oIFS KF Ei NaFe] 3

(]
2 Qlsjo] EE}gI} 280 44W Azteln Azt

T—

-1.8V -2.0V -2.5V

Fig. 3-11. Deposits obtained from electrorefining of =zirconium

metal (FLINAK, 5507C)

10

Deposition Rate(g/H)

T T T T T T T T T T | B T T T
1.0 1.2 1.4 1.6 1.8 2.0 22 2.4 26

Applied Voltage(-V)

Fig. 3-12. Deposition rate on the applied voltage

—106—



/.

50 ~

| I ] 1
o o (=] o o
A3 (] N -

(9% )A18A028Y wnluoonz

26

24

22

20

1.8

16

1.4

1.2

1.0

Applied Voltage(-V)

Fig. 3-13. Zirconium recovery yield on applied voltage

2 yehd Zeld vt deke] F7tol uwiet ¥

R et

wrt

-2, 5Vol A 2]

Fig. 3-14& AXE F2| N=3E3 UAY dFS IAY 2HLEA

7hol of

7t

o] RE -1.8V o]4re] HJolM HIGE

-1.8Voll A
2 HEE UehiA]
ALshd UAs A" 4 basket7l ASHA FAE7] AFREE on]

— -
==

SED

3l A

grch,

ol
1S

R
T

i

b

of N=23E UAY =71 BF F7

—-107—



lo

-1.5V o]3loll A8 AL Fig. 3-150] R v} Zo] 23] FL ul
H, -1.5V olAtell 2] FHBL Fig, 3-160]4 R uigl o] Frstgich

lo,

20 e ————— T ——
|
15_ -/ |
_ —
gi ) ]
c
.0
© 104 1
= . . .
S —a— Zirconium Concentration
g i -—e—— Nickel Content
O 54 ]
/ .ﬂ”—d_‘—.v“_—_—> e
0 — . e
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 26

Applied Voltage(-V)
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Fig. 3-26. Chronopotentiogram at -1.6V

U-Flica(Eu,Nd,U,Gd,Ce)

-9.50 ﬁ
-9.00+¢ |
-8.501 |
-8.00
-7.501
-7.007 N
-6.50+ " o
-6.00- | B
-5.50 . .

-5.00+ ﬁ\m/ﬂ\,

-4.50

0 4Q00 2000 3000 4000 5000 6000 7000 8000

Fig. 3-27. Chronopotentiogram at - 1.4V

—-117-



U-Flica(Eu,Nd,U,Gd,Ce)

-10.00 ‘
-9.00+

8.001
7.00-
-6.00-

1R800 2000 3000 4000 5000 6000 7000 8000

Fig. 3-28. Chronopotentiogram at - 1.2V

7 A1l

A7HYE F

Fig. 3-29&= E3E59

LI
=)

=g} S
dee sl WsleA] ¢

L
o

olZZ Mol uji {A o] FoA|

HE7h glelrt

-ty

3 24

2=
=

3} A%EY wE

ol

2HA dojd

F7hHe A¥E Uehdeh ofd &

o] UFy KT} ut7] wf

et

3]

)=}
R

2 ZrFs8]

-AO

o}

—118—



Deposition Rate(g/H)

Fig.3-29.
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Table 3-4. Comparison of rare earth metal concentrations between

salt and deposit

ir U Ni Gd Nd Eu | Ce
salt 3.5 10.320.21 |0.13 | 0.12/ 0.14| 0.15
t-0 deposit | 11.3 | 0.55 [0.25 | 0.06 | 0.16/ 0.09 | 0.08
salt 3.0 |0.48 | 0.27 | 0.25 | 0.31{0.30| 0.29
-2 deposit | 16.8 | 0.43 | 0.47 | 0.14 | 0.26| 0.23| 0.21
salt 2.9 10.54 | 0.15 | 0.34 | 0.47] 0.50 | 0.45
te deposit | 13.1 | 0.68 | 0.78 | 0.27 | 0.48| 0.40 | 0.34
salt 2.2 |0.71 [0.18 | 0.45 0.59 | 0.65]| 0.65
6 deposit | 2.9 | 1.4 |0.23 |0.30 | 0.56| 0.44 | 0.44
salt 2.2 | 1.2 10.24 | 0.58 | 0.93 0.76 | 0.77
-8 deposit | 5.9 | 1.2 |0.44 | 0.50 | 0.80 0.59| 0.56
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Table 4-1. Initial conditions for the equilibrium reductive

extraction experiment at 500°C

Component
500C
LiF-BeF;
ZrFy NdF3 Bi
(67-33 mol %)
Weight
34,262 1.778 2.115 135. 243
(g)
Li-Bi(27.6-
72.4 at %)
mole 1.0417 0.0106 0.0105 alloy input:
Ist: 5.121g,
2nd: 5.130g,
3rd: 5.010g,
4th: 5.112g,
mole % 98. 0147 0.9974 0.9879 5th: 5.771g,
6th: 5,738g,
7th: 5.610g
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Table 4-2. Properties of the chemical reagents

Reagent | Purity(%) Company Form
Bi 99.9 High Purity Chemicals Granule
Li 99.0 Aldrich Powder
BeF; 99.9 Alfa Aesar Powder
LiF 99.9 Rare Metallic Co,,LTD Powder
CeF3 99.9 Rare Metallic Co.,LTD Powder

EuF3 99,99 Rare Metallic Co.,LTD Powder
GdF; 99,99 Rare Metallic Co.,LTD Powder
NdF3 99,99 Rare Metallic Co.,LTD Powder
YF3 99,99 Rare Metallic Co.,LTD Powder
ZrFy 99.99 Rare Metallic Co.,LTD Powder
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Table 4-3. Initial conditions for the reductive extraction experiment

at 500C
Component
500 oC LiF—Ber Ll—Bl
(67-33 YF3 GdFs | ZrFy | EuFz | NdF3 | CeFs Bi (30-70
mole %) at.%)
Weight
(g) 34.278 {1.617(2.382|1.857[2.310/2.234|2.184 {105.908| 42.825
g
mole 1.0422 10.0111/0.0111(0.0111{0.0111{0.0111/0.0111
mole % | 93,9971 [0.9996(1.0039(1.0016|0.997111.00130. 9994

Table 4-4, Initial conditions for the reductive extraction experiment

at 600TC
Component
600°C LiF-BeF, Li-Bi
(67-33 | YF3 GdFs | ZrF4 | EuFs | NdFs | CeFs Bi (27.6-72.4
mole %) at.%)
Weight
(g) 34,279 11,626 12.397 {1.858 2,322 |2.238|2.183100.886| 46.784
g
mole 1.0422 10.0111(0.0112]0.0111(0.0111{0.0111]0.0111
mole % | 93.9793 {1.0049,1.0101|1.0020(1.0021(1.0029|0, 9987
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Table 4-5. Initial conditions for the reductive extraction experiment

at 700C
Component
700°C LiF-BeF, Li-Bi
(67-33 YF3 GdFs ZI‘F4 EuF3 NdF3 Cng Bi (27 6‘72 4
mole %) at. %)
Weight
(g) 34,160 11.60312.37411.857|2.319(2.239)2.184 }100.915; 47.265
g
mole 1.0422 10.0109|0.0111(0.0111(0.0111|0.0111(0.0111
mole % | 94.0027 |0.99101.0006|1.0017{1.0010|1.0036{0. 9994

Table 4-6. Initial conditions for the equilibrium reductive

extraction experiment at 500°C

Component
500 |LiF-BeF:
( 67-33 YF3 GdFa Zr‘F4 EuF3 NdF3 CEFg Bi
mole %)
Weight
o) 34,262 | 1.617 | 2.375 | 1.858 | 2.318 | 2.239 | 2.187 100. 915
g
Li-Bi(27.6-
, 72.4at. %)
mole | 1.0417 |0.0111|0.01110.0111|0.0111/0.0111]0.0111| @lloy input:
1st 11.116g,
2nd 11.127g,
3rd 11.080g,
4th 11.809g,
mole % | 94.0027 |1.0000 1.0014|1.0026|1.0009|1.0021 |1.0012) _ 11, 756g,
6th 11.847g,
7th 11.720g
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Temp.
(K)
Solubility 0.078/0.82 0.66|0.80/0.89{1.79|5.86|2.14(0.46| 773

Solute Y La Ce Pr Nd Sm Eu Gd U

(at %) 10.19/1.80|1.57/2.03|2.03| - - 14,2211.18| 873
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Fig. 4-13. Concentration variations of fluoride elements in LiF-Bek;
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Fig, 4-18. XRD patterns of Nd in the Bi phase,
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(B) Layer B; 7 mm below the top
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(D) Bottom layer

Fig. 4-19. EPMA analysis of top(A), 2nd(B), 3rd(C), and bottom(D)
layers of Bi-phase after reductive extraction of multi-

component fluorides by Li.
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Fig. 4-20. Spectrum analysis of the spot of figure 4-19(C).
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Concentration of Reduced Metals
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4-21, Distributions of reduced metals in the Bi phase.

—162—




2R Hlamzo] BdFdol EHE7] Agstd A% A3 Xl wel
2 ztolg Uehde & 4 9.

HAEA AH 38 BY F4Y HUE FHE 2A] 99
3 B4 stdod 1 AAE Fig 42200 Uehjgnh o 1
292 Bl 24 AUE Yot Aol7 eS¢ £ Ak g
2t F3E HelE B, BiCe, BiNd, BioZr, BisYs W BiLis7} ¢lom A3}

et

X-%
2.
=
al

EI[J l-II r_s.,
rE‘. HHH orm e

¢

-?: Y203, EuO, ZI“Oz, EU.203, Nd»03 %_Q_E ‘?‘1515101 9,11:}- OI *}'E]- —% ]
ol Foll F8H ZALoE uighEc)
5. A%

HeERol =2 7 TRUE 34 & FAIS7] ¢35t
StedTh Ak, #|AUA £ el SRR e B
A& AdA/AzstelTh. LiF-BeF, £3F §-8¢doll glojA RAdulol] whE Alej
2, &8 25 wE ¥E4Y 4 F= 5& E¥L B3I 2

23 BY AE2=d £8§2=71 500C ofstolm, M=ol X o] zt
Z2391 67-34 mol% (LiF-BeFs)& A 3}4it).

ZrFy W NdFs& TRUS} RrERLtOl=9] o] 42 AF3 EujE4 Ao
EFYH 2lg = WE uiAlS J1&7E AEIEC] UetERT ¢
1000 E& FUsigch =3, 6 2o thE E3HE(ZrFy, NdFs, CeFs, EuFs,
GdFs W YFs)ol th¥ T A stgrh 500ColA e Tl AP A oF 2
A7t Zoll B¥o] =estgct. 2 al ZrFot MR o) ZJ 5+ wbd
EuFs= 7P fdlo] AHE o 4 dUth YR} GdFs:= w3t B A%
Ve gt B4 Fo] HlAEA A Z&e EIEEA **é— Ee Ff
F3 el nlaBAet F47 AYES P4 Aol BYH 2L

LBA oA A FuiAEE X-A FE B, A €F oy 24

& +%3te] FEsHTL.

(o

flo 2

R

offl



BiCe
¥ BiNg
Bi BiaZr Zr02
Y203 EuO
i »3 Bi | vl
il >l x.ll..L.l{l fh Lllﬂln‘llxlll.mlll“ Mumnl.mm. Aml.d (A A i
K500L-2
BiCe
] ‘ 7102
BiNd Ew03 |BizZr
Bi3Ys NdO
Bi
Bi

K500L-1

Intensity

K500L-3

K500L-5

Zr02 Y203

Y203

Ew03

Fig. 4-22. XRD patterns of reduced metals in the Bi phase,

—164—



A 5 A @rteEs] 2 NFFFol AT AE 2
1. BB8YF 4833
7}, @ Alo} WIINM 23

19961 % Ao} ITEP A ofx F@|sted ISTCo] &3t “A study of
Gas-and Molten-Fluoride Separation and Transmutation for Accelerator
Base Plutonium Disposition Waste Treatment”g}l= TEZMEZL Qitl o] X
EAEo] Ho{g WIINM dFAE= "2§ EIE HE2 on-line g
B A 9 dele AAE AAStAcHSE-1], U AAE FFL A3
A3 AT AFH FFo] ohd A FHolth uwely B A
Aot A AAE FHE AR 2 A7 Ad 2HE EUE A=
TRU 9! RE 2|33 & Atz stodrh ool Asta gl £
A2 &89 ARE AMESHe ZMgTlolth 71&7)e) /‘}*‘9-531h %
(molten salt)< NaF-ZrFso]| ¢l o] A4HAE(TRU L)
HYGT FUst 715719 =ilolM AEAeE AT ofu) *%7‘1 2| =2
2E&S FUAFI7] #I3t ES SV EERY F4eEIAFS Esie
ol "Washw, galotollM A ety FEI FAHL Fig.5-13
Fig. 5-28} Zt}.

.l.lolil

mlo 2 18 do rfr o

oh Z2a &8

[+

(1) &2EA2 iy SZA UFsH| A

W By BA fehee &4 S w $2 gos 2w
Azlg oy B2 F4EUFS YA tiBel BEEAEE 74
of F3t7] A WA W AANAF wr}, EMOM] Ae sEAY

<t 2
BAFOERE PehES B st SAFHAY Roj4 o

4

232) #7b glol AASH: Gas-Fluoride £ R E Fig. 5-13 Lol A4
sia glth. o] BFL LWNIY YAS TPSHe w[H AR BESY
A= s 22l 4 v}

—165—



(2) Noble 7}& A|A

7}2&712] Blanketol A ¢BEH L glE £8E 4FHE Y +E2=
golmzd L27 600CE WAE o TEFEY dZH by-passUL
ByAch el &7 ERE wEE 8¢l Noble 7tAE AASI
95t 288 AG(700C~750TC)H 7|E U7 (bubbler)o] YL 70
0C~750CE oldA 7l 284 7tA(Ar, He)E §8§8ol Eolded F4H
By 7tAe) g7 vl /1 ZUA7E BT wE7tAE T B
Fefel NaFE 93 AE BHANA Ik E FHALCL olwf 3Tl
NasZrF; SHHE(8-873:850C)0] =0l RRFU2ZAM A7) F5& ATt
A7]A "t 223 NaF oJ 7)ol A ZrFe} ulse3t 3E(Rh, Ru, Nb, 7]
El gEd AEE) 94 NaFi} Agste) ¢ HFPES vHE7] w2l
271282 AASE 7&S HEE A7¥ "ert ok Y @A Ve
Aol Ae vl ORNLOM AABIA e AAWHS AHEY oFd A 2
T}, aela 7|Ee Y 71&E ol&dst oA FA" TtE Fol E
Aste A=, AYEID 2L BELLE SFAI7] st dZFA e ThA] B
LjZict,

(3) 7]2<(Noble metal)Z} Semi-noble metal®] A

28, wehE, BeHdE, vernee] HE2 w5 ORNL F87E
Zo] 28@o] &8 ot 54 A2IEI AEY o dojdrh AE
AT} 2ede FEL o 60T mAT LAHF Zr(0.3~0.6mm) A4S
& E33 2898 st Zo] F3pHolrh. 2yt WA Noble 7h&
R AZA3} Noble, Semi-noble F<2] TAFHE FAlol Zo] AH&she 2
o] g &HY FHolth & F Y H(IHA &8AH} EHHE Ir B
o] 7tEE BEA JA(He, Ar)E FAISIE F AL EY FEel Tt
S3tth. o] w JIZE UAAANIIE =8 7}*91‘ A JtAEE A UE=
=3 AANE ol AN2IE AHF %Jrﬁ}‘—tﬂ Wit € 4 ol

! TR £EAeE A 28"

[s]
A2 % Yk



(4) &8 HolA MA(minor actinide)®} Plutonium AF3}E-¢] AA

AH HER davt AFE ez THAFHE AL 2isiy
E&EHo = Pust MA EIES A3EER FAAIE %7}*’?“-“?’:
HEH F571E 44 T2 Y (oxygen source) 88 AML3L] wEo)
B

Zof
MY UESE glol JHssith. olml 850~900C7HH] st 4278 I
23

B

o, A (T n&

=3 noble, semi-noble F&o] TIER] ¢t LgHo| At J]-

. ™
Spent Fuel

\_ + J

Zrtomelt [ Striopi )
preparation ripping y

* Fuel core
4 A
Grinding
. J
Purified v Powder

~+—— NaF

Fluorine
Fluorination
y, Residue to melt

+ Gas praparation

e N
. Dust to melt
Forecooling —> :
preparation

\_ J

+ Gas
( S R Absorber to melt

Filtration — reparation

L ) prep

* Gas
(Two Stage purification of )

UF, on NaF UFs

x g ON Na J

{ Gas Absorber to melt
4 o N preparation

UF Desublimation —

\_ W,

+ Gas
- )

Decontamination
Absorber to melt

Gas disposal - | | /

<
<

preparation
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Fig.5-4, Gibb’'s free energy of formation for the reaction of
UF4+F2=UFs with temperature.
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Fig.5-5. Gibb’s free energies of formation for
various pyrohydrolysis of metal fluorides
with temperature,
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Li, ZrF,

e BE Y,

Fig. 5-7. SEM photograph of the LiF-BeF;-ZrF4 salt
and Zr0, formed by pyrohydrolysis,

Table 5-1. Physical properties of various metal

fluorides,
Elements density (g/cm’) |melting point(C)|boiling point(C)

LiF 2.635/20 845 1676
BeFs 1.986/25 subl. 800 -
ZrF4 443 subl. 600 -
CeF3 6.16 1,460 2,300
PrFs

NdF3 - 1,410 2,300
PmkFs3 - - -
SmF2 - 1,306 >2,400
SmF3 - 1,306 2,323
EuFs 6.495 1,380 >2,400
GdFs - - -
TbF3 - 1,172 2,280(7?)
DyF3 - 1,360 >2,200
HoFs - 1,143 >2,200
ErF3 - 1,350 2,200
TmF3 1,158 >2,200
YbF3 - 1,157 2,200
LuF3 - 1,182 2,200
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Fig.5-8. Gibb’'s free energies of formation for the reduction
of various metal fluorides with temperature,

—178-



2.LiF-BeFp-ZrFy & QoA d7t4=E3lo] 23t 7r0, AF31E A
b4 8
(1) 438 &

(7}) Zr0, AI3HE A zAx
= Aol AR AE AA Abdl @ ATEE Fig 5-98} Fig. 5-103}
Atk F8 74 FELRE AUIRY whgy], ZIUEAH, oj=x 7}é
B2 wiEvta 2, X 2& F/dE] olrh
= 220volt, 30A, 6kW-& muffle furnaceZ A}&3}gdch. whSI|=
718t R 8712 FEEH, Ut &7 23 AEE AFE3I u
1S &olstA 2F37] slste] Abgsigdr}. 97 &71& 9% 101.6 x
o] 230 x 77| 3mm o]l STS 310S m}o|E A}L3lgch U& f7]= 3
oA E43HE WFAgol 7t 50ml UH &71(27% 45 x &o| 47mm)
& O-ring L] R|XthE o] L3t JHL7]9] 3t
F &7 siehd STS3108 uhg £-831y
2 AU, old Zax Al ge Felx
ASSIGTh A% 8719 A% ZAR ol 4749 3/8-in sus BB o
4 Fojglon, o AR/ Ul 1/4-in U FRE Aste] A
Tl 4718 AL ZtZ} ol2 7| whATH(bubbling tube), A
H, 7E e, AU Y| Hol gt ZU1UA x|
Al 7 g7 UF 8712 TEED, A% 27 2Y ulo] X (monel
pipe: 917 114.3 x &°] 160 x F7 3.3mm)E A}L3lgT HELI]= vk
7l 58719t 22 WH2= s0ml U 8718 ARgsiech R g7
A 2= 4708 1/4-in 2E|ElAaZRE dABE AU dFZP
e A7 3RS 20D, ol=Erla QW 371 BB, AW AU
2 ARgstATh F71UA71e YFE 220volt, 50008 WE(mantle)E A&
St R EE il 550C7HR] 7tdsigdel. =278 AL paster flex
h

48 FRFoR 37 WA FTdsiun wAH

4

SRR EEY

N
kit o
r
L
oo to
o M o r X

OiN °
o
3
ek,
.
ok
ot
g

02'-
i
rlo
[H
g
N

e, mlm
R
ofo
2

t o

O
oo g ¥

o
i
N
[>

¢

3o

-
—

o
15

H
oo 4 o i o
2

= E
N

—-179—



3718 9RY SEE NeTlel FUY 5 Y=T FA(flometer)E o]
83l TEE ol2EAAE Fstalry

Fig.5-9. Photograph of experimental
apparatus for pyrohydrolysis,

— 1

manometer CW, To hood

Ar~gas —

master flex Vaporizer : :
pump 1| Reactor ]2

Furance

/N
()

0]

Fig.5-10,Schematic diagram of experimental
apparatus for pyrohydrolysis,
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Fig.5-11.Photograph of experimental
apparatus for vacuum distillation,
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Fig.b5~12.Schematic diagram of experimental
apparatus for vacuum distillation.
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Table 5-2. Experimental conditions for pyrohydrolysis of ZrF,
in the LiF-BeF;-ZrF4 molten salt.
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Fig.5-13. Conversion ratio of ZrF, to Zr0; with
reaction time,
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Fig. 5-14. The change of mean particle size of Zr0; with
reaction time,
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Fig. 5-17. SEM photographs of Zr0O; formed by steam
pyrohydrolysis with reaction time,
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Fig.5-19, Conversion rate of Zr0, with H0 feed
rate,
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Fig.5-20. Efficiency of reaction of ZrFs to Zr0O; with H,0
feed rate at 6007C.
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Fig.5-21. Mean particle size of Zr0, with H;0 feed rate.
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Fig.5-22. SEM photographs of Zr0Q; formed with H,0 feed rate
by steam pyrohydrolysis.
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Fig.5-23. XRD pattern of Zr0; formed by steam
pyrohydrolysis: 16, 7ml_go/h, 600°C.
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Fig. 5-24, Conversion ratio with reaction temperature.
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Fig. 5-25. Mean particle size of Zr0; with temperature,
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Fig.5-26. Particle size distribution of Zr0O; with reaction
temperature,
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Fig.5-27. SEM photographs of Zr0; formed with temperature
by pyrohydrolysis,
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Fig.5-31. SEM photographs of Zr0; formed by pyrohydrolysis
with Ar gas flow rate.
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Fig.5-32. Conversion ratio with cooling time.
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Fig.5-33. Mean particle size of Zr0O; with cooling time,
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Fig.5-34. Particle size distribution of Zr0O; with
cooling time,
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Fig.5-35. SEM photographs of Zr0, formed by steam pyrohydrolysis
with cooling time,

—207-



£8H_oE AMEE LiF, BeR®t AEE AHZ AU}l IrFis €%

99.95%21 AldrichA} AE& AHgstach. 27] ARe & 4 g+ 43}

B AAS Aste] A& MFEs €5 9% Y& Shinyo &8 EH3A

AES AHgstgrt. A3E 83 P Irhe =& 99.99%¢ AldrichAt A

L AHgstgnh. AEE H&(leaching)Aldl7] ¥ SFr= 12 7

st Abgstdrh 2eln &89 A=z A gl FFY =8E Ae
)

145(99,999%) otEL(Ar
(2) AB AHRAA

B Aol A& Aol AHEY &8dE A= A AXBA=
Fig.5-99} Fig.5-10014 A8¥ Zzt Zrh Fo 74 FELEs U=

aEa &R o8 FAE] gl whgrle] AL ELIEC U
Hadol 23 UA 24 =IRUE ARgstact. $713F 2E L paster flex
pumpE o83l FHFE FPALE Fy| WAAA A FYsidrt. o=

N
>
rlr
do
o,
ey
=
@]

=

=]

(0]

o
2
|
>,
ol
o
£,
o¥,
ol
1N,
lo
bt
N
149
¥
inj

(3) AlE AR
(7}) LiF-BeFq-ZrFy €8¢ AR

LiF-BeF,-ZrFy 289 & AR3}7] ¢3te] A& FAL LiF-BeFp-ZrFy
(62.3-30.7 -7 mol%)2 w3t A|E 19.5g3} NHF 1.8g& felfoll Yol &
3tstedr}. NHEFE 27] AR &A% 4 &= A3HES E%H(fluorination)
AJA AAS7] ¢35t Abgsteini5-2]. EPAEE UA §7)o ol vk
7o) Wil o}EZIIAE 100ml/min £EE FSIHEA LEE AMAF] FIt

].

(7C/min)A] AT} 2232 700C7HA] 3Hg7] YR LEEE 28 X 5 F

—208—



AL ThE ol2artA E9i7lolA thA 202 WZH5C/min)AlHTH
Azd E8E AEE F2 =&5E 2e WA g5t wAA o[ E
Edstach. J23 AzY §89 AR HPYE el ¥ NLAHASE Fal
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I €8¢ AlEe "xppiolr majsie] 2utalelz 2Mstdct o
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o 28 AP YR &4 YA ¢35t o A AR FE|EES
TPEA EE50] IWBIATE. 10047 &A1 &AL AF st
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A3, 35S 2ste] A2 10kvet 15kVell A 433t Tl
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(=) 24
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Fig. 5-36. XRD patterns for LiF-BeF;-ZrFs molten salt,
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Fig.5-37. XRD patterns of LiF-BeF:-ZrFs; molten salt and after
made by pyrohydrolysis; 2 hours, 600T.
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Concentration of Li (mg/g)
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0]
!

—e— Lji, calc.
---0-- Li, measur.
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Added LiF-BeF9-ZrFy salt (g)

(a)
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4 —e— Be, calc.
measur.

00 0.2 04 06 08 10 1.2 14
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Fig.5-38. Calculated and measured concentrations of dissolved
Li(a), Be(b), Zr(c) with added weight of LiF-BeF
-ZrF; molten salt in 20ml distilled water at room
temperature,

Z 299 28%9°] 0.0252Y wﬂ ZEEFEY Cai®t Guits 22 130ppnz}
129ppn .2 &-3]-&o] 99.3%0]21 3, 0.3g¥d W Cui®} Caie 22 1, 533ppm3}
1,525ppm o 2 &3 &o] 99.5%0] 4} o] 9&13}. Z3hate] £ 0.4gd o Cusdt
Cai= ZH2Z 2,044ppm3} 2, 043ppm o 2 -§-3f&o] 99.9%F ol vt Al
B2 FYko] 0.5g ol ul §IE&E IA A4 ARSI & A
5 FYo] 0.5g¢d u] Cus®} Cui: 2,632 ppm 1,960ppm 2 -£-3fS-0]
74. 552 Z¥A3}7] A 3FSto] 1.5gY ulf Cui & Cusd] w5+ ZH2} 7, 700ppm3t
2,920ppn o £3f&o] 37.9%71x] Zrastgrh. A7) HEESEY 24 2
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= o], FFo &84S 74435l e LiF, BeFy, ZIrFy 33EC] &
Joll &3ix]o] sfelH Fol2e FFol2a3 w2 AZHr}5-12]. 2
23 E-§EE 0.4g ol BIAAHE u 83H EFSEEs EFHEYY
559 2,043ppm ET} &A uUelUs gl o3t AL Sujo] FYH
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7hsbe goe] o] 2AM7I7L FIIste o] E41717F WHSA "ok 2|
o] & E9717} MBI Fol 23t Fol & Afele] o] st A= A
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38 e & 4 Utk oY BIFE o] AL olfE LIF 83 AL
4B A3 Yol FoIE HAL AU 2eln 59 FUYel 3
Fhetag mopgele) FE(1,3050m)HTH B olf §Al LiF §3) @it

[e)

CozeZk CerOIE]' Fig.5-38(c)ollA F¢H > 0

Cazr ZtZ} 193ppn3} 181ppml T £31&2 94xo|al, FU=ro] 0.3gd )

Coaze} Caze Z+Z} 2,265ppm3} 2, 360ppn 2 831 &-2 104%o] STt 1eal 2]
5, HYEZTSo] T3] EUstE 0.4gF2olAM Ir 59 Cart Cur

ztz}b 3,019ppn3} 3, 014ppn o T L3580 104%0] it} %%ogs] =olare 7

TINFA 1.5 FUE B$ Cxedt Cazr> ZHZE 11, 370ppn3t 11, 058ppm S
si&o] 97.3%0|gltt. 2lE, HUESTSESY B-F 0.4g F-2olA =AY
Tgstel g3]go] FZs| fAhsla 9lont, Rlai‘—l—"‘—«l B T
2ol Z7le4F &3&o] TASIR] %43 AL FUbstal i olegt o]
= 25C ZfF5o ZrFid] &3 %71 13,880ppn[5-111 22 of2] E3titeffo]
] o¥gkal IE LiF, BeFpo] &3 A3z ulalste] FFol> HIpHETH

l‘ﬂ:{OEQQHﬂ_ﬂ-)«_I
2

i,
o
N

—216—



A ZtHct. Fig. 5-39& Zr0; AMSHE
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Fig.5-39. Concentration dissolved Zirconium in 20ml distilled
water with added weight of Zr0; at room temperature,

(3) LiF-BeF2-ZrFy/Zr0, &8¢ X&

(2)%2] Fig.5-38& of=2FZ7tA F$]7[olA LiF-BeF, &-§HE&of ZrF,
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LiF-BeF:, &8 g &l &&FHo U= IrFy HPEE 28I EIrE31AH
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F7METE LSS L3t § FYFo] 0.4gd wl Cpelt Cumpe= 72
11, 406ppm3} 1, 305ppm o E -3 80] 92.8%0]%0 5 F¢lgko] 1.5gd uwf Ceeelt
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....................... o)
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Fig.5-40. Calculated and measured concentrations of dissolved
(a)Li, (b)Be, (c)Zr with added weight of LiF-BeF:-ZrF,
/Zr0, molten salt,
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Fig.5-41, XRD pattern of Zr0; after leaching of LiF-Bel:
-ZrF4/Zr0,,
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FFol 833 &E= A ARS HEAY &S oHste] A
Ao w2 FFEoIth o] TFEY ZHS HT Y m A7Y B Ee=
st o g HEw et uwhelA Fig.5-43 (a), (b), (c)@] SEMARZE w®la
sto] Bl 3 Zr0, A YA AR Rl SRl HEF= XA
EFEA U e HAE 5 3, X SRl §8EE AEATI
o] Ao A%t XRD A} Fig.5-372F o] LiBeFs, LiZrFs, Zr0; 3 3HE©]

Exstd o FFpol 1A HEAL e ZRES E43 XRD @4‘_
Fig.5-413} ZHo] Zr0, AtEHET E&x|sl9itl. & Fig.5-42, Fig.5-43% A¥
ZAE Z%sPE LiF-BeF-ZrFy 2890 Zr0;, AIES T3 284S

Z=0f 0.005 g/ml Ar2oA 31A]7F B2 FEAZ o 7r0; AR Uz}
2 &akglo] HAIA 2l ¥ 4+ dddrh
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Fig.5-42. Concentrations of Li, Be, Zr elements of
LiF-BeFs-ZrF,/Zr0; dissolved in 100ml distilled
water.
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1ee%

(c)

Fig. 5-43. Photographs of SEM of leaching process
for LiF-BeFy-ZrF4/Zr0; molten salt in
distilled water:(a) before leaching,
(b) during leaching(bhr), (c) after
leaching(31lhr),
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A s HE slste] Te/DTAG R3] AE & +3qsisinh. AH8E A
|= SetaramAp(ZEZZFA «] dZef g A x}dEA 7] (model : TG-DTA 92)
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LiFe] == (mp) 845CH HF=A 1,676TE 2 5PH LiFe

$ 845C7}
Ae FAe HEH7t glou 0.35wtxe] A 7S LiF AR4E 28
T e T2 FUY A 22olM JIAY UFEAY e Ui &
M71o] UZ=Ho Sl ARE7e EYFsz P}, & ojlzasia &
71N w48 LiF 3ES 850T7HA] 719 uf dFos ohAste o
= 3t

SETAFIM Fig:  Sample: LiF1 - spesic - Tg Wass: 7.5 mg  Cim Pt t
L, 102098 7 A0c/nin. M|
hﬁ ), h r—‘ﬂ h ‘ “ % %)
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Fig.5-44. TG trace of LiF powder in flowing
Ar(10ml/min):heating rate 10°C/min.

Fig.5-45= BeF, =& 6.665mgd 525C7Hx] 71d3telS uf 43 &4
= HojF3 girh. OolA BeF, HEES 7tdo] AZEAARE EAZA
b A|ZE o] 325C F-ZoAl 0.12mg(2. 6wts)d] FAZAZ 99, 325CEH
Bl 550 C7x= FA WHE7l it &3 BeF;, HEL] 3ol 800TC
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Fig.5-45. TG trace of BeF; powder in flowing
Ar(10ml/min):heating rate 10C/min,

Fig.5-462 6.149mg®] ZrF33HEE 903T7IA] 7HEsigle of 43 54
RBol 33 gt JyolA ZrFy HFE2 325T7HA] = 0. 1mg(5wtx) 2] F
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Fig.5-46. TG trace of ZrFs powder in flowing
Ar{10ml/min):heating rate 10C/min.
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Fig.5-47. TG and DTA traces of Zr0; powder in flowing
Ar(10ml/min):heating rate 10°C/min,
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Fig.5-48. TG and DTA traces of LiF-BeF; molten salt in
flowing Ar(10ml/min); heating rate 10C/min,
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Fig.5-49.TG and DTA traces of LiF-BeFz-ZrFy molten salt
in flowing Ar(10ml/min); heating rate 10T
/min,

Table 5-3& LiF-BeFy-ZrFy3} 7Zr0, A 8E AAFHSZT Fig 5-113
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Al ZuFEl LiF, BeF,, ZrFy 7}A7}F Zr0AMEHES 984 5 HAE $15H
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g 23} Fig.5-503 o] Ir0Ug HAYOEA LiF-BeFo-Zrfs &80l £
siElol SUE EAo] wg7] Uof A& 7r0: AEEH WG g A&
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Table 5-3. Experimental conditions and results of the
vacuum distillation.

B ) | 29(F)
No | Amza |geE/esanl AeE| asd |0
(torr/C/hour) | (g) @ |©7'°
LiF-BeFs- )
1 71F o/ NHJF 0.008/954/3 3.064 0.084
2 ZrOg 0.008/954/3 2.389 2.434 21Oz
350
amk
250 - a a:Zro2
i
= 150 -
: o
100 4
50..

Fig.5-50. XRD patterns of Zr0; recovered by vacuum
distillation,
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(Reactor cover)

(Reactor wall)

Fig.5-b51. Photographs of condensed phase on the cover
and the wall of vacuum distillation reactor.

—235—



nA
T mm)
[ T
[ 11
ey
—
65
13
A : Thermocouple
B : Vacuum pump 42
C : Vacuum gage
D : Outside reactor
E : Inside reactor
F : Cooling water
1 : Li,BeF +LiF
2: LizBeF:+LiF 155
3:LiF
25

Fig.5-52. Schematic diagram of reactor for vacuum
distillation and condensed phase with
position located on reactor inside.
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Fig.5-53. Temperature of reactor inside with
depth of thermocouple from flange.
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Fig.5-54. XRD patterns of condensed phase at positionlI,
II,1II on reactor wall,

(3) LiF-BeF;-ZrFy/Zr0; €894 AZFSF

Fig.5-55% LiF-BeF-Zr0y(63-30-7mol%)-8-§¢ 15.815mg2 1200 C7}A]
tag o @3 B4& HojFa Ytk IS Fig 5-483 Z2 €3 54
& UEeR) gith. = DTA g8 Az} 290Cel 325TH-ZollA] 272 Ui
53 glem, 350C F-23 470C FZolA Aoiyez 2 2708 FEva
7b gt &Y 2708 wd maE dde & 5 fled, 271 €
3 2 ¢ Fd ¥IAL, Fig.5-4804 RAE ZAAH, HUESY ZA 2
gy os Az J8a He FEuaE LiF-BeF, &8¢0l 385
§ 3 (eutectic point)o|Th TG ZA Aolr FAHI = 2ol FH
725CHAE BAZATL Q95 725CHE 100C7HA & 4zte] FAZATL
AZE| gt 283 100C oldolAE 25.3 wtr F=o] FAT FA ALTL
olgict. o] A}ZHE 7r0, 4HEL LiF-BeF, 8% @3 Mo S %

AA
& 01X e Ao FZHArh
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Erm]ﬂg Sample: LiF-BeFa-Ir02 Wees: 15815 Ctn: Pt
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Fig.5-55. TG and DTA traces of LiF-BeF;-Zr0; molten salt
in flowing Ar(10ml/min):heating rate 10C/min.
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EE‘[M Fig.:  Sesplw 1E-5 Wesw: 11587 mg  Ctm Pt l

02-12-89 £ t0c/min, Ar: W0cc/win At Ar
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Fig.5-56. TG and DTA traces of mixed ZrO;/NH4F salt in flowing
Ar(10ml/min): heating rate 10°C/min.

Fig.5-572 LiF-BeF; -§&8§ %ol Zr0:7t &Y uwf NHFol| 2j% E3hitg
gt g3 E2J2] TG/DTA ej=ojt}. 120CHE 250CAtolofjA] NHFS &
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o 2

72]3 Fig 5-483} T LiF-BeF, §898 88343} uj&sirl. upxete
2 700CHE &§d2] Fwo] A=E|7] AZRIT) Fig.5-58 (a), (b), (c)E
LiF-BeFp-7rFy B1RHET} 42718 drl4Bel BgAA Az Az 27
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Zr0; AFBFES} LiF-BeF, §899 7388 ¥ 4 gou, 1BEF s
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SETARAM [Fig.: Sanple: TE-4 Masa: §3.97 mg Cbm Pt T
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Fig.5-57. TG-DTA traces of LiF-BeF;-Zr0./NH4F salt in flowing
Ar(10ml/min); heating rate 10C/min.
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Ir0,2] EAe 3718 IrFt E7bEs] b AAUE ¢
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d

Rt EAYEE o o givh o] Aol A LiF-BeF, §& @ E7ME3 RES
o= Az iFEo] EAY FF, IF FRYS o8&l =S £
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ISKUY
(c)
Fig.5-58. SEM photographs of the molten salt and

residual oxide (a) before, (b) during,
(c) after vacuum distillation.

1200
1000 - * ot 2r0,
800 - B : Li,BeF,
600 - @ @ v: LiL,ZrFg
o
— 400 -
‘W‘ o
c ]
3 200 L o ao a
" A A Ak h
Q 300 7 T T g Y T y } T t
I
= 250 4 5 20 25 30 35 40 45 50 55 6Q
200
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100 A
50
[¢]

15 20 25 30 35 40 45 50 55 60
2-Theta-Scale

Fig.5-59. XRD patterns of LiF-BeF;-ZrF4/Zr0, (low) before,
(upper) after vacuum distillation.
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(4) LiF-BeF,-LaF; €8¢ AFZH

E A2 LiF-BeF, §§@GolA ABlE 49} 2EIE 45 Felsia,
* EujE AMRE LiF-BeF, §§¥& £l BA 7FedE& FHUsH $3to
ZrFs9} LaFs& tiEZQ BHYEE AFste] APstgirt. WA Fig 5-602
LiF-BeF; &8¢0l EHH LaF8] E3F 54& mestr] #sty, &3
LaFs 20.47 mg& 1,200C7HA] 71d¥ uf €3 54& spofsigict. I%
TGZAo] A2olA 950TT7HAI= FAMEE L glem, 950THE FARLTL
A ZE]o] 1200TolA 0.9 mg(4.3 wtw)] FA 7ol gt o FAZH
2 LlaFs 3YE =AY AFETHe 2L gl vE§7] R tiFEA) ol
Hol wAdshs whg-87]Y Faz dgiEeR AZ"rh wetd LaFs
1,200C7I]E @ o F uf-P ¢RE HFggoln, UWIHOZ Table 5-40f

B E3ES] Z% 2,200To| ol Uy F=2 uff IFHS o
4= 9l 2| d7he S E ARY oEUF AE A @4
x_IJ

o2 ¢ FPYE ¢ + ok

clis

SETAUAM 1F10.: Sample; Laf3 ¥asy 2047 mg i PL
03~17-99 P 10c/min, A iCoc/mir At A
HEAT FLON {microV) N . T " N T R g

4\5:9

) TEMPERATURE (C)
_1060]0 17[5 2!?0 32‘5 40‘0 47.6 5!.0 62.5 70'0 778 BSIO 92.5 10?0 1075 11.50 i¥35

Fig.5-60. TG-DTA traces of LaF3 powder.
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Fig.5-61 LiF-BeF;-LaFs && @0l &&=l & ol €3 545

32p sl

1 ale

— 1

13.63 mg?] LiF-BeF,-LaF; 33HE-E 1,200C7HA] 7}%

g o €4 FHEeE 27| HARoERYH ITTHRAE AR Z¥H 2
(53] F57d0] AT BeF:2} NHF 33E)o] FUHE Y Fd vIa=
HE, Ui 2700 E4aE LiF-BeR, 8899 28EE IR F
d ¥Ia=z wichdch aeal 700CHE &§@ol FUEOl 6.6 mg(48.4
wts) FA Zart lgdch Fig 5-603 Fig. 5-612 HIL3PH LaFs: 3 W3}A|
45l LiF-BeF, &8¢0l #idE o 4 drh Zela AP A}l Table
5-49] AR TASHE, LiF-BeF, $89S V& BashyEs} 29 AA
g ¢ UL Flojrt
Table 5-4, Physical constants of some compounds.
. melting | boiling . melting boiling
Elements density point point | Elements density point point
(g/cm®) (C) () (g/cm”) (C) ()
LiF 2.635/20 845 1,676 BeO 3.02 2585 -
BeF, | 1.986/25 [subl. 800 - Am2Os 11.77 - -
ZrF4 443 subl. 600 - AmOs 11.68 - -
CeF3 6.16 1,460 2,300 CmyOs 12.17 2960 -
PrFs CmO; 11.92 - -
NdF3 - 1,410 2,300 NpO2 11.1 - -
PmkFs - - - Np203 - d 500 -
SmF - 1,306 >2,400 PuO2 11.46 2400 -
SmkFs - 1,306 2,323 Puz0s3 11.47 2085 -
EuF3 6.495 1,380 >2,400 Uuo; 10.96 2873
GdFs - - - U0;s 7.27 d -
ThF3 - 1,172 | 2280(7) | U504 830 d 1300 -
DyFs - 1,360 | >2200 | 7O, 5.56 2715 -
HoFs - 1,143 >2,200
ErFs - 1,350 2,200
TmF3 1,158 >2,200
YhbEF3 - 1,157 2,200
LuFs - 1,182 2,200
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BETARAM lFiu Sample: LiF-BeF2-LaF3 Mess: 13.63mg Ctn Pt
83-12-99 P 10c/min, Ar 0ce/min At 4r

HEAT FLOW (microv] v T T T i i v T S

5 {mg

Exp

TEMPERATURE {C ;
_mécp 17‘5 25‘0 3215 ‘0}) 4'{5 B!zD 52‘5 70.0 778 850 925 41000 1078 4450 1%35;

Fig.5-61. TG-DTA traces of LiF-BeF;-LaF; molten salt.
(5) NHFE o] &3t Zr0; E4FRHS

28¢9 FoA dMLEINE 0|83l AEE AR A AR EAste
2 EHE I} BeFodt T B3 Eo] o] tler AU APLIE WA
SHA %E} apeby 2 AfS 7] AR NLWFE FU3te] AR Foll &4
3t ABLES AASHTE Fig 5-625 NLFEIES] d3 54L& HAFA
oict. "'%OM 125Col A RE 12 Fdu-gol 2lste] dE3rt AlzEH
160 CH-Zoll A 3ol 33AE olEth LE|i THA 225THIoA 23}
Fduree] TIAE o|Fn 250CHIToA BRG] FHHcH 1, 23
Eaurg 24 A 4" FAE 747 2.8 ng(14.55wt%) 2} 16.5 mg(85.6
och 1, 23 3o thE S #F A3, 12 FEUS I3 = NHF
315t Eo] IAAtoA ez Addelo] Wegt d(ouA])t A 47 9
A Z|A 7} UASHe ROE Hol i oA VA Aoz JEEEd He
3t o oUAE Azl gl 2x FAvhg ¥ I oA Ao NHFZY
JEs|E o] NHz2t HF 7tA% EaiEEd 2ot oux| = wtetdch
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@SHM Fig.:  Saeple: ek MAeF Mass: 19.267 by Cim; PE
.t N

12-05-98 P: Sc/mim, 20cc/min Ater Ar

HEAT FLOW (microv) i ' ' T N j ! ' ' "6 (mg)
:f\ Exo 3 :
2
1 -y
D P
..1 |
—2 §

—-
-4 |
-5 |
-6 |
-7 |

-8

' TEMPERATURE (GHO
~ppp 75 126 175 226 295 35 375 425 475 625 575 625 676 J2p
: . f : A ; ) : A : ; : A f

Fig.5-62. TG-DTA traces of NH powder.

Fig.5-63& LiF-BeF,-ZrF4(62.3-30.7-7 mol%)/NHF &8¢ 13.6 mgd
1,200C7H#] 719 wf €3 S4& Ko FiL ‘t}. O 70T FEo
A FERREE 89 F% gield, 200C §2o F A Fd vIE=
Fig.5-629} ]38l NHFQ] @83 A Fdubgolch el 300C F
R W v aE Zr09f HF7AL] B|YHES Al ddihgoln, ojuf &3}
g AXA Hrh zl3 435TCoH 2] FEv 3= LiF-BeF-ZrFy &84
o] ZT-§EHA dojute FERHS wiEolch
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Elwm Fig.: Sample. LiF-BeF2-IrF4 -a¥y & Mass: 13.6mg Cim Pt
03-30-99 P: 10c/win, AF; 10cc/min Atm ar

HEAT FLOW (microv) j j i i j N T i i TG (ma)
/T\ Exo 1

o .

.\ \\
-5 |
-8
- .
TEMPERATURE  (C)

50400 175 250 325 400 475 BS50 625 V00 V5 BSO 925 1000 {075 1450 1@35

Fig.5-63. TG-DTA traces of LiF-BeFz-ZrF4y/NHsF salt.
(6) LiF-BeF, -8@olA Ce(Nos) RIS

2Esl A AR

drE YFE AEA R
g2 214 (denitration)& AHZ
asith ot sl we ]
e WS FHAshy] g3t

Cerium nitrated 133}
. A, Strydom 5o°] Ar 7}

< whofsigdeh. gy

2z} stedch. aEla Ar hA E9)71olA 43 Ce(N0s)se d&Es] B
LiF-BeF; €8 E3l=El= ZAE vladtgdch Fig 5-64= Ce(N03)s 3}
FES 38.42mg2 1,200C7HR] 7pd3ste] FE3) Aol ©f =
spotstgich 2 Ay dFd Aze By #E(5-14) L

to

N

rlo

oy M
o

o
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vt dityoz AARIELS e 2

e
o

dEAEE A

rlo
o

Ce(NO3)3 « 6H,0(s) — Ce(NO3)3(S) — CeONO3(s) — Ce0

210C7HA| = Ce(NOs)s E3HECl +3H AF 4 ¥ o, 230T~
360 CAtolollA ©A o] dolups ZoE H
Fig.5-640| A= 70C~210TC Ale]d] &4 slaE=

FEAog B 4 glom, 7 mg(18.2 wtn)] FA ko] olddr). g
250C~360C AlolollA FEI A7t glom oF 9 mg(23.4 wtx)®] FAZHo]
gltt. 2elal LiF-BeF; &§@oll Ce(NO3)s3HES FUSl B3 FH&
uetgt AIM= Fig 5-652F ZT}, Fig. 5-65% LiF-BeF; £-§ g0l Ce(N03)7}
Z3¥ LiF-BeF,-Ce(N0Os)s (62.3-30.7-7 mol%) A 13.52 mg& 1,200C7HA]
7tgstn g3 54& ztefstart. A Az Fig. 5-64%F o] 210T7HA] ©
82 F4 3t 2o, 250T~360C AlelellA F4 327t oldich
o] F¢ A= Fig. 5-640A4 A A 2= W7t 2oLt TGN F
AZAE7Y g ZLE Hop ' HL ofd Z i Iz|al 450T ~47
5CAtololA F4E 33+ FAHEI ¢l Z8E Hol Fig. 5-4804 &
gl%o] LiF-BeF, &84 F8§F2E wUshtdrh  Fig 5-662  AlA|

LiF-BeF,-Ce(N03)3 +NHFE 700 CollA] GItE3AIA AZRH A EE XRDEA

gt Fzjolth. ¥4 A3 LiBeF,, CoF, LiF 3eEwo] el 4 3Igd
RE LiF-BeF, 88%old 2 Ce(N0:)a @A THH3 223} HEE AY
4 Q3L Cefyiz 700TOIN @7hEs] Wgo] dojuxl eolths 2 Hol
Zo},
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;/

SETARAM |Fig.: Sample: Ce ING3) 3 Mams:  3B.42 mg  Otn: Pt

i 07-28~98 & 10c/min, Ar 10ct/nin Atmc Ar H
’HEA? FLOW (microv] N N N ! v Y6 img) |
Exo 0_‘

250

3zs 400 479 S50 625

[ -15990

175

700

775 asq 923

1000 1073 1150 3365

TEMPERATURE (119 ]

Fig.5-64, TG-DTA traces on thermal decomposition of Ce(NOj3)s

in Ar gas.

!se:'rm ]FW Saaple: LiF-BaFa-Ce (ND3}3 Mass;  (3.52 mg  Gtm Pt ]
. 01-28-99 P 16C/®in. Ar: 10cc/min Atm Ar
HEAT FLOW (microV) ) i " te (%) T6 {mg)
Q 5 )
-2
o] i
-5 | 4
e
- T
0§ <8
-15 .8
h ©
‘5—
50100 475 200 2325 400 475 S50 €28 700 775 OO 925 mgo E‘?é%’*u‘%o
Fig.5-65. TG-DTA trace on thermal decomposition of LiF-BeF

-Ce(N0O3)3 in Ar gas.
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X'Pent Graphics & Identify User-1
Graph: x11 11 Date of Edition: 89-01-13 16:38

counials

Y803

1225

350452 Flotonite-(Ce). mymn o ; i CeF3

Philps Anaiyteal X-Ray B.V.

Fig.5-66. XRD patterns of Ce(NO3)3 decomposed by thermal
decomposition in LiF-BeF,+NHsF molten salt; 700°C,
Ar-gas.
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7.344 ml.go/holm AZHE 98%0] AUrl,

o] 72.5%% yrolHrTl.

e Fujrt B L= FAM F=

3L 500TolA AF-Lo] 80%0] 3L 600°C ~800T ol A

o}

gy 900 T E 2

it

gtog A &% Fuje] X7t FUlste] BFE YR A7 FUFsEATh ArTt

Jg]3 B4YdEE 13.51 g

of AL 9742 F7HSIalTh
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2}, LiF-BeFo-ZrFy+Zr0; -§-§HollA IAFZFol &3t 7Zr0; 34

LiF-BeF;-ZrFy &€ 9E T3F71% E7IeEsiAA AZXH ir0, AFES
Egdo2NE Festr Hste HF FHYL ol&dtdch. A¥ A
LiF, BeFs, ZrFs BFEL 9Hg7]12] vfjHatd 107torr, &% 950TCo A AR

XRD £ A3} 7r0, AMEEYUS FHels)

k-3
SHAE 5 dgich 2R3 RE
ek Zela whg7] |3 FA0 d S5=< XD =423} g7
] 3toll A

2}
HAlofmtel SHFE Rl AolE & 4 ALt 520T
LizBeFs2} LiF B3hEo] EAste, 520 ~740C Atolof A= LiFgt 2319
I:]—. J8]3 LaFs 3FHEL 89re7]e] uEead 107torr, &% 950TCoA =

¥ A= FUEA] Yodrh. ohebM LiF-BeF, -&8¥oll Zr, TRU U
E]E & S433FE0] EAYE o drte Eit-sH AFFFHE o83}

of Ztzhe] IRIES 4T 2 + Adrh

> =2
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=
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. BEHE $89L o8 AsAT

889 e ANUE AESHE AoVl YFlE AZE HRY o
FRe 249 Azol S8l Pt I HIolk NBARZA &8
golu}t A& Fol Bio] Eolx glon] AA 2zl olol gt &
.Z"L z

= A
7} A&Hog APE D e, YA Fof, ARAA] UH, AHAH
&o] 7= L gith
HE3E £8§% 712 LiF-BeF; (FLIBE)#} H#HAH M7 AI}E G
Mamantov S[6-110] B33} c}. o|5& LiF-BeF,-ZrFy (64-34-1.8 moles X
65-29-5 molex; FTx}2] XA L u|= ORNLoJA MSRE, molten salt reactor
experiment progranold UF] SUIS AH8H) wield U(IV)e] A7|shety
Bhel-xtzt wbgol] uis] 2=l 480 ~ 620 °c01]A1 vol tammetry,

W

o Hynzes W ¥, SUmu wad L GUEE s,
500 CollA WFHFo] iyt febe(IV)e] LS 7FgFolm Az}
(one electron) }A ST FHTI Fitl, o]} 7L AE Uizl ZA=E
Nernstian log plot @ A3 AL|FAY (linear sweep voltammetry)?] Z
©r1EE At ok #A FYgH A¥HE e voltammogram U
chronopotentiogram 52 0.8 molex UF&} ZH2 & £33 HZoa Lich
500 CollA U(IV)e] BatAS 71 2 x 100 cn’/sec® AlxtE gt Ear &
AsloUz]= log D tf 1/t 28 o 2Ry o=, 11 kcal/moleZ UE}
wrh o] AyolM ¥ Az E3E £8E U fehed SFE JT ¥

2 (in-situ) A7]E2gel tf3t 7|28 E A F3tdrt
&t9l, LiF-NaF-KF (FLINAK) E3E £gdo uigt #7|33ta A+
) &
]

f

F.R. Clayton S[6-2]& 500 CojA LiF-NaF-KF (46.5-11.5-42.0 mole%
S U ee(V) W EE(V)S A7 aFE U v} o)
FAZ oA 29tA FPF o g wkgo] FHTI Hfth A

rlr

M =

%
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3} W8 (disproportionation)
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2 LiF + H0 — Lis0 + 2 HF
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Table 6-1. Oxidation potential vs HF/H; electrode, LiF-BeF2 molten
salt, T=1000 K (Calculated thermodynamic data for ATW)

Species (giiﬁiD (vgis) X r E (volts)
LiF 244.2 2531 0.67 0.739 2.592
LiF 244.2 2.531 0.70 0.6897 2.594

LiF(ZrF4) 244.2 2.531 0.67 0.839 2.581#
CeF3 703.7 2.431 0.005 0.845 2.588
PuFs 532.7 1.840 0.005 1.612 1.979
ThFy 702.1 1.819 0.12 0.0387 1.934
BeF» 3285 1.702 0.325 0.201 1.820
BeF: 3285 1.702 0.28 0.260 1.815#
Bek; 3285 1.702 0.18 0.275 1.831
NpF3 483.7 1671 0.01 2.292 1.779

UF3 468.7 1.619 0.05 1.812 1.688

PaF4 555.8 1.440 0.005 1= 1.554

UF, 531.1 1.376 0.05 0.0132 1.533

ZrF4 492.2 1.275 0.05 0.0199 1.423#
NpF4 484.0 1.254 0.005 1= 1.368
MoF4 -154.0 -0.399 0.01 1x -0.300
NbFs -1364.0 -2.827 0.0 1* -2.748

%Y assumed to be unity
# 0.67 LiF-0.28 BeF2-0.05 ZrF;

o Molten salt: 0.67 LiF-0.33 BeF»
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Separation Factor

Fluoride |102| 105 | 1()'102_5' 109 |50l
-« [ Pl [
T™M  ztF, UF,  UF,NpF, PuF, CeF, LiF
Chloride 1025 | 1028 1035 1010
|
UCL, NpCl, PuCl, CeCl, LiCl

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Standard Oxidation Potential (Volts)

Fig. 6-1 Standard potential and separation factor of
various halogenized metals in the fluoride

and the chloride melts,
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2. A

7b Aler &l A=

S35 &892 Fulo] AEH Aok LiF(99.9%), NaF(99.99%), KF
(99%), BeF2(99.95%), CsC1(99.99%) W SrCl»(99.5%) 52 314% 53 (GR)
o8 BT Alfa AesarAl HEE 12314t S22BHEA 9 AR 7] |

Bol ¥ W ALAT} upS HuR BB 297 Sx5h] 93] 99.99%
oHe AEE BT A ABSATL ThA ol BRY HBY S
A A7) ¢35} Molecular sieve ZXA|E FA3I 43 AHL EAH
=3

G IAAZ: % 99.95%, A7 | mm BABIM, Alfa Aesari} AE,

@ JAAT = 99.9%, H7F 0.5 mm o]3}e] AldrichAl HEA
T& (shot)E &dFuu} =7h] KolA &gAIA AHEsHTt

@ ZHidS: €= 99.97%, AF 1 m PFH, S JYFE AE, &

of

=23 UAdZo] 14 mmQl YA, X $£% 99.7%, 7 3om A

T e EXE FREd A7 AVH =KE WS ¢ 2E A2
GFuL} FE Kol AUAIA &§8H ETA 7] o] o|FAAEF
staiTt.

—262—



(th A71&3} 3%
Potentiostat/Galvanostat& U] Holex}l AEoT 1Y WAT-100
ojgith. o] FHulE FA, FAF Asf U Cyclic voltametry T oig 7}
2 A7|EetE EA75& Ast stk AdelA &= Datad] ASHHA
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Stirrer
Anode
Pb cathode lead
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Molten salt
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. Cooling water inlet
. Cooling water outlet
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—_ O

Fig. 6-2 Schematic diagram of the electrolysis cell for

the regeneration of spent fluoride salts.
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Fig. 6-3 Schematic diagram of the electrolysis cell and furnace,

Fig. 6-4 Photograph of the electrolysis cell assembly

and crucible support in the glove box,
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Fig. 6-6 Photograph of the glove box and the

electrolysis equipment.
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Fig. 6-7 Photograph of the counter, reference, and

working electrodes before electrolysis,

Fig. 6-8 Photograph of the electrolysis cell installed

in the glove box,
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Fig. 6-9 Photograph of the electrodes, stirrer blade,

and salt sample after electrolysis,

(a) (b)

Fig. 6-10 Photograph of the salt in alumina crucible after
electrolysis tests, (a) pure FLINAK salt, and

(b) FLINAK-Cs salt.
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Fig. 6-11 Cyclic voltammogram of the tungsten electrode in the
pure LiF-NaF-KF eutectic melt at 500C. Scan rate =
5, 20, 50, 200 mV - s”
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Fig. 6-12 Cyclic voltammogram of Cs ion with the tungsten

electrode in the LiF-NaF-KF eutectic melt at 5007,

Potential window: (a) 0~-1.7V, (b) 0~-1.8V,
Scan rate = 5, 20, 50, 200, 300 mV - s™
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6-13 Comparison of three kinds of cyclic voltammograms using
the tungsten electrode in the LiF-NaF-KF eutectic melt
at 500C. Pure and Cs (0.3 mol%) containing salts,

Scan rate = 5 mV - s
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Cyclic voltammogram of Cs with the tungsten electrode
in the LiF-NaF-KF eutectic melt at 500°C. Effect of
potential window on Cs reduction-oxidation peak.

Scan rate: (a) 5, (b) 20, (c) 50 mV -s™
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Table 6-2 Effect of potential scan rate on cathodic peak potential
(E, ) and half-peak potential(E,z.) Cs with the tungsten

electrode in the LiF-NaF-KF eutectic melt at 500C

Scan rate Fp e Eoiz e
[mV/s] [V] [V] § @1
5 -1.623 -1.457 0.31 0.75
20 -1.635 -1.477 0.33 0.78
50 -1.646 -1.456 0.27 0.65
200 -1.668 -1.428 0.22 0.52
300 -1.694 -1.440 0.20 0.49

Table 6-3 Effect of potential scan rate on anodic peak potential

(E, 2) and half-peak potential(E,z.) Cs with the tungsten

electrode in the LiF-NaF-KF eutectic melt at 500TC

Scan rate Ep 2 Epiz a
[mV/s] [V] [V] ! @0
5 -1.600 -1.613 3.97 9.52
20 -1.589 -1.613 2.15 5.15
50 -1.576 -1.609 1.56 3.75
200 -1.548 -1. 600 0.99 2.38
300 -1.515 -1.570 0.94 2.25
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Fig. 6-15 Cyclic voltammogram of Sr ion with the tungsten

electrode in the LiF-NaF-KF eutectic melt at 500°C.
Potential window: (a) 0~-2.0V, (b) 0~-2.1V.
Scan rate = 5, 20, 50, 100, 200, 300 mV - s™
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Table 6-4 Effect of potential scan rate on cathodic peak potential
(E, ) and half-peak potential(FE,z.) Sr with the tungsten
electrode in the LiF-NaF-KF eutectic melt at 500T

Scan rate Ep e Epsoc

[mV/5] V] [V] i o
5 -1.661 -1.393 0.19 0.46

20 -1.699 -1.439 0.20 0.48

50 -1.744 -1. 460 0.18 0.44
100 -1.808 -1.473 0.16 0.37
200 -1.914 -1.501 0.13 0.30
300 -2.030 -1, 537 0.11 0.26
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Fig. 6-16 Cyclic voltammogram of Sr with the tungsten electrode

in the LiF-NaF-KF eutectic melt at 500C. Effect of
potential window on Sr reduction-oxidation peak,
Scan rate: (a) 5, (b) 20, (c) 50 mV - s’
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(a) The first cycle
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(c) Identification of Cs ion addition
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Current (A)
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Voltage (V)

Fig. 6-17 Cyclic voltammograms of pure (a, b) and Cs ion (c)
with the tungsten electrode in the LiF-Bel:
eutectic melt at 500°C. Scan rate = 50 mV - 5™
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Current (A)
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[FLIBE-Pure, PW = -0.5/-1.5V]
[Scan rate: my¥s] 1(50), 2(100), 3(200), 4(300), 5(500), 6(1000)
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Fig. 6-18 Cyclic voltammograms of pure (a) and Cs ion (b) with
the tungsten electrode in the LiF-BeF; eutectic melt
at 500°C. Various scan rate: 50, 70, 100, 200, 300,
500, 1000 mV - s™
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Fig. 6-19 Cyclic voltammograms of Sr ion with the tungsten

electrode in the LiF-BeF,; eutectic melt at 500°C
in the range of 0.5 ~ -2.0 V,
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™ [FLIBE-Sr melt, PW = 0.5/-1.5V]
- [Scan rate = 70 mV/s]

] L 1 1 1
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[ FLIBE-Pure/Sr meit; PW = -0.5/-1.5V | 1. FLIBE-Pure meit, 50 mV/s
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2. FLIBE-Sr melt, 20 mV/s
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| [FLIBE-Sr melt, PW = 0.5/-1.5V] [Scam rate: mv/s] 10(52), 20(49), 50(46), 100(58)

| i i 1 ]
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Voltage (V)

-1.6

6-20 Cyclic voltammograms of Sr ion with the tungsten
electrode in the LiF-BeF; eutectic melt at 500,
Effect of potential window range (a), Sr ion

addition (b) and scan rate (c) on peak shape.

—292—



£ Aded 94 FAgE @Al A Arle AL W3
=& B 4 gth olet 2 A e EUE 3 #2 S
Uz = gk & AeF -0.5~-1.5V M= 2EER] sBsh= ¥I7t
U] b=tk 3 o= SrFp®] Gibbs B AMrolUX|Zh (A4Grio =
124.7 kcal/equiv.F)o] €888 T4 AHEQ BeF2] 73 ( 4Gt 1000 = 104
kcal/equiv.F)RTt €% Z7] wiEolr}t. ol &, ofefje] FAXLENE
ol HYEY EASE &Y + 9lod, mt AfFAUR] ghol A2
BeFo2] 2@ gto] o} SrFpe] v 37} -0.5~-1.5V A% HelelA 1}
ERLA] QFaL BeFzo] E8¥ 27 WA LiehdT.

=X
=

AG° = - nFE’ (6-10)

(7}) FLINAK-Cs Al2] A3 A3
olu] QoA ¥ FFo] FLINAK 4 FLIBE E3&E &8l o3l <

23t R, Mg ol2o] 7 A U AEEE o|2o] HUH A § A 7}
2] B3lE 289 AolMY Cyclic voltammetry A%ES LA BLFE 75]'
& AMgste] At BT o|9f 2 oV A¥E ZEHE AP
Zo] ozt ARE 42 F gl & Mg ol2o] H7HH FLINK
79 A% 0~-1.7 Volt FolA MAa Y A A3y aE H
o
A A

jgm:i

ch ulebrd B Ao g ‘E.‘%%Loﬂ tial Alee Zﬁﬁﬂﬂﬁl
ASE AH B2 stgdct. £ dFoA & 9115(.]]0:103 2 3}

M, Matsumiya S[6-11,6-12]°] Ugﬂ' A3 5

GFulE, HARA W, FA U old 53 Z2 oF JA IA

e 2

2302 apgstel @3E 289 oA YEFoIY YIHIE FEHF
e

A g

e
iR
j;L
S
uzi
f
r2‘~
%
L

nlJ
_Il-)’
oaﬁmlom[n%rﬁl-{*ﬁdz

2o AA ATl it JAFE FF d¥& ZAEIATh AHAF @
HPb) o] TIE dAFLHT} o] o] 2F] AAd AITF UES

—293—



HA A Aol T MEe BY AYE 317 Aol AdA 2o
M8 CV AFE ZASIGTL Fig. 6-21(a)olls FAEE 200 mV/sollA @2
Cyclic voltammogram& UIERlT} 23lofA Ri= vle} Zo] Ax U
oA 157 9 237 A& HFH3a(Y -1.2 V £2)E JEY 4
th =] 23718 BHYI ARl 4 Ao, ol Y2 AF
ol i wE FAMGEe o3 AT WA Mg ol =
ZAatetn 549k 28y o] F SFolAY Mg Atgas 1,
Fol A UERGR] ¢Fokth x| -0.4 Volt doA w3yt FaE Y
RE UF 2 HAPEgol &3t BYEAY Mol Asuas opy
otnt= AT I Ao WAL Fig. 6-21(b)olEs @ 1A
A9 FAGE HEH(100, 200, 300, 500 mV/s)o] wE 33 HU3LE AR
Tt FAREETL FUHgel ulel WA FY AR zlo] FUksid, o]t ¢
o] YIS F=E FAA dBoE oj5YS ¢ 4 ddrh uwheby AN ¢
FolA AES theat Zol viztgAo s Hukgo] Yol By 4
1=

mor

B>

2
— 8 3 ¥ do
Mo 2y i

o
\d

1} o

—

fd

s

L

1

32,
3¢

Cs' + e — Cs (6-11)

Fig. 6-22(a~c)= A o FIoMe BHe] AUy AE Agrh
Run-1, Run-2 % Run-3& YA -1.3, -1.5 @ -1.7 Volto]a] 308 Eot
AsAFIEA UEhs ARSHE d454os 7188 Zojt) -1.3ve A

yolx 85 A[FoA &F 29mAol &t} -1.7VoA (Run-3)= X7]0
oAl AlZfste] HALE ZrASITY of 19mAE Tulth o]e} TS

AE olFo] &8d Ul M o2 UAE Hsly] 93t Yad axA
F& AREE OV AEZAI oV ¥ ZALE FEII) ojg Yt weky
Fig. 6-23(a~c)oll YEeld Zz} Zo] -1.7VellA A X}all(Run-4 ~Run-6)oj
AA o AT B¢ JdABY AL st Run-4 Ao FE Ao

Mol AF= o bmA, Run-50A & 3, 7mAo|gl & Run-68] ¥& ARE &

—294—



0.12 = [FLINAK-Cs melt, 200m¥/s, Pb-cathode]

0.08 |-

0.04
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-16 -1.4 -1.2 -1.0 -0.8 06 0.4 0.2
Voltage (V)
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0.15 |-
n.1a -
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0.00
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Current (4)
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115
-0.20

[FLINAK-Cs melt, Pb-cathode] (Scan rate: mv/s), 1(100), 2(200), 3(300), 4(500)

-18 -1.6 -1.4 -1.2 -10 0.8 0.6 0.4 0.2 0.0

Fig. 6-21

Voltage (V)

Cyclic voltammogram of Cs with the liquid Pb electrode
in the LiF-NaF-KF eutectic melt at 500C. (a) effect of
number of cycle on peak shape, (b) effect of scan rate.
Scan rate: 1-100, 2-200, 3-300, 4-500 mV « s~
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Fig. 6-22 Potentiostatic electro-reduction of Cs with the
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liquid Pb electrode at various cathodic potential

in the LiF-NaF-KF eutectic melt at 500°7C.
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Fig. 6-23 Potentiostatic electro-reduction of Cs with the
liquid Pb electrode at -1.7V in the LiF-NaF-KF
eutectic melt at 500C,
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0.12 [FLINAK-Cs melt, Scan rate = 50mVv/s] 1. Before PSE (PW=(0/-1.7V)
008 2. After PSE (PW=D/1.7V)
3 3. After PSE (PW=011.8v)
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Fig. 6-24 Cyclic voltammograms before and after potentiostatic

electrolysis of Cs ion in the LiF-NaF-KF eutectic

melt at -1.7V and 500°C.
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Fig. 6-25 Trial electrolysis of Sr ion with liquid Pb cathode
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Fig. 6-26 Potentiostatic electro-reduction of Sr with the liquid
Pb electrode in the LiF-NaF-KF eutectic melt at -0, 2V
and 500C.
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Fig. 6-27 Linear sweep voltammogram of Sr with the liquid Pb
electrode in the LiF-NaF-KF eutectic melt at 500°TC.
(a) before, (b) after potentiostatic electrolysis,

Scan rate : 50 mV - g™
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Fig. 6-28 Potentiostatic electro-reduction of Sr with the liquid

Pb electrode at various cathodic potentials in the

LiF-NaF-KF eutectic melt at 500°C.
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Fig. 6-29 Cyclic voltammograms before and after potentiostatic

electrolysis of Sr ion in the LiF-NaF-KF eutectic
melt at 500°C. Scan rate : 50 mV » s
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Fig. 7-2 The TRU metal in the tungsten anode basket.

(a) Before, (b) after potentiostatic electrolysis
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Fig. 7-4 The electrolysis cell, (a) The 1id with electrodes and

stirrer blade, (b) cell assembly, (c) crucible and alumina tray.
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Fig. 7-5 The electrolysis cell assembly in the glove box
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(a) and 0 ~ -1.9V (b), Scan rate = 100 mV - s
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Table 8-1 Major R&D items to be conducted in the 2nd stage
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