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1. General Introduction

1.1. Molten Carbonate Technologies

In 21* Century, we human beings are forced to face many crises. Depletion of oil threatens global
economy to be very nervous to oil price. Climate of recent years are becoming uncomfortable in
proportion to global temperature increase brought by green house effect of CO,. Carbon dioxide and
Industrial waste are getting serious problem for our environment. Today, we really need fundamental
solutions for these problems in order to realize next generation’s prosperity and peace.

Molten salt technologies could provide the solutions for these problems of global climate crisis,
energy crisis, and pollution. There are being developed many promising technologies concerning
molten salt, such as safer nuclear fission reactor with abundant resources, fuel cells, CO, separation
and condensation, poisonous waste processing, and new material processing!'\.

Among these molten salt technologies, molten carbonate technologies are very attractive and
promising®! because of its utilization for Molten Carbonate Fuel Cell (MCFC) ™). There are many
promising and interesting researches have been done for not only MCFC, but also CO,

[4-7] [9-10] 11-14]

. . . 8 . .
condensation!*”), gasification of coal™ or waste”'? nuclear fuel processing!''"*!, material

15-17 [18-20]

processing!">"”), thermal mediums , as additives to enhance the performance of Solid Oxide Fuel

Cell®"** and so on. The needs of research for molten carbonate are becoming higher and higher.

1.2. Molten Carbonate Fuel Cell

A number of research activities concerning molten carbonate have been concentrated to MCFC
R&D. The MCFC is a fuel cell which utilizes molten carbonate as electrolyte. MCFC is operated at
elevated temperature, 650 °C and make electricity using hydrogen and air with a high efficiency and
a low impact on the environment.

The principle of molten carbonate fuel cell is shown in Fig. 1-1. Hydrogen reacts at an electrode
called as anode with carbonate ion to be water and release electrons to electric circuit. Oxygen
dissolves into molten carbonate electrolyte, receives electrons at an electrode called as cathode and
reacts with CO; to be carbonate ion. The feature of MCFC is utilizing CO, which will be recycled
from anode exhausted gas. Electrode reactions proceed without precious metal catalyst such as Pt or
Ru, and are not be poisoned with CO because of operation at elevated temperature. The materials
used in MCFC are relatively lower price than that of other fuel cell, such as Polymer Electrolyte Fuel
Cell. Therefore MCFC is expected to be a promising power generation technology™. It was
demonstrated by Tanimoto'> that a single cell of MCFC can be operated more than 40,000 hours,
which is the life time needed for commercialization.

MCEFC can be also utilized as separator and condenser of CO,!"). Large power plants of MCFC
more than 2MW had been constructed and operated. Many on-site modules of 300kW type MCFC



are produced and being operated more than 25 sites in the world and their efficiency exceed 40 %",

Molten carbonates are used as the electrolytes of MCFC. A MCFC is made of metal materials,
ceramics and molten carbonate electrolyte. Fig.1-2 shows schematic diagram of the MCFC structure
and material of components. An anode is made of porous nickel for hydrogen oxidation. A cathode is
made of porous NiO for oxygen reduction. A separator is a cladding plate of nickel and stainless
steel of SUS316L or SUS310. Current collectors are made of nickel for anode and stainless steel for
cathode. An electrolyte matrix is made of LiAlO, powder containing liquid molten carbonate

electrolyte.

load

=S

exhausted gas exhausted gas

-

= oxidant gas

fuel gas ==

anode T cathode
electrolyte

Fig. 1-1. Principle of Molten Carbonate Fuel Cell.

Molten carbonate electrolyte plays important roll in MCFC, conveying COs> ion from cathode to
anode. Ionic conduction is related to electrical conductivity of molten carbonate. Electrical
conductivity of molten carbonate is one of important physical properties, which has influence upon
efficiency and output of fuel cell.

Molten carbonate should be adjusted to suitable amount in a cell among porous component
properly in order to make good gas-liquid-electrode three phase reaction site. The proper volume of

electrolyte can be calculated with molten carbonate density data. Molten carbonate electrolyte



distributed among porous components was retained by capillary forces which work inside small
pores. The forces are originated from the surface tension of molten carbonate. The surface tension of
molten carbonate distribute electrolyte among components and prevent gas cross leakage through

electrolyte matrix.

FueI ()

Anode (Ni+Al)

Electrolyte matrix
(LiAlOs+Molten
Carbonate)
Cathode (Ni0O)

H20+CO2

Air(O2+CO3)

Separator (clad of stainless steel and nickel)

Fig. 1-2. Component and materials of Molten Carbonate Fuel Cell.

Many materials utilized in MCFC slowly corroded with molten carbonate at 650 °C. Corrosion of
the materials is serious issue because corrosion reaction consume molten carbonate electrolyte, the
corrosion degrade electrode function and corrosion products increase the internal resistance of cells.
These corrosion reactions decrease cell performance and also life. Therefore the knowledge of
reactions between materials and molten carbonate mixtures are very important not only for prevent
corrosion but also for searching new materials.

Most serious problem is the dissolution of NiO cathode in molten carbonate electrolyte. Nickel
dissolved as Ni*" in molten carbonate, which migrates from cathode to anode then is reduced to be
nickel particle. During long-term operation of MCFC, nickel particle will grow to connect each other
and bring short circuit between anode and cathode. This short-circuit seriously degrade the
performance of MCFC!**!,

Ota et al.'*”! showed that the dissolution of NiO have strong correlation with basicity of molten
carbonate, which is governed by oxide ion 0> and CO;. Acidic melt such as (Lig43K57)2CO3
dissolved NiO more than basic melt such as (Lig s2Nag45),CO:s.

Another serious problem is metal material corrosion. Although stainless steels of type SUS316L
and SUS310S have been selected, these alloys will react with molten carbonate electrode and

produce corrosion scale on their surface, which consume molten carbonate electrolyte and increase



resistance of cell ** !, This would result in degradation of cell performance and shortens the life of

MCEFC.

1.3. Molten Carbonate Mixtures

Although molten carbonate electrolyte, mainly (LipKo38)2CO3 is used, the alternative
electrolytes are recognized as promising choice for realizing long-life and high performance MCFC.
There are many researches for the corrosion and reaction between molten carbonate and materials
such as many kinds of metals, alloys and ceramics. However, a few kinds of carbonate mixtures have
been investigated, mainly molten (LipeKo35)2CO3, (Ligs2Nagss),CO; (or (Ligs3Nag47)2COs3),
(Lig.43K0.57)2CO3, and (Lio 435Nag315K0.25)2COs.

There are many kinds of molten carbonates, and their mixtures. It is known that single carbonates
containing 1+ charged cations such as Li;CO;, Na,COs;, K;CO;3, Rby,CO3, and Cs,CO; can exist
stably as molten carbonates under CO,"".

It has been reported that Li;CO3-Rb,CO3, Li,CO;-Cs,CO3, Na,CO3-RbyCO3, and Na,CO5-Cs,CO3
binary carbonate systems have some compositions of low melting point suitable for MCFC

B Smith et al. operate MCFC using (Lig75Cs025),CO3 as electrolyte™”.

operation

The ternary molten salt mixtures of the Li,CO3-Na,CO5-K,CO; system show a large variation of
physical properties, over a wide temperature range from 671 to about 1300 K, and therefore offer a
wide choice of compositions and properties. Mohamedi et al. investigated oxygen solubility and
Warbrug impedance in this system for MCFC,

The physical properties of many compositions of alkaline carbonate mixtures have not been
invesitigated in Li,CO;-Na,CO;, Li,CO5-K,CO;, Li,CO3-Rb,CO3, Li,CO;3-Cs,CO3, Na,CO5-K,CO3,
Na,CO;-Rb,CO;, Na;CO0;5-Cs,COs3, Li,C0O3-Na,C0O5-K,CO; Li,C0O3-Na,CO;-Rb,CO;
Li,CO5-K,C0O;-Cs,CO3 and so on. In this thesis above mentioned carbonates and mixed carbonate

systems were investigated for their physical properties of density, surface tension, and electrical

conductivity.

1.4. Effects of Additive and Impurities to the Nature of Molten Carbonate

So far, molten (Lig35Nag45),CO; and (Lige:Ko358),CO3 have been most frequently used as the
electrolytes of MCFCs.

Some additives have been investigated in order to overcome the above-described cathode
degradation. According to Doyon et al. ** the addition of SrO effectively decreased the solubility of
nickel ion in MCFC electrolyte. Tanimoto et al. reported that new electrolytes containing alkaline
earth carbonates (CaCO;, SrCOj;, and BaCOs3) are promising from the viewpoints of lower NiO
solubility?®> **), Miyazaki also showed that these ternary carbonate systems have suitable melting

[39]

point for MCFC operation””). Yanagida®®, and Tanimoto”” et al. showed that lower corrosive



nature against stainless steel. Tanimoto also demonstrated that MCFCs utilizing electrolytes added
with alkaline earth carbonates showed equivalent performance to stage-of-the-art MCFC! "\, Hatoh et
al. " reported that the addition of alkaline earth carbonates increased the exchange current density
of oxygen reduction at gold electrodes under cathode gas conditions, which means that these
additives may increase the performance of the cathode.

Some mixture in the systems of Li,CO3;-Na,CO; and Li;CO;-K,CO; can solve carbonates
containing 2+ charged cations such as MgCO;, CaCO;, SrCOs3, and BaCOs. Although the solubility
of MgCQO; is about 1mol% in molten (Lig¢;Ko35),CO; at 923K, CaCOs, SrCO;, and BaCOj; are
dissolved with (Lig ;Ko 38),CO3, (Lig52Nag4s)2CO3 and (Lig43K¢57),CO3 by no less than 30 mol%.
Li,C0O3-Na,CO;5-CaCO;, Li,CO;-Na,CO;-SrCO;, Li,CO;3-Na,CO3-BaCOs, LipCO;3-K,C0O;-CaCOs,
Li,C0O5-K,CO;5-SrCO;, and Li,CO;3-K,CO3-BaCO;, are investigated for their physical properties in
this thesis.

Several non carbonate additives also have been investigated for improving MCFC performance
and durability. Terada et al reported the addition of WO,” act as catalyst hydrogen oxidation and
prevent the degradation of electrolyte supporting material, LiAlO, and metal materials'****!.

Corrosion products and impurity would change the nature of molten carbonates. As a corrosion
product from stainless steel, CrO,> ion will dissolve into molten carbonate electrolytes **.

Kawase reported that some impurities such as HF'*” from gasified coal accumulated as F~ in
molten carbonate electrolyte.

There are many stable additives which can be dissolved or mixed with (Lig Ko 35)2CO3, and
(Lig.5oNag 45)2CO5 such as halogens (F, CI', Br, and I'), NO5_, SO4*, CrO,~, MoO4>, WO,>. These
additive and impurities would change physical properties of molten carbonate electrolytes. In this

thesis above the mentioned mixtures of carbonates with additives were also investigated for physical

properties.

1.5. Physical Properties Molten Carbonates

The physical and chemical properties of molten carbonates are essential not only for the industrial
use but also fundamental understanding their nature. Above mentioned compositions have been
investigated not only in order to find new electrolyte for MCFC, but also for comprehensive
understanding the nature of molten carbonate. New composition of molten carbonate would change
physical and chemical properties, such as density, surface tension, electrical conductivity, acid-base
property and corrosive nature. As molten carbonates would become important material for many
industrial fields, the physical and chemical properties of molten carbonates should be understood and
these data should be attained.

Fig 1-3 shows how physical properties of molten carbonate affect several phenomena in MCFC.

In the MCFC, the data of density and molar volume of molten carbonate are needed for estimating



favorable electrolyte volume ratio in matrix of MCFC. The data of density also provides an insight
into the melt structure. The surface tension of molten carbonate has relationship with the force
between ionic species in it. It is also important for estimating capillary force and wettability, which
work to distribute electrolyte between porous cell components of anode, cathode and electrolyte
matrix and prevent gas cross-leakage through electrolyte matrix in MCFC. The surface tension also
has an influence on the reactant gas solubility in molten carbonate hence MCFC performance. The
electrical conductivity of molten carbonate is directly related to the output of MCFC and also

provides information of ionic movement in molten carbonate.
Electrical Conductivity: cell resistance, out put of fuel cell

Surface Tension: electrolyte distribution, preventing gas leakage

\ D‘ensityi appropriate electrolyte volume
cathode

Ly
g e
S

electrolyte

matrix

Cross Section of MCFC
Fig. 1-3. Schematic View of Physical Properties of Molten Carbonate Affecting
MCFC.

It should be pointed out that LiAlO, powder in electrolyte matrix has large surface area more than
10 m%g. Mizuhata and Deki reported that the physical properties such as melting point and
conductivity of molten carbonate in powder of such high surface area are changed™®*".
Understanding these phenomena is quite important for practical use of molten carbonate and solid

powder mixture. This work for physical properties of molten carbonate would be foundation for

understanding phenomena of liquid-solid co-existing mixture.



1.6. Material Reaction with Lanthanum in Molten Carbonates

A lanthanum species also can be dissolved by about 0.01 mole fraction from Lay(COs), ,
(La0),COs, and La,0s, into some mixture in the molten (LipeKo35)2COs3, (Ligs2Nag4s5),CO; (or
(Lig.53Nag47)2C0O3), (Lig43Ko57)2CO3, and (Lig43sNag315K025)2CO3. Recently, many researchers
reported that addition of lanthanum into molten carbonate electrolyte decrease NiO solubility,
enhance oxygen solubility therefore cathode performance. Matsuzawa et al. reported that lanthanum
addition make NiO solubility lower'"”\. Frangini and Scaccia reported that the dissolution of oxygen
in molten (Ligs;Nag45),CO3; La,0;5 added by 0.5 mol% was determined to be ten times larger than
that without La,03 addition”".

I have found, however, that lanthanum react with many kinds of material to produce LaMO; (M:Al,
Sc, Cr, Mn, Fe, Co, Ni, Ga, and In) perovskite compound in molten carbonates. In this thesis, these
reactions summarized as novel methods for the synthesis of LaMOs. The addition of lanthanum to
molten carbonate electrolyte of MCFC takes place the reactions with MCFC components to produce
lanthanum perovskite compounds. These new reaction would bring new materials for MCFC. This
work also presents LaMOj3 coating method on metal or ceramic substrates and discusses the reaction

mechanism of LaAlO; formation in molten carbonate on the basis of in-situ X-ray diffraction data.

1.7. Purpose of This Thesis

Recently many researchers try to use molten carbonate in many field and find out other favorable
composition of molten carbonate electrolytes of MCFC. There, however, are very few investigation
and data for new composition of carbonates and their mixtures.

In this thesis, I would report fundamental physical properties such as density, surface tension and
electrical conductivity as well as several reactions with lanthanum to produce perovskites
compounds.

Change of electrolyte composition is thought to make great influence upon the nature of
electrolyte such as density, surface tension, electrical conductivity, and so on. These physical
properties should have relationship with composition, ionic radius, and columbic force. These
relationships between physical properties and composition, however, have not been presented for
comprehensive systems of molten carbonate. In this work several interesting relationships have been
found and tried to predict physical properties of molten carbonate of wide composition.

Utilization of molten carbonate in not only MCFC but also many technical fields is increasing.
Corrosion protection, material synthesis and process technology utilizing molten carbonate are
growing fields. Lanthanum perovskites synthesis in molten carbonate is interesting field for paving

new avenue to material research, and is reported for reaction, utilization, and mechanism.
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2. Density of Molten Carbonates

2.1. Introduction

Density and molar volume provides an insight into the melt structure. The molar volume is
sensitive to the change of molten salts, such as complex species formation. For practical use, the
density of molten carbonate is fundamental and essential physical properties needed for estimating
favorable electrolyte volume ratio in electrolyte matrix of MCFC. The electrolyte volume should be
optimized because the filling ratio of electrolyte in the open pore volume of the porous electrolyte
matrix influences the endurance and the performance of MCFC.

For the study of the density of molten carbonate, Janz and Lorenz[l], Janz and Ward[z], and
Speddingm reported single alkali, binary alkali carbonate systems, Li,CO;, Na,CO3, K,CO;, and
their binary and ternary mixtures. Zhu et al.l¥ reported data of molten Li,CO;, Na,CO3, K,COs3,
Rb,CO3;, and Cs,COs. Liu et al.l’! reported data of molten Li,COj;, Na,CO3, K,COj3, and their binary
and ternary mixtures containing CaCOs.

No data have been reported for binary and ternary carbonate mixtures containing Rb,COj;, and
Cs,CO3, SrCO;, BaCO; and the mixture added with MO4> (SO4~, CrO4>, MoO,”, and WO,%).

In this section, several molten carbonate mixtures mentioned at section 1.5 are investigated for
density measurement. The influence of ionic size to physical properties of cations (Li", Na", K*, Rb",
Cs', Ca®*, Sr*', and Ba®") was interesting for predict unknown data and understanding the nature of

molten salts.

2.2. Experiment
2.2.1. Measurement method for the density of molten carbonates

For the measurement of density of molten salt, buoyancy method and maximum bubble pressure
method are well known. The principles of methods are shown in Fig. 2-1. The buoyancy method
utilizes bob dipped in molten salt. The volume of bob, V, measured using water as standard sample.
The measured weight, W, changed after dipping in molten salt by buoyancy working to bob and
surface tension working to string which hangs the bob. Janz et al. measured surface tension using a
pin under the bob. Their method is a kind of ring method. The diameter of pin, » was measured in
advance. When the pin touched the surface of molten salt, meniscus of molten salt make a force to
pull down the bob by the surface tension. They measured the difference of weight, AF, between
before and after the pin detached from the surface of molten salt.

AF =2mry [2-1]

where y is the surface tension of molten salt. They measured not only surface tension but also
density using surface tension. As bob is immersed inside melt, weight of bob, M, forces of buoyancy

and surface tension are measured together, as noted W. The buoyancy is a product of density of melt,
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p, and volume of bob. The density of melt can be obtain through following equation,
p=W-M -2my)V [2-2]
For a precise measurement of only density, bobs of different volume are used in order to subtract

the effect of surface tension.

p=(W —M—2zr)IV

Fo=M W=M — B+S Fo=M+S
Vvolume of bob S+ surface force=2zry Fs=M
M weight of bob B buoyancy=Vp AF=S
R>>r —»| |e2r
«— 2r
J

molten salt

Fig. 2-1. Principle of density measurement, buoyancy method.
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Phimaximum
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| | (@] AT T AT
«— 2R —» B
2
r
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AR | EAES
p =
gh
] L

Fig. 2-2. Principle of density measurement using maximum bubble pressure method

The method of buoyancy, however, is time consuming and it is afraid that the surface of bob
influences the measurement by wettability. In order to measure a number of mixtures of molten

carbonate mixture, I chose maximum bubble pressure method and refine it as described in following
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section.

The difficulty of density measurement with maximum bubble pressure method is scatter of
measured pressure. I found the pressure deflection was suppressed by wider exit of furnace. The
adoption of a laser displacement meter made measurement convenient and faster.

The principle of maximum bubble pressure method for density measurement is shown in Fig. 2-2.
When a capillary is touched with melt surface, melt climbs up inside capillary by capillary force
originated from surface tension of melt and this increase the pressure inside the capillary. As the
pressure is increased inside capillary by sending gas, melt is pushed out and the pressure reached
maximum, then finally gas bubble comes out from the tip of capillary. The maximum pressures
measured when the capillary is placed on the surface and inside of melt by a depth of %, are denoted
as Py and B, respectively. The difference betweenFy and B, equals to liquid column pressure,
pg(h+dh), where dh is increase of the level of surface of melt because of capillary insertion, and g is

gravitational acceleration, 9.7975 ms™ ( at Ikeda City, Osaka).

P, ~ B, = pg(h+dh) 23]
The value of dh is related to /4, radius of crucible, R and capillary outer radius, 7.

7(R* —r*)dh=m" h [2-4]

dh=hr*(R* —r"*)" [2-5]

The density of the melt, ©, was calculated with the following equation,

2
I"'

_ (5, = F)1=27)

gh

More precisely, actual capillary is not cylindrical but machined as truncated corn shape at the tip in

p [2-6]

order to prevent bubble staying on the tip of capillary, therefore equations from [2-4] to [2-6]

changed to following, respectively,

z(R* —r*)dh=n(r" h- %lr'%%lrr#%ll’z) [2-7]

dh="h —%lr‘2+§lrr'+%lr2)(R2 -’ [2-8]

p= Li=h [h+ (" h— glr'2+llrr'+llr2)(R2 -7 T 299
g 3 3 3

where / is height of truncated corn, 7 is inner radius of the capillary.
2.2.2. Apparatus for the measurement of density and surface tension of molten carbonates
The density and surface tension of molten carbonate mixtures were simultaneously measured

using a maximum bubble pressure technique. The apparatus used for the measurements was

assembled by Rigaku Denki (Tokyo). The schematic diagram of apparatus used for the
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measurements is shown in Fig.2-3. The capillary (2mm inner diameter, 4mm outer diameter, 400mm

in length) used for making bubbles in the melt was made of high purity alumina (Nikkato Corp.,

99.5 % purity), which is wetted well with the melt. The edge of the capillary was sharpened to

prevent the bubble staying on the tip of the capillary. The vertical position of the capillary tip was

determined using a laser displacement meter (Keyence Corp., LB-02) which monitors the position of

upper end of the capillary holder. The pressure inside the capillary was measured using a pressure

transducer (MKS Instruments, Inc., Baratron 220CD), which was calibrated with the column

pressure of distilled water.

laser displacement meter

needle valve

[ ]

capillary holder
capillary lifter /
stop valves
1 A ki / A\
O &
gas outlet
4—

—J

water cool jacket ——Tlﬂ

1/ pressure transdu}@
‘t b 1
] - [ o4
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i
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e // thermotsiiples
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electric § %
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. \.
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7

N
.,
.
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)
.,
4
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-
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Fig. 2-3.

of molten carbonate using maximum bubble pressure technique.
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2.2.3. Sample preparation

The procedure of sample preparation following is common for the measurement of density, surface
tension and electrical conductivity.

The containers of molten carbonates were the crucibles made of Au-Pd (80:20 wt.%) alloy, which is

] The crucible for the measurement of density

stable in molten carbonate under CO, atmosphere
and surface tension was 40 mm inner diameter, 60 mm depth. A Platinel thermocouple covered with
an alumina closed end tube was inserted into the sample melt for measuring the temperature.

The chemicals, Li,CO; (Kanto Chemical, 99.95%), Na,CO; (Nakaraitesque, 99.5%), K,CO;
(Nakaraitesque, 99.5%), Rb,CO; (Mitsuwa’s Pure Chemicals, 99%), Cs,CO; (Kishida Chemical,
99.99%) CaCO; (Kanto Kagaku, 99.99%), SrCO; (Kanto Kagaku, 99.9%), and BaCO; (Kanto
Kagaku, 99.9%) were used for the measurement. High purity chemicals of sodium carbonate,
99.99%, K,CO; (Cerac, 99.999%), and Rb,CO; (Cerac, 99.9%) were used for the measurements of
single alkali carbonates.

Additives investigated were NaCl(99.5%, Kishida Chemical, Osaka, Japan), KCl (99.5%, Kishida
Chemical, Osaka, Japan), Na;S04(99.5%, Kishida Chemical), K;S04(99.5%, Kishida Chemical),
Na,CrO44H,0 (99%, Kanto Chemical, Tokyo, Japan), K,CrOs (99%, Kanto Chemical),
Na;Mo0O4-2H,0 (99.5%, Kishida Chemical), K;MoO, (99%, Mitsuwa Chemical), Li,WO, (98%,
Ishizu Chemical, Osaka) and K, WO, (99%, Ishizu Chemical).

These chemicals were dried at 523K in an oven more than a day, then weighed, melted in a Au-Pd
alloy crucible bubbled with pure CO, (Sumitomo Seika : 99.995 %, dew point 207~209 K) more
than 2 hours before measurement at about 1170K.

For x mol% addition of the anions such as SO42', Cr042', M0042', WO42', and CI, relative salts
were added to carbonate in the manner of substituting carbonate ion like (Li6:K038)2(CO3)1.x(MOy)x,
M =S, Cr, Mo, and W) and (LipKo35)2(CO3)14Cly. On the other hand for the cation addition,
relative additives added in the manner of substituting cation ion like [(Ligs5:Nag 48)0.95Rbg.05]2CO3.

This formula is abbreviated to (Li0_494Na0,456Rb0‘05)2C03.

2.2.4. Measurement procedures

The density and the surface tension of molten carbonate mixtures were measured in the
temperature range from about 1100 K to a temperature higher than their liquidus by 30 K.

The level of the surface of melt was detected by abrupt pressure gain when the capillary contacted
the melt with moving capillary by 0.01mm at each steps. When the bubble escapes from the tip of
the capillary, the pressure reaching its maximum was measured as the maximum bubble pressure.
The difference of measured maximum pressure was within 0.15%. The bubbles were controlled to be
made with the interval of about a few minutes. The maximum bubble pressures were measured at the

both levels of surface and more than 10 mm depth in the melt.
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2.3. Results
2.3.1. Evaluation of measurement accuracy

The errors estimated in the measurement of density of molten carbonates are listed in Table 2-1.
The factors that cause the error of density measurement are the determination of pressure,
displacement of capillary, and temperature. All the factors of the error were estimated and summed
up to be less than +0.9% for density.

In order to verify the accuracy and precision of the measurements, the density of molten NaCl -
well known as a standard material - were measured from 1097 to 1179K. The results showed good

agreement with literature data'”! for the density (o/ kg m™ = 2124.6 - 0.5293T) within +0.2%.

Table 2-1. Error factors of the density measurement of molten carbonates.

Factors estimated error Estimated error in density
Maximum pressure +0.15% +0.3%
Displacement of capillary 40 um +0.5%
Temperature +5K +0.1%
Maximum Error +0.9%

2.3.2. The results of the measurements
The density of alkali carbonates were measured as a function of temperature. The results of alkali

B4 The results of the density of

carbonates were shown in Fig. 2-4 and Fig. 2-5 with literature data
measured carbonates show good agreement with literature data.

As an example of the result measured for molten alkali binary carbonate system, the results of
molten Li;CO;-Rb,CO; binary system are plotted in Fig. 2-6.

The result measured density and temperature relationship for molten alkali ternary carbonate
system are plotted in Fig. 2-5, Fig. 2-7 and Fig. 2-8.

The result measured density and temperature relationship for molten (Lio.52Na0.48)2COs3 containing
CaCQOs; are showed in Fig. 2-9. It is found that the density of molten carbonate mixtures containing
alkaline earth carbonates increased with an increase in the amount of alkaline earth carbonates.

The result measured density and temperature relationship for molten (Ligs,Nag45)2COs,
(Lip.62K038)2CO3 and (Kgs73Li0437)CO; containing Cr042' are showed in Fig. 2-10. Precise
measurements of density had been done for CrO,> addition. The results of small amount addition
such as 1, 3 or 5 mol% showed that difference in the measurement even 2 mol% composition
difference. Good resolution of data can be seen clearly in Fig. 2-10 for CrO,* addition. Addition of
CrO4” to these carbonates made the carbonate mixtures yellow and the melt transparent deep red.
Other molten mixture of carbonates and additives were transparent liquids without color.

The result measured density and temperature relationship for molten (LigsNag45)CO; and

(Lip.62K038)2CO3 containing SO42', M0042', WO42', or CI are showed in Fig. 2-11.
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Table 2-2. Density of molten alkali and their binary carbonates.

Composition Density (kgm'3 ) Calculated Square of Standard Temperature
(mol%) p=a + BT values at correlation  deviation range
1173 K coefficient (K)
(kgm™)

Li,CO3 : NayCO3 o Y Drine i sd T
100: 0 2165 -0.3385 1768 0.982 35 1029 - 1231
80:20 2309 -0.4316 1803 0.985 0.6 940 - 1266
60 : 40 2336 -0.4177 1846 0.992 5.0 853 - 1264
52:48 2337 -0.3984 1869 0.996 0.4 819 - 1265
40 : 60 2473 -0.5120 1872 0.986 8.0 881 - 1264
20: 80 2398 -0.4101 1917 0.943 8.7 1028 - 1264
0:100 2497 -0.4696 1946 0.992 2.0 1143 - 1258

Li,CO; :K,CO3 o y; D r2 sd T
90:10 2233 -0.3927 1773 0.954 3.5 992 - 1147
80:20 2264 -0.3922 1804 0.991 4.5 912 - 1264
62 :38 2327 -0.4243 1829 0.998 3.2 794 - 1264

42.7:57.3 2387 -0.4547 1854 0.994 5.6 793 - 1265
20 : 80 2465 -0.4950 1884 0.998 2.0 1030 - 1263
0:100 2317 -0.3562 1899 0.985 1.9 1178 - 1280

Li»CO3 : Rb,CO4 a P 0 r2 sd T
80:20 2634 -0.4733 2078 0.997 34 911 - 1260
60 : 40 3006 -0.5919 2312 0.996 5.2 825 - 1265
40: 60 3258 -0.6501 2496 0.998 3.6 854 - 1266
20 : 80 3418 -0.6505 2655 0.991 5.6 1001 - 1261
0:100 3565 -0.6534 2799 0.964 5.2 1154 - 1282

Li»CO5 : Cs,CO3 o 8 D r2 sd T
80:20 2942 -0.5235 2328 0.991 5.0 926 - 1245
60 : 40 3253 -0.4800 2690 0.987 7.5 856 - 1246
40: 60 3858 -0.7644 2961 0.997 5.9 876 - 1266
20 : 80 3983 -0.6754 3191 0.971 13.1 952 - 1276
0:100 4256 -0.7750 3347 0.997 2.8 1084 - 1275

Na,CO5 : K,CO3 o 8 D i sd T
80:20 2450 -0.4328 1943 0.994 2.3 1035 - 1227
60 : 40 2492 -0.4793 1930 0.995 2.8 995 - 1227
40: 60 2476 -0.4725 1922 0.995 2.5 1023 - 1225
20 : 80 2495 -0.4893 1921 0.995 3.7 1093 - 1229

Na,CO5 : RbyCO4 o 5 P i sd T
80:20 2742 -0.4694 2191 0.988 3.0 1037 - 1193
60 : 40 3069 -0.5801 2389 0.998 2.8 920 - 1193
40: 60 3348 -0.6810 2549 0.996 4.5 918 - 1189
20 : 80 3468 -0.6667 2686 0.997 2.0 1036 - 1193

NayCO3 : Cs»CO4q @ Vg Pl i sd T
80:20 3147 -0.6555 2378 0.986 6.1 986 - 1189
60 : 40 3538 -0.7132 2701 0.998 3.6 879 - 1186
40 : 60 3908 -0.7883 2983 0.978 11.0 930 - 1191
20 : 80 4227 -0.8654 3212 0.998 3.2 987 - 1189
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Table 2-3. Density and molar volume of molten Li,CO5-Na,CO;-K,COj; ternary carbonates.

Composition Density (kg m_3) Calculated p Square of Estimated Temperature Molar Volume at
(mol%) p=a+pT values at  correlation  standard range 1073 K
Li»CO3 : NayCOj5: 1073 K coefficient deviation (K) (estimated by
K,CO5 (kg m™) additivity)
(cm’ mol™)

a ), P 2 T-T, Vg
43.5:31.5:25.0 2389 -0.4447 1912 0.998 2.8 770-1163 5235  (52.45)
33.3:33.3:33.3 2450 -0.4798 1935 0.997 2.8 817-1191 5479  (55.21)

40:40:20 2388 -0.4288 1928 0.996 3.2 881-1262 51.66 (51.96)
40:20:40 2395 -0.4418 1921 0.998 33 837-1271 5520  (55.61)
20:60:20 2449 -0.4613 1954 0.996 4.5 912-1272 54.25 (54.40)
20:20:60 2445 -0.4702 1940 0.998 3.0 917-1260 61.27 (61.70)
49.4:45.6:5.0 2344 -0.3998 1915 1.000 3.9 820-1159 47.92 (48.08)
Table 2-4. Densities of molten alkali - alkaline earth carbonate mixtures.
Composition Density (kg m ™) Calculated values Square of Standard Temperature
(mol%) p=a-+ ﬂT at 1123 K (kgm™)  correlation deviation range (K)
coefficient
a B P i r Sd r
LipCO3 : CaCOq
90:10 2330 -0.4215 1857 0.992 2.4 988-1166
80:20 2412 -0.4339 1925 0.991 32 960-1163
70:40 2473 -0.4299 1990 0.990 3.3 958-1163
Li;CO5 : SrCO;y
90:10 2431 -0.4272 1951 0.990 2.6 988-1163
80:20 2636 -0.4641 2115 0.993 2.4 989-1165
70:40 2902 -0.5472 2287 0.997 1.6 1027-1164
Li2C03 : BaCO3
90:10 2527 -0.4326 2041 0.989 2.9 990-1165
80:20 2868 -0.4946 2313 0.994 5.5 969-1166
70:40 3118 -0.5043 2552 0.995 2.7 961-1166
Li2C03 IN8.2CO3 .
CaCOy
46.8:43.2:10 2445 -0.4550 1934 0.995 4.8 822-1211
41.6:38.4:20 2476 -0.4348 1988 0.992 4.9 811-1164
36.4:33.6:30 2556 -0.4441 2057 0.984 4.7 928-1166
27:63:10 2491 -0.4563 1979 0.997 1.8 952-1160
24:56:20 2521 -0.4317 2036 0.986 3.2 982-1159
21:49:30 2598 -0.4543 2088 0.980 4.1 982-1157
0: 60:40 2654 -0.4465 2153 0.979 2.8 1065-1184
Li;CO3 : NapyCO5 : SrCO;y
46.8:43.2:10 2514 -0.4374 2023 0.995 4.1 812-1169
41.6:38.4:20 2681 -0.4552 2170 0.996 2.7 931-1168
36.4:33.6:30 2849 -0.4798 2310 0.990 3.1 1017-1166
27:63:10 2562 -0.4368 2071 0.995 2.4 950-1155
24:56:20 2755 -0.5003 2193 0.989 3.3 979-1157
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Table 2-4. (continued)

Composition Density (kg m -3 ) Calculated values Square of Standard Temperature
(mol%) p=a+ ﬂT at 1123 K (kgm™)  correlation deviation range (K)
coefficient
o B P v Sd T
Li2C03 :Na2CO3 : SI‘C03
21:49:30 2931 -0.5335 2332 0.979 4.4 1000-1153
0:60:40 3039 -0.5013 2476 0.926 6.1 1079-1198
Li2C03 . Na2COg . BaCOg
46.8:43.2:10 2575 -0.4156 2108 0.997 2.8 851-1165
41.6:38.4:20 2838 -0.4538 2328 0.989 54 853-1165
36.4:33.6:30 3147 -0.5380 2543 0.987 54 930-1164
27:63:10 2679 -0.4754 2145 0.985 4.4 952-1153
24:56:20 2917 -0.5037 2351 0.996 2.1 977-1152
21:49:30 3224 -0.5978 2553 0.990 3.7 979-1154
0:60:40 3424 -0.6072 2742 0.980 4.2 1046-1185
Li2C03 : N32C03 : (Cao_5+Ba0_5)CO3
46.8:43.2:10 2503 -0.4267 2024 0.991 5.2 865-1185
41.6:38.4:20 2653 -0.4323 2168 0.994 4.6 864-1180
36.4:33.6:30 2841 -0.4782 2304 0.992 4.3 938-1182
LizCOg . K2C03 . CaC03
55.8:34.2:10 2378 -0.4217 1904 0.994 4.3 808-1161
49.6:30.4:20 2435 -0.4231 1960 0.995 34 846-1157
43.4:26.6:30 2488 -0.4189 2018 0.970 6.2 923-1156
38.4:51.6:10 2448 -0.4683 1922 0.996 3.5 849-1164
34.2:45.8:20 2486 -0.4677 1961 0.994 3.6 926-1163
29.9:40.1:30 2531 -0.4681 2005 0.993 33 1013-1162
0:60:40 2604 -0.4756 2070 0.986 2.2 1087-1207
LizCOg : KzCO; : SI‘CO';
55.8:34.2:10 2488 -0.4545 1978 0.983 6.8 820-1164
49.6:30.4:20 2621 -0.4533 2112 0.984 5.0 917-1165
43.4:26.6:30 2826 -0.5137 2249 0.960 6.6 987-1134
38.4:51.6:10 2529 -0.4909 1978 0.995 4.3 820-1165
34.2:45.8:20 2630 -0.4678 2105 0.995 3.5 899-1164
29.9:40.1:30 2814 -0.5241 2225 0.987 4.2 929-1165
0:60:40 3034 -0.6110 2348 0.994 1.4 1141-1202
Li,CO3 : K»CO3 : BaCOgy
55.8:34.2:10 2579 -0.4657 2056 0.987 5.6 883-1162
49.6:30.4:20 2787 -0.4631 2267 0.981 6.6 889-1161
43.4:26.6:30 3075 -0.5471 2461 0.994 3.7 929-1164
38.4:51.6:10 2597 -0.4839 2054 0.998 2.7 812-1166
34.2:45.8:20 2849 -0.5503 2231 0.997 2.5 890-1165
29.9:40.1:30 3042 -0.5456 2429 0.992 4.1 930-1164
0:60:40 3219 -0.5655 2584 0.977 3.8 1086-1205

24



Table 2-5. Experimental equations for density of molten (Lips;Nag45),COs, (LipeKo3s),CO; and

(K0'573 Li0_437)2CO3 containing additives.

Composition Density (kg m~®) Calculated Square of Standard Temperature Molar Volume
(mol %) p=a-+ ﬂT value at 923K correlation Deviation  range (K) at 923 K
(kg m™) coefficient (cm?)
a B P o r Sd T v
(Lig.5>Nag5),CO;3 1969 4535
(Lig.52Nag 48)2(CO3)0.99(CrO4)0.01 2377 -0.4298 1980 0.999 2.0 820 - 1166 45.38
(Lig.52Nag 48)2(CO3)0.97(CrO4)0.03 2363 -0.4092 1985 0.996 34 820 - 1164 45.83
(Lig.5oNag.48)2(C0O3)0.95(CrO4)0.05 2388 -0.4178 2002 0.994 4.1 824 - 1164 45.99
(Lig5oNag 48)2(CO3)0.9s(M0QO4)g0s 2416 -0.4172 2031 0.986 4.4 923 - 1160 46.43
(Lig.52Nag.48)2(CO3)0.98(WO4)0.02 2441 -0.4142 2059 0.981 5.2 923 - 1159 45.20
(Lip.5oNag45)2(CO3)o0s(WOs)oos 2543 -0.4437 2133 0.999 1.4 911 - 1151 46.26
(Lig.5oNag 48)2(C0O3)0.95(SO4)0.05 2409 -0.4420 2001 0.998 2.3 870 - 1160 45.53
(Lig.494Nag 456R b0 05)2CO3 2515 -0.4828 2069 0.999 1.9 868 -1162 46.57
(Lig.494Nag 456Cs.05)2CO3 2527 -0.4449 2116 0.998 3.9 867 - 1110 47.78
(Lig.s5Nag 48)2(CO3)0.95Clo 1 2389 -0.4627 1962 0.988 6.0 915 -1159 45.79
(Lig.55Nag 48)2(CO3)0.05F¢ 1 2332 -0.4107 1953 0.996 2.7 873 - 1169 45.16
(Lig.55Nag.45)2(CO3)o.05T0 1 2514 -0.5112 2042 0.974 2.7 903 - 994 48.47
(Lig 62K .38)2CO; 1935° 50.81
(Lio.62K0.38)2(CO3)0.09(CrOs)o01 2336 -0.4261 1943 0.998 2.4 809 -1164 50.90
(Lio.62Ko038)2(C0O3)0.97(CrOs)o03 2360  -0.4384 1955 0.994 43 813 - 1167 51.15
(Lio62Ko038)2(CO3)0.05(CrOs)00s 2394 -0.4562 1973 0.994 4.0 852 - 1166 51.26
(Lig.62K038)2(C0O3)0.95(M004)0.05 2391 -0.4285 1995 0.993 32 937 - 1169 51.78
(Lio6Ko38)2(CO3)00s(WOoo2 2390  -0.4385 1985 0.991 3.2 916 - 1145 51.42
(Lig.62K0.38)2(C0O3)9.97(WO4)0.03 2443 -0.4649 2014 0.998 1.9 924 - 1161 51.62
(Lig.62K0.38)2(C0O3).95(WO4)0.05 2505 -0.4718 2070 0.998 2.6 841 -1167 52.05
(Lig 62K .38)2(C0O3)0.95(SO04)0.05 2408 -0.4831 1962 0.997 2.8 869 - 1162 51.03
(Lip.s80K0361Rbg 05),CO3 2442 -0.4663 2012 0.997 3.1 868 - 1161 52.18
(Lig.62K038)2(C0O3).95Cly 3 2281 -0.4288 1885 0.997 2.0 965 - 1159 52.45
(Lio.6:Ko38)2(CO3)0.05Fo. 1 2304  -0.4103 1925 0.997 25 853-1169 50.50
(Lig.437K0.573)2CO3 1967 56.29
(Lig.437K0573)2(CO3)0.09(CrOs)001 2414 -0.4761 1975 0.995 45 821 - 1164 56.22
(Lig.437K0.573)2(C0O3)0.97(CrO4)g.03 2399 -0.4489 1985 0.997 3.0 821 -1165 56.50
(Lig437K0.573)2(C0O3)9.05(CrOy4)05s 2416 -0.4598 1992 0.998 2.5 823 -1164 56.83

2.4. Discussion
2.4.1. Molar volume of molten carbonate systems

From the density, o, data measured in this work, the molar volume of molten carbonate mixtures,

V,, » can be calculated using the following equation,
Vy=Q_XM)Ip [2-8]

where X, and M, are the mole fraction and formula weight of the carbonate component i,

respectively.

Assuming that the additive property of molar volume holds in molten carbonates, the
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following equation would hold in the mixtures,

V= ZV,.OXi [2-9]

where 7’ and X, arethe molar volume and the mole fraction of component, i, respectively.

The molar volume of binary molten carbonate systems are detailed in Fig. 2-12 for the systems of
Li,C0O5-X,CO5 (X: Na, K, Rb, and Cs) and in Fig. 2-13 for the systems of Na,COs5-Y,COj; (Y: K, Rb,
and Cs) at 1173K. The dependence of molar volume on the composition in each system almost
seems to be linear. Therefore, one can calculate the density of any composition in binary alkali
carbonate without large error. There, however, were positive deviation from the additive rule of
molar volume observed in the molten binary carbonate Li,CO3-Rb,CO; and Li,CO3-Cs,CO; systems.
On the other hand, the molar volume in Na,CO3-K,CO;, Na,CO;-Rb,CO5; and Na,CO3-Cs,COs
systems seems to be ideal relation or show slight negative deviation from additive rule. These
deviations from additivity are shown in Fig. 2-14. In Li;CO3-Rb,CO; and Li,CO;-Cs,CO; systems,

there are relatively large positive deviations.

100
0 Li,CO,;-Na,CO, (
|| 4 Li,CO;-K,CO,
. 9% O Li,CO,-Rb,CO,
= ® 1i,C0,-Cs,CO, !
TX 30 —additivity
°
ME Y
g 7
(&}
g
=
S 60
s
=
= 50
40
0 20 40 60 80 100

Composition of Na, K, Rb or Cs / mol%

Fig. 2-12. The molar volume of LipC0O3-NayCO3(0), LipCO3-KoCO3( A),
LipCO3-RbpCO3(0) and LipCO3-CspCO3(e) binary carbonate system at 1173K,

solid line: calculated from additivity.
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Fig. 2-13. The molar volume of NapCO3-KoCO3(0), NayCO3-RbyCO3(A) and
NapCO3-CspCO3(0) binary carbonate system at 1173K, solid line: calculated from

additivity.
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LipCO3-X2CO3 (X: Na, K, Rb and Cs) and NapCO3-Y2CO3 (Y: K, Rb and Cs) at

1173K.
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In these systems, large Rb or Cs cations increase the distance between carbonate ions, so lithium ion
is forced to occupy larger space than that in pure molten Li,COs. This is the cause of the positive
deviation from the additive rule of molar volume in these systems. And the prolonged distance
between lithium ion and carbonate ion weakens the strong ionic interaction, i.e., the surface tension.
For the system of Li,CO;-Na,COs5-K,CO;3, Table 2-3 shows that the molar volume of the
Li,C0O5-Na,CO5-K,CO; ternary system is also in good accordance with values estimated using the
data of three single molten carbonates of Li,CO;, Na,COs, and K,CO; within experimental error
(0.7 %). The molar volume in molten ternary alkali carbonates can be calculated using additivity.
The relationship between the composition and the physical property of a ternary system is depicted
as a regular triangle diagram and contour lines of physical property. The points at vertex, on side, in
regular triangle diagram denote pure components, binary mixture and ternary mixture, respectively.
The molar volume of the Li;CO3-Na,CO;-K,CO; ternary system at 1073 K is shown in Fig. 2-15,

together with contour lines estimated using additivity.

K,CO;

@ 71.43*

47.92
o

50.85 4842 46,16 45.94 4351

Na2C03 L12C03
Fig. 2-15. Contour diagram of molar volume (cm3 mol'l) of molten Li,CO3;-Na,CO;-K,CO;
system at 1073K. (* extrapolated values)
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For Molar volume of alkali-alkaline earth carbonate systems, the equivalent density data for
alkaline earth carbonate is not available, as they exist as solids over the temperature range used in
this work. Therefore values of V.’ in ternary carbonate systems were derived from the
experimental data by the least-squares method using equation [6] with V,,, and X, as parameters.
The value of Vl,0 obtained from equation [6] is the apparent molar volume of the pure component in
the molten carbonate mixture, and is therefore denoted as V'? .

Density data converted from V'? values obtained at several temperatures in ternary carbonate
systems are summarized in the form of an empirical equation in Table 2-6. The density data of
Li,CO3, Na,COs3, and K,CO; obtained from values showed good agreement with this work and

literature data within an error of +0.6%.

Table 2-6. Calculated density of molten carbonates in ternary molten carbonate

systems using the additive property of molar volume.

Components in ternary p=a "+ ﬂ 'T Density at 1123K (kg Molar Volume at
system m ) 1123K (cm °)
a' g P 1123 Viis
Li-Na-Ca system
CaCO;, 3047 -0.4531 2538 39.43
Na,CO4 2488 -0.4606 1971 53.78
Li,CO3 2225 -0.3968 1779 41.52
Li-Na-Sr system
SrCO;3 4171 -0.6637 3426 43.10
Na,CO; 2480 -0.4523 1972 53.76
Li,CO; 2221 -0.3928 1780 41.51
Li-Na-Ba system
BaCO; 4902 -0.7695 4038 48.87
Na,CO, 2492 -0.4630 1972 53.74
Li,COs 2200 -0.3728 1781 41.48
Li-K-Ca system
CaCO;, 3137 -0.5802 2485 40.28
K,CO; 2409 -0.4351 1920 71.99
Li,CO3 2220 -0.3883 1784 41.43
Li-K-Sr system
SrCO;3 4478 -0.9739 3384 43.63
K,CO; 2408 -0.4375 1917 72.09
Li,CO; 2201 -0.3761 1779 41.53
Li-K-Ba system
BaCO; 4971 -0.7620 4115 47.96
K,CO; 2411 -0.4479 1908 72.43
Li,CO3 2211 -0.3720 1793 41.21

The V"‘,’ values of alkaline earth carbonates showed a small difference between molten

Li,CO3-Na,CO3 and molten Li,CO3-K,COj3. The value of V'? of CaCOj; in molten Li,CO3-Na,CO;
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was smaller than that in molten Li,CO3-K,CO;3 by 2.1% at 1123K. On the other hand, the V'? of
BaCOj; in molten Li;CO3-Na,CO; was larger than that in molten Li,CO3-K,CO3 by 1.9% at 1123K.
These differences may arise from the different interactions of alkaline earth cations with Na" or K.

The data in Table 2-6 can be used to estimate the molar volume and density of carbonate mixtures.
The calculated densities and molar volumes showed good agreement with measured data within an
error of 1.0%. The molar volume of the Li,CO;-Na,CO5-CaCOj; ternary system is shown in Fig.

2-16 together with contour lines estimated using the parameters in Table 2-6.

CaCOs

Molar volume / cm3mol!

40 1123K
42
44
46
48.14
48
046. ©45.0 411
5 o o411
50 477 46.0
048.9 046, R41.2
52
53.8 RN — S . Y 41.4
51.4 49.1 47.3 46.5 44.0

Na2COs Li12COs

Fig. 2-16. Experimentally measured molar volumes of molten Li,CO;-Na,CO;-CaCO; at
1123K (©) and contour lines calculated from the additive property.

2.4.2. Relationship between the molar volume and ionic radii

The molar volume of alkali carbonates and alkaline earth carbonates increased with an increase in
the ionic radii of cations contained in each carbonate melt. There can be seen a linear relationship
between the molar volumes of the molten carbonates and their cationic volumes, calculated using

(8]

radii of 6 coordination, as shown in Fig. 2-17. The intercept of this plot should be the molar
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volume of the carbonate ion, 34.73 em’® mol ! at 1123K.
Using this type of plot at several temperatures, the relationship between the ionic radii and the

molar volumes of ions in molten carbonates can be described as the following empirical equation.

4
v, = Em;me(l 89+6.27x107*T) [2-9]
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Fig. 2-17. The relationship between molar volume of molten carbonates and their cationic

volume of carbonate calculated from ionic radii.

where V,~is the molar volume of an ion in molten carbonates, and 7, is the ionic radius of 6
coordination, 7 is the absolute temperature, and N is Avogadro’s number. Inverting this equation, the
apparent ionic radius of the carbonate ion can be obtained as 174 pm. This value is quite similar to
that of 178pm reported as the thermochemical ionic radius®. Using equation [2-9], the molar
volume of a carbonate mixture containing some ions of known ionic radius can be estimated and the

ionic radius can also be estimated from the density data.
2.4.3. Estimation of molar volume of quaternary system

Recently it has been reported that quaternary carbonate mixtures such as

(Lip5Nag 48)CO5+CagsBag sCO; (in the amounts of 10, 20 and 30 mol%) are promising as MCFC
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electrolytes''”.

The molar volume of (Lig 52Nag 45)CO3-Cag 5Bag sCO; was estimated following equation

Vi = XV =K V0 X VS XV e XV, (210)

1

The V'? s were obtained from the data of Table 2-6. In spite of the large temperature extrapolation

under the melting point, the estimated values show good agreement with measured values within an

error of 0.3%, as shown in Fig. 2-18.
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Flg 2-18. Molar volume of (Li0,52Nao.4g)2CO3 with added Ca(),5Ba()_5CO3 at 923K

and estimated values shown as a line.
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2.5. Conclusion

The density, and molar volume of binary, ternary, and quaternary molten carbonate mixtures of
alkali carbonates (Li,COs;, NayCO; and K,COs3) and alkali carbonate added with several additives
such as alkaline earth carbonates (CaCQOj3, SrCO3, and/or BaCOj3) and MO42' (SO42', Cr042', M0042',
and WO,”) were measured using a maximum bubble pressure technique with good accuracy.

Assuming that their properties are additive, the predicted molar volume of ternary mixtures agreed
well with measured ones within 0.7%.

The molar volume of Li,CO;-Rb,CO; and Li,CO3-Cs,CO; systems shows positive deviation.

The addition of alkaline earth carbonates resulted in an increase in the density of molten carbonate
mixtures. The molar volumes of single molten carbonates in molten carbonates have been derived
from the density data of ternary molten carbonate mixtures. The obtained molar volume of a single
molten carbonate can be inverted to estimate the molar volume and density of mixtures within an
error of 1%.

Apparent molar volumes of single molten carbonates can be estimated from the ionic radii of the
component ions. The molar volumes of mixtures also can be estimated from the ionic radii of the
components without measuring the density, and conversely the ionic radius in a molten carbonate
also can be estimated from density measurements.

These methods for estimating the density, and molar volume of molten alkali - alkaline earth
carbonates can be extended to multi-component systems and lower temperature than the melting

point of single molten carbonates with good agreement.
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3. Surface Tension of Molten Carbonates

3.1. Introduction

One of physical properties of molten salts, surface tension is important for not only their industrial
use but also better understanding their nature. The surface tension of molten salt has relationship
with the force between ionic species in it. Surface tension is also sensitive to the formation of
complex in molten salt. It is also important for estimating capillary force and wettability, which work
to distribute electrolyte between porous cell components of anode, cathode and electrolyte matrix
and prevent gas cross-leakage through electrolyte matrix in MCFC. The surface tension also has an
influence on the reactant gas solubility in molten carbonate hence MCFC performance!').

For the study of the surface tension of molten carbonate, Janz and Lorenz!* ], Ward and Janz M,and
Smirnov and Stepanov'! reported single alkali, binary alkali carbonate systems, Li,COs, Na,COs3,
K,COs3, and their binary and ternary mixtures. Liu et al. (61 reported data of Li,COs, Na,COs, K,COs,
and their binary and ternary mixtures containing CaCOs.

No data have been reported for binary and ternary carbonate mixtures containing Rb,COj;, and
Cs,CO3, SrCO;, BaCO; and the mixture added with MO4> (SO4~, CrO4>, MoO,”, and WO,%).

In this section, several molten carbonate mixtures mentioned at section 1.5 are investigated for
surface tension measurement. The influence of ionic size to physical properties of cations (Li", Na',
K, Rb", Cs*, Ca*", Sr*', and Ba*") and additives MO4> (SO,%, CrO,*, MoO4>, and WO,*) was
interesting for predict unknown data and understanding the nature of molten salts. I will present

interesting relationship between surface tension and composition in ternary molten carbonate system.

3.2. Experiment
3.2.1. Measurement method for the surface tension of molten carbonates

For the measurement of surface tension of molten salt, pin-detachment method and maximum
bubble pressure method are well known. Janz et al.”>* measured surface tension using a pin under a
bob. Their method is a kind of ring method. The principles of pin-detachment methods are shown in
Fig.3-1. The whole weight of the bob and the pin, M. The diameter of pin, » was measured in
advance. When the pin touched the surface of molten salt, meniscus of molten salt make a force to
pull down the pin by the surface tension. They measured the difference of weight, AF, between

before and after the pin detached from the surface of molten salt.
AF =2mry [3-1]

where y is the surface tension of molten salt. They measured not only surface tension but also

density using surface tension.
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AF=2 rry

Fo=M Fo=M+2rry
M weight of bob Fs=M
AF= 2nry
2r

molten salt

Fig. 3-1. Principle of surface tension measurement, pin-detachments method.
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Fig. 3-2. Principle of surface tension measurement using maximum bubble pressure method

The pin-detachment method, however, is time consuming and it is afraid that the surface of bob
influences the measurement by wettability. Some metals show low wettability for molten carbonate
depending on atmosphere or temperature. Wettability is described as contact angle, 6. The force
pulling molten salt decreases to jcosé. It was reported that the contact angles for Au was lower than
90 degree.

In order to measure a number of mixtures of molten carbonate mixture, I chose maximum bubble
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pressure method and refine it as described in following section.

The difficulty of surface tension measurement with maximum bubble pressure method is scatter of
measured pressure. | found the pressure deflection was suppressed by wider gas exit of furnace. The
adoption of a laser displacement meter made measurement easier and faster.

The principle of maximum bubble pressure method for density measurement is shown in Fig. 3-2.
When a capillary is touched with melt surface, melt climbs up inside capillary by capillary force
originated from surface tension of melt and this increase the pressure inside the capillary. As the
pressure is increased inside capillary by sending gas, melt is pushed out and the pressure reached
maximum, then finally gas bubble come out from the tip of capillary. At that time a contact line of
molten carbonate and capillary go through the place where apparent contact angle € almost become
zero because of curve near the near the exit of capillary then the bubble pressure would also become
maximum. The maximum pressures measured when the capillary is placed on the surface and inside
of melt by a depth of 4, are denoted as £/ and b, respectively. As described section 2.2.1, density
can be obtained from the difference between ), and F,. The relationship between maximum
pressure inside capillary and capillary force induced by surface tension is expressed as following

equation.
P =2my+a [3-2]
where a is a contribution of buoyancy made by half bubble pushing out into the melt.
r
VZEU%—Q) [3-2]

Schrodinger!” analyzed a and reported following equation for surface tension.
[3-3]
It should be noted that the density data is need to obtain surface tension for using equation [3-3].

3.2.2. Measurement procedures
As mentioned 2.2.3, sample preparation and apparatus for the measurement of density and surface

tension of molten carbonates is common.

The surface tension of molten alkali carbonates were measured in the temperature range from about
1100 K to a temperature higher than their liquidus by 30 K.

The level of the surface of melt was detected by abrupt pressure gain when the capillary contacted
the melt. When the bubble escape from the tip of the capillary, the pressure reaching its maximum
was measured as the maximum bubble pressure. The bubbles were controlled to be made with the

interval of about a few minutes. The maximum bubble pressures were measured at the both levels of
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surface and more than 10 mm depth in the melt in order to obtain density of melt.
The value of capillary radius, 7 at room temperature was determined through the measurement
with doubly distilled water at room temperature using high purity Ar gas (Iwatani gas, 99.9995%,

dew point 203 K) and was estimated at high temperature considering thermal expansion of alumina.

3.3. Results
3.3.1. Evaluation of measurement accuracy

Errors estimated in the measurement of surface tension of molten carbonates are listed in Table 3-1.
The factors contributing to the error of surface tension are determination of the inner diameter of
capillary, detection of melt’s surface, density, measurement of the maximum bubble pressure and
temperature of the melt. All the factors of the error were estimated and summed up to be less than

+1.0% for surface tension measurements.

Table 3-1. Errors estimated in the measurement of surface tension of molten carbonates.

Factors Estimated error in each measurements  Estimated error in surface tension
pressure measurement +0.15% +0.15%
detaction of surface +20um +0.15%
capillary radius +5um +0.5%
density of melt +0.9% +0.03%
temperature +5K +0.2%
Maximum Error +1.0%

In order to verify the accuracy and precision of the measurements, the density and the surface
tension of molten NaCl, well known as a standard material™® were measured from 1097 to 1179K.

The results showed good agreement with literature data of the surface tension (7 /mNm™' =190.2 -
0.07167T) within £0.8%.

3.3.2. The results of the measurements

The surface tension of alkali carbonates were measured as a function of temperature. The results of
alkali carbonates were shown in Figs. 3-3 with literature datal®). Although the results of the surface
tension of single alkali carbonate, Li,CO; and K,CO; shows good agreement with literature data,
there was disagreement between our results and reported ones for Na,CO; by max. 2%, Rb,CO; by
max. 4% and Cs,CO; by max. 2% as shown in Fig. 3-3. The reason for these discrepancies is not
clear. The disagreement may be come from the difference of the measurement technique, usage of
less wettable materials which contact with the melt (Au-Pd(80:20wt%) alloy pin or platinum
capillary), inadequate preparing or handling of those salts in earlier investigations.

As an example of the result measured for molten alkali binary carbonate system, the results of

molten Li,CO;-Rb,CO; binary system are plotted in Fig. 3-4. Several data of the surface tension in
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Li,C0O5-Na,COs, Li;CO3-K,CO3, and Na,CO3-K,CO;3 have been reported. The results of these
systems are plotted with literature data in Fig. 3-5 for Li,CO5-Na,CO; and Li,CO5-K,CO; systems

and Fig. 3-6 for Na,CO;-K,COj; system. Our result seems to agree well with previous data.
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Fig. 3-3. The temperature dependence of the surface tension of
molten alkali carbonates. LipCO3(O), NagCOg(A),

K9CO3([1), RbgCO3(<), and CsgCO3(@), solid line: [8].
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The data of the surface tension of the MCFC electrolytes, Li,CO3-Na,CO;5 (52:48 mol%) and
Li,C0O5-K,CO5 (62:38 mol%) have not been reported. The surface tension of Li,CO3-Na,CO; (52:48
mol%) at 923 K was 236 mNm™ which is higher than that of Li,CO;-K,CO; (62:38 mol%), 205
mNm™. Higher surface tension of MCFC electrolyte is favorable for preventing cross-leakage.

The results of surface tension of Li,CO;-Na,CO; -K,COj5 systems are plotted in Fig. 3-7.

Our data, and that reported by other authors, are shown in Fig. 3-8 . The surface tension showed
significant differences from that measured by Ward and Janz¥ and by Liu et al. ) These
differences can probably be attributed to different measurement methods and to differences in the
materials which contacted the molten carbonates.

The surface tensions of CaCO; added to molten Li,CO5-Na,CO; (52:48mol%) are plotted as a
function of temperature in Fig. 3-9. It was shown that the addition of alkaline earth carbonate to

alkali carbonate resulted in increase of surface tension of mixture.
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Fig. 3-9. Temperature dependence of the surface tension of
(Lig5pNag 48),CO; with added CaCO; in the amounts of 10, 20 and 30

mol% measured under 1 atm CO, atmosphere.

Surface tension of molten carbonates are plotted as a function of temperature in Fig. 3-10 for alkali

ion (Rb+ or Cs+) addition, Fig. 3-11 for Cr042' addition and Fig. 3-12 for SO42', MoO42', WO42' and
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CI addition, respectively. It was shown that the addition of these additives alkali carbonate mixture
resulted in decrease of surface tension of mixture.

Precise measurements of density, surface tension and conductivity had been done for CrO;*
addition. The results of small amount addition such as 1, 3 or 5 mol% showed that difference in the
measurements even 2 mol% composition change. Good resolution of data can be seen clearly in Fig
3-11 for Cr042' addition.

Surface tension of carbonate mixtures show linear relationship with temperature for all composition
measured in this work. The surface tension of molten salt mixtures decrease linearly with an increase
in temperature. Empirical equations for the surface tension, 7 (mN m™), were used as follows,

y=a+bT [3-4]
where 7 (K) is absolute temperature. These equations fit the measured data well over a wide
temperature range. The constants ¢ and b are calculated from experimental data by the method of
least mean squares and are given in Table 3-2 for surface tension of single and binary alkali
carbonate mixtures, in Table 3-3 for ternary alkali carbonate mixtures, in Table 3-4 for alkali-alkaline

earth carbonate mixtures, and Table 3-5 for alkali carbonate containing several additives,

respectively.
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Fig. 3-10. Temperature dependence of surface tension of molten (Lig s2Nag 43)2CO3
and (Lip 62K 33).CO;3 containing alkali ion (K+, Rb, or Cs+).
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Table 3-2. Surface tension of molten alkali carbonates

Composition Surface tension (mNm™) Calcurated Square of Standard ~ Temperature
(mol%) y=a+bT value at correlation deviation Range
1173 K coefficient (K)
(mN/m)

Li»CO3 : NayCO4y a b Y ’ sd T
100: 0 285.2 -0.04100 237.0 0.992 0.30 1018 - 1235
80:20 294.3 -0.05588 228.7 0.998 0.31 940 — 1266
60 : 40 289.7 -0.05622 223.8 0.999 0.24 853 — 1264
52:48 287.1 -0.05578 221.6 0.999 0.26 819 — 1265
40 : 60 287.1 -0.05891 217.9 0.999 0.26 881 — 1264
20: 80 285.7 -0.05997 215.3 0.999 0.18 1028 - 1264
0:100 287.1 -0.06254 213.7 0.999 0.10 1149 - 1286

LizCOg . KQCO;

90:10 288.1 -0.06431 212.6 0.996 0.17 992 - 1147
80:20 276.1 -0.06215 203.2 0.999 0.22 912 - 1264
62:38 266.5 -0.06637 188.7 1.000 0.16 794 - 1264
42.7:57.3 256.8 -0.06733 177.8 0.999 0.39 793 - 1265
20:80 247.0 -0.06464 171.2 1.000 0.08 1030 - 1263
0:100 2443 -0.06473 168.4 1.000 0.05 1182 - 1285

Li»CO3 : Rby,CO4y
80:20 263.8 -0.06616 186.2 1.000 0.17 911 - 1260
60 : 40 250.5 -0.07025 168.0 0.991 0.99 825 - 1265
40 : 60 236.5 -0.06687 158.0 1.000 0.12 854 - 1266
20: 80 230.3 -0.06759 151.0 1.000 0.13 1001 - 1261
0:100 226.4 -0.06599 149.0 0.999 0.10 1157 - 1286

Li»CO5 : CsHCO3 a b Y. r’ sd T
80:20 235.1 -0.06403 160.0 0.999 0.20 926 - 1245
60 : 40 224.6 -0.06892 143.7 0.997 0.52 856 - 1246
40 : 60 205.0 -0.06139 132.9 0.998 0.34 876 - 1266
20: 80 201.5 -0.06342 127.1 0.998 0.32 952 - 1276
0:100 186.8 -0.05359 124.0 0.998 0.16 1093 - 1285

NazCOq . KQCO';

80:20 266.4 -0.05909 197.1 0.999 0.15 1035 - 1227
60 : 40 259.4 -0.06179 186.9 0.999 0.15 995 - 1227
40 : 60 255.5 -0.06563 178.5 1.000 0.10 1023 - 1225
20 : 80 248.7 -0.06426 173.3 1.000 0.01 1093 - 1229
NaQCO; . szCO';
80:20 253.4 -0.05811 185.3 0.998 0.14 1037 - 1193
60 : 40 243.3 -0.06251 170.0 1.000 0.09 920 - 1193
40 : 60 234.0 -0.06258 160.6 1.000 0.10 918 - 1189
20 : 80 229.9 -0.06496 153.7 1.000 0.08 1036 - 1193

NaQCO; . CSZCOg
80:20 223.7 -0.05010 165.0 0.995 0.29 986 - 1189
60 : 40 215.0 -0.05505 150.4 0.999 0.18 879 - 1186
40 : 60 203.2 -0.05643 137.0 0.999 0.20 930 - 1191
20 : 80 199.7 -0.05998 129.3 1.000 0.09 987 - 1189
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Table 3-3. Surface tension of molten Li,CO3-Na,CO;-K,COj; ternary carbonates.

Composition Surface tension (mN m™)  Calculated Square of Estimated Temperature Estimatedy Estimated y
(mol%) y=a+bl vy value at correlation standard range value with ~ value using
Li»CO3 : NayCOj3: 1073 K coefficient deviation (K) eq. [3-10]  binary data
K,CO4 (mNm™) (mNm')  (mNm")
(diff. %)t (diff. %)§
a b Yinma r T
43.5:31.5:25.0 270.2 -0.06337 202.2 0.999 0.33 770-1163  213.0(5.4) 202.6 (0.2)
33.3:33.3:333 264.8 -0.06443 195.7 0.999 0.19 817-1191 206.6 (5.6) 196.5(0.5)
40:40:20 271.8 -0.06220 205.1 1.000 0.17 881-1262  215.2(5.0) 206.5(0.7)
40:20:40 260.6 -0.06473 191.1 1.000 0.17 837-1271  204.2(6.9) 192.4(0.7)
20:60:20 269.4 -0.06212 202.8 1.000 0.15 912-1272  211.7(4.5) 2054 (1.2)
20:20:60 256.3 -0.06703 184.4 1.000 0.09 917-1260 1919 (4.1) 183.9 (-0.3)
49.4:45.6:5.0 280.9 -0.05707 219.7 1.000 0.31 820-1159 2264 (3.1) 221.1(0.6)

T: difference % between measured data and those estimated using equation [3-10]

i: difference % between measured data and those estimated from binary data using equation [3-18]

Table 3-4. Surface tensions of molten alkali - alkaline earth carbonate mixtures.

Composition Surface tension (mN m'l) Calculated Square of Standard  Temperature
(mol %) y=a+ bT value at 1123K  correlation Deviation range (K)
(mNm™ coefficient
a b Vi r sd T
Li2C03 : CaCO3
90:10 291.4 -0.04288 243.2 0.990 0.27 988-1166
80:20 291.3 -0.03925 247.2 0.997 0.17 960-1163
70:30 288.7 -0.03165 253.2 0.974 0.40 953-1163
LizCOg : SI‘CO';
90:10 293.2 -0.04372 244.1 0.99 0.28 988-1163
80:20 294.4 -0.04084 248.5 0.988 0.28 989-1165
70:30 296.7 -0.03687 255.3 0.990 0.19 1027-1165
LipCO3 : BaCOjy
90:10 294.8 -0.04506 244.2 0.994 0.21 990-1165
80:20 297.5 -0.04239 249.9 0.995 0.20 969-1166
70:30 306.0 -0.04495 255.5 0.997 0.20 961-1166
Li;CO3 : NapyCO3 : CaCOy
46.8:43.2:10 290.8 -0.05681 227.0 0.998 0.39 822-1211
41.6:38.4:20 294.0 -0.05381 233.6 0.998 0.28 811-1164
36.4:33.6:30 305.8 -0.05995 238.5 0.998 0.24 928-1166
27:63:10 288.5 -0.05753 2239 0.999 0.17 952-1160
24:56:20 289.6 -0.05506 227.8 0.999 0.09 982-1159
21:49:30 299.8 -0.05900 233.5 0.996 0.23 982-1157
0:60:40 299.9 -0.05730 235.6 0.997 0.14 1065-1184
LiQCOj; . N32COg . SI‘C03
46.8:43.2:10 2914 -0.05489 229.8 0.999 0.23 812-1169
41.6:38.4:20 297.7 -0.05585 235.0 0.998 0.23 931-1168
36.4:33.6:30 301.3 -0.05422 240.4 0.997 0.20 1017-1166
27:63:10 289.5 -0.05770 2247 0.999 0.14 950-1155
24:56:20 295.4 -0.05868 229.5 0.999 0.12 979-1157
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Table 3-4. (continued)

Composition Surface tension (mN m ™) Calculated Square of Standard  Temperature
(mol %) y=a+ bT value at 1123K  correlation Deviation  range (K)
(mNm™) coefficient
a b Y o r sd T
Li»CO3 : NayCO5 : SrCO4
21:49:30 295.2 -0.05388 234.7 0.997 0.17 1000-1153
0:60:40 306.3 -0.06119 237.6 0.992 0.24 1079-1198
LiQCOj; . Na2COg . BaCOg
46.8:43.2:10 293.4 -0.05663 229.8 0.998 0.27 851-1165
41.6:38.4:20 297.4 -0.05619 234.3 0.997 0.37 853-1165
36.4:33.6:30 300.6 -0.05477 239.1 0.990 0.48 930-1164
27:63:10 286.7 -0.05513 224.8 0.998 0.17 952-1153
24:56:20 295.6 -0.05915 229.2 0.998 0.18 977-1152
21:49:30 294.7 -0.05460 233.4 0.997 0.20 979-1154
0:60:40 296.7 -0.05454 235.5 0.996 0.18 1046-1185
Li2C03 : N32C03 : (Cao_5+Bao_5)CO3
46.8:43.2:10 296.5 -0.06041 228.7 0.997 0.55 865-1185
41.6:38.4:20 294.8 -0.05488 233.2 0.998 0.82 864-1180
36.4:33.6:30 302.0 -0.05752 237.4 0.987 0.99 938-1182
Li2C03 . KzCOq . CaCOg
55.8:34.2:10 271.7 -0.06833 195.0 1.000 0.17 808-1161
49.6:30.4:20 275.3 -0.06768 199.3 1.000 0.10 846-1157
43.4:26.6:30 277.4 -0.06320 206.4 0.997 0.31 923-1156
38.4:51.6:10 262.1 -0.06790 185.8 1.000 0.13 849-1164
34.2:45.8:20 264.5 -0.06660 189.7 1.000 0.11 926-1163
29.9:41.1:30 270.7 -0.06744 195.0 0.999 0.17 1013-1162
0:60:40 257.7 -0.06320 186.7 0.998 0.11 1087-1207
Li5CO3 : K»CO5 : SrCOg
55.8:34.2:10 269.9 -0.06655 195.2 1.000 0.15 820-1164
49.6:30.4:20 274.7 -0.06627 200.3 0.999 0.18 917-1165
43.4:26.6:30 287.6 -0.07225 206.5 0.997 0.27 987-1134
38.4:51.6:10 262.5 -0.06806 186.1 1.000 0.07 820-1165
34.2:45.8:20 268.6 -0.06982 190.2 0.999 0.18 899-1164
29.9:41.1:30 272.7 -0.06816 196.2 0.997 0.21 929-1165
0:60:40 259.9 -0.06396 188.1 0.980 0.26 1141-1202
Li,COj3 : K»CO3 : BaCOg
55.8:34.2:10 271.0 -0.06601 196.9 0.999 0.25 883-1162
49.6:30.4:20 275.9 -0.06705 200.6 0.997 0.36 889-1161
43.4:26.6:30 275.3 -0.06162 206.1 1.000 0.11 929-1164
38.4:51.6:10 261.5 -0.06803 185.1 1.000 0.10 812-1166
34.2:45.8:20 268.9 -0.07044 189.8 0.999 0.19 890-1165
29.9:41.1:30 270.7 -0.06622 196.3 0.997 0.33 930-1164
0:60:40 262.4 -0.06519 189.2 0.998 0.13 1086-1205
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Table 3-5. Experimental equations for surface tension of molten (Lips;Nag45),CO3 and

(Lig.62Ko.38).CO;3 containing additives.

Composition Surface tension (MN m™)  Calculated Square of Standard Temperature
(mol %) y=a+bT value at 923K correlation  Deviation range (K)
(mNm™) coefficient
a b Y o5 I Sd T

(Lig 52Na 45),CO5 235.6
(Lig 52Nag48)2(C0O3)009(CrO4)p01  285.2  -0.05583 233.7 0.999 0.19 820 - 1166
(Lig 52Nag48)2(C0O3)007(CrO4)00s  285.4  -0.05749 2323 0.999 0.22 820 - 1164
(Lig 52Nag48)2(CO3)005(CrO4)0s  281.3  -0.0563 229.3 1.000 0.14 824 - 1164
(Lig.5:Nag 48)2(C0O3)9.05(M004)g0s  282.8  -0.05672 230.4 0.996 0.32 923 -1160
(Lig 52Nag48)2(CO3)008(WO4)002  284.8  -0.05570 233.4 0.998 0.24 923 - 1159
(Lig 52Nag48)2(CO3)00s(WO4)00s  283.4  -0.05651 231.2 0.998 0.22 911 - 1151
(Lip.52Nag48)2(CO3)0.05(SO4)00s 2854 -0.05751 2323 0.999 0.24 870 - 1160
(Lig.494Nag 456R by 05),CO5 277.8 -0.05992 222.5 0.998 0.30 868 - 1162
(Lig.494Na 456CS0.05)2CO5 258.7 -0.05506 207.9 0.997 0.51 867 - 1110
(Lig.55Nag 48)2(CO3)0.95Clg 1 243.6 -0.03944 207.2 0.984 0.44 868 - 1159
(Lip.52Na.48)2(CO3)o.05F0.1 287.8 -0.05685 2353 0.999 0.18 873-1169

(Lip.62Ko38)2C0;3 205.2
(Lio62Ko38)2(CO3)0.09(CrOs)001  262.0  -0.06477 202.2 0.999 0.22 808 - 1164
(Lio62Ko0.38)2(C03)0.97(CrOs)003 253 -0.05923 198.3 0.999 0.22 813 -1167
(Lio62Ko38)2(CO3)095(CrOs)00s  248.7  -0.05714 196.0 1.000 0.11 852 - 1166
(Lig 62K038)2(C0O3)0.95(M004)00s  256.8  -0.06409 197.6 0.999 0.34 937 -1169
(Lip62K038)2(CO3)098(WO4)o02  258.0  -0.06198 200.8 0.999 0.43 945 - 1145
(Lio62K038)2(CO3)097(WO4)o03  258.1  -0.06220 200.7 0.999 0.15 924 - 1161
(Lip.62K038)2(CO3)095(WO4)o0s  255.6  -0.06110 199.2 0.999 0.18 841 -1167
(Lio.52Ko038)2(CO3)0.05(SOs)o0s  261.3  -0.06542 200.9 0.999 0.25 869 - 1162
(Lig 580K 361Rbg 05),CO3 265.8 -0.07134 200.1 0.997 0.44 868 - 1161
(Lig.62K0.38)2(CO3)0.95Clg 1 175.7 -0.02654 151.2 0.994 0.18 965 - 1159
(Lig.62K0.38)2(CO3)0.95F0.1 266.5 -0.06873 203.1 0.999 0.23 853-1169

(Lio.437K0.573)2CO5 194.7
(Li0.437K0.573)2(C03)0.99(CrOs)0 01 255.9  -0.06753 193.6 1.000 0.17 821 -1164
(Lip.437K0.573)2(C0O3)0.97(CrO4)0 03 251.8  -0.06582 191.0 1.000 0.07 821 - 1165
(Li0.437K0.573)2(C03)0.05(CrO4)00s  247.5  -0.06453 187.9 1.000 0.09 823 -1164
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3.4. Discussion
3.4.1. Surface tension and ionic distance

Smirnov et al. ™ reported that the surface tension of alkali halide shows linear with their cubic root
of molar volume. In the case of molten alkali carbonates, we observed also a linear relationship

between the surface tension and the cubic root of molar volume as shown in Fig. 3-13.
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Fig. 3-13. The relationship between the surface tension of alkaline

carbonate and their cubic molar volume.

It is observed an apparent linear relationship between the radius'” of alkali cation and the surface
tension of molten alkali carbonate as shown in Fig. 3-14. The surface tension of molten single alkali
carbonate decrease with increase of alkali cation’s radius. As the radius of cation increase, the
distance between cation and anion increase, which resulted in the decrease of coulombic force and
the number of ions in unit area. This is the explanation for the decrease of the surface tension lower.
The addition of Rb,CO5 or Cs,CO; increases molar volume hence the distance between carbonate
ions. The change of inter ion distance may decrease anion cation coulombic interaction, hence result
in decrease of the surface tension. The larger inter ion distance would change the site of Li" or Na
ion around carbonate ion suggested by Spedding!'”. This structural change of melt would be the

cause of deviation of molar volume from additivity.
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Fig. 3-15. The surface tension of molten LipCO3-NapCO3(0),
LipC0O3-K»CO3(1), LipCO3-RbpCO3(0) and LipCO3-CspCO3(L)
binary carbonate systems at 1173K, and calculated isotherm using
Guggenheim's equation for perfect (dash line), and regular solution
using interaction parameter, W,(solid line).
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Fig. 3-16. The Surface tension of molten NapCO3-K»CO3(e),
NapCO3-RbyCO3( A) and NapyCO3-CspCO3(m) binary carbonate systems at
1173K, and calculated isotherm using Guggenheim's equation for perfect (dash

line), and regular solution using interaction parameter, /,(solid line).

3.4.2. Surface tension and composition of binary molten alkali carbonate mixtures

The dependence of surface tension on composition measured in molten Li,CO3-X,CO; (X= Na, K,
Rb and Cs) and Na,CO3-Y,CO; (Y= Na, K, Rb and Cs) binary carbonate systems at 1173 K shown
in Figs. 3-15 and 3-16, respectively. In any systems it can be seen that the increase of larger cation’s
content makes the surface tension of the mixture lower. The bigger difference of the cationic size,
the more effectively the larger cation decreases the surface tension of the mixture. Therefore,
Cs,CO3 and Rb,COj3 can act as surfactant, which effectively decrease the surface tension of molten
carbonate mixture.

Uhlig!" investigated the relationship between the gas solubility and the surface tension. Blander!'")
et al. applied the theory to molten salt and reported that the lower the surface tension, the more gas
dissolves into the melt. Therefore the addition of Cs,COj; or Rb,CO; to molten carbonate electrolyte
is expected to increase the gas solubility thus increase electroactive species then the performance of
MCFC.

The relationship between the surface tension and the composition of binary solution were
investigated by Guggenheim!'?), Belton and Evans!"’!. Using Guggenheim’s equation for perfect
solution, one can calculate the surface tension of the mixture at any composition only with the value
of the surface tension and the molar volume of pure component.

Guggenheim’s equation for perfect solution are:
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y=ry+kT/a)n(X, /X ,) [3-5]

y=yy+*kT/a)In(X,/X,)

a=X,V{INY">+ X,V /N> [3-6]
where } is the surface tension of binary mixture }/2 and y, are the surface tension of pure
component A and B, respectively. X, and x  are mole fractions of component A and B in the
bulk melt. X, and X, are mole fractions of component A and B at the surface of melt and. a is
the average area of molecular at the surface of melt. V; and Vz;) are molar volume of pure
component A and B, respectively. N is Avogadro number. & is Boltzmann constant.

B used the Guggenheim equation for perfect solution in order to estimate the

Janz and Lorenz
surface tension of Li,CO3-Na,CO; and LiCO;-K,CO; systems. As shown in Figs. 3-15 and 3-16,
depicted as dash lines, the measured value in Li;CO3-Nay,CO; and Na,CO;-K,CO; system shows
small deviation from estimation, but in other binary systems shows quite large negative deviation
from estimated values. Therefore it was found that Guggenheim equation for perfect solution is not
to suitable for estimating the surface tension of Li,COs-K,CO; system and alkali binary carbonate
systems containing and Rb,CO; or Cs,COs.

Guggenheim also proposed another equation''”! for regular solution on the assumption of a
quasi-crystalline model, in which each molecule is arranged on a lattice point and it is distribute
randomly in both the bulk and surface layer. It was found that following Guggenheim’s equation for
regular solution can correlate surface tension and composition with good agreement using the values

of the surface tension and molar volume of pure component and fitting values of interaction

parameter W , which is related to mixing enthalpies, AH, with an equation of
W=AH, /(X ,X,). In the following equation w=W /N was used. The W is defined

such that if one starts with two pure liquids and interchanges an interior A molecule with an interior

B molecule the total increase of potential energy is 2w .
y=y"+kT/a-In(X',/ X )+1(X%-X)w/a-mX,wla [3-7]
y :72 +kT/a-In(X', /XB)+I(X'124—Xj)w/a—ijw/a

a=X,(V]/N’+X,V,/N)" [3-8]

X, +X, =X, +X',=1 [3-9]

where [ and M are the proportions of nearest neighbors which occupy the same lattice plane and
the next lattice plane, respectively. Hence they should have the relation of /+2/1=1. For closed
packed structure, / and 7 are 0.5 and 0.25, respectively, and were used for calculation.

Using W fitted to measured value in each system, unknown values, 7, a, and X y (or X B)

52



are solved out from equations [3-7] to [3-9] for whole composition. The calculated surface tension
7 of binary systems is shown as solid line curves in Figs. 3-15 and 3-16. The calculated curves

correlated the measured values with good agreement.
The obtained W are expected to be related to the mixing enthalpies AH ,, with the equation

of W=AH, /(X ,X,). Andersen et al. " reported the mixing enthalpies in binary molten
carbonate systems measured by means of calorimetric experiments. The W calculated from
AH ,, with the equation of W = AH,, /(X ;X ;) are minus ones, while # from surface tension
are plus ones. It is found that W =—-AH,, /(X ,X ) should be applied for the Guggenheim's
equation instead of W =AH,, /(X ,X ) in order to correlate the surface tension of the molten

binary carbonate systems of this work. The values W' from surface tension and calculated from

Ay with the equation W =—AH,, /(X X ) for each binary carbonate systems are listed in
Table 3-6. The W of the surface tension show difference from the ones calculated from Andersen’s
mixing enthalpy. From these results, binary molten carbonate systems of this work are thought to be
different from the model system from which Guggenheim's equation is derived. Therefore, the model
of Guggenheim's equation can not be fully applied to these systems. It is, however, notable that the
Guggenheim’s equation for regular solution can correlate between the surface tension of binary
alkali carbonate systems and their composition. This equation is still useful from the viewpoint of

estimating the surface tension of unknown composition of the binary system.

Table 3-6. Interaction parameter J# from Andersen''*! and estimated from surface tension result.

Systems Temperature W from surface tension W from Andersen
K kJ-mol! kJ -mole'1
Li2C0O3-Na2CO3 1178 7.0 10-12
Li2C0O3-K2CO3 1178 16.2 27 -37
LipCO3-Rb2CO3 1178 17.9 24 -39
LipCO3-Cs2CO3 1135 17.0 29 -50
NapCO3-K2CO3 1178 9.6 5.1-63
Nap2C03-Rb2CO3 1178 12.6 8.1-8.6
Na2C03-Cs2CO3 1135 13.2 8.4-89

3.4.3. Surface tension and composition of the mixture in Li,CO3-Na,COs-K,CO3 ternary system
The surface tension of the Li,CO3-Na,CO3-K,COs5 ternary system at 1073 K is shown in Fig. 3-17

together with contour lines. The relationship between the surface tension and the composition of

binary solution were investigated by Guggenheimm]. This relationship was extended to a ternary

molten carbonate. The surface tension (y) of an ideal solution consisting of components i is given by
kT s
y=——Inq > X,exp(-y,——) [3-10]
s {Z kT

where v; is the surface tension of pure component i. X; is the mole fraction of component i in the
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bulk melt, & is the Boltzmann constant, s is the average area of molecules at the surface of the melt

and is given approximately by

s~y XV, IN?" [3-11]

where N is the Avogadro number. Table II shows that the y values estimated using equation [3-10]

were higher than those measured by no more than +7%.

LizCOs NawCOsKeCOs  K2COs3

at 1073K

~ AN === ST N o~ __ ===
\J

291 924 227 229 9234 :
NasCOs L12COs3

Fig. 3-17. Contour diagram of the surface tension in the molten
Li2CO3-Na2COs-K2COs system at 1073 K (mN m™1). (*extrapolated value)

In Fig. 3-17 the contour lines of surface tension are drawn as straight lines between two binary

carbonate compositions of the same surface tension calculated from measured binary carbonate data.
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It can be seen that such straight contour lines fit well the surface tensions of binary and ternary
carbonates. Supposing the contour lines are almost straight, any composition in ternary compositions
should lie on a line between two binary carbonates of the same surface tension. Therefore, the
surface tension of any composition of Li;CO; - Na,CO; - K,CO;3 can be calculated using the
following method using the data from the three binary carbonate systems, Li,CO3;-Na,COs,
Li,CO3-K,CO;, and Na,CO5-K,CO:s.

The mole fractions of Li,COs3, Na,CO;, and K,COjs are set to be X, y, and z, respectively. Asx +y +
z =1, any composition in the Li,CO3-Na,CO3-K,COj3 system can be depicted as (x, y). Further on,
the compositions in the binary systems of Li;CO3-Na,CO3, Li,CO3-K,CO3, and Na,CO;-K,CO; are
depicted as (x1, y1), (x2, 0), and (0, y3), respectively.

Now we shall consider a line y = px + ¢ which goes through a point of a composition (a, b) of the
ternary carbonate mixture using parameters p and g. If the line passes through a composition of
binary system Li,CO3-Na,COs, (x1, y1), then it fulfills the following relationships.

b=pa+tq: xity1=1: y=px;+gq [3-12]
Therefore
I1-b+pa b-pa+p
l+p ~ 1+p

If the line passes through a composition of binary system Li,CO;-K,COs, (x,, 0), then it fulfills the

(v, y1)=( ) [3-13]

following relationships.
b=pa+q: px;+qg=0 [3-14]
Therefore

pa—b

(x2,0) = ( ,0) [3-15]

Finally, if the line passes through a composition of binary system Na,CO3-K,COs, (0, y3), then it
fulfills the following relationships.

b=patq: y3=¢ [3-16]
Therefore

0,y3)=(0, b—pa) [3-17]

If contour lines of surface tension are straight, there exists a line through (a, ) and two of points (x,
1), (x2, 0), or (0, y3). The surface tensions of the three compositions are equal. Let us denote the
surface tension of a composition (X, y) in a system as Ysysem(¥, ¥). Then yrinak(a, b) can be made
equal to two of the following three expressions by adjusting p.
1-b+ pa b—pa+p): pa—>b

, 000 ynak (0, b—pa)  [3-18]
I+p I+p

YLK (

'YLiNa(

The values of yrina(x1, 1), YLik(x2, 0), and yn.k(0, ¥3) can be obtained from binary data using

polynomial functions relating surface tensions and compositions. Therefore, changing the value of p
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to produce two equal surface tension allows one to obtain the ypin.k(a@, b) value. Then the line y = px
+ ¢ indicate the compositions of which surface tension equals to ypin.x(a, b).

Using the above approach, it was found that the estimated surface tensions of the ternary carbonates
listed in Table 3-3 agreed well with the measured data within 1.2%. This result suggested the
contour lines in the surface tension plots are indeed almost straight lines. It also means that mixing
of two components of the same surface tension makes little change in the surface energy in the
Li,C0O5-Na,CO3-K,CO5 system. We can summarize this phenomenon in this system by the statement
that the mixture of two components A and B of the same surface tension (y, = yg) shows almost the
same surface tension before mixing. Therefore the surface tension of the mixture consists of

components A and B of the same surface tension show following relationship:

YA = VB = YxA+(1-¥)B [3-19]

where X is the fraction of 4 in the mixture.

In Fig. 3-17, the contour lines are calculated using the method above mentioned. As shown in Fig. 6,
the contour lines are straight ones and the values of calculated contour lines agree well with
measured data.

There have been sporadic reports of the surface tension of common anion molten salt ternary
systems, such as PbCl,-NaCl-KCl, PbCl,-KCI-LiCl, 15161 and LiF-ThF4-BeF, ", In these systems,
the authors did not report straight contour lines such as we have observed. This difference may be
attributable to surface active complexes reported to be present in these systems. The surface active
complexes would have relatively weaker interaction and make surface tension lower than that
expected without the complexes.

Contour lines in alkali-alkaline earth ternary carbonate systems (Li,CO3-Na,CO3;-MCO; and
Li,C0O5-K,C0O5-MCO3, M:Ca, Sr, and Ba) seem to be straight as shown in following section.

The surface tension of molten CaCl,-MgCl,-NaCl and CaCl,-MgCl,-KCl systems[g] was calculated
using binary data via the above-mentioned methods. The data can be estimated at 1173 K within 6%.
Therefore the surface tension of molten CaCl,-MgCl,-NaCl and CaCl,-MgCl,-KCl systems can be
described using straight contour lines.

It is expected that in general the surface tensions of common anion molten salt ternary systems that
do not contain complex ions can be predicted with good accuracy using above mentioned method

and three sets of binary data.

3.4.4. Surface tension of alkali carbonate added alkaline earth carbonate
It has been reported that the equations [3-10] and [3-11] can be fitted well with the reported data of
similar systems such as LiCI-CaCl, and LiCl-BaCL™. Equations [3-10] and [3-11] were fitted to the

experimental data of molten binary Li,CO;-alkaline earth carbonates as shown in Fig. 3-18. From
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these equations hypothetical surface tensions of molten single alkaline earth carbonates were
estimated and are summarized in Table 3-7. The surface tensions of molten single carbonates follow
the order of BaCO; > SrCO; > CaCO; > Li,CO; > Na,CO; > K,CO3; > Rb,CO; > Cs,COs. Such an
order also can be seen for their chlorides, bromides, and jodides'™.

The estimated surface tension for binary Na,CO; - AeCO;5 (Ae =Ca, Sr, and Ba) and K,CO; -
AeCO; using equations [3-10] and [3-11] and data in Table 3-4, however, showed a positive
deviation from measured data at 1123K by about 3% for Na,CO;- AeCO;5; (Na:Ae = 60:40 mol%)
and about 7% for K,CO; - AeCO; (K:Ae = 60:40 mol%). These deviations may arise from

non-ideality in these systems.
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Fig. 3-18. The surface tension of Li,COs-alkaline earth carbonates shown as open
points and estimated value fitted to Guggenheim’s equation shown as lines and

solid points.

The surface tension of molten carbonate mixtures containing added alkaline earth carbonates
increased linearly with an increase in the mole fraction of alkaline earth carbonate as shown in Fig
3-19. Therefore the empirical equation for estimating the surface tension of the mixture can be

written as
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]/mix = 7/alkali + /IXAE [3-20]

where . 1s the surface tension of the molten alkali carbonate mixture before
addition of alkaline earth carbonate and ,  is that for a mixture with added alkaline
earth carbonate having a mole fraction, x,, . A is the slope of the plot »,. —7. ..

VS, X, -

Table 3-7. Hypothetical surface tension of molten alkaline earth carbonates.

Alkaline earth carbonate Surface tension (mNm'™") Calculated value at 1123K (mNm™)
Y=a'+b'T
a’ b’ Vi
CaCOj3 315.0 -0.0180 294.8
SrCO5 357.9 -0.0452 307.1
BaCOjy 411.3 -0.0880 312.5

It was found that equation [3-20] with a value of A can be used to estimate the surface tension in
the whole ternary system as shown in Fig. 3-20 within an error of about 1%. The values of A4 were
obtained for 6 ternary carbonate systems as listed in Table 3-8. The measured surface tensions and
calculated contour diagrams for Li,CO3-Na,CO;-CaCOj3 at 1123K are shown in Fig. 3-21. It can be
seen that the calculated contour diagrams agree well with the measured values.

The increase in the surface tension by the addition of an alkaline earth carbonate depends only on
the mole fraction of the alkaline earth carbonate. This means that, for the increase in surface tension,
the interaction between an alkaline earth ion and a carbonate ion is more important than that between

an alkaline earth ion and alkali ions.

Table 3-8. The parameter , of the relationship Vi = Vi T AX B for molten
Li,C0O;3-Na,CO; or Li,CO3-K,COj; containing alkaline earth (Ca, Sr or Ba) carbonates at 1123K.

Ternary carbonate systems A (mN-m-mole-frac Square of correlation
tion'1) coefficient r?
Li2C0O3-Na2CO3-CaCOs 45.16 0.98
Li2CO3-Naz2CO3-SrCOs3 51.56 0.99
Li2CO3-Na2CO3-BaCOs 49.01 0.98
Li2CO3-K2CO3-CaCOs 42.54 0.96
Li2CO3-K2CO3-SrCOs3 46.39 0.96
Li2CO3-K2CO3-BaCOs3 47.78 0.97
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Fig. 3-19. Surface tension of molten carbonate mixtures Li,CO;,
(Li0'52NaO‘4g)2C03, and (Li()'62K()'38)2CO3 with an added alkaline earth
carbonate (CaCOs, SrCOs;, and BaCOs) at 1123K.
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Fig. 3-20. ymix- yamkaii as a function of the mole fraction of CaCOs for
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3.4.5. Estimation of surface tension of quaternary system

Recently it has ©been reported that quaternary carbonate mixtures such as
(Lip5Nag 45)CO5+CagsBag sCO; (in the amounts of 10, 20 and 30 mol%) are promising as MCFC
electrolytes'™.

The surface tension of (Ligs2Nag45)CO3-CagsBagsCO; at 923K was estimated by equation [3-20]
using ﬂcﬂ0-55a0-5, which is an average of the As for CaCO; and BaCOs, obtained through the plots
like Fig. 3-22 at 923K. The estimated values showed good agreement with measured data within an

error of 0.3% as shown in Fig. 3-22.

3.5. Conclusion

The surface tension of molten carbonate mixtures were measured using maximum bubble pressure
technique. The accuracies of the measurements were estimated to be £1.0% for surface tension
measurements.

It was found that there is a linear relationship between the surface tension of molten alkali
carbonates and the cubic root of molar volume or cation radius.

The addition of Rb,COj3 or Cs,CO3 to Li,CO;5 or Na,COs5 resulted in decrease of the surface tension
of mixtures. Cs,CO3 and Rb,COj3 can be surfactant, which effectively decreases the surface tension
of molten carbonate thus would increase gas solubility.

At constant temperature, the relationship between composition and measured surface tension in all
binary carbonate systems is correlated by Guggenheim's equation for regular solution using
interaction parameter w.

The addition of Rb,CO3; or Cs,COs increase the distance between carbonate ions in the surface
layer. This would not only make surface tension lower but also by mixing with Li,CO; bring the
structural change of melt and result in deviation of molar volume from additive property.

It was shown that a mixture of two components having the same surface tension has almost the
same surface tension in the LiCO;-Na,CO;-K,CO; system. It has been found that the estimated
surface tension of ternary carbonates agreed well with measured data within 1.2%.

The addition of alkaline earth carbonates resulted in an increase in surface tension of molten
carbonate mixtures.

The surface tension of alkali-alkaline earth ternary systems increased linearly with an increase in
the alkaline earth carbonate content. The gain of surface tension by adding an alkaline earth
carbonate is proportional to its mole fraction. The ratios of gain of surface tension to mole fraction of
an alkaline earth carbonate depend on the carbonate system and are obtained from the data of
mixtures in ternary molten carbonate systems. Using these ratios, the surface tension of an
alkali-alkaline earth carbonate mixture can be estimated with good agreement.

These methods for estimating the surface tension of molten alkali - alkaline earth carbonates can be
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extended to multi-component systems and lower temperature than the melting point of single molten

carbonates with good agreement.
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4. Electrical Conductivity of Molten Carbonates

4-1. Introduction

One of physical properties of molten carbonates, electrical conductivity of molten carbonates
determines resistance of electrolyte and directly affects the output of Molten Carbonate Fuel Cell.
Furthermore, electrical conductivity of molten carbonate is important not only for the good choice of
new electrolyte, but also for better understanding of the behavior of ionic species in the melt. There
are, however, few known data of electrical conductivity of molten carbonate mixtures.

For the study of the electrical conductivity of molten carbonate, Janz and Lorenz[l], Ward and Janz
(] and Spedding"! reported single alkali, binary and ternary alkali carbonate systems of Li,COs,
Na,CO;, K,COs.

No data have been reported for binary and ternary carbonate mixtures containing Rb,COs,
Cs,CO3, CaCOs, SrCO3, BaCO; and the mixtures added with MO,* (SO,%, CrO4*, MoO4>, and
WO4Y).

In this section, several molten carbonate mixtures mentioned at section 1.5 are investigated for
electrical conductivity measurement. The influence of ionic size to physical properties of cations
(Li, Na’, K, Rb", Cs*, Ca**, St*', and Ba®") and additives MO, (SO,*, CrO,*, MoO,”, and
WO,”) was interesting for predict unknown data and understanding the nature of molten salts. I will
present interesting relationship between electrical conductivity and composition in ternary molten

carbonate system.

4.2. Experimental
4.2.1. Measurement method for the electrical conductivity of molten carbonates

For the measurement of electrical conductivity of molten salt, AC two probe technique utilizing
vertical capillary cell is popular. Janz et al.''”!, and Spedding"’ used MgO single crystal capillaries
and AC bridge. Janz et al. utilized AC of frequency 1, 2, 5, and 20 kHz, and Spedding utilized
2kHz-40kHz.. In this thesis, I also adopted AC two probe technique and utilize high purity alumina
conductance cell and impedance measurement using Frequency Response Analyzer (FRA) utilizing
10 Hz to 10° Hz.

Recently, Kim'" also used FRA but they use unique method utilizing movable electrodes in
capillaries for the measurement of molten fluorides. Schematic diagrams of measurements are shown
in Fig. 4-1. In capillary cell of AC two probe technique, electrodes do not move. On the other hand,
movable electrodes show increase resistance with increase of molten salt path length by drawing-up
electrode. The difference of resistance by known length of electrode displacement has direct
relationship to the resistance of molten salt inside capillary of known length without impedance of

electrode-molten salt interface.
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In this work, movable electrode method also used to verify result.

Conductance
bridge
‘ . Alumina
Rod with movable
two I—— electrodes
D ] capillaries
AuPd20wt%
MgO | | _electrodes‘_\T_IT _IT | ]
single -
—pt
crystal
capillaries

Fig. 4-1. Measurement methods of electrical conductivity of molten salts, a)Janz et al. and

Spedding, b) This work, ¢)Kim and Sadoway et al.

4.2.2. Measurement procedures

The sample preparation method is the same as section 2.2.3 except for crucible size, 20mmOD
40mm h containing about 12 cm® molten salt.

The electrical conductivity of molten alkali carbonates were measured in the temperature range
from about 1100 K to a temperature higher than their liquidus by 30 K.

Sample temperatures were as measured by a Platinel thermocouple covered with an alumina tube
that was inserted into the sample melts.

The measurements were made by an AC two probe technique and AC impedance spectroscopy
using a Solatron 1186 electrochemical interface and a Solatron 1170 frequency response analyzer
(FRA). The frequency range of the impedance measurements was from 10 Hz to 10 kHz. In the
Nyquist plots of impedance a part of one semicircle appeared. The higher frequency intercept of the
semicircle with the real axis was taken to be the resistance of the electrolyte!”’.

A conductance cell with two capillaries which were machined in a sintered high purity Al,O; rod
was used in these measurements, and its cell constant was designed to be about 200 cm™. Two Au-Pd
(80:20wt%) alloy electrode were used as probes in the cell. The cell constant were calibrated using
standard materials of molten KNOs and molten NaClI). The values of cell constant measured in each

standard materials accorded well within +1%.
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sample elevator
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Fig. 4-2. Measurement apparatus for electrical conductivity of

molten carbonate mixtures

4.3. Results
4.3.1. Temperature dependence of electrical conductivities of molten carbonates

The temperature dependencies of the conductivity are shown for molten single carbonate in Fig.
4-3. A comparison of our data with that in the literature showed good agreement for Li,CO;3 and
K2CO3[1’3 ! However the datum for Na,CO; was lower than the reported value by 3%, For binary
carbonates, the results of Li,CO3-Rb,COj3, Li,CO5-Cs,CO3;, Na,CO3-Rb,CO3, and Nay,CO3-Cs,CO5
are shown in Figs. 4-4 to 4-7, respectively.

The conductivities of binary systems of molten Li,CO5; - X,CO;3 (X: Na, K, Rb, and Cs) and
Na,COs; - Z,CO5 (Z: K, Rb, and Cs) at 1173 K, are shown in Figs. 4-8 and 4-9, respectively. The data
for binary carbonates measured in this work also showed good agreement with those reported by
Ward and Janz"”), but there were some discrepancies in the Li,CO3-K,CO; system, especially for
Li-rich compositions reported by Spedding"™. Spedding measured the resistance of the cell by AC
bridge utilizing 2 kHz - 40 kHz signal and used standard material of KCl aqueous solution, while we
used a FRA utilizing AC signal of 1 Hz - 10 kHz and standard materials of molten KNO; and NaCl.
The discrepancy of the data may arise from the difference of experimental arrangement or technique

such as standard material, measurement circuit and measurement frequency.
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Fig. 4-3. Temperature dependence of electrical conductivity of
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For high temperature measurement, long lead wires were used, which may bring small capacitance
and inductance to the circuit. It was observed that these small circuit elements make small circle at
high frequency area in Cole-Cole plot, and resistance decrease steeper than at lower frequency.
Spedding obtained resistance by plotting resistance and square root of frequency utilizing
2,000-40,000 Hz. In that frequency region, obtained resistance is apt to become smaller than that
obtained below 10 kHz, therefore conductivity seems to be larger.

A re-measurement for (Lip7K(3),CO; in the frequency range 1 Hz to 100 kHz showed that about
2% increase of conductivity by tracing Spedding method utilizing 2,000-40,000 Hz as shown in Fig
4-10. However discrepancy is more than 20% between our data and that of Spedding.

In order to check our result we use another cell constitution, utilizing twin capillary and movable
Au-Pd (80:20 wt%) electrode like reported by Kim'"!. The result of re-measurement using another
method showed good agreement with our previous data as shown in Fig. 4-10. The reason for the
large discrepancy is not only measurement frequency but also other factors like standard material
and measurement circuit.

The temperature dependencies of the conductivity of molten (LipeKo3s),COs; and
(Lip.52Nag 45)2COj3 are shown in Fig. 4-11.

The temperature dependencies of the conductivity of ternary molten alkali carbonate is shown in

Fig. 4-12.
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The result for alkali-alkaline earth carbonate, Li,CO3-Na,CO3-CaCOj; for example is shown in Fig.
4-14.
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Fig 4-10. Results of conductivity measurement for (Lig7K3),COs

Electrical conductivity of molten carbonates are plotted as a function of temperature in Fig. 4-13
for alkali ion (Rb" or Cs") addition, Fig. 4-14 for CaCOj; addition, Fig. 4-15 for CrO4> addition and
Fig. 4-16 for SO4*, MoO4*, WO,* and CI” addition, respectively.

Precise measurements of conductivity had been done for CrO,* addition. The results of small
amount addition such as 1, 3 or 5 mol% showed that difference in the measurement even 2 mol%
composition difference. Good resolution of data can be seen clearly in Fig 4-15 for CrO4> addition.

The electrical conductivity of molten carbonates increased with an increase in temperature. The

conductivity values were fit to Arrhenius’ equation as given by Janz!".

o =0o,exp(— £, ) [4-1]
0 RT

where o (S cm™) is the conductivity of the molten carbonate, o, (S cm™) is a pre-exponential factor,
E, (J mol™) is the apparent activation energy, R (J K™'mol™) is the gas constant, and 7 (K) is absolute

temperature. The parameters of Arrhenius’ equation for the data at temperatures higher than about
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973 K are summarized in Table 4-1 for single and binary alkali carbonate. The measurement
temperature range for some of the molten binary alkali carbonates was extended to below 973K to
take account of their lower melting points. It was found that Arrhenius’ equation showed significant
deviations as shown in Fig. 4-11 from the data at temperatures lower than 973K, an important
temperature range from the viewpoint of MCFC operation.

Typical compositions of MCFC electrolytes are (Ligs2Nag4s),CO3 and (LigK(358),CO3. As far as
we know, the conductivity values for these compositions given in Fig 4-11 have not yet been
previously reported. The conductivities of (Ligs,Nag45),CO3 and (Lig Ko 38)2CO; at 923 K were
2.06 and 1.31 S cm™, respectively.

Janz and Lorenz!", Ward and Janz"”), and Spedding™ also reported that activation energy of
Arrhenius’ equation changed with temperature. Therefore the deviation from Arrhenius’ equation
was observed for the data of large temperature range. Janz well discussed about temperature

dependence of activation energy''.
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Fig. 4-11. Temperature dependence of the conductivity of the binary molten

carbonate miXtureS, (Li0'52N30'48)2CO3 and (Li0.62K0'38)2CO3_
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Fig.4-15. Temperature dependence of electrical conductivity of molten
(Lip.52Nag.43)2CO3, (Li.62K0:38)2CO3 and (Ko 573Li0.437)2CO3 containing CrO42'.

For conductivity data taken over a wide temperature range, including values below 973K, the
following quadratic functions of temperature accurately fitted the data.
oc=a+bT+cT? [4-2]
Here, a (S cm™), b (S em™ K™), and ¢ (S em™ K™) are experimentally determined constants; they are
summarized in Table 4-2 for single and binary alkali carbonate, Table 4-3 for alkali-alkaline earth
carbonate Table 4-4 for ternary alkali carbonate, and Table 4-5 for alkali carbonate containing

additives.
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Table 4-1. Arrhenius parameters of the electrical conductivity of molten single and binary alkali
carbonates.

Composition Pre-exponential Apparent Conductivity =~ Square of  Estimated Temperature
(mol%) factor activation energy  value at correlation standard (K)
1173K coefficient error

oo (Sem™) E, (kJmol™) onz(Sem™) s T
Li/Na 100/0° 28.52 16.19 5.42 0.999 0.002 1016 - 1148
90/10° 26.05 16.38 4.86 0.999 0.004 978 - 1147
80/20 24.29 16.72 437 0.999 0.003 988 - 1139
70/30° 23.59 17.44 3.95 0.996 0.010 973 - 1134
60/40 19.06 16.04 3.68 0.998 0.004 986 - 1145
52/48 24.68 18.97 3.53 1.000 0.007 979 - 1147
50/50 21.77 17.82 3.50 0.998 0.012 985 - 1169
40/60 24.22 19.37 3.32 0.998 0.006 982 - 1141
30/70 18.84 17.34 3.18 0.999 0.004 994 - 1142
20/80 21.44 18.84 3.11 0.997 0.004 1058 - 1136
10/90 16.05 16.49 2.96 1.000 0.002 1105 - 1202
0/100* 13.49 14.85 2.94 0.991 0.004 1139 - 1233
Li/K  95/5 37.66 19.99 4.85 0.970 0.019 1008 - 1118
90/10 27.98 18.80 4.07 0.998 0.006 976 - 1133
80/20 22.29 18.83 3.23 0.998 0.006 997 - 1137
70/30 22.87 20.80 2.71 0.999 0.004 972 - 1150
62/38 23.22 21.91 2.46 0.999 0.004 987 - 1142
60/40 23.54 22.32 2.39 1.000 0.002 978 - 1141
50/50 19.89 21.55 2.18 0.999 0.005 983 - 1139
43/57 22.75 23.31 2.08 1.000 0.002 980 - 1146
40/60 20.23 22.29 2.06 0.999 0.006 980 - 1159
30/70 20.12 22.27 2.05 0.998 0.006 970 - 1097
20/80 16.05 20.46 1.97 0.999 0.003 1027 - 1162
10/90 16.00 20.36 1.98 0.996 0.004 1145 - 1219
0/100* 11.70 17.17 2.01 0.998 0.002 1183 - 1261
Li/Rb 95/5 30.62 18.71 4.50 0.998 0.005 995 - 1148
90/10 25.82 18.84 3.74 0.998 0.006 972 - 1154
80/20 22.12 20.36 2.74 0.999 0.005 978 - 1151
70/30 19.50 21.29 2.20 0.999 0.004 996 - 1135
60/40 19.39 22.92 1.85 0.999 0.004 980 - 1145
50/50 18.37 23.37 1.67 0.999 0.005 978 - 1146
40/60 17.44 23.51 1.57 0.999 0.004 983 - 1154
30/70 15.88 22.93 1.51 0.999 0.005 982 - 1147
20/80 14.11 21.83 1.50 0.999 0.004 993 - 1153
10/90 11.63 20.00 1.50 0.999 0.003 1076 - 1174
0/100° 11.31 19.63 1.51 0.996 0.003 1162 - 1249
Li/Cs 95/5 25.69 17.62 4.22 0.999 0.003 992 - 1153
90/10 25.45 19.65 3.39 1.000 0.001 983 - 1139
80/20 21.3 21.53 2.34 0.999 0.005 993 - 1149
70/30 20.35 23.63 1.80 1.000 0.003 984 - 1156
68/32 19.26 23.47 1.74 0.999 0.004 978 1151
60/40 18.98 24.43 1.55 1.000 0.002 997 - 1149
50/50 15.87 23.78 1.39 1.000 0.003 989 - 1149
40/60 14.40 23.33 1.32 0.999 0.006 985 - 1159
30/70 12.43 22.13 1.29 1.000 0.003 998 - 1163
20/80 11.34 21.14 1.30 0.999 0.005 990 - 1163
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Table 4-1. (continued)

Composition Pre-exponential Apparent Conductivity ~ Square of  Estimated Temperature
(mol%) factor activation energy  value at correlation standard
1173K coefficient error

0y (Scm'l) E, (kJmol'l) o1 173(Scm'1) I Ty T,

Li/Cs 10/90 9.78 19.56 1.32 0.999 0.003 1020 1157

0/100* 9.38 18.80 1.36 0.997 0.006 1086 1231

Na/K  90/10° 16.72 17.57 2.76 0.997 0.003 1147 1220

80/20° 23.09 21.25 2.61 0.997 0.006 1108 1197

70/30° 28.56 23.64 2.53 0.986 0.015 1048 1176

60/40 13.95 17.78 2.25 0.997 0.011 1060 1223

50/50° 35.92 26.98 2.26 0.997 0.010 1016 1146

40/60° 25.74 23.93 221 0.996 0.007 1060 1164

30/70° 20.23 22.04 2.11 0.999 0.005 1058 1190

20/80° 22.78 23.24 2.10 0.997 0.005 1172 1263

10/90° 16.80 20.65 2.02 0.998 0.003 1158 1237

Na/Rb 80/20 14.41 18.16 2.24 1.000 0.003 1014 1201

60/40 16.52 21.13 1.89 0.999 0.004 985 1184

40/60 16.65 22.27 1.70 0.996 0.012 977 1177

20/80 11.11 19.16 1.56 0.998 0.005 1051 1180

Na/Cs 80/20 16.14 19.46 2.19 0.997 0.006 1052 1172

60/40 16.18 21.74 1.74 0.998 0.009 987 1177

40/60 15.07 22.97 1.43 0.999 0.006 987 1180

20/80 11.48 20.98 1.34 1.000 0.003 981 1177

* replotted data from ref .[7]
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Table 4-2. Empirical equations for the electrical conductivity for molten binary alkali carbonates.
oc=a+bT+cT?(o:Scm’, TK).

Composition Electrical conductivity Value at Square of  Estimated Temperature
(mol%) (Sem™) 923K correlation  standard (K)
o =a+bl+cl” (Sem™) coefficient  deviation
(Sem™)
a bx10° ex10° o3 I T, - T,
Li/Na
80/20 -5.2564 10.2826 -1.7750 2.72% 1.000 0.010 947 - 1139
70/30° -11.8484 22.6452 -7.8914 2.33% 1.000 0.007 924 - 1134
60/40 -8.4447 16.3433 -5.1447 2.26 0.999 0.014 829 - 1145
52/48 -4.6866 8.5330 -1.3250 2.06 1.000 0.004 799 - 1128
50/50 -6.4705 12.0172 -3.0089 2.06 0.999 0.014 852 - 1169
40/60 -5.2162 9.2958 -1.7306 1.89 0.999 0.015 874 - 1141
Li/K
80/20 -5.6063 10.1898 -2.2765 1.86 0.999 0.013 920 - 1137
70/30° -4.1526 7.1192 -1.0926 1.49 1.000 0.006 851 - 1150
62/38 -3.2403 5.2415 -0.3389 1.31 1.000 0.005 806 - 1142
60/40 -2.8431 4.4599 -0.0091 1.27 1.000 0.005 829 - 1141
50/50 -3.8240 6.5057 -1.1949 1.16 1.000 0.005 837 - 1139
43/57 -2.5501 39141 0.0194 1.08 1.000 0.010 789 - 1146
40/60 -3.1680 5.1689 -0.6170 1.08 1.000 0.006 821 - 1159
30/70 -3.7021 6.3018 -1.2170 1.08° 0.998 0.008 944 - 1097
Li/Rb
80/20 -4.6678 8.2105 -1.6305 1.52 1.00 0.005 919 - 1151
70/30 -3.5640 5.9748 -0.9138 1.17 1.00 0.003 851 - 1135
60/40 -2.8092 4.4812 -0.4425 0.95 1.00 0.003 829 - 1145
50/50 -2.7886 4.4877 -0.5947 0.85 1.00 0.002 862 - 1146
40/60 -2.3282 3.6238 -0.2656 0.79 1.00 0.002 838 - 1154
30/70 -2.6505 4.3322 -0.6764 0.77 1.00 0.001 893 - 1150
Li/Cs
90/10 -5.4858 9.7332 -1.8575 1.92° 1.000 0.005 969 - 1139
80/20 -3.8564 6.4646 -1.0156 1.25 0.999 0.010 897 - 1149
70/30 -2.3872 3.6160 -0.0428 0.91 1.000 0.003 846 - 1156
68/32 -2.5532 3.9856 -0.2893 0.88 1.000 0.002 827 1151
60/40 -1.9705 2.8246 0.1469 0.76 1.000 0.002 854 - 1149
50/50 -2.0322 3.1117 -0.1733 0.69 1.000 0.002 871 - 1149
40/60 -2.1182 3.3595 -0.3737 0.66 1.000 0.003 841 - 1159
30/70 -2.1769 3.5730 -0.5330 0.67 1.000 0.001 890 - 1163
20/80 -2.4072 4.1389 -0.8419 0.70* 1.000 0.002 930 - 1163
Na/Rb
60/40 -2.7814 4.6463 -0.5678 1.02 1.000 0.005 869 - 1184
40/60 -3.6087 6.1633 -1.4098 0.88 1.000 0.005 918 - 1177
Na/Cs
60/40 -3.4942 5.9766 -1.2974 0.92 1.000 0.005 909 - 1177
40/60 -1.8941 2.9255 -0.0814 0.74 1.000 0.003 873 - 1180
20/80 -2.0088 3.3912 -0.4635 0.73% 1.000 0.002 955 - 1177

* extrapolated values; ® replotted from ref . [8]
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Table 4-3. Empirical equations of the electrical conductivity of molten Li,CO3-Na,CO;-K,CO; ternary

carbonates.

Composition Electrical conductivity Value at  Square of Estimated Equivalent Equivalent Temperature
Li5CO3: 6 =a+bT+cT 1073K  correlation standard  conductivity  conductivity range
Na,CO5: coefficient deviation  at 1073 K estimated
K,CO4 (diff.%) T
(mol%) (Sem™) (Sem™) (Sem™)  (Sem’equiv’)  (Sem’equiv’') (K)

a bx10°  ex10° o973 P - T

33.3:33.3:33.3 -1.1240 1.1224 1.5744 1.89 0.998 0.026 104.5 105.9 (0.5) 829 - 1144
25:25:50 -3.9633 6.9372 -1.5161 1.73 1.000 0.006 102.8 102.8 (0.0) 818 - 1125
25:50:25 -1.2854 1.6260 1.3725 2.04 0.999 0.012 111.6 111.5 (-0.1) 876 - 1118
50:25:25 -3.5829 6.1187 -0.7085 2.17 1.000 0.005 111.9 109.8 (-1.9) 777 - 1144
16.7:16.7:66.7 -3.7377 6.4521 -1.3207 1.66 1.000 0.004 105.4 105.9 (0.5) 969 - 1124
16.7:66.7:16.7 9.8336  -19.3437 11.3088 2.10 0.999 0.007 113.7 118.4 (4.0) 980 - 1123
66.7:16.7:16.7 -4.8019 8.4895 -1.4686 2.62 1.000 0.006 125.8 123.0 (-2.3) 846 - 1140
16.7:41.7:41.7 -2.2311 3.5883 0.1462 1.79 0.997 0.022 105.0 106.2 (1.2) 893 - 1129
41.7:16.7:41.7 -1.8568 2.5850 0.7919 1.83 0.999 0.011 101.9 102.1 (0.2) 887 - 1135
41.7:41.7:16.7 -3.4927 6.0761 -0.6600 2.27 1.000 0.010 115.9 114.8 (-0.9) 807 - 1130
8.3:33.3:58.3 -5.7423 10.3767 -3.1834 1.73 1.000 0.003 108.5 107.3 (-1.1) 976 - 1126
8.3:58.3:33.3 -8.4941 16.1697 -6.0196 1.93 0.999 0.010 112.2 110.8 (-1.3) 949 - 1121
33.3:8.3:58.3 -4.5031 8.0861 -2.1970 1.64 0.999 0.013 98.3 101.3 (3.0) 877 - 1109
33.3:58.3:8.3 -0.9437 1.0965 1.8882 241 1.000 0.010 121.9 121.7 (-0.2) 869 - 1144
58.3:8.3:33.3 -3.4779 5.8199 -0.6230 2.05 1.000 0.008 106.9 106.8 (-0.1) 824 - 1152
58.3:33.3:8.3 -2.0955 3.2969 1.0454 2.65 0.996 0.041 126.0 127.2 (1.0) 827 - 1124
83.3:8.3:8.3 -11.8432 22.8176 -8.0555 3.37 0.999 0.001 150.0 148.6 (-1.0) 947 - 1090
8.3:83.3:8.3 21.8017  -40.4848 20.7943 2.30 0.998 0.005 123.7 126.5 (2.3) 1060 - 1120
43.5:31.5:25.0 -2.7970 4.6114 -0.0291 2.12 1.000 0.017 111.1 109.3 (-1.6) 675 - 1134
49.4:45.6:5.0 -5.7651 10.7711 -2.6814 2.71 0.9995 0.041 130.1 127.7 (-1.8) 805 - 1162

1: difference % between measured data and those estimated using equations [4-14]- [4-18]
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Table 4-4. Empirical equations of electrical conductivity of molten Li,CO;-Na,CO; and
Li,CO;-K,CO; containing alkaline earth (Ca, Sr and Ba) carbonate. o =a+bT +cT ? (o :Sem’,
T:K).

Composition Electrical conductivity Valueat  Square of Standard ~ Temperature
o =a+bl+cl? 1073K Correlation  deviation of
Coefficient estimated
(mol%) (Sem™) (Sem™) (Sem™) (K)
a bx10° cx10° C1073 r’ T
Li/Ca
95/5 -11.7337 22.2563 -6.7891 4.33 1.000 0.009 998 - 1142
90/10 -8.85194 16.5179 -4.1884 4.05 1.000 0.008 991 - 1146
85/15 -7.6267 14.1316 -3.2877 3.75 0.998 0.018 978 - 1135
80/20 -9.2631 16.5438 -4.3768 345 1.000 0.006 989 - 1142
75/25 -9.9350 17.6391 -5.0642 3.16 1.000 0.004 986 - 1142
70/30 -8.0066 13.5938 -3.2062 2.89 1.000 0.008 972 - 1149
65/35 -7.2407 12.0686 -2.6774 2.63 1.000 0.006 989 - 1147
60/40 -7.1185 11.6521 -2.6137 2.38 1.000 0.004 998 - 1144
55/45 -11.7906 19.9511 -6.5056 2.13 0.999 0.005 1080 - 1150
Li/Sr
95/5 -10.4910 19.8019 -5.5929 4.32 0.998 0.019 1008 - 1139
90/10 -8.0331 15.1112 -3.6398 3.99 1.000 0.003 1006 - 1134
85/15 6.9673 -13.5826 9.7292 3.60 0.997 0.026 987 - 1135
80/20 -7.0360 12.6025 -2.7885 3.28 0.996 0.027 970 - 1125
75/25 -1.5092 1.8360 2.1763 2.97 1.000 0.005 980 - 1136
70/30 0.9322 -3.6502 4.9462 2.71 0.998 0.016 1017 - 1138
65/35 -48.3795 85.6460 -35.6605 2.46 1.000 0.002 1075 - 1126
Li/Ba
95/5 -4.5677 8.5772 -0.3368 4.25 1.000 0.005 1008 - 1136
90/10 -9.5404 17.6827 -4.8529 3.85 1.000 0.008 989 - 1140
85/15 -9.9630 17.9521 -5.0302 3.51 1.000 0.007 982 - 1138
80/20 -5.1857 8.9009 -1.0613 3.14 1.000 0.010 995 - 1140
75/25 -5.8732 9.6278 -1.3447 291 0.999 0.012 975 - 1139
70/30 -4.6293 7.4541 -0.7608 2.49 1.000 0.004 976 - 1135
65/35 -1.5975 1.3188 2.1219 2.26 1.000 0.010 992 - 1137
60/40 -0.4089 -1.3038 3.3286 2.03 1.000 0.005 991 - 1140
55/45 3.2139 -8.1222 6.2898 1.74 1.000 0.005 1004 - 1131
Li/Na/Ca
27/63/10 -6.99258 12.5596 -3.4843 2.47 1.000 0.003 964 - 1111
24/56/20 -9.3277 16.6133 -5.5178 2.15 0.998 0.020 923 - 1114
21/49/30 -3.9549 5.9850 -0.5489 1.84 1.000 0.004 931 - 1113
18/42/40 -4.0191 5.7028 -0.5008 1.52 1.000 0.004 971 - 1120
15/35/50 -22.1381 38.4870 -15.5305 1.28 0.995 0.008 1078 - 1122
0/60/40 -8.3086 13.6814 -4.3676 1.34 0.998 0.007 1073 - 1148
45/45/10 -3.0650 4.6149 0.6325 2.62 0.999 0.014 848 - 1052
42.5/42.5/15 -4.3076 7.0939 -0.7400 245 1.000 0.005 814 - 1085
40/40/20 -4.6089 7.5324 -0.9583 2.37 1.000 0.008 817 - 1114
35/35/30 -1.4299 0.5488 2.5431 2.09 1.000 0.011 862 - 1059
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Table 4-4. (continued)

Composition Electrical conductivity Valueat  Square of Standard Temperature
o =a+bT+cT’ 1073K  Correlation  deviation of
Coefficient estimated ¢
(mol%) (Sem™) (Sem™) (Sem™) (K)
a bx10? ex10° G973 r T
Li/Na/Ca
30/30/40 1.6198 -5.2261 4.8943 1.65 0.998 0.014 979 - 1100
63/27/10 -6.1110 10.9784 -2.3296 2.99 1.000 0.010 865 - 1145
56/24/20 -7.6855 12.9200 -3.1789 2.52 0.998 0.020 936 - 1098
49/21/30 -2.0180 1.8155 1.9398 2.16 1.000 0.004 896 - 1041
42/18/40 -2.9682 3.6298 0.7841 1.83 1.000 0.005 1011 - 1144
Li/Na/Sr
27/63/10 -4.3039 7.1612 -0.9104 2.33 1.000 0.008 946 - 1092
24/56/20 -2.4252 3.2852 0.7395 1.95 1.000 0.006 910 - 1100
21/49/30 -2.4258 2.9765 0.8792 1.78 0.999 0.007 961 - 1087
18/42/40 2.5393 -6.3364 4.9033 1.39 1.000 0.003 1057 - 1139
0/60/40 -1.6748 1.6504 1.0369 1.29 1.000 0.001 1056 - 1150
45/45/10 -2.2048 3.2512 1.0396 2.48 0.998 0.025 836 - 1076
40/40/20 -4.4852 7.2770 -0.9886 2.19 1.000 0.005 907 - 1091
35/35/30 -3.6639 5.3225 -0.1604 1.86 1.000 0.007 931 - 1093
30/30/40 2.4492 -6.5843 5.3145 1.50 0.996 0.007 1065 - 1110
63/27/10 -11.4591 22.1692 -8.2627 2.82 0.997 0.035 874 - 1069
56/24/20 -4.0810 6.6916 -0.5515 2.46 0.999 0.020 860 - 1100
49/21/30 -10.5780 18.4066 -6.1493 2.09 0.999 0.012 968 - 1098
42/18/40 -2.3723 2.5511 1.1368 1.67 0.997 0.005 1078 - 1123
Li/Na/Ba
27/63/10 -6.7635 12.7764 -3.9976 2.34 1.000 0.003 926 - 1073
24/56/20 -2.0958 2.7920 0.9387 1.98 1.000 0.004 934 - 1107
21/49/30 -12.7214 242116 -9.9951 1.75 0.996 0.020 925 - 1102
18/42/40 -7.7577 13.1155 -4.2763 1.39 0.999 0.007 1000 - 1101
15/35/50 -2.4670 3.3316 0.0109 1.12 1.000 0.000 1081 - 1142
0/60/40 -0.0251 -1.3369 2.4158 1.32 1.000 0.002 1056 - 1150
45/45/10 -2.9137 4.4324 0.5585 2.49 0.999 0.022 1031 - 1125
40/40/20 -5.2919 9.0848 -1.9300 2.23 0.999 0.015 854 - 1130
35/35/30 -1.8414 1.7700 1.5560 1.85 0.999 0.014 856 - 1085
30/30/40 -2.1343 2.1189 1.1906 1.51 1.000 0.003 o1t - 1129
63/27/10 -6.6763 12.3865 -3.1457 2.99 1.000 0.003 896 - 1130
56/24/20 -5.6660 9.7531 -2.0536 2.44 1.000 0.003 887 - 1137
49/21/30 -2.7702 3.6329 0.8121 2.06 1.000 0.003 867 - 1139
42/18/40 -6.4556 10.9528 -3.1706 1.65 0.998 0.010 1002 - 1104
Li/K/Ca
27/63/10 -4.0019 6.4579 -1.2517 1.49 0.999 0.011 919 - 1121
24/56/20 -4.7211 7.6087 -1.8612 1.30 0.990 0.029 938 - 1116
21/49/30 -3.1558 3.8344 0.2166 1.21 0.999 0.010 972 - 1119
18/42/40 2.7199 -7.0099 4.9986 0.95 1.000 0.002 999 - 1082
0/65/35 4.6260 -9.6365 5.8077 0.97 0.999 0.005 1046 - 1144
45/45/10 -3.2502 5.1884 -0.6501 1.57 1.000 0.010 832 - 1053
40/40/20 -2.1928 2.7807 0.5297 1.40 0.999 0.017 843 - 1139
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Table 4-4. (continued)

Composition Electrical conductivity Valueat  Square of Standard Temperature
o =a+bT+cT’ 1073K  Correlation  deviation of
Coefficient estimated ¢
(mol%) (Sem™) (Sem™) (Sem™) (K)
a bx10? ex10° G973 r T
Li/K/Ca
35/35/30 -1.2857 0.6804 1.5699 1.25 0.999 0.012 846 - 1120
30/30/40 -0.7678 -0.4402 2.0032 1.07 0.998 0.015 923 - 1122
25/25/50 -1.6589 1.1152 1.1987 0.92 0.995 0.123 1022 - 1122
72/18/10 0.6027 -3.5860 5.0213 2.54 0.998 0.025 921 - 1120
64/16/20 -5.3674 8.6012 -1.4744 2.16 0.998 0.028 913 - 1130
56/14/30 1.4546 -5.3033 5.2353 1.79 1.000 0.009 920 - 1122
48/12/40 3.3548 -7.5196 5.4210 1.53 0.986 0.023 1014 - 1117
Li/K/Sr
27/63/10 1.8734 -4.8489 4.1014 1.39 0.997 0.016 920 - 1113
24/56/20 -3.45835 5.1560 -0.7264 1.24 0.998 0.000 967 - 1092
21/49/30 8.0935 -17.3060 10.0322 1.08 0.999 0.037 1012 - 1105
47.5/47.5/5 -1.8350 2.0755 1.1590 1.73 0.999 0.018 837 - 1130
45/45/10 -2.3406 3.2173 0.4141 1.59 0.999 0.015 819 - 1129
40/40/20 -0.3040 -0.8659 2.2767 1.39 0.996 0.016 968 - 1146
35/35/30 -2.9899 42778 -0.3472 1.20 0.996 0.011 1043 - 1148
32.5/32.5/35 -5.0561 8.2290 -2.3038 1.12 0.986 0.015 1077 - 1176
63/27/10 -2.8369 42213 0.2269 1.95 1.000 0.011 822 - 1142
56/24/20 -4.9529 7.9778 -1.5846 1.78 1.000 0.012 878 - 1135
49/21/30 3.9484 -8.7567 6.0313 1.50 0.999 0.006 1033 - 1124
Li/K/Ba
27/63/10 -2.5367 3.7723 -0.0746 1.43 0.999 0.009 915 - 1136
24/56/20 -2.7119 3.9727 -0.2441 1.27 1.000 0.002 901 - 1149
21/49/30 -2.5599 3.4476 -0.0129 1.13 1.000 0.006 910 - 1138
18/42/40 -8.9805 15.4093 -5.7074 0.98 1.000 0.003 1029 - 1141
0/65/35 -10.2069 16.8845 -6.0126 0.99 0.997 0.008 1131 - 1144
45/45/10 -1.2114 0.4209 2.1462 1.71 0.999 0.021 823 - 1131
42.5/42.5/15 -0.9999 0.0590 2.2024 1.60 0.998 0.025 822 - 1126
40/40/20 -1.5910 1.4437 1.3254 1.48 0.999 0.015 810 - 1132
37.5/37.5/25 -1.9877 2.3675 0.6799 1.34 0.997 0.022 875 - 1129
35/35/30 -0.6506 -0.1523 1.7563 1.21 0.999 0.010 960 - 1128
30/30/40 1.7341 -4.2910 3.3923 1.04 0.998 0.007 1069 - 1160
63/27/10 -3.1451 4.9006 -0.1237 1.97 1.000 0.003 825 - 1135
56/24/20 -2.6065 3.6249 0.4107 1.76 0.997 0.027 832 - 1140
49/21/30 -1.3418 1.0023 1.5466 1.52 1.000 0.006 887 - 1142
42/18/40 5.4734 -11.7567 7.2664 1.23 0.997 0.009 1028 - 1130
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Table 4-5. Experimental equations for conductivity of molten (Ligs:Nag45),CO; and (LipKo35)2CO5

containing additives.
Composition Conductivity Value at  Square of Standard Equivalent Temperature
o =a+bT+cT 923K  Correlation deviation conductivity
Coefficient of
estimated o
(mol%) (Sem™) (Sem™) (Sem™)  (eqSem?) (K)

a bx10? ex10° 0923 r T, - T,

(Lig.52Nag 43),CO;5 2.06 93.4
(Lig 55Nag 48)2(C03)997(CrOq) 03 -1.671  1.747 2.433 2.01 0.999 0.012 92.1 894 - 1043
(Lip 55Nag 48)2(C0O3)095(CrOg)0 05 -3.862 6937  -0.6125 2.02 0.997 0.029 929 855 - 1053
(Lio 5:Nag45)2(CO3)00s(M0O4)o s -4.925  9.13  -1.742 2.02 0.999 0.02 92.5° 892 - 1170
(Lig.55N2.45)2(CO3)0.05(M0O4)o 05 -5.444  9.985 -2.134 1.95 1.000 0.007 905 827 - 1155
(Lig.55Nag 48)2(C03)9.95(WO4)005s -5.416  9.906 -2.101 1.94 1.000 0.003 89.7 895 - 1164
(Lig5oNag 48)2(C0O3)995(SO4)005s  -6.231  11.62 -2.912 2.01 1.000 0.013 91.5 856 - 1159
(Lig55Nag4g)2(CO3)0.0sCly;  -5.995  11.13 -2.607 2.06 1.000 0.004 943 860 - 1159
(Lig 55Nag 48)2(CO3)0.05F¢ 1 -6.649  12.87 -3.645 2.13 0.999 0.018 96.2 803 - 1076
(Lig 52Nag 48)2(CO3)9.0510 1 -1.835  2.111 2.11 1.91 1.000 0.004 926 899 - 988

(Li0 494N 456K0.05)2COs 1.89° 87.7
(Lig.494Nag 456Rbg 05),CO3 -5.07  9.248 -2.008 1.76 0.999 0.013 82.0 856 - 1158
(Lig.494Na0.456CS0.05)2CO3 -5.176  9.468 -2.145 1.74 1.000 0.022 82.9 859 - 1157

(Lig.62K38)2CO3 1.31° 66.6
(Lig.62K038)2(CO3)0.97(CrOy)p03  -3.681  6.092  -0.7975 1.26 1.000 0.002 644 867 - 1141
(Lip62Ko38)2(CO3)005(CtOs)o0s  -2.834 4264  0.1662 1.24 1.000 0.002 63.6 852 - 1054
(Lig.62K038)2(CO3)0.97(M00QO4)9 03 -4.706  8.220 -1.880 1.28 0.999 0.016 65.8 830 - 1160
(Lig.62K038)2(CO3)0.95(M00O4)90s -3.184  5.136  -0.3904 1.22 0.999 0.014 632 830 - 1160
(Lig.6:K038)2(C0O3)0.97(M004)9 03 -5.287  9.074 -2.184 1.23 0.993 0.029 632 920 - 1154
(Lig.62K038)2(CO3)0.95(WOy)p0s -4.100  6.984 -1.323 1.22 1.000 0.009 63.5 834 - 1165
(Lig.62K038)2(CO3)0.95(SO4)005s  -4.016  6.839 -1.229 1.25 0.999 0.014 63.8 858 - 1160
(Li 530K 0 361CS0.05)2CO3 3324 5416 -0.6048  1.16 1.000 0.004 61.79 819 - 1157
(Lig.62K038)2(CO3)0.95Clo 1 -3.164 5152 -0.4104 1.24 1.000 0.006 650 835 - 1155
(Lig6:K038)2(CO3)0.95F0 1 -3.352 5436  -0.3949 1.33 1.000 0.003 67.1 788 - 1071

2 data from Table. 4-2, ® data from Table 4-3, © molar volume were estimated from 5 mol% MoO,* addition. ¢ molar

volume were estimated using additivity

4.4. Discussion
4.4.1. Equivalent conductivity of molten single carbonates
The equivalent conductivities of molten carbonates, 4 (S cm’ equiv') were computed from the
conductivity data and the molar volumes, V,, (cm’ equiv™'), from the equation
A=0Vy [4-3]
The Arrhenius plots of equivalent conductivity vs. reciprocal temperature of molten single
carbonates are shown in Fig. 4-17. For small radii, up to Rb the equivalent conductivity decreases

with increasing cationic radius. The equivalent conductivity of molten Cs,CO; was higher than that
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of molten Rb,CO;. The same behavior can be seen for RbX and CsX (X= Cl, Br, I, and NO3)[6]. It

looks strange because of larger radius of Cs' than that of Rb".
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Fig 4-17. Arrhenius plots of the equivalent conductivity vs. reciprocal

temperature of molten single carbonates.

Nakamura et al. ! reported that empirical plots of the electrical conductivity of the molten alkali
halides AX (A=Li, Na, K, Rb, and Cs) for a common X (X=F, Cl, Br, and I) obey

o=k(ra > +rx>)  [4-4]
where, ra, rx, and k are the ionic radius of the alkali cations, the ionic radius of the halide ions and a
constant, respectively. This equation is applied to the molten carbonates studied here using

[ and is found to be good agreement with the data. This

Shannon’s ionic radii for 6 coordination
relationship can be used to estimate the electrical conductivity of the hypothetical molten carbonates,
Ag,COs, T1,COs, and Fr,CO; as shown in Fig. 4-18. The physical properties of these carbonate are
unknown. From the viewpoint of molten salt physical chemistry, it is interesting to predict unknown
physical properties of the carbonates.

It was reported that in section 2.4.2 a linear relationship between the molar volume of molten

10,11 .
I: they are shown in

carbonates and the ionic volume of cations estimated using their ionic radii'
Fig. 4-19 with the estimated molar volumes of the hypothetical molten carbonates, Ag,COs, T1,COs3,
and Fr,COs.

The relationship between equivalent conductivity at 1173 K and ionic radius is plotted in Fig. 4-20.
The curved line shows the relationship between the ionic radii and the calculated equivalent
conductivity, that being the product of electrical conductivities estimated using equation [4-4] and
the molar volumes, both being estimated from ionic radii. The equivalent conductivity of Fr,COj is

predicted to be higher than those of Rb,CO5 and Cs,COs in spite of the cation radius of Fr' being
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larger than those of Rb" and Cs". Fig. 4-17 shows that the electrical conductivity decreases with an
increase in ionic radius. On the other hand, Fig 4-18 shows that the molar volume becomes larger
with increasing ionic radius. This means that the molar volume has a stronger influence on the
equivalent conductivity for the cations larger than Rb™ than does the conductivity. A similar

relationship is expected for molten salts with other anions such as chloride, bromide, iodide, and

nitrate.
6.0
g 50F  0=2.34r25+0.77
Q
cf 4.0 R2=0.995
>
=
2= 3.0
+~
[S]
= 2.0
()
OO 1.0 1173K
0 1 1 1
0 0.5 1.0 1.5 2.0

Ionic size parameter/ A2s
Fig 4-18. Empirical relationship between the electrical conductivity of single molten
carbonates and the ionic radii of their cations; the conductivities of Ag,CO;, TI,COs3, and
Fr,CO; were estimated from their ionic radii and the equation [4-4].
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Fig 4-19. Relationship between the molar volume of single molten carbonates and the
ionic volume of cations; the molar volumes of Ag,CO;, T1,COs, and Fr,CO; were

estimated from their ionic radii.
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Fig 4-20. Relationship between the equivalent conductivities of single molten
carbonates and their cationic radii; the equivalent conductivities of Ag,COs,

T1,CO;, and Fr,CO; were estimated from their ionic radii.

4.4.2. Equivalent conductivity of molten binary carbonate systems

In the molten binary carbonate systems containing Li,CO3 or Na,COs, the addition of Rb,CO; or
Cs,CO5 decreases the conductivity, as shown in Figs. 4-8 and 4-9. The conductivity of molten
Li,CO5-X,C0O;5 (X: Na, K, Rb, and Cs) and Na,CO;-Z,CO;5 (Z: K, Rb, and Cs) decrease with an
increase of ionic radius of X and Z.

To provide a more theoretical discussion, we examined the equivalent conductivities of molten
Li,CO5-X,CO;5 (X: Na, K, Rb, and Cs) (Fig. 4-21) and Na,COs- Z,CO5 (Z: K, Rb, and Cs), (Fig.
4-22) as a function of the mole fraction. The binary systems with Rb or Cs carbonates have relatively
deep minimum in the equivalent conductivity.

Spedding™), as well as Ward and Janz®! tried to correlate the equivalent conductivity of molten
binary carbonates (Li,CO;-Na,CO; , Li,CO5-K,CO5; and Na,CO3-K,CO; ), and composition using
the following Markov equation.

A =x 2 Ap+ xp s + 2xaxpdp [4-5]
where, A is equivalent conductivity of the mixture, 4, and Ap are the equivalent conductivities of the
pure components A and B (assuming that A4, > A), and x, and x, are the mole fractions of
component A and B. We applied equation [4-5] to the equivalent conductivity data for of molten
binary carbonates, but as Spedding reported, there were large differences between the estimated and

experimental values, ranging up to 45% as shown in Fig. 4-21.
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Fig 4-21. The comparison of equations [4-5] and [4-7] fitting
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Fig 4-22. The equivalent conductivity of the binary molten carbonates Li,CO;-X,CO;
(X: Na, K, Rb, and Cs) at 1173 K; the curves were calculated using equation [4-7].
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As xa + xp =1, xa=1-xg, In equation [4-5], substituting x5 with 1-xg, and adding xgAg — x4, the
equation is transformed to equation [4-57].
A= (1-xp)Aa + xpAp —xp(1—xp)A s —xp(1—xp)4p + 2(1- xg) xpAp [4-57]
Then substituting 1-xg with x,, following equation is obtained:
A =xpdp + xpdp + xaxp(Ap - 44)  [4-6]
This equation has three terms; the first and the second obey an additive rule, and the third is a mixing
term. The mixing term has the shape of parabola with an increasing depth with an increasing
difference between the two equivalent conductivities of the components. Furthermore Spedding used
a mixing term 2xaxp/ap adjusting Ap instead of 2xaxpAp in equation [4-5]. But it was find that such
an equation differs from the data by up to 20% and cannot correlate well for the whole range of
binary systems. We decided that the mixing term should not have a constant coefficient, but one
depending on composition. Therefore, equation [4-5] is modified by adding an Aaxa +Apxg term
instead of Ag as follows:
A=xp"Ap + x5 g + xpaxp(Aaxa Hipxg)  [4-7]

Here, 14 and /g are interaction parameters of mixing corresponding to the manner in which each
component A and B affected the other component. The comparison of equations [4-5] and [4-7]
fitting Li,CO;-K,CO; system is shown in Fig. 4-21. It is evident that the equation [4-7] can fit the
data better than [4-5].

Figs. 4-22 and 4-23 illustrate that equation [4-7] fitted the equivalent conductivity data of mixtures
well. The maximum difference was no more than 6% for 7 systems at 1173 K. The fitting parameters

are summarized in Table 4-6.

Table 4-6. Interaction parameters A, and A, of the equation A4 = xa2dp + xpidp + xaxg(Aaxa
+/pxg) for 7 binary carbonate systems at 1173 K.

Systems Ja and Ag/ Scm’eq”!
A B
Li,COs - Na,CO;, 246.5 321.6
Li,CO; - K,CO4 -43 249.0
Li,COj; - Rb,CO;s -133.8 242.6
Li,COj3 - Cs,COs -220.6 236.0
Na,COs - K,CO3 277.5 267.7
Na,CO; - Rb,CO; 156.7 234.0
Na,COj; - Cs,CO;5 210.0 146.0

Furthermore, equation [4-7] also fitted well to data from the other molten salt systems of chlorides,
iodides, nitrates, and sulfates'®). Further analysis of these systems will be reported elsewhere.
In equation [4-7], substituting x, with 1-xg, and adding xg4g — x4, the equation is transformed to
equation [4-7°].

A= (1-xg)A + xpAp —xp(1-xp)4 s —xp(1—xp)Ap+ (1- xp)xp[Aa(1- Xg)+ipxs] [4-7°]
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Fig 4-23. The equivalent conductivity of binary molten carbonates Na,CO;-Z,CO; (Z: K, Rb,

and Cs) at 1173 K; the curves were calculated using equation [4-7].

Then substituting 1-xg with x,, following equation is obtained:
A= xpd4p + xpdp + Xpxp(Aaxa +ApXB - AA - AB) [4-8]

Therefore, when Ax= Ag= A+ Ap, the mixing term W(xp)= xaxp(AaxatApxp - 44 - 4Ap) becomes zero
(because xp+xp=1), and equation [4-8] then obeys an additivity rule. In most cases, the values of A
were lower than those from the additivity rule, meaning that A, and Ag < A5+ Ap. Furthermore, by
differentiating the mixing term, d W(xg)/dxg = W’(xp), one can obtain the increment of the curve at
the composition close to that corresponding to a single A salt (xg = 0) as W’ (0) = 15— (4a *+ 4B), and
to a single B salt (xg = 1) as W’ (1) =— g+ (4 + 4p). We obtained the rate of decrease of the
equivalent conductivity for compositions near single carbonates as a difference from the additive
terms. Their absolute values are (4x+ Ag— A4 ) for adding B to pure A and (44 + Ag — Ag) for adding
A to pure B. It should be noted that the parameters 14 and Ag, which describe the equivalent
conductivity of the whole binary system in equation [4-7], have a special significance. They are
related to the rate of decrease in the mixing term of equivalent conductivity produced by the addition
of a second component to a pure component. The additivity correction (AA) to the rate of decrease of

the equivalent conductivity at compositions near those of the single carbonates can be expressed in
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the following manner, normalized to the equivalent conductivity in the pure carbonate, /;:

A = (Ap+Ag—1;) /] 4; [4-9]
where ‘i’ denotes a pure component of either A or B.
It can be seen that A4 increases with an increasing difference between the sizes of the cation of the
pure carbonate and that of the added carbonate. We found that A4 has a relatively good correlation
with the relative ionic size difference AR, which is defined as the ratio of the change in the cation
ionic radius produced by exchanging component A with B, normalized to the cation radius in the
pure carbonate, 7;:

AR= |rg-ral|/n [4-10]

The plot of A4 against AR is shown in Fig. 4-24. Each point in Fig. 4-24 showed the value of the pair
of pure carbonate and additive carbonate depicted as ‘Pure carbonate<—additive carbonate’. It can be
seen that A/ is in proportion to AR. In the plot, relatively large scatter can be seen for Na<Z or
Z<«Na (Z: K, Rb, and Cs) data points. It is because of fewer data points of binary carbonate of
Na,CO; - RbyCO; and Na,COj; - Cs,COj5 than that of LiCO; - X,CO; (X: Na, K, Rb, and Cs), in
which small error of conductivity affect largely A values and hence A4, and because of relatively
scattered conductivity data of Na,CO3- K,COs. This correlation confirmed that ionic size difference
plays an important role in the decrease in equivalent conductivity with addition of the second
component. The addition of ions of different sizes changes the potential distribution around the
additive ion, and this inconsistency may disturb the ionic conduction of the pure component. In order
to elucidate the manner in which additives decrease the equivalent conductivity, further data and
analysis is needed.

Using the relationship used to construct Fig. 4-24, one can estimate the values of 1, and A for each
binary carbonate system from equations [4-9] and [4-10] using the ionic radii and equivalent
conductivities of the pure molten carbonates. The slope of the A4/AR plot was determined to be 1.88
at 1173 K from seven binary carbonate data as shown in Fig. 4-24 and we defined this value as
Kcarbonate- The value keaponate coOrrelates relative excess decrease of equivalent conductivity from
additivity by additive with the relative difference of ionic radii between pure carbonate and additive
in binary carbonate systems.

AL kearbonate AR [4-11]
In addition, from equations [4-9] and [4-10], 4; is obtained as the following equation:
2i = Ap+ Ap—~Aikcarbonate | 78- 74 | / 10 [4-12]
Substituting this expression for /; into equation [4-8], one can obtain an equation for the conductivity
of a mixture based solely on the ionic radii and equivalent conductivity of the pure components:
A =xpdp + XpAp - XaX Kearbonate | 78~ 7a | (AaXa) 7a + Apxp 18) [4-13]
We used equation [4-13] to estimate the equivalent conductivities of 7 binary carbonate systems with

a standard deviation of 6.6 S cm” equiv™' and a maximum deviation of 13%.
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Fig 4-25. Predicted equivalent conductivity of the binary molten carbonates
KzCO3-Rb2CO3, K2C03-CS2CO3, and szCO}'CSzCO3 at 1173 K.

It should be pointed out that one can estimate the equivalent conductivities of binary carbonate
systems using just the ionic radii and equivalent conductivities of pure components without
introducing large errors, even for binary systems where no measured data for the electrical

conductivity exists. The conductivity, molar volume, and equivalent conductivity of any binary
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carbonate systems consisting of Li;CO;, Na,COs;, K,CO3, Rb,CO;, Cs,CO;5, Ag,CO;, T,CO;5 or
Fr,CO;5; can be predicted with reasonable accuracy using equation [4-13], together with known
cationic radii''® and estimated values of the equivalent conductivity. For example, Fig. 4-24 shows

the predicted results for K,CO3-Rb,CO3, K,CO3-Cs,CO3, and Rb,CO;3-Cs,COs5.

4.4.3. Equivalent conductivity of ternary molten carbonates
The electrical conductivity of the Li;CO; - NayCO; - K,COj5 ternary system at 1073 K is shown in

Fig. 4-26 together with contour lines obtained through the interpolation using neighboring measured

data.
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Fig. 4-26. Contour diagram of the conductivity in the molten Li,CO3-Na,CO3-K,CO3
system at 1073 K (S cm™). (*extrapolated value)

To provide a more theoretical framework, the equivalent conductivities of molten
Li,C0O5-Na,CO3-K,CO5 are examined as a function of the mole fraction. The equivalent

2

conductivities of the molten carbonates, A (S em® equiv’'), were computed using the following

equation
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A=cVy [4-3]
The molar volumes of mixtures were estimated with the additivity rule in order to calculate the
equivalent conductivity.

For binary molten carbonate systems, we have demonstrated that the following equation correlates
the equivalent conductivity with composition in previous section:

Anp =xadp + XpAp - XaXpkcarbonate | 78 - 7a | (¥adda #a + xpAg 78) [4-14]
where x, and xp are the mole fraction of components A and B, A, 4 and A, p are the equivalent
conductivities of pure components A, B and the binary mixture of A and B, », and rg are Shannon’s
ionic radii for 6 coordination!'”’ (A) in A and B, respectively, and Keuponate Was a constant at a
particular temperature. The value of kcamonate at other temperatures (7: K) has been obtained by fitting
equation [4-14] to seven binary systems and has the following equation:
kearbonate = 4.381 - 2.099x10°T [4-15]

The equation [4-14] for molten binary carbonate systems is tried to extend to ternary molten
carbonate. In order to predict the equivalent conductivity of ternary molten carbonates consisting of
three pure carbonates, A, B, and C, the pure component B in [4-14] is substituted by the mixture of B
and C (denoted as BC), and treated the ternary system of A and BC as a pseudo binary system using
the following equation:

AaBc = xada + xpedB-c — XA XBcKearbonate | rBC—T'A | (xadara + xpedp.crac)  [4-16]
where xpc is the sum of mole fractions of B and C, Ap.¢ is the equivalent conductivities of the binary
mixture of B and C. For the cationic radius of BC we used the average cation radius of B and C from
the following equation:

ree= (1—c)rg+ cre [4-17]

where c is the mole fraction of C in the BC binary system.

For example, the equivalent conductivity of the pseudo binary systems of A-BC (B:C=1:1), B-CA
(C:A=1:1), and C-AB (A:B=1:1) as Li;CO;-(NaysK¢5)2CO;3;, Na,CO;-(LipsKg5)2CO;s, and
K,COs5-(Lip5Nag5),CO; and the fit to equation [4-16] are shown in Fig. 4-27. In this calculation
using equation [4-16], measured data for single and binary compositions were used. It can be seen
that the equation correlated the data of ternary carbonate with good accuracy using the data of single
and binary carbonate mixture. It was found that ternary carbonate mixtures can be treated as pseudo
binary mixtures for calculation of equivalent conductivity and the equation [4-16] extended from
equation [4-14] of binary carbonate can be used for estimating the equivalent conductivity of ternary
carbonate.

Next the equivalent conductivity of a ternary molten carbonate at a composition of (xa, xg, Xc),
AaBc, 1s tried to estimate only from equivalent conductivities of three single carbonates, A, Ag, and
Ac without measured data of binary carbonates. At first equivalent conductivities of binary

carbonates, Ap, 4Ap.c, and Ac.a were estimated using A4, 4, Ac, and equation [4-14]. Then, 44 .c,
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Ap.ca, and Ac_ap, were estimated using equation [4-16]. The obtained equivalent conductivities A gc,
Ap.ca, and Ac_ap at the same composition of Aapc, however, shows small differences from each other.
These differences may come from calculating A, 4p.c, and Ac.a using equation [4-14]. The nearer
composition to BC, CA, or AB, 44 .pc, 4B.ca, Or Ac.ag Would contain the larger calculation difference
of Aa_p, Ap.c, or Ac.a. In order to minimize the difference by averaging the contributions from A, /g,

Ac, AaB, Ap.c, and Ac_a, we use following equation;
1
Appc = § (AaBc + Ap.ca + Ac-aB) [4-18]

Equivalent conductivity of Li;CO; - NayCO; - K,CO; mixtures were calculated using the
conductivity and density data of molten Li,COs, Na,CO;, K,CO; and equations [4-14]-[4-18]. The
calculated values were in good agreement with the measured values listed in Table 4-3 within 4%. A
contour diagram of the equivalent conductivity in Li,CO3-Na,CO3-K,COj5 system is shown in Fig.
4-28 with the contour curves through calculated values. The composition of minimum equivalent
conductivity occurs near (Lig 47K¢573),CO;5 at 1073 K.

In section 4.4.1, it is estimated that the molar volume and electrical conductivity using cationic
radii for Ag,CO;, T1,CO3 and Fr,COj;. Using the relationships developed above one can predict the
equivalent conductivity, molar volume, and electrical conductivity for any composition of whole
ternary systems using the cationic radii, molar volume and electrical conductivity of any trio of pure

components, such as Li,CO3, Nay,CO3, K,CO;, Rb,CO3, Cs,CO3, AgrCO;, T1,COs3, and Fr,COs.
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Fig. 4-27. Equivalent conductivity of pseudo binary molten carbonates,

Li2CO3—(NaO‘5K0,5)2CO3, N32C03-(Li0'5K0_5)2CO3, and K2C03-(Li0.5K0_5)2CO3 fitted by equation
[4-16] at 1073 K.(*extrapolated value)
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Fig. 4-28. Equivalent conductivity in the molten Li,CO;-Na,CO;5-K,CO; system at
1073 K (Sem’equiv’') and predicted contour lines using equations from [4-14] to

[4-18]. (*extrapolated value)

4.4.4. Estimation method for the conductivity of molten alkali-alkaline earth carbonates

The results of the electrical conductivity at 1073K of molten Li,CO3-Na,COs;, Li,CO3-K,CO; and
Li,COs-alkaline earth (Ca, Sr and Ba) carbonates are shown in Fig.4-29. Additon of alkaline earth

carbonate to molten Li,CO;resulted in linear decrease of the electrical conductivity. The additives’

effects of decreasing electrical conductivity in these systems follows K,CO; > BaCO; > SrCO; >

CaCO;> Na,CO;. Although the difference of ionic radii''® between Ca®"(100pm) and Ba®"(140pm)

is as much as that between Na" (100pm) and K'(150pm), there is greater difference in the effect of

decreasing electrical conductivity between Na,CO; and K,CO; than that among alkaline earth

carbonates. This means that the sizes of alkali cations have stronger influence on the conductivity

than those of alkaline earth cations.
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The conductivity of Li;CO3-Na,CO; (50:50mol%) and Li,CO;3-K,CO; (50:50mol%) added with
alkaline earth carbonate at 1073K are shown in Fig. 4-30. The addition of each alkaline earth
carbonate to LiCO;-Na,CO; (50:50mol%) and Li;CO;3-K,CO; (50:50mol%) results in linear
decrease of the electrical conductivity with increase of the mole fraction of the additives. There is
also not so much difference among the alkaline earth carbonates in the effect of decreasing the
electrical conductivity. The electrical conductivity of molten Li,CO3-Na,CO;3 (70:30mol%),
(30:70mol1%), and Li;CO3-K,COj3 (80:20mol%), (30:70mol%) containing alkaline earth carbonates
are also measured. The results shows that the addition of alkaline earth carbonate makes the
electrical conductivity of these melt decrease linearly with increase of the mole fraction of the
additives. And there is also little difference in the effect of decreasing the electrical conductivity
among the additives.

Since the electrical conductivity of these carbonate melts linearly decrease with increase of the
content of alkaline earth carbonate, one can correlate the electrical conductivity of these melt with

content of alkaline earth carbonate by using following equation:

o, =0,.,(1-kX,, /100) [4-19]

mix

where O ukati and o, are the conductivity of molten alkali carbonate and one added with alkaline

earth carbonate by the content of X,z (mol%), respectively. k is the constant which is determined
from the slope of the plotof & /o, Vs X4E. For example, k was determined to be 1.14 from
the data of whole composition in molten Li,CO3-Na,CO;-CaCO; system at 1073K shown in
Fig.4-31. The values of k at 1073K of other systems are summarized in Table 4-7. The k values for
any measured carbonate systems containing alkaline earth carbonates are not so much different.
They show quite similar values around 1.2.

The electrical conductivity of any composition in the systems of Li,CO;-Na,CO;-alkaline earth or
Li,CO;5-K,COs-alkaline earth can be approximately estimated using k values and the electrical
conductivity data of molten Li;CO3;-Na,CO; and Li,CO;-K,CO; binary systems. The measured
values and calculated contour diagrams of Li,CO3-Na,CO3-CaCO; and Li,CO;3-K,CO;3-CaCO; at
1073K are shown in Fig. 4-32 and Fig. 4-33, respectively. It can be seen that calculated contour
diagrams agree well with the measured values.

The £k is greater than 1 means added alkaline earth cation prevent the conduction of alkali cations,
while £k is less than 1 means alkaline earth cation contribute the total conduction. The vale of &, about
1.2 indicate that there is little contribution and prevention to the total conduction in molten

carbonate.

97



1 @
D Li+Ca
09 I O LiNa(70:30mol%)+Ca
' A LiNa(50:50mol%)+Ca
- i < LiNa(30:70mol%)+Ca
S 0.8 ® NatCa
bﬁ
207 1 —
5 kK=
0.6
05 X
0.4 ' ' ' '

0 10 20 30 40 50
Xy g of CaCO3 (mol%)

Fig.4-31. Plot of 6, /O Vs. content of CaCO;, X,p for molten
Li,C0O5-Na,CO;3-CaCOj; carbonate system at 1073K .

Table 4-7. The & values for molten Li,CO;-Na,CO; and Li,CO;-K,COj; containing alkaline earth
(Ca, Sr and Ba) carbonates at 1073K.

Ternary system of molten Square of Correlation Standard deviation for
carbonate k Coefficient I estimation of Gix/Calkali
Li-Na-Ca 1.14 0.97 0.027
Li-Na-Sr 1.17 0.98 0.028
Li-Na-Ba 131 0.95 0.042

Li-K-Ca 1.10 0.95 0.036
Li-K-Sr 1.23 0.93 0.038
Li-K-Ba 1.22 0.86 0.064

In alkali (Li, Na and K) carbonate melt, alkali cation which is relatively smaller than carbonate ion
is thought to contribute to most of the electrical conduction of the molten carbonate. Since each
alkali earth cation has double charge of an alkali cation, it should strongly attract the carbonate ions
and this restricts its movement greater than alkali cations. From the facts that &k are about 1.2, and
there is little difference in the effect of decreasing conductivity among the alkaline earth carbonate in
spite of the difference of cation radii, it can be concluded that alkaline earth cations should have no
contribution to conduction. Therefore the decrease of electrical conductivity of molten
Li,C0O;-K,CO; and Li,CO3-Na,CO; added with alkaline earth (Ca, Sr and Ba) carbonates are simply
brought by the exchanging conductive alkali cations for relatively no conductive alkaline earth

cation.
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Fig.4-32. The electrical conductivity (Sem™) of  molten
Li,C0O5-Na,CO;-CaCO; at 1073K and calculated contour curves from k value.
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Fig.4-33. The electrical conductivity (Sem™) of  molten

Li,CO;-K,C0O;-CaCO; at 1073K and calculated contour curves from & value.

99



4.5. Conclusion

The electrical conductivities of the molten binary salts Li,CO5-X,CO; (X: Na, K, Rb, and Cs) and
Na,C0;3-Z,CO; (Z: K, Rb, and Cs) were measured by an AC two probe technique and
electrochemical impedance spectroscopy.

The electrical conductivities of the important eutectic compositions for the MCFC electrolytes
(Lip52Nag 48)2CO3 and (Lig 6K 38),CO3 were 2.06 and 1.31 S em” at 923 K.

The conductivity of molten Li,CO5-X,CO; (X: Na, K, Rb, and Cs) or Na,CO3-Z,CO; (Z: K, Rb,
and Cs) at the same composition of additives (X,CO3 or Z,CO;) decreased with an increase in the
ionic radius of X or Z.

The equivalent conductivity of Cs,CO; was larger than that of Rb,CO;. For cations larger than Rb",
the molar volume plays a more important role in determining the equivalent conductivity than does
the electrical conductivity.

The equivalent conductivities of binary carbonate mixtures 4, were well correlated with the
composition (x5 and xg), the equivalent conductivities (1, and Ag) of the pure components A and B,
and two interaction parameters (1, and Ag) as A4 = xAZA AT xBZAB + xaxp(Aaxa +pxB).

The interaction parameters (1, and Ag) can be estimated from the equivalent conductivity of the
pure components and their cationic radii.

The conductivity, molar volume, and equivalent conductivity of any binary carbonate systems
consisting of Li,CO;, Na,CO;, K,CO;, Rb,CO;, Cs,COs5, AgrCO;, T1,CO; or FryCO; can be
predicted using simply the ionic radii and equivalent conductivities of the pure components with a
reasonable degree of accuracy.

The method for estimating the equivalent conductivity and composition of molten binary carbonate
systems was extended to ternary molten carbonate systems. We have succeeded in estimating the
equivalent conductivities of the ternary molten carbonates listed in Table III within 4% by dealing
them as pseudo binary systems, and using the cationic radii and equivalent conductivity of the three
constituent single molten carbonates.

The addition of alkaline earth carbonates to molten Li,CO3-K,CO3 and Li,CO3-Na,COs; results in
linear decrease of electrical conductivity with increase of the mole fraction of the additives. There
is not so much difference among the alkaline earth carbonates in the effect of decreasing electrical

conductivity at the same content of addition.
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5. Reaction of materials with lanthanum in molten carbonates

5.1. Introduction

Lanthanum-containing perovskites have been used as materials for electronic devices, sensors,
catalysts, and fuel cell components. In general, these compounds have been synthesized through a
process involving the sintering of mixed oxides. In particular, the usage of the less reactive La,0O; as
one of the reagents requires a multi-step time-consuming procedure of mixing and heating at
temperatures higher than 1200 K.

Lower temperature syntheses of lanthanum-containing perovskites are favorable because of the
advantages of reducing the production cost and of controlling particle size and composition of
product. The compound LaMnOs.4 was synthesized at 623 K using reactive amorphous precursors
obtained from a stoichiometric citrate solution!). LaAlO; was prepared through a
gelation-precipitation technique at 873 K.

Molten salts have been used for new synthesis method of precise compositions and (or) structure
control at relatively low temperatures. LaCrO; was produced in molten KOH at 513 K.
LaMng gNag,03 was produced in molten NaOH at 723 K, Alkali-doped LaNiO; was synthesized in
molten KOH at 673 K.

Molten carbonates have been used as a flux of perovskite synthesis. For example, LaNiO; was
produced with the aid of a Na,COj; flux at 1073 K, K,CO; was used for the structure controlling
synthesis of Ba;;Rh;¢O3¢ and Ba;;Rh;90g7 at 1323K, aiming at the synthesis of 2H—BaRh03[7]. As
far as we know, however, there are quite a few reports for the synthesis of LaMO; perovskites using
molten carbonates.

In this section, it have been investigated novel methods for the synthesis of LaMOs; using mainly
molten (Ligs;Nag4g),CO3, which has been studied as the electrolyte of molten carbonate fuel
cells™, and applied the method to synthesize several lanthanum perovskites at (or lower than) 923 K.
Then a LaMO; coating method is presented on metal or ceramic substrates. Lastly the reaction
mechanism of LaAlO; formation in molten carbonate is discussed on the basis of in-situ X-ray

diffraction data.

5.2. Experimental
5.2.1 Powder LaMO; synthesis

Schematic view of a reactor vessel is shown in Fig. 5-1.

Li,CO; (Nakarai Tesque, 99%), Na,CO; (Nakarai Tesque, 99.5%), and K,CO; (Nakarai Tesque,
99.5%) were used for preparing molten carbonate mixtures. These carbonates were mixed to the
eutectic  compositions of  (LipsNag4s)2COs,  (Lig2Ko38)2CO3,  (Kos73L10427)2CO3,  or

(Lig.435Nag315K025)2COs3; after having been melted at 923 K, they were stored in an electric oven at
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Fig.5-1. Schematic view of a reactor vessel for LaMOj; synthesis.

373K before use. (Ligs52Nag45),CO; was mainly used as a flux of perovskite synthesis. For the lower
temperature synthesis at 773K, molten (Lig435Nag315K025)2CO3 was used for several lanthanum
perovskites synthesis. Other carbonates were used for the synthesis of LaAlOs.

The following oxides and a acetate were used as the metal (M) source of LaMOs: a-Al, O3 (Aldrich,
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99.998%), Sc,03 (Aldrich, 99.999%), Fe,O5 (Kishida Chemical, 99.97%), Co;0, (Kanto Kagaku,
99.95%), Ga,03 (Cerac, 99.995%), and Mn(CH3COO);-2H,0 (Merck, 98%). The oxide or acetate
needed to synthesize 10mmol of LaMO; were mixed with 5 mmol of Lay(COs);-8H,0 and about 2 g
of the alkali carbonate mixture.

To prepare the precursor through co-precipitation, the following metal nitrates or acetate was used
as starting materials: Cr(NO3);-9H,0O (Kishida Chemical, 98%), Ni(NOs),"6H,O (Kanto Kagaku,
98%), In(NOs);:3H,0 (Mitsuwa Chemical, 99%), and Mn(CH;COO);-2H,0 (Merck, 98%). An
appropriate amount of Lay(COs);:8H,0 and the metal nitrate or acetate needed for 10mmol of
LaMO; synthesis were dissolved in dilute nitric acid. A saturated hot aqueous solution of Na,COj3
was poured into the La-M nitrate or acetate mixture solutions in order to form the precipitates. The
precipitates were vacuum-filtered, washed with distilled water, and then dried. The cake obtained
was crushed and mixed with about 2 g of the alkali carbonate mixture.

The precursor mixtures were placed in a Au-Pd (80:20wt.%) alloy crucible (40mm¢ inner diameter,
60mm high) and kept at elevated temperatures.

The mixtures obtained were ground, washed with distilled water, and filtered in order to remove
alkali carbonates. Then, the LaMOj; products (M=Al, Sc, Cr, Fe, Co, Ni, Ga, and In) were washed
with 12M HCI for further purification.

The materials used and the experimental conditions (reaction temperature, reaction time, and

atmosphere) for powder LaMO; synthesis are summarized in Table 5-1.

5.2.2 LaMO; production on the metal and ceramic surfaces

The following substrates were placed in a Au-Pd (80:20wt.%) crucible containing the mixture of
(Lip52Nag45)2CO;3 and Lay(CO3)5:8H,0 (1:1 by weight): the metals aluminum (Nilaco, 99.999%,
20x20x0.1mm), chromium (Nilaco, 99.9%,20x5x5mm), iron (Nilaco, 99.98%, 20x20x0.5mm),
cobalt (Nilaco, 99.98%, 20x20x0.5mm), and nickel (Nilaco, 99.7%, 20x20x0.5mm), and « -Al,O3
ceramics (Nikkato, SSA-S, 20x20x3mm). A single crystal « -Al,O; (Dalian Danning
Opt-electronics Technology, 99.99%, C-plane (0001) , 10x10x0.5mm) was suspended by a gold wire
(0.3mm¢) in the mixture of (Ligs,Nag45),CO; and Lay(CO3)3-8H,0 (10:1 by weight). The single
crystal plane was set face below in order to prevent the floating particles from accumulating on the
plane. These samples were kept at 923 K.

The samples, after the immersion in molten carbonates containing lanthanum carbonate, were
washed with distilled water in order to remove the carbonate from their surfaces. The materials used

and the experimental conditions are summarized in Table 5-1.
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Table 5.1. Reaction conditions and results of the synthesis of LaMO; (M= Al, Sc, Cr, Mn, Fe, Co, Ni,

Ga, and In) powder in alkali carbonate.

Materials Alkali carbonates Precursors Temperature Atmospheres Reaction  Product
(K) time (h)
Al (Lig.52Nag45),CO; Immersion® 923 CO, 12h LaAlO;
0-Al O3 (Lip.52Nag 5),CO; Mixture ¥ 923 CO, 12h LaAlO;
0-ALO; (Lio5Ko.35)2CO3 Mixture ¥ 923 CO, 12h  LaAlO;
a-ALO; (Ko.573L10.427)2CO5 Mixture ¥ 923 CO, 12h LaAlO;
a-ALOs (Lig435Nag 315 Ko25).COs Mixture 923 CO, 12h  LaAlO;
a-ALOs (Lig.435Nag 315 Ko25)2COs Mixture ¥ 773 N, 72h  LaAlO;
a-AlOs (alumina) (Lig.52Nag45),CO; Immersion® 923 CO, 12h LaAlO; on the
surface
a-Al,O; (sapphire) (Lip.52Nag 45),CO; Immersion® 923 CO, 72h  LaAlO; on the
surface
a-LiAlO, (Lig52Nag45)2,CO; Mixture 923 CO, 18h  LaAlO;
a-LiAlO, (Lig5:Nag45)2,CO; Mixture ¥ 923 N, 3h LaAlO;
Sc,04 (Lig55Nag45)2,CO; Mixture ¥ 923 CO, 72h  LaScO;
Sc,0s3 (Lig435Nag 315 Ko25),COs3 Mixture ¥ 773 N, 72h  Sc,0; + La,0,CO;
Cr(NOs);-9H,0 (Li52Nag45),CO; Co-precipitated 923 CO, 72h  LaCrOs
mixture
Cr(NOs);-9H,0 (Lig435Nag 315 Ko25).COs Co-precipitated 773 CO, 12h  LaCrOs
mixture”
Cr (Lig.52Nag 45),CO; Immersion® 923 COy/ 0,=2/1 12h LaCrO; on the
surface
Mn(CH;CO0);-2H,0 (Lip.52Nag 45),CO;5 Co-precipitated 923 CO, 72h  LaMnO;
mixture
Mn(CH;COO);-2H,0 (Lig435Nag 315 Ko25).COs Mixture 773 Air 12h  LaMnO;
Fe 05 (Lig55Nag45)2,CO; Mixture ¥ 923 CO, 16h  LaFeO;
Fe,0; (Lig.435Nag 315 Ko.25)2CO3 Mixture ¥ 773 CO, 12h  LaFeO;
Fe (Lig.5:Nap45),CO;3 Immersion® 923 CO,/ 0,=2/1 12h  LaFeO; on the
surface
Co;04 (Lig52Nag45)2,CO; Mixture 923 0,/CO,=1/2 12h  LaCoOs
Co030,4 (Lig.435Nag 315 Ko.25)2CO3 Mixture ¥ 773 0, 72h unidentified +
La,0,CO;
Co (Lip.52Nag 45).CO; Immersion® 923 CO,/ 0,=2/1 12h CoO on the surface
Ni(NO;),'6H,0 (Li52Nag45),CO; Co-precipitated 923 0, 72h  LaNiO;
mixture
Ni,O5 (Lig435Nag 315 Ko25).COs Co-precipitated 773 0, 12h  LaNiO; + NiO +
mixture® La,0,CO;
Ni (Lig.52Nag45),CO; Immersion® 923 COy/ 0,=2/1 12h NiO on the surface
Ga,0; (Lip.52Nag5),CO; Mixture ¥ 923 CO,, 72h LaGaO;
Ga,04 (Lip.43sNag 315 Ko25)2CO3 Mixture ¥ 773 N, 72h  LaGaOs;
In(NO;);-3H,0 (Lip.52Nag 45),CO;5 Co-precipitated 1173 CO,, 72h  LalnO;

mixture®

a) mixed with La,(CO;);-8H,0 and alkali carbonate. b) co-precipitated with equimolar lanthanum, then mixed with alkali carbonate.

¢) solid immersed in a mixture of La,(COs);-8H,0 and alkali carbonate.
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5.2.3 XRD analysis and in-situ XRD observations

X-ray diffraction (XRD) patterns of the powder products and the surfaces of the metals and
ceramics immersed in the above mentioned molten carbonate mixtures were taken using CuKoa
radiation at operating conditions of 45kV and 40mA (X’Pert Pro system, Spectris). The XRD
patterns of the synthesized powders were taken using Bragg-Brentano focusing optics, while those of
the pure or purified products using parallel beam optics (from 20 to 90 deg, scan step: 0.02deg, time
per step: 2 sec). The data were analyzed using a Rietveld analysis computer program RIETAN-2000
for the evaluation of phase purity™”. A split pseudo-Voigt profile function was used for pattern
fitting.

In-situ X-ray diffractometry was carried out to investigate the reaction mechanism between
a-LiAlO, (Nippon Chemical Industrial) and La,(COj3);-8H,0. In molten carbonate a-LiAlO; is more
stable than a-Al,O3, which reacts with lithium to produce a—LiAlOz[lo].Thus we did not use a-Al,O3
but a-LiAlO, for the in-situ reaction observation. The mixture of a-LiAlO, and Lay(COs);-8H,0
(molar ratio Al: La =1:1) was mixed with (Ligs5,Nag45),COs3, 1:1 by weight. Then the mixture was set
in a gold pan (30mm¢, 2mmt, 0.5mm depth) in the high temperature reactor chamber (XRK 900,
Anton Paar) under CO; or N, atmosphere. The XRD patterns were recorded at several temperatures

up to 923 K.

5.3. Result and Discussion
5.3.1. The LaMO3 powders synthesis

The results of the perovskites synthesis in molten carbonates are summarized in Table 5-1. The
desired LaMO; compounds (M= Al, Sc, Cr, Mn, Fe, Co, Ni, Ga, and In) were successfully obtained.
In order to remove (Ligs;Nag45),CO3, the products were washed with distilled water. As a typical
result, the XRD profile of crude LaGaOs; is shown in Fig. 5-2. The product, after a wash with
distilled water, contained the LaGaO; and La,0,CO;. We obtained LaAlOs;, LaFeO;, LaMnOs, and
LaNiOj; perovskites as powders containing small amount of impurities only after washing with water.
The XRD pattern of LaMnOs;, shown in Fig. 5-3, could be assigned as LaMnO; (JCPDS: 35-1353).
The In-containing perovskite, LalnOs, could be produced at temperatures higher than 1073K; almost
pure phase was obtained by keeping the mixture at 1173 K for 72h and then washing the powder
with distilled water. (Lig435Na9315K025)2CO3 has the lowest melting point (671 K) of the four molten
carbonate mixtures. This carbonate mixture was used for the LaMO; (M=Al, Sc, Cr, Mn, Fe, Co, Ni,
and Ga) synthesis at 773 K; Table 5-1 summarizes the reaction conditions and results of this work.
The XRD observations revealed some LaMO; in the crude products. In molten
(Lig 435Nag315K0.25)2CO3, the compounds LaAlO;, LaCrO;, LaMnOs, LaFeO;, LaNiO;, and LaGaOs;
could be produced at a low temperature of 773 K.
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Fig. 5-2.  XRD profile of LaGaO; synthesized in molten (Ligs;Nag45),CO5 at 923
K for 72 hours under CO,, and then washed with distilled water.
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Fig. 5-3. XRD pattern, assigned as LaMnQO;, of LaMnO; synthesized in molten
(Lip.s5oNag45)2,CO5 at 923 K for 72 hours under CO,, then washed with distilled water.
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From the viewpoint of low temperature synthesis, LaAlO; (773K) %, LaScO; (773K) ") LaGaO;
(773K) " and LalnOs (1073K) "*lwere synthesized at lower temperature than that of the papers so
far reported. As for LaGaOj;, Huang et al. reported that Sr- and Mg- doped LaGaO; perovskite was
produced at 873K,

The four -eutectic carbonates (LigsNagqs)2COs, (Ligs2Ko38)2C0s3, (Kos73L10427)2CO3, or
(Lip.435sNag315K0.25)2CO3 were used as solvents for the reaction with a-Al,0O3 and Lay(CO3);5-8H,0 at
923 K under CO, for 12h in order to compare the reactivity among these carbonates. For all
carbonate mixtures, reaction proceeded completely to produce LaAlO;. Every carbonate showed
vigorous reactivity to a-Al,O5 for the production of LaAlOs. Any of these carbonates could be used
as solvents for LaMOj; synthesis.

Although the desired products had been successfully obtained, after just a water wash the crude
products contained unreacted metal oxides and lanthanum oxide carbonate, La,0,CO;3. Some of the
crude powders could be purified from these impurities by washing with 12M HCI. Pure phase
powders of LaMO; (M = Al, Sc, and Fe), and the powders of LaMO; (M = Ni, Co, Cr, Ga, and In)
with small amount of impurity were obtained by HCI wash. Although LaNiO; and LaCoO; partly
dissolved in 12M HCI with gas evolution, these lanthanum perovskites could be purified by such an
acid wash. On the other hand, LaMnOj dissolved quickly in 12M HCI and was not obtained purified
powder through this method.

In order to verify the phase purity, we analyzed the XRD data by the Rietveld method using the
computer program RIETAN-2000"").As examples, the results of LaAlO;, LaFeOs, and LaScO; are
shown in Fig 5-4. The “goodness of fit” indicator, S (=R,/R. values ideally 1) were under 1.3 and

(5] These results confirmed that the lanthanum perovskite compounds obtained by

indicated good fit
our method were single phases. Although trace amount of impurity phase can be seen in XRD
patterns, the goodness of refinement S for LaCrO; (S =1.69), LaCoOs (S = 1.35), LaNiO; (S = 1.35),
LaGaO; (S = 1.35), and LalnOs (S = 1.35), indicate successful refinement. These results of Rietveld
analysis for LaMO; (M = Al, Sc, Fe, Co, Cr, Ga, and In) are summarized in Table 5-2. The obtained
lattice parameters accord well with reported ones!'* '%'71,

For further analysis of composition, LaAlO;, LaScOs;, and LaFeQOs, in which little impurity phases
can be seen in XRD (Fig. 5-4), were dissolved in nitric acid and elemental analysis was done using
ICP (SPS-1700HVR: Seiko Instruments). The results were shown in Table 5-3. It was found that the
sample of LaScO; was almost pure (atomic ratio: Li/La = 0.008, Na/La = 0.004). On the other hand,
the sample of LaAlO; contained relatively large amount of lithium (atomic ratio: Li/La=0.15). Both
lithium and sodium can be found in the sample of LaFeO; (atomic ratio: Li/La = 0.021, Na/La =
0.015). These lithium and sodium would be inside perovskite lattice or constitutes of amorphous
phases such as LiAlO, or LiFeO,. Several alkali doped lanthanum perovskites such as

Lao,97K0_03NiO3[5], LaMHQ.gNaO'203+g[4] and La2/3_XLi3XTiO3[18’ Phave been synthesized. The condition
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of incorporated lithium and sodium needs more precise investigation. For the synthesis of product

with less impurity, further optimizations of reaction condition and purification method are needed.

Table 5.2. Results of Rietveld analysis of XRDs for synthesized LaMO; (M= Al, Sc, Cr, Fe, Co,

Ni, Ga, and In)
a ace Reliabilit actors, an Lattice parameters Fractional coordinates (X, y, z
LaMOs; sp liability ~ f d ice p: /A ional di (X, Y, 2)
Group  goodness-of-fit indicator of
Rietveld analysis[9]
a R-3c¢ Rwp=9.27,Rp= 697, a=b=5.3637(1), c=13. La (0,0,
LaAlO; 3 p=927,Rp= 6.9 b=5.3637(1), c=13.1302(9) (0,0,1/4)
Re= 7.62,5=1.24, (a=b=5.3648, c=13.1113)'¢ A1(0,0,0)
0 (0.524(1),0,1/4)
LaScO; Pnma  Rwp=14.57, Rp = 11.02, Re a=5.7652(1), b=8.0556(2), La (0.0431(1),1/4,-0.089(4))
=11.92,5=1.22 ¢=5.6507(1) Sc (0,0,1/2)
(a=5.787, b=8.098, ¢=5.678) 01 (0.473(2),1/4,0.086(2))
02 (-0.791(1),-0.447(1), -0.794(2))
LaCrO; Pmnma  Rwp= 9.66, Rp=71.65, a=5.5107(3), b=7.7538(4), La (0.0136(3),1/4,-0.004(1))
Re=6.19,5=1.56 ¢=5.4733(3) Cr (0,0,1/2)
(a=5.514, b=7.755, c=5.477) 01 (0.487(3),1/4,-0.036(9))
02 (-0.728(4),-0.538(3),-0.732(5))
LaFeO; Pmma Rwp = 4.17, Rp = 3.29, a=5.5648(2), b=7.8527(3), La (0.0296(2),1/4,-0.003(2))
3 p p (2 (3) ( (2) (
Re= 3.73,5=1.12 ¢=5.5562(2) Fe (0,0,1/2)
(a=5.565, b=7.862, ¢=5.556) " 01 (0.513(3),1/4,0.072(7))
02 (-0.755(3),-0.452(2),-0.767(3))
LaCoO; R-3m  Rwp= 296,Rp= 2.26, a=b=c=3.8229(1), a =90.682(1) La (0,0,0)
Re= 225,8§=132 (a=b=c=3.824, ¢ =90.70) "’ Co (1/2,1/2,1/2)
0 (1/2,1/2,0)
LaNiO; R-3¢ Rwp = 14.87, Rp = 11.00 a=b=5.4596(2), c=13.1421(4) La (0,0,1/4)
Re= 9.28,5=1.60 (a=b=5.4573, c=13.1462) [ICPDS  Ni (0,0,0)
Card No.79-2451] 0 (0.548(1),0,1/4)
LaGaOs; Pmnma  Rwp = 19.00, Rp = 13.23 a=5.5267(2), b=7.7792(2), La (0.074(5),1/4,0.0043(8))
Re=11.58,5=1.64 ¢=5.4947(1) Ga (0,0,1/2)
(a=5.524, b=7.787, c=5. 496) 7 01 (0.429(4),1/4,0.000(14))
02 (-0.719(4),-0.462(2),-0.705(4))
LaInO;  Puma  Rwp = 14.64, Rp =10.76, Re a=5.9366(1), La (0.0550(2),1/4,0.0138(4
3 p p (1) ( (2) )

= 9.20,5=1.59

5=8.2099(2),c=5.7185(1)
(a=5.935, b=8.221, ¢=5.726)

In (0,0,1/2)
01 (0.457(3),1/4,-0.095(3))
02 (-0.682(2),-0.548(2),-0.688(2))

110



Table 5.3. Elemental analysis of synthesized lanthanum perovskites, LaAlO;, LaScO;, and LaFeO;
after purified with 12M HCI

Perovskites Weight percent (%) Elemental ratio
La M Li Na La M Li Na
LaAlOs 62.6 12.9 0.49 0.16 1 1.036 0.151 0.004
LaScOs 57.9 20.1 0.02 0.04 1 1.073 0.008 0.004
LaFeOs 56.0 23.8 0.06 0.14 1 1.057 0.021 0.015

5.3.2.Surface coverage of LaMOj3; on metal and ceramics substrates

The metals aluminum, chromium, iron, a-Al,Oz ceramic plate, and single crystal a-Al,O; reacted
with lanthanum carbonate in molten (Liy5,Nag 43),CO3 at 923 K and produced perovskite compounds
on their surfaces. The results are summarized in Table 5-1. Under a CO, atmosphere, the aluminum
was covered with a LaAlOj; scale.

The compound LaCrO; was produced on the surface of the metal chromium under a CO,/0,=2/1
atmosphere. An adhesive scale of LaCrO; formed, but a further oxidation reaction proceeded, which
introduced yellow colored CrO42' ion into the molten carbonate. The coating of LaCrO; on the
surface of Cr metal would be important because it might provide a means of coating metal
interconnect in SOFC to resist oxidation and to decrease contact resistance!” 21].Microsc0pe
(Lasertec, VL2000D) observation of surface morphology is shown in Fig 5-5. It was shown that
cubic crystals less than 5 um of LaCrO; were covered metal chromium surface without holes or

clacks.

Figure 5-5. Microscope photogréph of the surface of chromium
immersed in molten (Ligs5,Nag45),CO; added with lanthanum
carbonate at 923 K for 12 hours under O,/CO,=1/2.
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Under the same atmosphere, iron was covered with LaFeOj; scale. The scale was fragile and easily
removable.

On the other hand, Cobalt and nickel plates immersed in molten (Ligs,Nag4s),CO;3 containing
lanthanum carbonate under a CO,/O; atmosphere were covered with CoO and NiO, respectively, not
with perovskite compounds. These divalent oxides existed in a stable form on each metal plate, and
did not produce trivalent oxides, which can react with lanthanum to generate perovskites. It was
confirmed that for the formation of LaMOj3 in molten carbonate, M(III) should be stable.

Molten carbonate fuel cells utilized many materials which we mentioned above!®.Fine powder of
a-LiAlO; is utilized as the electrolyte matrix. The eutectic carbonates (Ligs,Nag4s),CO3 and
(Lip.62K038)2CO3 have been used as the electrolyte. Porous ceramics of NiO, LiCoQ,, and LiFeO, are
used as the cathode materials. Stainless steel is used as the separator and current corrector material
and made of iron, chromium and nickel. Matsuzawa et al. reported that La,O5 addition reduce the
solubility of NiO cathode into molten carbonate electrolyte!.Bshme et al. reported La,O;5 addition
enhanced the NiO cathode conductivity*).Tagawa et al. try to use La,Os as anode catalyst for
MCFC internal reforming of methane**.1t should be noted that the addition of lanthanum compound
to MCFC would influence not only electrode but also electrolyte matrix and stainless steel housing
because of LaMO; formation. Our preliminary study showed that in molten carbonates with
lanthanum carbonate added stainless steel was covered with fragile LaFeO; scale, and the electrode
materials LiFeO, and LiCoO, were changed to LaFeO; and LaCoOs, respectively. The addition of
lanthanum compound to MCFC needs more study for establishing whole system stability.

Following their immersion in the molten eutectic solvent/lanthanum mixture, and under a CO,
atmosphere, the surfaces of the single crystal a-Al,O5 (sapphire (0001) plane) and a-Al,O3 ceramic
plates were found to be coated with LaAlOs;. The XRD pattern of LaAlO; on a-Al,O5 ceramic was
similar to that of powder LaAlOs. On the other hand, the XRD pattern of LaAlO; produced on single
crystal a-Al,O; was different. Two peaks of the LaAlO; film were much larger than the
corresponding peaks of powder LaAlOs, as illustrated in Fig. 5-6. These two peaks originated from
(012) plane of LaAlO;. This suggests that the (012) plane of LaAlO; covered the crystal surface.
Microscope (VL2000D, Lasertec, Japan) observation is shown in Fig. 5-7 of the surface of single
crystal a-Al,O5 (sapphire) immersed in molten (Ligs;Nag45),CO3 with lanthanum carbonate added.
On the surface there were produced square crystal planes of about 5 um size. These crystal planes
were parallel to substrate and should be the cause of strong reflection of the (012) plane of LaAlOs.
It seemed that LaAlO; grew epitaxially on single crystal Al,O;z. The plane on which crystal grew was
set faced below, therefore floating La,0,CO; particle in molten carbonate did not pile up on the
surface and did not contact. Lanthanum species dissolved in molten carbonate should react with the
surface of sapphire to grow LaAlO; crystal. It should be noted that lanthanum species dissolved in

molten carbonates play an important role for producing LaMOs.
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XRD pattern of powder LaAlOs
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XRD pattern of LaAlOs on single crystal a-Al:Os
(sapphire)
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Fig. 5-6. X-ray diffraction (XRD) pattern of LaAlO; produced on the surface of
single-crystal o-AlL,Os (sapphire) immersed in molten (Ligs»Nag4s).CO; added with
lanthanum carbonate at 923 K for 72 hours under CO,.

Figure 5-7. Microscope photograph of the surface of single crystal
a-ALO; (sapphire) immersed in molten (Ligs;Nag4s)CO; added with

lanthanum carbonate at 923 K for 72 hours under CO..
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5.3.3. In-situ XRD observation of the LaAlO; formation reaction
Figure 5-8 shows the XRD patterns of the mixture of a-LiAlO,, Lay(CO;);8H,O and
(Lip5Nag45)2CO; heated up to 923 K under a CO, atmosphere. Under the melting point of
(Lip52Nag48)2COs, up to 773 K (Fig.5-8, a and b), the XRD patterns showed carbonates peaks.
Above the melting point of carbonate mixture, the patterns simplified, with the disappearance of the
carbonates peaks, then, the La,0,CO; peaks appeared which suggests that the following reaction
proceeded up to 823 K (Fig. 5-8, ¢):

La,(CO;);-8H,0—La,0,CO;5 +2CO, + 8H,0 [5-1]
After holding the temperature at 923 K for 2 hours (Fig. 5-8(d)), we could see only the La,O,CO;
peaks. After 18 hours, small LaAlO; peaks appeared ( Fig. 5-8(e)). After the sample cooling to room
temperature, it was found that a large part of sample had changed to LaAlO; (Fig. 5-8(f)). From
these results, we suppose that the following reaction occurs:

2LiAlO,; + La,0,CO3; — 2LaAlO; + Li,CO; [5-2]

Q

o LaAlOs
¢ La202C03

powder 0
298K f T
*
o

[o]

f

*

[
M 923K 18h
’ L4

e ix j ” " .‘%R ﬁ o
i )
cC ¢

¢

I } 923K2h ¢ % R .
¢ ¢

] L 823K f 3o '

773K

Intensity (a. u.)

723K

20 30 40 50 60

26 (CuKa / deg)
Fig. 5-8. XRD patterns of a mixture of a-LiAlO,, Lay(COs);:8H,0, and
(Ligps2Nag4s)CO; under CO, atmosphere at several temperatures up to 923 K. (a)
723 K, (b) 773 K, (c) 823 K, (d) 923 K after 2h, (e) 923 K after 18h, (f) ex-situ,
powder pattern at 298 K after 18 h at 923 K.

Under a N, atmosphere, the XRD patterns higher than 873 K exhibited a different profile assigned
as LasLiAlOg (JCPDS: 01-084-1470) (Fig. 5-9, c-g). LaAlO; peaks could be seen in the pattern at
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923 K (Fig. 5-9, d), and after 3h, a large part of the sample changed to LaAlO; ( Fig. 5-9, f). XRD
pattern of the sample kept at 923 K under a N, atmosphere for 3 hours, and after that cooled to room
temperature, showed that much of the sample had transformed into LaAlOs ( Fig. 5-9, g) via the

following reactions:

L1A102 + 2L3202CO3 —>La4L1AIOg + 2C02 [5-3]
La4LiAIOg + 3L1A102—>4L3A103 + 2L120 [5-4]
o
o L.aAlOs
v La4L1A1Os
* La202C03
w o -L1A1O2
powder © o L2203
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ﬂ JO\/\J
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-
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Fig. 5.9. X-ray diffraction patterns of a mixture of a-LiAlO,, Lay(CO;);-8H,0, and
(Lig.50Nag45),CO5 under N, atmosphere at several temperatures up to 923 K. (a) 773
K, (b) 823 K, (c) 873 K, (d) 923 K after 0.5h, (e) 923 K after 1h, (f)923 K after 3h,
(g) ex situ, powder pattern at 298 K after 3 h at 923 K.
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After holding at 923 K for only 3 hours under CO,, then cooling down, a very weak LaAlO; peak
can be seen in the powder sample. On the other hand, after 3 hours under N, a large part of sample
changed to LaAlOj;. Therefore, it was confirmed that the LaAlO; production reaction will proceed
faster in N, than in CO,. This means the reaction proceed faster with decomposition of carbonate
ion.

In general, the reaction between an M containing oxide and La,0,CO; is expected to proceed as
follows:

M,0; + La,0,CO3; — 2LaMO; + CO, [5-5]
It should be noted that carbonate ion is consumed as the oxide ion source to produce perovskite at
the reaction site. It is also expected that reaction [5-5] will proceed faster in the atmosphere free
from CO,, such as N; or O,. Actually it was found that LaGaO; can be produced at 773K under N,
and at 923 K under CO,, but no production can be seen at 773K under CO,. This means that the
condition of high temperature and atmosphere without CO; is favorable for LaMOj3 production.

It was also confirmed that the reaction producing LaAlO; did not proceed without the presence of
the (Lig5Nag45)2CO; solvent after 12 h at 923 K. The rate of the LaMO; production reaction in
molten carbonates at 923 K seems faster than that of a solid state reaction. Matsuzawa et al. reported
that La,O; was changed to La,0,CO; at 923K and solubility of lanthanum species was 1.0 x1072
mole fraction in molten (Li0_52N30_4g)2CO3[18].

It was also observed that a planar-shaped La,0,COj; crystal of a few mm size grew in the molten
(Lip52Nag48)2CO; added with Lay(CO;);-:8H,0 after 12h at 923 K under air. The crystal growth
suggests that vigorous dissolution and precipitation of lanthanum species would occur in molten
carbonate containing La;0,COs. The schematic view of reaction mechanism is shown in Fig. 5-10.
The molten carbonates do not only act as a source of oxide ion but also as a flux conveying
lanthanum to the reaction site. Consequently, the dissolved lanthanum species can attack the metal
oxide surface to produce lanthanum perovskites more effectively and at lower temperatures than that

by solid state reactions.

5.4. Conclusion

A successful new method for the synthesis of lanthanum perovskites LaMO; (M= Al, Sc, Cr, Mn,
Fe, Co, Ni, Ga, and In) in molten carbonates has been found.

The metals aluminum, chromium, and iron, immersed in the mixture of molten (Lig5;Nag45),CO;
and lanthanum carbonate were covered with LaAlO;, LaCrO;, and LaFeO;, respectively. An
a-Al,O3 ceramic and single crystal a-Al,O; immersed in the same mixture were also covered with
LaAlOs;. On the surface of single crystal a-Al,O3, the (012) plane of LaAlO; predominated.

Our in-situ XRD investigation of the reaction mechanism between LiAlO, and Lay(CO;);8H,0 in

molten (Ligs2Nag 45),CO3 under a CO; or N, atmosphere revealed that La,0,CO; was produced first.
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Then, however, a reaction ensued that produced LaAlOs;. Under a N, atmosphere, this latter reaction
took place via LasLiAlOg, and at a faster rate than the reaction under CO,.

The molten carbonates play an important role to facilitate LaMO; production reaction through
dissolving and conveying lanthanum to the reaction site and acting as a source of oxide ion for

perovskite formation.

La202C03+ M>0O3;—2LaMO;+CO,

Fig.5-10. Schematic view of reaction mechanism of lanthanum perovskite

formation in molten carbonate.
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6. Conclusions

6.1. Summery of this work

This work has been devoted to studies for physical properties and chemical properties of molten
carbonate mixtures. There are many new and interesting findings for fundamental and industrial
aspects.

Density, surface tension and electrical conductivity have been measured with accurate and
elaborated measurement methods, studying error factor or refining methods.

The molar volume of molten carbonate obtained through the measurements of density showed
additivity and can be estimated using ionic size.

The surface tension of molten carbonate is related to ionic radii and some rules with composition.
The surface tension of single, binary and ternary system can be predicted through the method of this
work. The method also can be extended to other molten salt systems.

New correlation equation for the equivalent conductivity of molten carbonate systems has been
found. The equation has been extended to new universal relationship with composition and ionic
radii. The equivalent conductivity of single, binary and ternary system can be predicted using the
ionic radii of components through the method of this work. The method also can be extended to
other molten salt systems. Using the relationships developed in this thesis one can predict the
equivalent conductivity, molar volume, and electrical conductivity for any composition of whole
ternary systems using the cationic radii, molar volume and electrical conductivity of any trio of pure
components, such as Li,CO3, Na,CO3, K,CO;, Rb,CO3, Cs,CO3, AgrCO;, T1,COs3, and Fr,COs.

These studies of physical properties of molten carbonate will pave new avenue for the study of
molten salts.

Successful new method for the synthesis of lanthanum perovskites LaMO3; (M= Al, Sc, Cr, Mn, Fe,
Co, Ni, Ga, and In) in molten carbonates also has been found. These reactions proceed faster and
lower temperature than that of ordinal solid state reactions by the help of molten carbonate. It was
found that addition of lanthanum species into molten carbonate electrolyte changes the nature of

MCFC materials by making lanthanum perovskites.

6.2. New electrolyte for molten carbonate fuel cell

New electrolyte for molten carbonate fuel cell is favorable to have high conductivity and less
corrosive to MCFC materials such as NiO cathode and stainless steel separator. Tanimoto showed
that the electrolyte of (Ligs2Nag45),CO;5 containing alkaline earth carbonates such as CaCO; and/or
BaCOj; decrease the solubility of nickel in electrolyte.

Through the study of molten carbonate physical properties, these electrolytes are favorable for

MCFC, because they show relatively high conductivity and surface tension. Higher conductivity
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reduces cell resistance and enhances cell output. The electrolyte of the higher surface tension

prevents cross leakage of gas through electrolyte matrix.

6.3. Future of molten salt and molten carbonate technologies

There are developing many new technologies concerning molten carbonate, not only MCFC but
also nuclear fuel processing, solid oxide fuel cell, fuel processing and so on. These technologies
would be key stones for industry and our life.

The work of this thesis has stimulated me for many fields concerning molten salt. I have found new
materials and phenomenon for future technology, which can not be included here. I will report new
materials and technology which come out partly from this study from now on.

I believe that molten carbonate and molten salt technologies would be more important for science

and technology in near future.
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