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Literature review was performed for the molten salt oxidation technology in order to collect all available scientific and engineering
information for further use of this technology in nuclear applications. This report provides a summary of a review of scientific
and engineering literature on MSO treatment of a wide variety of radioactive wastes, organic compound gasification, and related
studies such as radioactive spent salt processing that was found important for further development of the MSO technology in the
nuclear field for radioactive waste treatment. Miscellaneous nonnuclear uses of molten salts, such as converting carbon monoxide
to carbon dioxide, are not discussed.

1. Introduction and Background

A variety of radioactive wastes that contain organic com-
pounds are in storage around the world as well as at the Czech
Nuclear Power Plants. These types of radioactive wastes can
be difficult to treat, and complex and/or expensive systems
are usually required to safely and effectively destroy the
wastes. Conventional systems may not always be adequate
for treatment. For example, the typical method for destruc-
tion of organic radioactive wastes is incineration, and this
method has many drawbacks, including public acceptance.
Thus, new nonthermal methods are needed that can provide
high-destruction efficiencies with low capital and operating
costs for the safe treatment of these types of “problematic”
radioactive wastes.

Molten salt oxidation (MSO) is a nonthermalmethod that
is ideal to safely and effectively destroy organic components of
various wastes [1].MSOhas a long development history [1, 2].
Over 50 years ago, Rockwell International first developed
and tested a variety of molten salt systems from laboratory
scale to pilot scale and some to production scale. Nitrate
salts were used for heat transfer applications, carbonate salts
for oxidation and reduction reactions, sulfate salt reduction

for carbonate recycling, and chloride salts for pyrochemical
partitioning.MSO processes were evaluated for carbon (coal)
oxidation as well as destruction of propellants and other ener-
getic wastes. Newmaterials of construction for use withMSO
systems were developed along with the above applications.
A commercial scale test facility was permitted for testing
components and processes.MSOhas also been tested on both
pilot plant and plant scale systems for destruction of a large
variety of radioactive, hazardous, and reactive type wastes
including explosives.

MSO operations for waste destruction generally consist
of a system where solid and/or liquid wastes are injected into
a bed of molten carbonate salt in the presence of an oxidizing
gas. Oxidation of the organic compounds is catalyzed by
the salt and complete destruction of the organics (typically
>99.9999%) is achieved at temperatures of 800–1000∘C. The
acid gases, such as hydrochloric acid, usually formed by
halogenated organic wastes, are completely removed by the
sodium carbonate pool and converted to the respective halide
compound. No wet off-gas scrubbing system is needed (it
has been used for off-gas treatment on other processes such
as incineration). Thus, the by-product waste of the process
consists of nonhazardous fused salt with no liquid effluents
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(unless there are hazardous and/or radioactive species in the
feed). Another major advantage of MSO is that it is not con-
sidered an incineration process, and permitting and public
acceptance issues are minimized compared with incineration
processes; furthermore, no dioxins are generated in MSO as
they are in incineration processes. MSO has also been used
for off-gas treatment of a variety of processes.

Based on the above, the MSO is particularly attractive
for processing of mixed waste (a mixture of hazardous and
radioactive wastes). The organic components of the mixed
waste are oxidized and are released as mainly carbon dioxide
in the off-gas, and the radioactive species, such as rare earth
fission products or actinide elements, are retained in the salt
bath. Retention of>99%has been reported for cesium, cobalt,
chromium, europium, iodine, iron, lead, manganese, nickel,
and ruthenium. These radioactive elements may be further
recovered from the spent salt using standard chemical pro-
cesses such as aqueous dissolution, solid-liquid separation,
and ion exchange, all of which concentrate the radioactivity
and render the salt as nonradioactive and nonhazardous; in
most cases the salt can be recycled.

Experiments usingMSO to destroy halogenated solvents,
polychlorinated biphenyls, chemical warfare agents, com-
bustible solids, uranium-contaminated solvents, plutonium-
contaminated solids, and other types of wastes have been
reported in the literature along with applications to off-gas
scrubbing. This report summarizes a review of scientific and
engineering literature on MSO treatment of a wide variety
of wastes, organic compound gasification, and related studies
such as spent salt processing [1–122] thatwas found important
for further development of the MSO technology in the
nuclear field for radioactive waste treatment. Therefore, this
paper contains only review of the most important scientific
and engineering papers and literature that can be used for
or are connected with the nuclear applications of the MSO.
Miscellaneous uses ofmolten salts, such as converting carbon
monoxide to carbon dioxide, will, therefore, not be discussed
[81].

General reviews of the topic can be also found in other
documents [1, 2, 5, 7, 8, 11, 55, 56, 71, 78–80, 82, 84, 98, 111,
114, 116, 118, 121]. A recent review is especially noteworthy
because of its comprehensiveness to a wide range of MSO
topics [116]. Another report reviews the historical aspects, the
advantages and disadvantages and general operation ofMSO,
and technology needs [7]; these assessments and reviews
provide an excellent evaluation of MSO technology.

2. Summary of MSO Equipment, Applications,
and Salt Processing

This major section contains a summary of papers on MSO
equipment, studies on salt behavior, and applications of
the treatment of a variety of wastes, salt processing, and
encapsulation of wastes arising from MSO operations with
focus to nuclear application. Even though there are described
nonnuclear applications in several reported papers, the expe-
rience from these applications can be transferred to nuclear
applications, that is, use of the MSO for radioactive waste

treatment. All these applications, even though they are not
directly nuclear, are very important for understanding of the
MSO system behavior and setup.

There are just two references on MSO treatment of
medical wastes [5, 82], and these are described in conjunction
with the treatment of other wastes (chemical, hazardous,
radioactive, and mixed); thus, discussion of these types of
wastes will be presented in those respective sections.

2.1. Equipment and Studies on Salt Behavior. Many papers
in the scientific and engineering literature on MSO describe
complete systems and auxiliary equipment as part of papers
in which the main subject is destruction of hazardous,
radioactive, and/or mixed waste [5]. These kinds of papers
are summarized below.

TypicalMSO reactors have traditionally been constructed
with an inner ceramic crucible and a stainless steel outer
container. Corrosion and deposition of oxide films on ferrous
alloys are usually considered in the selection of construc-
tion materials for MSO reactors [69]. Various downcomers
(injection tubes) for feed and oxidizing gas (typically air
or oxygen) have been used, and various improvements to
the typical equipment have been made in the last 20 years
[5, 15, 21, 22, 28, 29, 53, 61, 69, 70, 76, 83, 105, 113].

Most noteworthy is the development of new reactor
systems, from a single reactor with one stage of reaction to
two reactors, one primary for pyrolysis and one secondary to
complete the oxidation of waste, and two reactors operating
in series for waste treatment. A figure of all three types of
reactors is in [116].

Lawrence Livermore National Laboratory (LLNL) devel-
oped the two-stage, two-vessel MSO system [5, 28]. The
first stage operates under oxygen-deficient (pyrolysis) con-
ditions and the second stage completes oxidation of the
evolved gases. The purpose of the two-stage system was to
process radioactive wastes that contain high concentrations
of alumina-silicates in the form of soils or clays, or high
concentrations of nitrates.

The above study was part of an integrated MSO demon-
stration program at LLNL to identify the most suitable types
of wastes at LLNL for MSO treatment [26, 28, 32, 34]. Their
MSO system consists of a feed preparation equipment, a novel
MSO processor (as described above) with off-gas treatment,
and a salt recycle system with equipment for ceramic waste
encapsulation. In these reports, the equipment is described
along with preliminary process data.

A variety of other improvements of MSO equipment has
been reported [21, 22, 61, 94]. One such improvement is a tall,
thin vessel, where the liquid salt does not splash upward and
plug the gas outlet [21]. Another improvement is an injector
nozzle for safely injecting energetic materials into an MSO
reactor [22]. Furthermore, an improvedMSOdelivery system
was developed, which includes a feeder and injector, that
allows solid waste to be more accurately and safely injected
into the molten salt [61].

Other related improvements that are a part of an MSO
reactor system include components such as catalysts. For
example, the potential of an open-pore ceramic foam as
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a support for molten salt, diesel soot oxidation catalysts was
reported [33].

Information about related, but improved, equipment that
is applicable for MSO can also be found in the scientific
and engineering literature. For example, a high temperature
liquid injection apparatus has been developed [15]. Molten
salt electrolysis systems, using ceramic membranes, could
also have application to MSO equipment [29, 30].

The behavior of molten salts has also been studied. One
such study involved the gas phase dispersion characteristics
of air in a molten sodium carbonate system [70, 76]; the
effects of the gas velocity and molten salt temperature on
the gas phase axial dispersion coefficient were determined.
The implications of the uncertainty of thermal conductivity
and viscosity of molten salts in the design of MSO equip-
ment are also presented [62]; the reported results support
the implementation that careful selection of experimental
data is needed; otherwise, equipment will be either under-
or overdimensioned, with resultant increased capital costs
and/or poor operation.The flow characteristics of air-molten
carbonate were also studied [105].

2.2. Organic Compound Gasification. Gasification of coal
was one of the first applications of MSO technology [1–3,
43]. Traditionally MSO gasification of organics used sodium
carbonate heated above its melting point where the molten
salt functions as a catalyst, fluid reacting bed, and heat
transfer medium. The coal is flash-pyrolyzed such that no
tars or oils are produced. Steam is usually injected into the
molten salt along with pulverized coal to decompose the
coal’s higher organic molecules that catalytically assist the
carbon-steam reactions to produce carbon monoxide and
hydrogen gases at atmospheric pressures. At higher pressures,
significant methane and higher hydrocarbons are produced.
Hydrogen and carbonmonoxide can be used as a fuel gas or in
synthesis to produce virtually any organicmaterial; methanol
is commonly produced and can also be used as fuel or as raw
material to produce various organics.

Coal gasification studies prior to 2009 are provided in
a recent patent for converting coal and other fossil fuels to
hydrogen [110]. In this patented process, the coal is reacted
with water in a molten salt reactor at elevated temperatures
in the presence ofmagnesium silicate.Themagnesium silicate
reacts with the carbon dioxide, yielding hydrogen as the sole
product gas.

Waste paper gasification to produce carbon monoxide
using molten potassium, sodium, and/or lithium carbonates
in an atmosphere of carbon dioxide was reported [77]. The
experimental results reported demonstrate that the intermix-
ture carbonates exhibit an enhancement of catalytic activity
compared with the individual carbonate salt. The reaction
rate depended on temperature.

Another system was reported for gasification of sludge
and organic waste using molten salt [89]. A molten salt
mixture of lithium and potassium carbonates was used
to generate carbon monoxide and hydrogen from rice (a
surrogate of an organic waste) using carbon dioxide as
the oxidizing gas. The process generates carbon monoxide

and hydrogen near the chemical equilibrium value, but sulfur
produced in the process was not completely fixed in the
molten salt. Because rice is lighter than the carbonate and
floated on top of the molten salt, the rice was not completely
converted to carbon monoxide and hydrogen. Lengthening
the contact time between the rice and the molten salt was
suggested to eliminate these problems.

2.3. Waste Treatment. This section summarizes key papers
dealing with hazardous, radioactive, andmixed solids wastes.
Other papers will be referenced but not discussed. Many of
the papers report MSO work on treating one or more of
these types of wastes. In these cases, the paper will only be
referenced in the first section in which the paper is discussed.

2.4. General, Chemical, and Hazardous Waste Treatment.
Many scientific papers report the MSO destruction of chem-
ical and hazardous wastes as well as radioactive and mixed
wastes [1, 40, 82, 93]. There are a few papers on general types
of waste that are spiked and used as surrogates for hazardous
or radioactive wastes [13, 18].

Two key papers discuss the advantages of MSO for
treating organic waste (specifically tributyl phosphate) as well
as the mechanism of the process [52, 82]. The mechanism is
claimed to be by the formation and consumption of peroxide
and superoxide ions andnot by the catalysis by carbonate.The
addition of nitrate to the molten carbonate allows operation
of the process at lower temperatures without the loss of
destruction efficiency.

The above-referenced investigations were extended to the
MSO treatment of tires [58, 82]. Devulcanization was first
required for the complete oxidation of used automobile tires
using a phosphorus compound. The scrap rubber was com-
pletely oxidized, leaving no carbon in the molten carbonate
containing 5% nitrate. The off-gases were carbon dioxide,
nitrogen, and water.

The destruction of chlorinated organic solvents in a
molten carbonate in the presence of floating powdered tran-
sition metal oxides was also reported [72, 73, 86]. At a given
oxidation efficiency, the addition of the transition metal
oxides to themolten salt reduced the operating temperatures.
The collection of chlorine by the molten carbonate was not
influenced,which indicated that no acid gas scrubbing system
was necessary in the process.

Oxidation of organic compounds such as carbon monox-
ide, carbon tetrachloride, chlorobenzene, and methane in
various molten salt mixtures with catalysts was studied
[31]. The effects of load and melt composition, oxygen
concentration, and temperature on destruction efficiency
were studied. The use of molten catalysts based on alkaline
metal carbonates or vanadium oxide can be effectively used
for the oxidation of the compounds listed above. Catalyst
performance was found to relate to its composition and
operation conditions, and transition metal oxides increased
the efficiency of destruction.

MSOwas also evaluated for the destruction of chloroben-
zene [56, 67]. The MSO reactor was laboratory scale. The
favorable MSO results were compared with incineration,
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and the advantages and disadvantages of both processes are
presented in the paper.

A halogenated solvent that consisted mostly of methyl
chloroform was treated with a pilot-scale MSO system [59,
90, 92, 95, 96]. Eighty weight percent of the waste contained
chlorine that with MSO treatment was captured as sodium
chloride in themolten salt.When the spent salt was treated by
aqueousmethods, the sodium chloride leached chrome; thus,
the solidified waste salt exhibited the toxicity characteristic
for chrome. The operating ranges for the salt bed and off-gas
temperatures, as well as the feed rate that enables sustained
operation, were identified in these experiments.Maintenance
requirements and processing capacity increased with feed
rate.

Various solid waste organics were test-burned in a bench-
scale MSO system [64]. Hydrochloric acid, hydrofluoric
acid, chlorine, and fluorine, released during the thermal
decomposition of solids, were completely collected in the
molten sodium carbonate. Sulfur dioxide emissions increased
when rubber gloves were treated, but decreased with the
stoichiometric air ratio. The entrainment of spiked metals
increased with the operating temperature and chlorine con-
tent of the waste.

MSO destruction of polyvinylchloride plastics spiked
with cadmium, cerium, cesium, chromium, gadolinium, lead,
and samarium was evaluated as a function of temperature
and sodium chloride content in themolten sodium carbonate
[66]. The impact of temperature on cadmium and lead
retention in molten carbonate was small, but higher with
increased sodium chloride in the melt. Neither temperature
increase nor chlorine accumulation in the MSO reactor
reducedmetal retention.The retention of cerium, chromium,
gadolinium, and samarium was not affected by temperature
increases or sodium chloride content.

Another paper examined the decomposition of poly-
chlorobiphenyls in n-nonane solution using molten sodium
or potassium carbonate and hydroxides at 500–700∘C [100].
The decomposition efficiency >99.995% was obtained with
increasing temperature.

This paper reports MSO research on the oxidation of
cyanide ions by oxygen as a function of flow rate of the
total gas mixture, input gas composition, melt composition,
and temperature [35]. In the process, cyanide destruction
proceeds rapidly andCN− andCNO− were themajor compo-
nents in the salt and NO

2

− and NO
3

− were the minor com-
ponents. Carbon monoxide and nitrogen dioxide emissions
were within the limits of air quality standards.

The destruction performance of a two-stageMSO reactor
for ion exchange resins spiked with toxic metals and radioac-
tive metal surrogates was reported [74]. In the primary MSO
reactor, the destruction of the organics was highly efficient.
Carbon monoxide from the primary reactor was completely
oxidized in the secondary MSO reactor. Sulfur collection in
the two-stage reactor system was highly efficient, and over
99.5% of the cadmium, cesium, cobalt, lead, and strontium
remained in the salt of the MSO reactor.

The above two-stage reactor system was also used for the
destruction of chlorobenzene and trichloroethylene [90, 92,
95], as well as carbon tetrachloride [96]. Various oxidation

organic by-products and hydrogen chloride were produced
in the primary reactor but destroyed or collected in the
secondary MSO reactor. The results show that an increase in
the air rate did not increase the reaction rates significantly,
but a small increase in the temperature reduced the emission
of carbon monoxide.

MSO treatment of pulp mill liquors for separation of
nonprocess chemicals and reclaiming plant chemicals for
recycling was evaluated [50]. MSO process flow sheets are
presented in this paper along with estimates of capital and
operating costs.

Using an oxygen sparging method, precipitation of some
rare earth chlorides in a mixed lithium and potassium
chloride molten salt was reported [83]. Oxychlorides formed
as a precipitate regardless of the oxygen sparging time
and the molten salt temperature. Conversion of the rare
earth chlorides into insoluble precipitates increased with the
oxygen sparging time and the molten salt temperature.

Although not directly related to waste treatment, elec-
trolysis in molten salts has been evaluated to recover various
reactive metals [51, 57]. Recovery of calcium and cerium (as
surrogates for actinides) from waste salts is discussed in this
paper. Experimental data are given that show the value and
limitations of the process reduction process to recover these
metals. Another related paper discusses a new molten salt
electrode oxidation processes along with descriptions of cell
designs and mediated reactions [53].

2.5. Radioactive Waste Treatment. Summary reviews of
radioactive waste treatment using MSO have appeared in the
scientific literature [18, 80, 87, 98]. One comprehensive paper,
asmentioned above, has recently appeared [116]. Based on the
author’s scientific judgment, some specific papers on research
work will not be described, but only referenced [25]; other
papers, judged to be more important for the planned work
at Rez on MSO radioactive waste treatment, are summarized
below.

An example of some recent MSO work at Oak Ridge
National Laboratory involves the destruction of an interme-
diate level radioactive waste stream [10]. The waste was a
slurry of concentrated sodium hydroxide and sodium nitrate
containing ion exchange resins, kerosene, polyvinylchloride,
and tributyl phosphate. The results of the feasibility tests
showed complete destruction of the organic componentswith
no release of hazardous gases.

A study was described above in the equipment section
concerning an integrated MSO demonstration program at
LLNL to identify the most suitable types of waste for MSO
treatment at LLNL [26, 28, 32, 34]. Further workwas reported
using the system for treatment of a variety of hazardous
wastes [37, 38, 44, 45]. The program’s MSO system was also
successfully tested for the destruction of explosives, with and
without activated charcoal and sludge [5, 65, 119].

MSO and aqueous chemical separation were examined
at Los Alamos National Laboratory (LANL) to process
combustible waste containing plutonium-238 to recover the
plutonium-238 from the waste stream and allow licensed
disposal of the residual waste [36, 39]; a conceptual design
of the waste treatment technology is described in this paper.
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Several other similar studies were reported using MSO
to recover plutonium-239 from a variety of other waste
materials [42, 47, 48, 68, 75].

The treatment of spent nuclear fuels using catalyzedMSO
has been reported [98]. The process uses molten chlorides
instead of carbonates and is claimed to be a fast and efficient
technique to reprocess nuclear fuel and concentrate fission
products and nuclear waste.

Optimum operating conditions of an MSO system were
determined based on the characteristics of hazardous gas
emissions [113]. The destructive testing used spent cationic
ion exchange resins containing radioactive isotopes of
cesium, cobalt, and strontium. Optimum conditions for
organic resin destruction were an excess air ratio of 100–
150% and a reactor temperature of 850–900∘C, respectively.
A further increase in the reactor temperature resulted in a
greater emission of cesium species.

Electrolysis has also been evaluated to treat radioactive
waste salts for the recovery of lithium [49]; based on the
experimental results, lithium oxide is reduced to lithium and
separated from cesium and strontium oxides by controlling
the applied potential and the lithium chloride concentration.

Similar studies have been reported by other researchers
[99, 109]. For example, four techniques for the extraction of
lanthanide elements from molten salts during reprocessing
of nuclear wastes are described in this paper [109]. One
technique is the precipitation of insoluble lanthanide oxides
or oxyfluorides.The other techniques use electrochemistry in
molten fluorides for extraction and process control. Of the
techniques, electrodeposition of lanthanides in the form of
alloys was reported to be the most promising method.

2.6. Mixed Waste Treatment. As mentioned above, papers
that discussed mixed waste were included in the sections
on chemical/hazardous or radioactive wastes if the papers
contained work on both types of wastes. The papers below
pertain to papers that discussed work solely with mixed
wastes.

General reviews of MSO treatment of mixed wastes
(hazardous and radioactive) can be found in the scientific and
engineering literature [17]; one recent and comprehensive
review paper appeared in the literature [116]. Some specific
examples of MSO research and development for mixed waste
treatment are summarized below.

A pilot-scale MSO system was used to process a mixed
waste consisting mostly of methyl chloroform [120]. Dur-
ing processing, the chlorine gas produced was captured as
sodium chloride in the molten salt. The operating ranges
for the salt bed temperature, off-gas temperature, and feed
rate that enable sustained operation were identified. At feed
rates below the sustainable limit, both processing capacity
and maintenance requirements increased with feed rate.

Other research involved the destruction of mixed organic
wastes in a fluidized molten salt catalyst bed [30].

2.7. Spent Salt Processing and Encapsulation. A general
method of spent salt processing is that the spent salt is first
contacted with water to dissolve the soluble salts, mainly

sodium chloride and residual sodium carbonate [12]. The
solution is sometimes passed through an ion exchange
column to recover valuable anions such as uranium [27].
A precipitation method has been patented for uranium and
thorium recovery from spent MSO salts [60]. Other meth-
ods have been used to recover plutonium [47]. Fractional
crystallization of the solution, either skipping the separation
step or used following the separation step, allows the sodium
carbonate to be separated from sodium chloride for recovery
and reuse of the carbonate. Insolublewaste or ash, first filtered
from the solution, is treated as dictated by the composition of
the residue. In most cases the residue must be encapsulated
prior to disposal.

One recent report describes an improved technique of
salt processing [23]. The process uses salt dissolution, pH
adjustment, chemical reduction (using dithionite and/or
sulfiding) to reduce soluble metals in solution, filtration, ion
exchange, and drying. The process has been demonstrated to
effectively reduce the secondary waste to less than 5%.

Related methods also have been reported that may be
useful for MSO spent salt processing [20, 41, 103, 104].
For example, treatment of waste salts from electrorefining
processes uses oxidative precipitation of the rare earth
elements [29, 103, 104]. Separation of rare earth elements
by oxidative precipitation in a lithium chloride-potassium
chloride molten salt was tested without using precipitating
agents [103]. Oxychlorides and oxides were formed as a
precipitate by a reaction with oxygen. The conversion effi-
ciencies of the rare earth elements to their molten salt-
insoluble precipitates were increased with sparging time and
temperature.

A variety of methods have also been used to make the
residual waste containing hazardous or radioactive com-
pounds pass certain disposal requirements [16, 19, 46, 97].
Methods to encapsulate the final residual waste from MSO
processing include ceramic materials [16], polyethylene [19],
and a silicon-alumina-phosphorous based material [97]. The
use of oxides of silicon, alumina, and phosphorus gave higher
disposal efficiencies and lower waste volumes compared with
other immobilization methods [97]. A glass-zeolite ceramic
waste form was developed at Argonne National Laboratory
for the disposal of radioactive waste salts from electromet-
allurgical treatment of spent nuclear fuel; the results of
characterization studies on the waste form are described in
papers [46, 88, 97].

A gel-route encapsulation method was developed using
borosilicate glass as a chemical binder where silicate produces
an amorphous phase and phosphates are encapsulated by
the vitrified phase [88, 97]. Cesium in the gel product is
preferentially situated in the silicate phase, and it is vitrified
into a glassy phase after heat treatment. The strontium phase
contains mainly phosphate compounds and is encapsulated
by the glassy phase. Leaching tests showed a high leach
resistance for cesiumand strontium.This paper also describes
waste forms containing a molten salt. These studies and
modifications of the results have been included in other
papers [101–104, 106–108, 115]; some of these papers also
describe related studies on modeling and pyroprocessing of
MSO waste [102, 104, 106, 107].
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Zeolite 4A was used for the removal of cesium and
strontium from molten lithium chloride [85]. In this study,
the ion exchange characteristics of the zeolite in the molten
salt were investigated.The results indicate that zeolite 4A was
a very effective molecular sieve for sorbing the cesium and
strontium in the lithium chloride waste salt.
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