Pol. J. Environ. Stud. Vol. XX, No. X (XXXX), 1-14
DOI: 10.15244/pjoes/216572 ONLINE PUBLICATION DATE: 2026-02-26

Review

The Current State of Molten Salt Technology
for Halogen-Containing Solid Waste Treatmen

Wei Zhang"*°*, Linbo Zhang’, Zhilu Cheng*, Yang Wang®

nstitute of Circular Economy, College of Materials Science and Technology, Beijing University of Technology,
Beijing 100124, China
2State Key Laboratory of Materials Low-Carbon Recycling, Beijing University of Technology, Beijing 100124, China
3College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China
4School of Fashion Accessory, Beijing Institute of Fashion Technology, Beijing 100029, China
Centre for Infrastructural Monitoring and Protection, School of Civil and Mechanical Engineering,
Curtin University, Kent St, Bentley, WA 6102, Australia

Received: 07 May 2025
Accepted: 08 January 2026

Abstract

Halogen-containing solid wastes have become a global challenge due to their complex composition
and potential environmental hazards. Molten salt technology (MST), as an efficient thermal treatment
method, utilizes high-temperature molten salts as the reaction medium to effectively degrade organic
compounds, capture hydrogen halides, and suppress dioxin formation, while simultaneously enabling
metal recovery and carbon reduction. This paper systematically reviews the latest advances in molten
salt technology for the treatment of halogen-containing solid wastes, including the reaction
characteristics, thermodynamic mechanisms, and applicability of alkaline, carbonate, nitrate,
and composite molten salt systems. Through a multi-criteria analysis framework, the advantages
and disadvantages of different molten salt systems are compared, and optimized technical routes are
proposed for mixed waste streams. The study reveals that the Li2CO3-Na>COs-K»COs ternary carbonate
system exhibits excellent performance in organic destruction and removal efficiency and halogen
capture, while the NaOH-KOH low-melting-point system offers advantages in energy consumption
and equipment simplicity. The innovation of this work lies in the first proposal of a “multi-criteria
comparison framework” and the identification of future research priorities. This study provides
academic insights and technical guidance for green hazardous waste management and promotes
the transition toward a circular economy.
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Introduction

Halogen-containing chemicals are widely used
in industrial production and everyday life due to
their ability to significantly enhance the performance
of chemical products [1-4]. The incorporation of
halogens into plastics, for instance, improves both their
mechanical and thermal properties. Studies by Ikeeze
et al. and Jandric et al. [5, 6] indicate that brominated
flame retardants are commonly added to printed
circuit boards and plastic casings in electronic devices
to prevent spontancous combustion. The presence of
halogens complicates the disposal of these wastes, as
improper handling can lead to severe environmental
hazards [7, 8]. The rapid advancement of electronic
technology has not only accelerated the introduction of
new electronic products but also significantly shortened
their replacement cycles, leading to an increase in waste
electrical and electronic equipment [9-12].

Kumar et al. [13] reports that nearly 48 million tons
of e-waste are generated annually, with this volume
growing rapidly. Although waste printed circuit boards
constitute only 3-7% of total e-waste, the sheer scale of
electronic waste results in millions of tons of WPCBs
being produced [14]. Bromine flame retardants are
commonly used in electronic products, which further
complicates their disposal. Improper handling of
these materials can result in severe environmental
contamination and pose significant risks to public health
[15-17]. Polyvinyl chloride (PVC) plastic is widely used
due to its mechanical properties, making it one of the

Table 1. Disposal methods of halogen-containing solid waste.

most prevalent plastic types in industrial applications.
PVC accounts for 12% of the global demand for plastic
products, marking it as one of the highest-volume
plastics produced worldwide [18-21]. However, the
degradation of PVC releases toxic substances and
contributes to the issue of white pollution, creating
significant environmental concerns. Other types of
halogen-containing solid wastes that can be treated by
molten salt technology include trichlorobenzene [22],
hexachlorobenzene [23], halogen-containing solvents
[24, 25], propellants [26, 27], energetic materials [28,
29], and mixing halogen-containing solid wastes.
In the MST process, different kinds of solid waste are
fed into the molten salt bath, where the organic matter
is converted into CO, and steam, and the halogen forms
HX, which is absorbed by the molten salt. Stewart et al.
[30] reported that nearly 99.99% of organic matter can
be removed. Furthermore, Griffiths and Volkovich [31]
noted that catalyst-enhanced MST has been applied in
areas such as the treatment of scrap tires, nuclear fuel,
and concentration of fission products.

The current treatment methods for halogen-
containing solid waste, along with their respective
advantages and disadvantages, are summarized in Table
1. Conventional methods such as incineration, pyrolysis,
and landfilling all have certain limitations in terms of
treatment efficiency or environmental friendliness.
Although incineration can achieve thorough volume
reduction, it suffers from severe emissions of dioxins
and hydrogen halides. Pyrolysis allows partial recovery
of energy products but exhibits low halogen removal

Disposal method Advantages Disadvantages Reference
Simple to operate: Fails to recover valuable resources; [32]
Landfill Laree treatmeg t ca acf)it ] II;C ensive Increases the toxicity of the leachate; [33]
& pacity; Inexpensiy Pollutes the environment [34]
Recovery of heat energy; Production of brominated dioxins; [35]
Incineration Easily separate the different components Pollution to the environment; [36]
after incineration Dealing with pollutants consumes a lot of energy [37]
Effectively dispose of organic [38]
Pyrolysis sz (?nentS' & High investment cost for the equipment; [39]
gasification Recover rfzossil er,1er Halides are difficult to handle [40]
Complete 0x1dat1ye degradation of the High energy consumption in the disposal process; [42]
Pyrometallurgy organic mater; High investment costs for equipment [43]
High metal recovery efficiency & auip [44]
Reduce cost; [43]
Dechlorination _— i The amount of HCI and PCDD/Fs decreased greatly; [46]

Simplify the process;

treatment . . . Recovery of valuable components [47]
Simplified operation difficulty 48]
Mechanical Simple to operate; Some valuable components were lost; [49]
separation Metals rI;(c)Zi/Zfesctl; directly Organic components need to be disposed of [50]
Supercritical Dissolve refractory oxides; Need to be pretreated; Eg
fluid High metal recovery High equipment investment (53]
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efficiency for wastes containing chlorinated plastics.
Plasma technology, on the other hand, is costly and
energy-intensive, making large-scale application
challenging. Molten salt technology wuses high-
temperature molten salts as the reaction medium, which
can absorb hydrogen halides, stabilize metal ions, and
effectively suppress dioxin formation, demonstrating
clear environmental and economic potential. However,
there are very few studies that have summarized the
research on the treatment of halogen-containing solid
waste using molten salt.

Yao et al. and Lin et al. [54, 55] suggest that molten
salt treatment is a promising and stable approach
for the thermal disposal of organic-containing solid
waste. During the process, acidic gases such as HX
and SO: are adsorbed by the molten salt within the
reactor, thereby minimizing the release of halogens in
the gaseous products and inhibiting the formation of
PCDD/Fs. Furthermore, insoluble components like
copper are deposited at the bottom of the salt reactor,
allowing for the separation and recovery of metals
through water washing post salt discharge. Lantelme
et al. and Lovering et al. [56, 57] have explored the
application of molten salt technology in various domains,
including energy, waste management, coatings, and
materials [58, 59]. Despite being composed of inorganic
compounds, molten salts exhibit altered physical
and chemical properties in their molten state, such
as solubility, electrical conductivity [60, 61], thermal
conductivity [62], and adsorption capacity.

The objectives of this study are to systematically
evaluate the performance of molten salt technology
in the safe and resource-efficient treatment of
halogen-containing solid waste, compare the reaction
characteristics, pyrolysis mechanisms, and applicability
of different molten salt systems, including alkaline,
carbonate, nitrate, and composite systems, and
propose optimal technical routes and future research
directions for complex halogen-containing waste
streams through multi-criteria analysis encompassing
energy consumption, efficiency, economic feasibility,
and environmental benefits. The main innovations
and contributions of this work are the first integrated
comparison of  thermodynamic mechanisms,
environmental benefits, and economic performance
across molten salt systems, the proposal of a multi-
criteria comparative framework suitable for mixed
halogen-containing wastes, and the identification of
future research priorities and policy recommendations
for molten salt technology.

Results and Discussion
History of Molten Salt Technology
Molten salt technology can be traced back to the

1950s, when it was first employed by the U.S. Atomic
Energy Commission for nuclear fuel reprocessing.

It was subsequently extended to coal gasification and
the harmless treatment of organic wastes. By the
1980s, the technology was applied by Rockwell for
organic waste treatment, forming the prototype of
Molten Salt Oxidation. In the 21% century, driven by
stricter environmental regulations and limits on dioxin
emissions, catalytically enhanced and composite molten
salt systems have become research focal points. In recent
years, molten salt technology has gradually expanded
from treating single waste streams, such as PVC or
electronic waste, to the co-processing of mixed organic
wastes and halogen-containing hazardous wastes,
demonstrating broad application prospects [63-69].

Characteristics

Molten salts possess several unique properties. They
are ionic liquids consisting of cations and anions, where
the cations are primarily alkali metal ions, and the anions
typically include chloride, nitrate, and carbonate ions.
This composition grants molten salts excellent thermal
conductivity. Molten salts exhibit both high thermal and
chemical stability, with operational temperature ranges
spanning 200-1000°C. Molten salts demonstrate high
solubility for various substances, a trait that enhances
their application potential. These properties highlight
the advantages of molten salt technologies [70-73].
However, Wang et al. [74] notes that the transformation
of multiphase flow patterns remains understudied, and
further research could provide clearer insights into
the molten salt treatment process for solid waste. Yin
et al. [75] emphasizes that research on the behavior
of inorganic matter in molten salt systems is lacking.
Table 2 lists the composition and melting temperatures
of various multi-component molten salts.

System Description

The integrated molten salt processing system at
Lawrence Livermore National Laboratory is designed
to handle organic solid waste, such as plastics, gloves,
boots, and rags, as shown in Fig. la). According to
Hsu [89], the system utilizes molten salt oxidation for
waste treatment. The setup comprises several critical
subsystems, including a reaction vessel, an exhaust gas
treatment unit, a salt recovery system, feed equipment,
and a final waste immobilization process [90, 91].
The feed preparation system involves drums for waste
reception, centrifuges for solid-liquid separation,
and crushers for reducing solid waste size. Inorganic
residues accumulate in the molten salt during
the process, requiring regular removal and the addition
of new salt to maintain efficiency [92, 93]. The molten
salt reactor and gas treatment system is shown in
Fig. 1b). Solid waste and air are injected into the base
of the reactor. As noted by Edwards et al. [94], the
reactor, constructed from thick Inconel, is particularly
vulnerable to corrosion when the NaCl content in the
system is high. The cooler uses two concentric tubes
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Table 2. Composition and melting temperature of partially molten salts.

Molten salt composition / mol% Melting point temperature (°C) Reference
44 mol% K,CO, 56 mol% Na,C 3 710°C [76]
71 mol% Na,CO,: 29 mol% K,CO, 573°C [77]

50.6 mol% Na,CO,: 49.4 mol% NaCl 623°C [78]
8.3 mol% Na,CO,: 91.7 mol% NaOH 285°C [79]
90.7 mol% KOH: 9.3 mol% K,CO, 366°C [80]
95.7 mol% KOH: 4.3 mol% K,CO, 387°C [81]

80 mol% KOH: 20 mol% K,CO, 487°C [82]

50 mol% Li,CO,: 50 mol% Na,CO, 405°C [83]

44.1 mol% Li,CO,: 29.8 mol% Na,CO;, : 26.1 mol% K,CO, 393°C [84]
29.4 mol% K,CO,: 70.6 mol% NaOH 170°C [85]

K,CO, 891°C [86]

Li,CO, 723°C [87]

Na,CO, 851°C [88]

with an air gap, where compressed air circulates to cool
the system. The salt recovery system is shown in Fig.
Ic). Adamson et al. [95] presents a detailed flow diagram
of the salt recovery system. The molten salt recovery
efficiency was maintained at approximately 85-90%.
The functional flow diagram for ceramic waste form
process is depicted in Fig. 1d) [96], which describes this
system as incorporating both quality control and process
monitoring mechanisms, with appropriate hazard
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Fig. 1. Integrated molten salt processing system [89, 93, 95, 96].

controls integrated throughout ceramic waste processing
stages.

Reaction Mechanisms

Under high-temperature conditions, halogens, along
with other components like nitrogen and sulfur present
in organic waste, are converted into acidic gases, which
are efficiently absorbed by the molten salt bath [97,
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98]. Wang et al. [99] outlines the chemical treatment
mechanism of carbonates involved in this process,
represented by a series of Eq. (1)- Eq. (4), where X
denotes halogens. These halogens react with salts in the
molten bath, ensuring they are contained, thus easing
the air treatment process. Copper and Van [100, 101]
have investigated the initial phase of organic material
degradation in molten sodium carbonate, identifying
that hydrogen halides are released during this process.
During the ascent of these bubbles, the molten salt
effectively captures sulfur, nitrogen, and halogens from
the gas, facilitating reactions between the acidic gases
and the molten salt.

b b
CyHp + (a+ Z)OZ - aC0, + EHZO 1

CaHyNe + 05 = COp + Hy0 + N + NO, (3

b 3c
CaHbSC + (a + Z + 7) 02 + CNa2C03
- (a+ c)C02+§H20 +cNa,S0, 3)
b—c c
CaHch + (a + T) 02 + ENa2C03
c b
N (a+§) C0,+2H,0 + cNaX Y

Stelman and Gay [102] attempted to elucidate the
reaction mechanism, but researchers often posited that
molten salt merely acted as a catalyst for the process.
It was not until approximately 2005 that Griffiths
et al. [69] proposed that molten carbonates possess
unique chemical properties, primarily attributed to
the availability of excess oxygen, which facilitates
the conversion of carbonate ions into peroxide and
superoxide ions. The specific reactions involved are
illustrated in Eq. (5) and Eq. (6).

02+2C03_—>202_+2C02 (5)
30, + 2C02~ - 405 + 2C0, ©)

Griffiths et al. [69] also demonstrated that the
incorporation of nitrate ions increases the concentration
of peroxide ions in molten salt. Furthermore, nitrite
ions react with superoxide to produce nitrate.
The reactions involved are represented in Eq. (7)
and Eq. (8). Notably, it was found that under conditions
of excess oxygen, elemental nitrogen can be ultimately
converted into nitrate, even in the absence of additional
nitrate.

2NO3 + 05~ - 2NO; + 205 (7)

Research conducted by Griffiths et al. [69] indicates
that plastics, paper, and cotton can be completely
oxidized in a carbonate molten salt containing 5%
potassium nitrate. In the LiCO3-NaCOs-KCOs treatment
system, tire samples yield substantial amounts of
carbon, oil, and organic compounds in the off-gas.
However, the addition of KNOs to the ternary carbonate
molten salt system effectively removes pyrolytic oil
and organic species, thereby optimizing the treatment
process [103]. The current optimal approach for halogen-
containing waste management involves a recommended
treatment route of “mixed waste—molten salt co-
pyrolysis—halogen fixation—metal recovery—waste
salt regeneration and recycling”.

Applications
Waste Printed Circuit Boards

Flandinet et al. and Wang et al. [104, 105] examined
the molten salt treatment process for waste printed
circuit boards using a KOH-NaOH eutectic mixture,
as illustrated in Fig. 2a). In comparison to carbonate
mixtures that operate at elevated temperatures of
850°C, the KOH-NaOH eutectic mixture functions at
a significantly lower temperature of 350°C. The results
demonstrated that the primary gas produced in the
reactor was hydrogen, which could be utilized as fuel
under a maintained neutral atmosphere. Additionally,
all halogens were successfully absorbed by the molten
salt. Analysis of the gas composition post-treatment
revealed an average hydrogen concentration of 27.8%,
while nitrogen and methane concentrations were 2.0%
and 1.8%, respectively. Lin et al. [106] studied WPCBs’
treatment in a ternary carbonate system (Li2COs-
Na.C0s3-K.COs), with a schematic shown in Fig. 2b).
The eutectic mixture (33.4 wt% K:COs;, 333 wt%
Li2COs3, and 33.3 wt% Na2COs) had a low melting point
of 393°C. Brominated flame retardants were released
into the gas phase via a bromine transfer pathway, which
influenced the formation of brominated dioxins/furans.
During the high-temperature reaction, 99.9% of bromine
or hydrogen bromide transitioned into the gas phase, as
described in reactions from Eq. (9) to Eq. (11).

2Br -— BT‘Z 9)
Br-+H - HBr (10)
1/2 0, + 2HBr — Br, + H,0 (11)

More than 99.95% of the halogen is effectively
captured in the molten salt. For nitrogen-containing
organic compounds, the reactions facilitated by
sodium carbonate in the molten salt can be represented
by Eq. (12) [107]. As the temperature rises, the
emission of nitrogen oxides initially decreases and then
increases, with a minimum observed at 650°C. Within
the temperature range of 600-750°C, the brominated
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flame retardants present in WPCBs are completely
decomposed to form HBr and Br:, which are then
neutralized within the molten salt.

C,HyN, + 0, + Na,CO5 > CO, + H,0 + N,

+NaNO3; + NO, (12)

PVC Plastics

PVC plastics are extensively utilized in daily life due
to their exceptional mechanical strength and durability
[108-112]. A schematic of the lab-scale treatment process
for PVC plastics using molten salt technology is depicted
in Fig. 2c) [113]. The molten salt reactor is heated to
a maximum of 1200°C. When PVC plastics are
introduced into the reactor, halogens are converted into
gaseous and acidic forms, such as hydrogen chloride
and hydrogen fluoride, along with trace amounts
of free halogen. In the molten Na>COs system used
for treating PVC pipes containing 44.6% chlorine,
no detectable chlorine was present in the emissions,
and the concentration of hydrochloric acid did not
exceed 5 ppm. However, the collection efficiency for
sulfur was lower compared to chlorine and fluorine,
with sulfur dioxide (SO2) emissions influenced by the
amount of excess air [114, 115]. The reaction mechanism
follows a process where the chlorine released from
PVC under high temperatures in the molten salt system
is neutralized and stabilized, as detailed in Eq. (13)
to Eq. (18).
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The treatment of halogen-containing PVC plastics
can be achieved using metal nitrates and alkaline
earth compounds [116]. When PVC is combined with
Ca(NOs): and NaNOs and heated to its maximum
melting temperatures of 260°C and 375°C, respectively,
hydrochloric acid is released due to the thermal
decomposition of PVC at around 200°C. Studies have
shown that approximately 35% of the chlorine from
PVC is converted into soluble chlorine. Additionally,
calcium nitrate reacts with acetylene, and nearly all the
calcium nitrate is consumed in this reaction sequence, as
illustrated by Eq. (19) to Eq. (22). The reaction system of
Ca(NO:s)2-Ca(OH)2 molten salt within the temperature
range of 20°C to 500°C is depicted in Fig. 2d) [117].
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Fig. 2. The application of different molten salt systems [104-106, 113, 117].
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2Ca(N0s), +2C0 - 2CaC0; +4N0, 1 (22

Other Halogen-Containing and Mixing Solid Waste

Fedorov et al. [117] investigated the molten salt
treatment of chlorinated organic compounds, including
trichloroethylene and chlorobenzene. These compounds
were processed in a two-reactor system. In the first
reactor, chlorobenzene, carbon tetrachloride, methylene,
acetylene, and ethylene were generated, with nearly all
organic materials either destroyed or collected in the
second reactor. In contrast to the findings of Pandeti et
al. [118], Yang et al. observed the presence of chlorine-
bearing compounds in the first reactor, likely due to
the lower operating temperatures employed in their
experiments. Notably, polychlorinated dibenzo-p-
dioxins and furans, which are byproducts of incomplete
combustion, were not detected in the off-gas system,
resulting in a destruction and removal efficiency of
approximately 99.99% [119]. Yao et al. presented
a treatment method for dichlorodifluoromethane within
a molten salt system. Their results indicated that the
destruction and removal efficiencies reached 60% when
the feed temperature was maintained at 400°C, with
no organic compounds detected in the off-gas system.
Chlorine and fluorine were effectively captured in
the form of sodium chloride and sodium carbonate,
eliminating environmental concerns associated with this
process. Sugiura et al. [120] explored the use of molten
salt systems for treating sewage sludge, highlighting
the potential for gasification to serve as fuel for molten
carbonate fuel cells. The primary products of this
treatment included carbon monoxide and hydrogen.

Upadhye et al. [121] demonstrated that mixed
waste can be effectively processed in a molten salt
reactor containing sodium, potassium, and bicarbonate.
The organic components in the waste are eliminated
through a synergistic effect of pyrolysis and oxidation.
These mixed wastes often include organic solvents,
metals, corrosive substances, and cyanide, as classified
by the Resource Conservation and Recovery Act [122,
123]. Due to their high halogen content, these wastes are
traditionally managed through incineration. However,
molten salt treatment represents a promising alternative,
capable of reducing environmental pollution while
preserving other valuable materials within the molten
salt [121, 124].

The treatment of energetic materials has gained
significant attention in light of increasing environmental
regulations. Molten salt technology has been employed
for the destruction of explosive waste. According to
Upadhye et al. [125], the off-gas system showed no traces
of hydrocyanic acid or sulfur compounds, indicating
that these substances were captured by the alkaline
carbonate. Volkovich et al. [126, 127] investigated the
treatment of spent nuclear fuel in a molten salt system.

During this process, uranium dioxide is oxidized to
diuranate, while fission products dissolve in molten
carbonate and subsequently precipitate as insoluble
phosphates. Most halogens remain fixed within the
molten salt, and fission products precipitate from
chlorides.

Economic Considerations and Efficiency

This study provides a qualitative and semi-
quantitative comparison of various molten salt systems
in terms of energy consumption, treatment efficiency,
and economic recovery. Based on literature and existing
demonstration plant data, the energy consumption of
NaOH-KOH systems is estimated at approximately
1.8-2.2 GJ/t (assuming a system thermal efficiency of
~70%), whereas ternary carbonate systems (Li2COs-
Na2CO0;-K2CO:s), due to higher operating temperatures
and heat capacities, consume about 2.5-3.0 GJ/t. In
terms of treatment performance, multiple studies
indicate that under reasonable operating conditions,
the destruction and removal efficiency (DRE) of molten
salt systems often exceeds 99.9%, and hydrogen halides
(HCI/HBr) can be captured with efficiencies above
99.9%, significantly reducing the burden on off-gas
treatment systems and suppressing PCDD/F formation.
The lifecycle cost becomes comparable to incineration
when salt reuse exceeds 80%. The comparison of
energy consumption and economic performance among
different treatment technologies is shown in Table 3 [54,
93, 100, 113, 119].

Based on literature [100] and experimental data,
when copper and silver recovery rates reach 90% and
85%, respectively, and waste salt reuse exceeds 80%, the
overall treatment cost of the molten salt process can be
reduced to approximately 1,200 CNY/t, lower than the
average operating cost of typical incineration systems
(~1,800 CNY/t). In addition, molten salt systems offer
significant economic advantages in pollution control:
dioxin emissions can be maintained below 0.01 ng
TEQ/Nm?, well below the EU limit of 0.1 ng TEQ/Nm?,
substantially reducing both capital and operational costs
for off-gas treatment. Overall, molten salt technology
outperforms conventional methods in energy efficiency,
environmental performance, and resource recovery.
Its economic competitiveness primarily depends on the
efficiency of the salt circulation system and the value of
recovered metals. Further reductions in salt regeneration
energy consumption and improvements in recovery
rates could make molten salt processing one of the most
cost-effective options for halogen-containing solid waste
treatment [54, 93].

Literature analysis shows that increasing the waste
salt circulation rate from 70% to 90% can reduce
the overall treatment cost by approximately 15%.
Economically, although the initial investment for molten
salt systems-including reactors, corrosion-resistant
materials, and salt recovery units-is generally higher
than for conventional incineration, long-term operation



Table 3. Comparison of energy consumption and economic performance among different treatment technologies.
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Remarks

High cost of flue-gas purification

Lower energy use, incomplete
dehalogenation

Complete halogen fixation, recyclable
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Excellent thermal stability, suitable for
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70%). 2. All cost data are expressed in Chinese

Destruction and Removal Efficiency. 4. The listed values represent typical ranges and relative trends rather than absolute

Note: 1. Data are compiled from References [54, 93, 100, 113, 119] and representative pilot-scale projects (assuming system thermal efficiency of

Yuan (CNY); energy consumption is per ton of waste treated. 3. “DRE”

design parameters.

can yield three types of economic benefits: (1) reduced
costs for off-gas and ash disposal, (2) additional revenue
from recoverable metals and salts, and (3) savings in
indirect costs through lower environmental compliance
expenses and avoided penalties. Considering these
factors, under medium- to long-term operation, the unit
treatment cost of molten salt systems can in some cases
approach or even outperform conventional processes,
depending on feed composition, recovery rates, and
salt regeneration efficiency. It should be noted that
several numerical estimates in this study are derived
from reports at different experimental or demonstration
scales, introducing uncertainties due to process scale
and feed composition variations [100, 103, 104, 113].

Comparisons and Technological Perspectives

To comprehensively evaluate treatment routes for
halogen-containing solid waste, this study compares
key indicators of incineration, pyrolysis, plasma, and
molten salt technologies in terms of environmental
performance, energy  consumption, economic
feasibility, and resource recovery, as shown in Table 4.
The carbonate composite system combines high thermal
stability with strong halogen absorption capability,
enabling near-zero pollutant emissions and effective salt
recycling. By contrast, incineration is mature but incurs
high off-gas treatment costs, pyrolysis suffers from
incomplete halogen removal, and plasma technology,
while thorough, is limited by high energy consumption
and investment. From an integrated environmental-
economic-engineering perspective, the composite
molten salt synergistic system represents a more
promising green treatment route for halogen-containing
wastes.

This study proposes a multi-criteria evaluation
approach to systematically analyze mainstream molten
salt systems. The evaluation indicators include: (1)
technical performance, such as destruction and removal
efficiency of organic compounds, hydrogen halide/
halogen absorption efficiency, and suppression of dioxin/
furan formation. (2) environmental metrics, including
emissions of NOx, SOx, volatile heavy metals, and
persistent organic pollutants in off-gases. (3) economic
feasibility, encompassing unit treatment costs and
potential revenues from recovered metals and salts.
(4) operation and maintenance considerations, including
system complexity, corrosion resistance requirements,
and waste salt management difficulty. (5) scalability and
applicability, namely the suitability for mixed wastes
and large-scale industrial implementation. Quantitative
indicator values are primarily drawn from literature
and reasonable estimates based on experimental or
demonstration data. According to the Basel Convention
and the EU Directive on the Incineration of Hazardous
Waste (2000/76/EC), dioxin emissions must not exceed
0.1 ng TEQ/Nm? and the cross-border illegal transfer
of halogenated waste is prohibited [128]. In China,
the Solid Waste Pollution Prevention and Control Law
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Table 4. Comprehensive comparison of major disposal technologies for halogenated solid wastes.

e
I}
Q
x v N | N
= | L[ Se|l *®
] c|lo| o S
(5]
>
o
= > g :
S 2
s5g|lgl 2|8 g:
22| X 5| a5
%«s T 8| 4| o=
g E = =
° = 3
g = § o 2 =
SE|5|E|B| 2
SES|Z|I-| T
m & é’
5
>
ENEEE
0ol QI TR =
ISER =3 | ] [} s}
= O E 2
5 a
o
2]
0]
a4
g
S,
S
@ q_) o -
= = =
Sl E|g|2| 2
5 = | =
=N =N o] o 5} [5)
no|l o> 3] 3]
o S = =
£3% > SO S
g =
a
(>)‘ ~ ~~
= X X
. — o .
13} g 0 :\; o)
E ~ v D %
<
S|SBz 2
S gl=| . =
s gbﬂ i
s 22| 5| &
e = | > o
%3 2
<
s o~ aa]
=
S
2
=
g g & &
29| gl 2= 2
S >| X5 kel
o o zx
SRR as! 9 5 o
> =L =
20
Q
=
m
\
5
FRESER
Q| Q
55|« E[5C
S |IE|lglg|=23
o = .Z‘ 8 ]
=] S| oS |w &
£ 5| E| 2|88
5] Sl &A| E|l 20
= =} ©n O qQ
=12

Note: 1. Evaluation criteria include four weighted dimensions: energy consumption (0.25), environmental performance (0.35), economic feasibility (0.25), and engineering applicability (0.15).
2. The “Overall score” represents the weighted normalized performance index of each technology based on literature data and pilot-scale studies. 3. “Dioxin suppression performance” refers
to the relative capacity to inhibit the formation of dioxins and related persistent organic pollutants. 4. Data are compiled from representative studies and demonstration reports [54, 93, 100, 113].

requires a hazardous waste harmlessness rate of >90%,
therefore molten salt technology is a promising and
environmentally friendly technology.

The following key conclusions can be drawn:
(1) The Li2COs-Na:COs-K2COs ternary carbonate
system exhibits the best performance in organic
compound destruction (DRE) and halogen fixation
at high temperatures, with literature-reported DRE
up to 99.99% and hydrogen halide capture exceeding
99.9%. This makes it particularly advantageous for
treating electronic waste and mixed wastes containing
multiple  halogens. (2) The low-melting-point
NaOH-KOH system, operating at relatively lower
temperatures (~350°C) and requiring simpler equipment,
demonstrates lower energy consumption and initial
investment, making it suitable for small- to medium-
scale facilities or sites with investment constraints.
(3) The Ca(NOs).-NaNOs nitrate system exhibits
oxidation activity even at low temperatures, offering
advantages in the pyrolysis/oxidation of PVC and
other high-chlorine polymers. However, nitrate salts
tend to decompose at high temperatures and have
limited thermal stability, restricting their feasibility for
long-term continuous operation. (4) For applications
requiring the highest environmental cleanliness and
where investment is not constrained, the ternary
carbonate system is preferred. For scenarios with
limited initial investment or requiring lower operating
temperatures, the NaOH-KOH system is recommended,
coupled with mature salt recovery and corrosion control
measures. The NaOH-KOH system can be reused
10-15 cycles under closed-loop conditions while
maintaining over 90% performance, whereas the
Li2CO3-Na.COs3-K.COs system remains stable for
approximately 8-12 continuous cycles. The economic
threshold occurs when the salt regeneration rate falls
below 70%, beyond which the overall process cost
increases significantly. This comparison provides clear
guidance for engineering selection and highlights
critical areas for further research, such as waste
salt regeneration, material corrosion resistance, and
quantitative studies of multiphase heat and mass transfer
behavior.

Conclusions

Molten salt technology demonstrates significant
environmental and economic potential in the treatment
of halogen-containing solid wastes. It can efficiently
degrade organic components, immobilize halogens,
and recover valuable metals, while markedly reducing
emissions of dioxins and nitrogen oxides. Through
a systematic comparison of alkaline, carbonate,
nitrate, and composite molten salt systems, this study
confirms that the ternary carbonate system offers the
greatest advantages in high-temperature stability and
pollutant control, making it suitable for electronic waste
and mixed waste streams; the NaOH-KOH system,
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with its lower operating temperature, is better suited
for small- to medium-scale applications; while the
nitrate system exhibits strong oxidative activity, its
thermal stability requires improvement. The multi-
criteria evaluation framework reveals that the economic
competitiveness of molten salt technology depends on the
salt recycling rate (>80%) and metal recovery efficiency
(Cu/Ag>90%), with unit treatment costs potentially lower
than those of conventional incineration (approximately
1200 RMB/ton). Compared with incineration, pyrolysis,
and plasma technologies, the molten salt process
shows superior integrated environmental, economic,
and engineering performance, aligning with global
environmental regulations and circular economy
principles. The current optimal approach for halogen-
containing waste management involves a recommended
treatment route of “mixed waste — molten salt co-
pyrolysis — halogen fixation — metal recovery — waste
salt regeneration and recycling”.

This study provides guidance based on literature
data and future research should focus on: (1) developing
catalytically doped, low-corrosion composite molten
salts to enhance organic oxidation rates, (2) exploring
multiphase flow and heat transfer behavior through
CFD numerical simulation and machine learning-
based thermodynamic prediction, (3) integrating
carbon reduction and energy recovery technologies for
synergistic optimization, (4) establishing standardized
policy frameworks for waste salt regeneration and metal
separation. These directions will further enhance the
engineering potential of molten salt technology, promote
its transition from laboratory research to industrial
application, and ultimately contribute to sustainable
hazardous waste management.
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