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Environmental Significance:

This literature review summarizes conventional and innovative treatment technologies
for Chemical Warfare (CW) agents such as mustard gas (HD), sarin (GB), and nerve
agent VX. Multiple aspects, such as chemical/physical properties, lethal doses, and
simulants, are included. Deactivation technologies, such as incineration, neutralization
and advanced techniques, such as wet air and catalytic oxidation are discussed. Newer
methods, such as Metal-Organic Frameworks (MOF), can reach Destruction and
Removal Efficiencies (DRE) of about 70-100% but are still in the early stage of
development. This review helps remediation responders develop treatment technologies
that minimize toxic residues and protect health and the environment. Developing
environmentally benign technologies for safe deactivation and disposal of CW agents is
a priority for environmental scientists and specialists.
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Abstract

Over the past few decades, technical advances have been made in the destruction of chemical
warfare agents (CWAs) due to an enhanced understanding of reaction chemistries. This review
focuses on summarizing the deactivation of the following CWAs: sulfur mustard (HD), sarin
(GB), and nerve agent X (VX). This review includes multiple aspects of the agents, including
chemical and physical properties, lethal doses, and common surrogates. However, the primary
focus of the review is on various thermophysical approaches to deactivate these harmful
chemical agents. Conventional deactivation technologies, including incineration and
neutralization, are discussed along with advanced approaches, such as wet air oxidation,
catalytic, and metal-organic frameworks (MOF) treatments. The review indicates that all three
agents can be destroyed to nearly 100% Destruction and Removal Efficiency (DRE) with
incineration, but at a high cost and with a significant energy demand, and only at secure,
established facilities. Several countries have used incineration to reduce large volumes of CWA
stockpiles. Other neutralization, wet air oxidation, and supercritical oxidation technologies are
demonstrated at lab and pilot-scale levels to achieve 98-100% DRE depending on the operating
conditions. Other relatively new technologies, such as catalytic deactivation and treatment using
MOF, can achieve 70-100% efficiency but are still in the embryonic or laboratory development
stage. Deactivation of CWAs with MOFs exhibit high degradation potential, reaching 100%
DRE, but it may not be suitable for large volumes. Catalyst and MOF treatment may be ideal for
deactivating small-volume CWA. However, further development and demonstrations are
required.

Introduction

Chemical warfare agents (CWAs) are toxic and hazardous compounds that are intentionally
produced and deployed during wars and used in clandestine activities. > The First World War
was the first to use CWAs, and it was internationally banned by the Geneva Convention in 1925.
Friederich et al. (2017)® summarize 100 years of chemical warfare research, development, and
consequences in a symposium publication. It covers the great scientific advancements and the
dark side of mass killing tools. Lethal CWAs have not been produced since 1968; e.g., 40,000
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tons were produced in the US.2 Additionally, the 1992 United Nations Chemical Weapons
Convention Treaty prohibits the production, stockpiling, and large-scale deployment of chemical
weapons and their precursors.* National stockpiles of CWAs, primarily consisting of nerve,
vesicant, and blistering agents, have deteriorated, requiring immediate attention for
neutralization and disposal. More than 98 percent of the declared stockpiled chemical weapons
worldwide have been destroyed. >

Despite the Chemical Weapons Convention Treaty, such compounds are still in use
during warfare (e.g., the use of sarin and mustard gas (mustard gas is a liquid at room
temperature despite its name) against civilians in Syria®) and terrorist attacks (e.g., the release of
sarin gas in a subway system in Tokyo, Japan.” Moreover, before the Chemical Weapons
Convention Treaty, munitions and chemical weapons were dumped in the sea (e.g., containers of
chemical weapons were released into the Baltic Sea).® Alternative disposal methods, including
open-pit burning and burial, pose long-term environmental and health risks (e.g., releasing toxic
contaminants into soil, groundwater, and air).? It provides both scientific information and
Various degradation methods have been employed to abate toxic warfare agents, including
combustion technologies, hydrolysis, and oxidative chlorination.'® However, these methods are
limited by high costs, high energy consumption, high reactant requirements (e.g., high volumes
of degassing solutions), and secondary contamination (e.g., toxic gaseous derivatives that may
require further treatment). A schematic illustration of the environmental and health risks
associated with the development, storage, and deployment of CWAs (e.g., organophosphate-
based) is shown in Error! Reference source not found.
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Figure 1. Schematic illustration of the human and environmental impacts of the synthesis,
storage, and deployment of CWAs. (Reprinted with permission,!' Copyright 2011 American
Chemical Society). (AChE: Acetylcholine Esterase)
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Historical events associated with the production and use of the selected CWAs are depicted
in Figure 2. A comprehensive description of the physiochemical and physiological properties, as
well as the environmental and human health risks associated with these warfare agents is also
discussed. Finally, an overview of conventional and state-of-the-art deactivation technologies
(such as metal-organic frameworks (MOFs) and high-pressure process) methods is also
discussed. These technologies operate at a wide range of pressures and temperatures (Error!
Reference source not found.). The operating conditions of the treatment method are critical
when selecting the optimal technology for a specific scenario.
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Figure 2. Graphical timeline depicting historical events associated with the production and use of CWAs
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1.1. Literature search approach

Open Access Article. Published on 06 August 2025. Downloaded on 8/10/2025 10:55:59 AM.

This rapid review focused on conventional and innovative treatment technologies for CWA
agents: mustard gas (HD), sarin (GB), and nerve agent VX (VX - Venomous agent X). The
objective was to summarize, compare, and identify knowledge gaps in the findings of treatment
technologies, with a focus on articles published over the past decade. The articles were accepted
or rejected based on the expected applicability of the information in the article, as determined by
the titles and abstracts, relevance to the deactivation of CWAs, and the quality of the data
included in the article. If accepted, the articles were then reviewed in detail for applicability and
technical merit.

(cc)

Chemical Warfare Agents

The literature search was conducted using the information in Table 1. While there are many
treatment technologies, the search was limited to the technologies listed in the ‘Keywords’
below. The review also includes thermophysical properties and health effects of the CWAs.
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Table 1. Literature search Agents, Keywords, Topics, and Resources

Chemical Warfare Agents Keywords Resources
Sulfur mustard (HD) ‘Wet air Oxidation’ ‘Web of Science’
Surrogate: 2-chloroethyl ethyl ‘Supercritical Water ‘Science Direct’
sulfide (CEES) Oxidation’ ‘PubMed’

Sarin (GB) ‘Neutralization’ ‘Elsevier’
Surrogate: Dimethyl ‘Elimination’ ‘Springer’
methylphosphonate (DMMP) ‘Decontamination’ ‘ResearchGate’
Nerve Agent X (VX) ‘Destruction’ ‘Academia’
Surrogate: Dimethyl 4- ‘Thermocatalysis’ ‘Google Scholar’

nitrophenyl phosphate (DMNP) ‘Metal-organic Framework’

2.1. Sulfur Mustard (HD)

Sulfur mustard (C4HgCl,S), also known as mustard gas, is a blistering agent (i.e., causes
skin injuries) that was introduced during the First World War due to its ease of production and
odorless nature.'? Besides skin burns, depending on the degree of exposure, this blistering agent
can cause severe eye injuries and chronic respiratory problems.!* Sulfur mustard (designated as
"H" or "HD" by the military) can exist in various states, from an oily textured liquid at room
temperature to a solid when the temperature is below 14 °C. However, it is essential to note that
pure sulfur mustard is a colorless and odorless liquid. The actual CWA is impure, exhibiting
mustard-like characteristics in terms of color and odor.!> HD can easily penetrate materials that
would act as sinks and has a low water solubility (0.6 g/L at 10°C); however, it is very soluble in
organic solvents.!3 Moreover, HD vapor is heavier than air, facilitating its sinkage to near-sea-
level areas. The physicochemical properties, as well as the lethal dose for HD, are included in
Table 2.

The primary routes of exposure to mustard gas are inhalation (e.g., mustard gas released
into the air), ingestion through drinking and eating, or direct dermal contact. Due to the high
toxicity of this agent, simulants such as dibutyl sulfide and 2-chloroethyl ethyl sulfide (CEES)
(Figure 4) are used for research purposes.!6-20
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Figure 4. Chemical structures of sulfur mustard, sarin, and nerve agent VX (top row) and their
respective surrogates (bottom row).

Chemically, these nerve agents or organophosphorus compounds have a double-bonded
P=0 and have substitutions of chlorine, fluorine, and sulfur atoms. These compounds interfere
with the nerve transmission action of the enzyme acetylcholinesterase. These structural
differences lead to their physical properties, such as volatility and persistence. G-series
compounds have higher volatility, while the VX has lower volatility and high persistence.

There is another class of mustard gases, nitrogen mustards, which are cytotoxic organic
compounds. Nitrogen mustard has three variants (HN1: bis(2-chloroethyl) ethylamine, HN2:
bis(2-chloroethyl) methylamine, and HN3: tris(2-chloroethyl) amine. These nitrogen mustards
are strong blister agents, but those have never been used as warfare agents. These nitrogen
mustards, however, are regulated and have found use in the synthesis of pharmaceutical
compounds such as anticancer chemotherapeutic agents. This review does not include these
nitrogen mustards.

2.2. Sarin (GB)

Sarin (also known as “German agent B, GB”) is a highly toxic organophosphate-based
CWA. GB (C4H(FO,P) is an odorless and colorless liquid that acts as a nerve agent that
interferes with the function of a specific enzyme (i.e., acetylcholinesterase), resulting in the
hindrance of muscle contractions.?! The GB preparation process is similar to the manufacturing
of toxic pesticides. Depending on the exposure dose, GB can cause death within a few minutes to
hours.!> The primary routes of exposure are via inhalation and direct contact (i.e., skin and eyes).

GB is highly soluble in water, as well as in organic solvents, including alcohols and
esters, and in other warfare agents (e.g., sulfur mustard).!®-?? The same paper reports that partial
decomposition occurs at its boiling point (i.e., 147°C). In addition, GB is highly volatile,
allowing sarin vapors to absorb onto porous materials (e.g., concrete, wood, and brick). Dimethyl
methylphosphonate (DMMP,


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00071h

Open Access Article. Published on 06 August 2025. Downloaded on 8/10/2025 10:55:59 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

Page 10 of 36

View Article Online
DOI: 10.1039/D5VA00071H

White = hydrogen
Grey = carbon

Green = chlorine
Yellow = sulfur
Orange = phosphorus
Light Green = fluorine
Red = oxygen

Blue = nitrogen

Figure 4) is typically used as a simulant for this nerve agent and other G-series nerve agents. The
physical properties and lethal dose for GB are included in Table 2.

2.3. Nerve Agent (VX)

Nerve agent VX (V stands for “Venomous” in VX , C;;HpNO,PS) is a third-generation
chemical warfare agent. More lethal than G-series agents with a median lethal dose (L¢ys¢) of 15
mg.min/m?, VX shares similar exposure pathways and health effects with G-agents such as
Tabun. Like G-series nerve agents, VX is an organophosphate compound. Its development began
as an attempt by industrial chemists to create a new pesticide, and it was later weaponized in
England during the 1950s. The primary routes of exposure to VX are similar to those of the G-
series nerve agents, including inhalation, ingestion, injection, skin contact, and eye contact.
Symptoms can manifest within seconds and vary based on the dosage and route of exposure.

The health effects of VX are akin to those of G-series nerve agents. Common symptoms
include mental status changes, fasciculations, muscle weakness, paralysis, increased secretions,
miosis, shallow breathing, convulsions, coma, and respiratory arrest. Dimethyl 4-nitrophenyl
phosphate (DMNP), like VX, is an organophosphate compound. Its lower toxicity and structural
similarity make it a suitable surrogate for organophosphate nerve agents, including VX, in

various studies and experiments.?3

Table 2. Physical and toxicological characteristics of the selected blistering and nerve agents®> >4
25

Property Sulfur mustard Sarin (GB) Nerve Agent X
(HD) (VX)

CAS # 505-60-2 107-44-8 50782-69-9

Molecular weight (g/mol) 159.1 140.1 267.4

Liquid density (g/cm?) 1.27 @ 20°C 1.1 @ 25°C 1.01 @ 20°C

Vapor Density (air = 1) 54 4.9 9.2

Melting point (°C) 13.5 -57 -51

Boiling point (°C) 228 147 295
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Aqueous solubility Nearly insoluble Miscible Slightly soluble
Hydrolysis (t;/2) 8 mins @ 25°C 80 hrs @ 20°C 60 hrs @ 22°C
Volatility (mg/m? at 25°C) 610 22,000 12.7

LDs, (skin, mg/kg)#* 100 24 0.04

LDs (intravenous, mg/kg)* 0.2 (dog) 0.014 0.008

LDs (oral, mg/kg)* 2.4 (rat) 0.10 (rat) 0.077 (rat)
LCs (skin, mg-min/m?3)* 10,000 12,000 6, 360

LCs (respiratory, mg- 1,500 100 36

min/m3)*

#LDs or “lethal dose” refers to the dose required to kill half of the tested population when given all at once. LCs, or “lethal concentration” refers
to the concentration required to kill half of the tested population when given over a specific time. All LCs, and LDs, values in the table are the
estimated values for humans (unless otherwise stated).

*US Dept. of the Army, 1974.%°

& Sharma and Kakkar, 201323

Conventional Deactivation Methods for CWAs

3.1. Incineration

In 1984, the National Research Council (NRC) endorsed incineration as an effective
method to destroy stockpiled CWAs, primarily nerve and blister agents.!! With the first-
generation baseline technology, stockpiles were subjected to a single burn. However, to optimize
combustion performance, the second-generation incineration process consisted of three stages:
(1) categorizing materials before combustion (i.e., separation of CWAs, explosives, and other
material); (2) incineration of CWAs, explosives, and other related materials (e.g., storage
containers); and (3) identifying and monitoring combustion products as well as disposing of
liquid and solid wastes.?® Briefly, the method involves liquid CWAs, including mustard gas and
sarin, which are subjected to a two-step combustion process at a temperature of 1480 °C,
maintained using a secondary fuel (e.g., natural gas). CWAs were sprayed and mixed with air,
and the resulting products were sent to an afterburner (maintained at a high temperature above
1090 °C). The final stage is a pollution abatement system to treat afterburner gases. Equations
(1) and (2) describe the incineration process for mustard gas and sarin, respectively.?’

2(CICH,CH,),S +130,-8C0, + 6H,0 + 4HC! + 250, (1)
2(CH3),CHO(CH3)POF + 130,-8C0, +9H,0 + 2HF + P,05 (2)
While incineration effectively degrades most CWAs, the negative environmental impact
(i.e., high energy requirement) and public health risk (e.g., exposure to secondary emission

byproducts) associated with this technology warrant alternative methods.

3.2. Neutralization
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The electrophilic behavior of most CWAs plays a vital role in determining their fate in
environmental matrices. These agents undergo hydrolysis when they come in contact with water,
resulting in polar products. It is important to note that most products are less toxic than the parent
agent.?® The higher solubility of the CWA (e.g., sarin) makes it more susceptible to hydrolysis.
In aqueous systems, sarin undergoes hydrolysis, forming isopropyl methyl phosphonic acid
(IMPA), which can undergo further hydrolysis (at a slower rate) to methyl phosphonic acid
(MPA) as shown in Equation (3).

(CH3),CHO(CH3)POF™23(CH3),CO(CH3)POOH H5CH,P(0)(0OH), (3)

Nevertheless, most studies have reported that IMPA and HF are the only products formed
during GB hydrolysis, resulting from the cleavage of the P-F bond. Operating conditions,
primarily pH and temperature, highly impact the formation of hydrolytic products. Kingery and
Allen, 1995?° reported that a minimum rate of hydrolysis can occur at a pH range of 4.5-6, with
an increasing rate at higher pH. Another study reported a half-life of 3 seconds for GB at a high
pH of 12 (Dival, 2018).28 Ward et al., 1990%° reported that IMPA can be converted to MPA in
water under acidic conditions (i.e., pH=3) and at high temperatures (i.e., 169 °C).

In practice, the US Army mixed sarin with an 18% sodium hydroxide solution to generate
a solution of inorganic salts and organic products, which were then classified as hazardous waste
and sent to landfills.3! The generated water vapor was subjected to a scrubbing process, and the
wastewater was discharged into a lagoon.

Figure 5 1s a map showing the locations of former active sites of chemical agent
destruction in the US, as well as two active sites in Colorado and Kentucky along with the
implemented technologies.

Chemical Warfare Agents
(CWAs) Disposal Facilities
B Incineration

B Neutralization

B Neutralization/Biotreatment

Neutralization/Supercritical
B Water Oxidation

10
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Figure 6 illustrates conventional deactivation chemical reactions for sulfur mustard and
sarin.

Figure 5 US chemical agents' disposal sites (data obtained from the National Center for
Environmental Health, Division of Environmental Health Science and Practice). The Blue Grass
Chemical Plant in Kentucky, and the Pueblo Chemical Depot in Colorado remain the only active
destruction sites. Decontamination and demolition of these sites will be completed in 202632 33
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Deactivation Technologies for CWAs

4.1. High-Pressure treatments

Hydrothermal oxidation treatments require less energy because they operate at lower
temperatures than incineration and combustion methods. Wet air oxidation (WAQO) methods
consist of temperatures between 200-330 °C and pressures between 20-200 bars.3* Treatments
above this temperature and pressure are considered supercritical wet oxidation (SCWO)
methods, typically ranging from 400 to 650 °C and 250 to 350 bars.3>3¢ As a reference,
oxidation in supercritical water occurs at temperatures above the critical temperature of water
(i.e., 374°C) and critical pressure (i.e., 217 atm). A schematic illustration of the wet oxidation
treatment is shown in Figure 7. Lee et al.(2005)'? have studied the decomposition of DMMP in
supercritical water in a continuous-flow tubular reactor. It was found that total organic carbon
(TOC) conversion exceeded 99.99% and it could be achieved within 11 seconds at a temperature
of 555.5 °C. Assuming the oxidation reaction was first-order with respect to wastewater and
zero-order with respect to the oxidant, the calculated activation energy was 32.35+2.21 kJ/mol,
and the pre-exponential factor was 54.63+1.45 s7! at a 95% confidence level (Lee et al., 2005).!2

SCWO was used after neutralizing the CWA stockpile at Blue Grass Army Depot. An
oxidizing agent (e.g., air or oxygen) was added to the hydrolysates and heated in a SCWO
reactor at a pressure of 270 atm and a high temperature (600-650°C).!" Within less than a minute,
the organic compounds react to form sodium carbonate, phosphate, sulfate, and gaseous
byproducts (e.g., N, and N,O).!! The system is then cooled, and the mixture is released from the
reactor. The resulting aqueous salt solutions underwent evaporation followed by crystallization.
The primary limitation of this technology remains the corrosion of the reactor’s heating and
cooling elements, which necessitates frequent replacement.

SCWO treatment was tested on glyphosate (an organophosphate herbicide) using both a
spiral-coiled tubular reactor and a tank reactor. Various variables were evaluated during the
measurement of chemical oxygen demand (COD) removal efficiency. Increasing the
temperature, pressure, oxidation coefficient, and residence time improved the treatment process.
Under the following conditions: 580 °C, 25 MPa, pH of 10, 10-minute reaction time, and an
oxidation coefficient of 2.5, the COD removal efficiencies were 99.48% and 99.86% in the spiral
and tank reactors, respectively.3® Table 3 compares the temperature and pressure ranges of
different deactivation/degradation techniques for the CWAs HD and GB.

A US Army WAO facility for CWA elimination was estimated to cost $10 million to
construct and $900k to operate per year. This facility would decontaminate at a rate of 10 gallons
per minute, and the estimated cost for the disposing of 32 million pounds of liquid waste was $1.6
million.4°
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Table 3. Various degradation methods for agents based on their temperature and pressure ranges
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g Method range (°C) range (Bar) Agent or Time Comments Reference
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E 110 DMMP >97.5% 60 minutes Bench Scale opa alr199 5 420 mont,

£ © Wet Air Oxidation
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=
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Water Oxidation CWA National Academies
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TOC: Total carbon content
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4.2. Catalyst treatments

Significant research efforts have focused on developing heterogeneous catalysts (e.g.,
polyoxometalates activated with transition metals,** zeolites,* and mesoporous silica*”) for the
selective oxidation of CWAs into environmentally benign products. These catalysts have
demonstrated good selectivity, converting organic sulfides into sulfoxides, which can be helpful
for blistering agents such as sulfur mustard.*® Table 4 provides an overview of recent studies
where catalysts have been applied to oxidize HD simulants under ambient conditions effectively.

Several strategies, including non-metal doping,> metal deposition (e.g., copper, cobalt,
manganese, and silver),’%37 and coupled semiconductors,® have been implemented to enhance
the photocatalytic activity of titanium oxide (TiO;) under visible light by increasing the electron-
hole pair separation efficiency. Besharati-Seidani, A.(2016),°° has discussed degradation of
organophosphorus simulants on modified TiO, nanophotocatalysts. A schematic illustration of
the photocatalytic degradation of CWA and BWA into environmentally friendly products using
magnesium-based micromotors modified with titanium dioxide film and gold nanoparticles (i.e.,
Ti0,/Au/Mg micromotors) is shown in Figure 8.

Figure 8. Schematic illustration of the photocatalytic degradation of CWA and BWA into
environmentally benign products via TiO,/Au/Mg micromotors. (Reprinted with permission
from Li et al., 2014).%° Copyright 2014 American Chemical Society.
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Table 4. Summary of catalytic oxidation approaches for mustard gas (HD) analog with conversion to oxidized products with less
toxicity.

Catalyst

CWA/Simulant Type and
Concentration

Performance and Conditions

Ref.

Polyoxometalate HsPV,Mo01¢Oy is
supported on porous carbons (0.1 g,
with each carbon being 10 wt%).

tetrahydrothiophene (THT;
50.5 mM)

-Oxidizing agent: tert-butylhydroperoxide (TBHP, 91.1
mM)

-Temperature: 25 °C

-Conversion efficiency: up to 78%

-Reusability: can be reactivated by heating at 80 °C

Gall et al., 1996

Cationic silica nanoparticles coated
with the anionic multi-iron
polyoxometalates (POMs)
Ko[(Fe"(OH2)2)3(PWOs4)2] (Ko4) or
Na,,[(FeOH,),Fe (P, W15056)]
(Na,,5)

2-chloroethyl ethyl sulfide
(CEES; 0.35 M)

-Additive: Cu(OTf),/Cu(NO3), solution
-Ambient conditions: 1 atm air/O,; 25 °C
-Conversion: 56%

Okun et al., 20034

Vanadium doped-acid prepared
mesoporous silica

CEES (0.859 mM)

-Oxidizing agent: tert-butylhydroperoxide (TBHP, 5.5
M in decane)

-Temperature: 25 °C

-Conversion efficiency: 69 to 97 %

Ringenbach et al.,
20054

Manganese- and iron-meso-
tetraarylporphyrins
(2 x 103 M)

Dibenzyl sulfide and phenyl-2-
chloroethyl sulfide

-Oxidizing agent: hydrogen peroxide
(8.5x102M)

-Temperature: 25 °C

-Conversion efficiency: Up to 98%

Marques et al.,
200130

Bifunctional NbV-containing
saponite clay

2-chloroethyl ethyl sulfide
(CEES)

-Oxidizing agent: hydrogen peroxide
-Temperature: 25 °C
-Conversion efficiency: > 98%

Carniato et al.,
201431

Co-presence in the saponite structure
of luminescent Eu''! and catalytic
NbY metal sites

2-chloroethyl ethyl sulfide
(CEES)

-Oxidizing agent: hydrogen peroxide
-Temperature: 25 °C
-Conversion efficiency: 80%

Marchesi et al.,
202132
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Polyoxometalate
Hy3[(CH3)4N]12[PNb,040(VVYO),(V!
V4012)2]22H,0

CEES

-Oxidizing agent: 3% hydrogen peroxide
-Temperature: 25 °C

-Conversion efficiency: 100%

-By-products: chloroethyl ethyl sulfoxide and vinyl
ethyl sulfoxide

-Conversion time: 3 minutes

Dong et al., 20173

Polyoxoniobate composite
Mg;Al-LDH-Nbg integrated into
textiles

CEES (0.5 mmol)

-Oxidizing agent: 3% hydrogen peroxide
-Temperature: 25 °C

-Conversion efficiency: 94%
-Conversion time: 1 hour

Dong et al., 2018
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OSDEMP (O, S-diethyl methylphosphonothioate), a VX simulant, was 97% converted in
60 minutes when mixed with K-NBg as a catalyst and hydrogen peroxide. The half-life was about
6 minutes, and only EMPA (ethyl methylphosphonic acid) was detected after the reaction.
However, when K-NBg, hydrogen peroxide, acetonitrile, and D,O were mixed with OSDEMP, it
was fully converted within 5 minutes, and no EA-2192 (a highly toxic compound) was detected.
When K-NBg4 and hydrogen peroxide were tested on CEES, 92% of the compound was converted
in 60 minutes, with a half-life of approximately 7 minutes. 95% of the CEES was transformed
into CEESO (2-chloroethyl ethyl sulfoxide), and the remaining was CEESO, (2-chloroethyl ethyl
sulfone).®!

Guo and co-workers (2021)%? have studied the catalytic degradation of CEES with
manganese peroxide, MnO,. Multiple crystalline morphologies of MnO; (a, 3, 9, v) were used to
degrade (neutralize) CEES . The y-MnO,; had the highest degradation of CEES at 80.4%, and 5-
MnO, had the lowest at 56.3% after 24 hours. HEES was created when the reaction was
performed via hydrolysis, and CEES sulfoxide was formed via oxidation.

A Ni-salphen-based porous organic polymer contains Ni-N,0O, core sites, which show
great promise in oxidizing HD. Thioanisole (TA) was used as the HD simulant, and tert-butyl
hydroperoxide as the oxidant. After 12 hours, the TA was 95% converted with a 98% sulfoxide
selectivity. The oxidation studies were conducted at temperatures ranging from 40 to100 °C,
with 80 °C Yielding the highest conversion.%3-64

Select organic hypochlorites (MeOCIl, EtOCl, iPrOCIl, and tBuOCIl) were evaluated to
neutralize HD simulants. #~-BuOCIl achieved a 94% conversion of CEES and 95% selectivity for
CEESO after 1 minute at 0°C. Other by-products include CEESOCI (1%), CEESO, (<1%), and
diethylsulfinate (<1%).9

Oxone, also known as potassium peroxymonosulfate, was used by Delaune et al. (2021)%
to deactivate CEES via oxidative neutralization.t” With a flow rate of 1 ml/min and a residence
time of 5.26 minutes, the CEES was fully converted into (much) less toxic CEESO. Longer
residence times would lead to the formation of toxic CEESO,.%¢ A new custom-built laboratory
tubular pyrolizer was studied to safely destroy CWAs and CWA simulants.?® The reactor was
evaluated in the temperature range of 375 and 440 °C with residence times between 4.7 and 51.6
milliseconds. Results were comparable with literature with conversion efficiencies around 95%.
Zheng et al. (2009)%® investigated the pyrolysis of diethyl sulfide (DES), a simulant for mustard
gas, using both experimental and computational methods. The study involved a flow reactor and
detailed analysis of pyrolysis products, alongside a proposed detailed chemical kinetic model to
simulate the experimental results.

The efficacy of metal oxide nanopowders to degrade CEES was also evaluated by Zander

et al. (2007).%° Aluminum oxide was the most effective catalyst of the metal oxides tested
(copper oxide, cerium oxide, zinc oxide) due to its high surface area. Surface area heavily
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influences the effectiveness of a nanoparticle’s degradation efficacy, the higher the nanomaterial
surface area, the more active reaction sites.

Bai et al. (2022)"° investigated the use of low-temperature air plasma for cleaning air
contaminated with a sulfur mustard surrogate, 2-chloroethylethyl sulfide (CEES). A degradation
efficiency of about 99% was reported within 2 min of the plasma treatment. The proposed
Triboelectric microplasma provides a new approach to developing a portable CWA air cleaning
system.
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4.3. Metal-Organic Framework treatments

For CWA detoxification, recent studies have focused on developing and utilizing MOFs-
a class of crystalline and porous materials with tunable properties (e.g., size, shape, and
topology).”! Figure 9 illustrates of MOF-based composites for the effective detoxification of
CWAs.
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Figure 9. Schematic illustration of the degradation of CWAs into environmentally friendly
products and the deactivation of pathogens. Reprinted with permission.”? Copyright 2023
American Chemical Society.
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Zirconium-based MOFs (Ui0-66, UiO-66-NH,, UiO-67, MOF-808, and NU-1000) were
used to degrade DMMP. The FTIR spectra revealed that DMMP physisorbed and formed
hydrogen bonds with each of the MOFs. The smaller-pored MOFs (UiO-66 and UiO-66-NH,)
had a low presence of u3-OH groups, while the larger-pored MOFs (UiO-67, MOF-808, and NU-
1000) showed a significant loss of the hydroxyl group. Limited desorption of DMMP was
observed at room temperature; however, as the temperature increased (up to 600 K), desorption
also increased, and the growth of v(O-P-O) features was detected. The effect of these MOFs was
also tested on 2-CEES. With UiO-66, hydrogen bonds were formed via the chlorine atoms, while
with UiO-67 and NU-1000, similar bonds formed via sulfur and chlorine atoms. Diffusion rates
were higher with NU-1000 and slowest with UiO-66.7> Other novel approaches are being
developed, such as biocatalytic degradation of CWA, which is very promising through either
oxidase or phosphodiesterase.” This article lists applications in development for the degradation
of organophosphate compounds, which are present in some pesticides and CWAs. Additionally,
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Econdi et al. (2024)7° have described a catalytic approach as a novel, sustainable tool for the
degradation of CWAs. Oheix et al. (2021)7 have studied catalytic processes for the
neutralization of sulfur mustard. The review discusses the neutralization of sulfur mustard and
its simulants using different chemical catalytic routes, including hydrolysis, dehydrochlorination,
and oxidation, for complete mineralization. This review highlights the limitations and advantages
of the approaches reported in the literature, with a focus on catalytic procedures for converting
sulfur mustard or its simulants into harmless products. Snider and Hill (2023)77 have reviewed
functionalized polymers for cleaning CWA contaminated surfaces. Several chemical deactivation
and cleaning technologies for CWA removal on several surfaces have been evaluated. have been
evaluated by Brickhouse,”® USEPA,” and Stone et al.3 New developments in molecular
recognition and supramolecular technologies can lead to the detection and scavenging of nerve
agents and their surrogates.?! There is excellent information®? on how metal-organic frameworks
can be tailored for the detoxification of organophosphates and other toxic chemicals. Khan et
al.83- 34 have conducted computational studies on the solvolysis of CWAs and identified that the
hydroxylamine anion is effective in the solvolysis of sarin and nerve agent VX. Such information
would help design efficient reactive processes while reducing mass transfer resistance,
particularly for viscous agents. Another innovative approach is the use of pyrolyzed cotton balls
for the decomposition of CWA simulants, as evaluated by Lagasse, et al.®> Very few published
articles are available in the public domain about the actual amounts of the CWA stockpiles and
their destruction. However, a recent review article by Rozsypal et al. (2025),8 provides
information on the destruction of chemical weapons stockpiles at seven locations in the Russian
Federation. The review article includes descriptions of two technologies based on thermal
destruction and chemical neutralization of real agents. Thermal destruction®’ is mainly the
incineration process that is used worldwide for the reduction of CWA stockpiles, which can
result in 100% DRE. Neutralization technology is a two-stage process that involves adding
chemical neutralization agents, followed by the addition of bitumenization agents. This
neutralization process renders the CWAs into innocuous materials that are safe to dispose of to
the environment. This review highlights the potential for regenerating some of the materials used
in the process.
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Table 5 provides an overview of some recent studies where MOFs have been used to
detoxify (via hydrolysis or oxidation) CWA simulants effectively. With their high conversion
rates and short half-life times, these catalysts demonstrate significant potential for MOF
applications for decontamination.

Other novel approaches are being developed, such as biocatalytic degradation of CWA, which is
very promising through either oxidase or phosphodiesterase.” This article lists applications in
development for the degradation of organophosphate compounds, which are present in some
pesticides and CWAs. Additionally, Econdi et al. (2024)7° have described a catalytic approach
as a novel, sustainable tool for the degradation of CWAs. Oheix et al. (2021)7 have studied
catalytic processes for the neutralization of sulfur mustard. The review discusses the
neutralization of sulfur mustard and its simulants using different chemical catalytic routes,
including hydrolysis, dehydrochlorination, and oxidation, for complete mineralization. This
review highlights the limitations and advantages of the approaches reported in the literature, with
a focus on catalytic procedures for converting sulfur mustard or its simulants into harmless
products. Snider and Hill (2023)”7 have reviewed functionalized polymers for cleaning CWA
contaminated surfaces. Several chemical deactivation and cleaning technologies for CWA
removal on several surfaces have been evaluated. have been evaluated by Brickhouse,’®
USEPA,” and Stone et al.3% New developments in molecular recognition and supramolecular
technologies can lead to the detection and scavenging of nerve agents and their surrogates.®!
There is excellent information®? on how metal-organic frameworks can be tailored for the
detoxification of organophosphates and other toxic chemicals. Khan et al.#3- 34 have conducted
computational studies on the solvolysis of CWAs and identified that the hydroxylamine anion is
effective in the solvolysis of sarin and nerve agent VX. Such information would help design
efficient reactive processes while reducing mass transfer resistance, particularly for viscous
agents. Another innovative approach is the use of pyrolyzed cotton balls for the decomposition
of CWA simulants, as evaluated by Lagasse, et al.> Very few published articles are available in
the public domain about the actual amounts of the CWA stockpiles and their

destruction. However, a recent review article by Rozsypal et al. (2025),% provides information
on the destruction of chemical weapons stockpiles at seven locations in the Russian Federation.
The review article includes descriptions of two technologies based on thermal destruction and
chemical neutralization of real agents. Thermal destruction®” is mainly the incineration process
that is used worldwide for the reduction of CWA stockpiles, which can result in 100% DRE.
Neutralization technology is a two-stage process that involves adding chemical neutralization
agents, followed by the addition of bitumenization agents. This neutralization process renders the
CWAs into innocuous materials that are safe to dispose of to the environment. This review
highlights the potential for regenerating some of the materials used in the process.
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Table 5. Summary of MOF-based approaches for the detoxification of CWA analogs.
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MOF Catalyst CWA/Simulant Type Conditions and Performance Ref.
MOF-808 dimethyl-4-nitrophenyl -Additive: H,O and N-ethylmorpholine as co-catalyzing Moon et al.,
phosphate (DMNP) agents 201588

Dosage: 1.5 pmol (25 umol) -Conversion efficiency: 100;

Half-life (min): <0.5

NU-1000-dehydrated; NU-1000 DMNP -Additive: H,O and N-ethylmorpholine as co-catalyzing | Mondloch et al.,
agents 2015%

Dosage: 25 umol -Conversion efficiency: 100;80

Half-life (min): 1.5; 1.5

Ui0-66; Ui0-66- (OH),; UiO- DMNP -Additive: H,O and N-ethylmorpholine as co-catalyzing Katz et al.,

66- NH,; UiO-66- NO, agents 2015%
-Conversion efficiency: N/A

Dosage: 25 pmol

Half-life (min): 35; 60; 45; 1

Ui0-66; UiO-66- NH,; UiO-67; | DMNP -Additive: aqueous solution buffered with N- Peterson et al.,

Ui0-67- NH, (25 umol) ethylmorpholine as co-catalyzing agents 2015
-Conversion efficiency (%): 80;100;100;100

Dosage: 1.5 umol

Half-life (min): 25;0.5;3.5;1.9

Ui0-66; UiO-66 @LiOtBu CEES -Additive: 1:1 H,O: EtOH solution Lopez-Maya et
-Conversion efficiency (%): 80;100 al., 2015

Dosage: 14 pmol

Half-life (min): 3; 3

PCN-222/MOF-545 CEES -Additive: immersed in methanol, then purged with O, Liuetal.,
before white LED exposure 2015%

Dosage: 2 umol
-Half-life (min): 13

-Conversion efficiency (%):100
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NU-1000 CEES -Additive: immersed in ethanol then purged with O, Liu et al.,
-Conversion efficiency (%):100 2016%
Dosage: 8 umol
Half-life (min): 6.2

NU-1000 (chromophore- DMNP de Koning et al.,

functionalized) (1.66 mmol) zArifrfg:n Zséfc'i‘;;hzl")b;;]s) 2019%

Dosage: 0.21 mmol -Conversion efficiency (%):100

Half-life (min): 57 min
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Summary

This review focused on treatment technologies for the blister agent [mustard gas (HD)],
G-series nerve agent sarin (GB), and nerve agent X (VX). The methods evaluated span across
different scales, including bench-scale research, pilot-scale demonstrations, and full-scale
applications.

Incineration is a well-established technology for the destruction of a wide variety of
CWAs. Incineration breaks down chemical compounds through high-temperature combustion
effectively neutralizing hazardous substances. Incineration can achieve nearly 100% DREs and
can be used for the deactivation of large CWA stockpiles. However, it is a costly operation due
to the high temperatures of about 1000-1200 °C and the associated costs of air emissions
treatment and control, as well as other safety protocols.

Chemical neutralization of CWA agents is also a viable option for handling CW As that
are released in smaller quantities and for spills. The neutralization processes are also well
established, and the neutralization chemicals and the operating temperatures (~20-100 °C) are
selected based on the CWA and environmental conditions. The process generates less toxic
chemical environments and chemical wastes. It is suitable for handling the waste from cleaning
operations, including accidental spills and terrorist attacks.

Wet air oxidation proves to be a promising alternative to CWA incineration treatment.
Some of the many benefits include low operating temperature, lower energy consumption, and
the reduction or elimination of air emissions and other hazardous chemicals. Some of the major
drawbacks include WAO reactor materials and corrosion issues, scale-up costs, and relatively
high operating pressures. Often, the operating temperatures range from 200-350 °C, and
pressures from 20-200 bars. High pressures are maintained to keep all the CWAs and reaction
products in liquid and solid matrices for up to 2-3 hours to achieve 98-99% DRE of the targeted
CWA. The treated wastes are deemed safe to dispose of in regular landfills or discharged to
waste treatment facilities.

Supercritical wet oxidation, like wet air oxidation, is a high-pressure and temperature
process, but with higher temperature (400-650 °C) and 250-350 bars. At these supercritical
conditions, the reactant and product transport properties and deactivation kinetics are faster, and
99.99% DRE could be achieved within ~10 seconds to 1 minute. It is a demonstrated and
technically viable process to treat CWA agents; however, due to high temperatures and pressure
operating conditions, the costs of corrosion-resistant materials of construction, supercritical
processes are not widely adopted for CWA deactivation.
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Catalysts contribute to the adsorption, decomposition, or alteration of chemical agents.
Metals like zirconium, titanium, and various transition metals are emphasized for their roles in
environmental remediation, filtration, and catalysis, particularly for decontaminating areas
affected by toxic substances, including chemical warfare agents. Metal catalysts can be utilized
in systems designed to neutralize vapors or aerosols on contact, offering a rapid response
capability crucial in the aftermath of a terrorist attack using such agents. The operating
temperatures, in general, are low, ranging from 20°C to100°C. Selection of a catalyst is crucial
for designing a catalytic destruction process. About 70-98% of conversions are possible with the
catalytic degradation of CWAs. Catalyst treatment, like the neutralization approach, is suitable
for addressing small spills and wide-area cleanup applications.

Metal-organic frameworks (MOFs) are innovative materials that merge metal ions and
organic linkers to create highly porous, crystalline structures. The distinctive properties render
MOFs effective in a range of applications, notably in neutralizing chemical warfare agents
(CWAs). MOFs can trap and decompose CWAs due to their extensive porosity and large surface
areas, facilitating efficient adsorption and catalytic breakdown of harmful chemicals. For
instance, certain MOFs can hydrolyze nerve agents such as sarin and VX or oxidize mustard gas.
Zirconium-based MOFs have robust structural stability and reusability, making them ideal
candidates for both hydrolytic and oxidative degradation of CWAs. Their efficiency can be
amplified through mechanical methods such as sonication, which accelerates the rate of chemical
reactions within the MOFs. Furthermore, the tunability of MOFs through modifications in their
metal and organic components enables the creation of materials tailored to specific CWAs and
environmental conditions. The application of MOFs to treat contaminated aqueous or gaseous
streams can achieve up to 100% deactivation. The technology can be costly and may not be
suitable for large-scale applications. It is still in its developmental stage and requires further
research.

Despite a wealth of literature information, a need still exists for guidance on preparing for
emergency releases in civilian and commercial buildings, as well as indoor spaces. Science-
based tools and technologies are required to effectively restore the facilities in case of an
accidental and deliberate release of these CWAs. Significant challenges may persist for the
successful destruction of CWAs and the assessment of long-term health and environmental risks.
To address these issues, innovative remediation and recovery technologies are required for the
reclamation of the multimedia environment (soil, water, and air) that are effective, less risky, and
easily adaptable. Research efforts should also focus on treating residuals and byproducts that
may be toxic and hazardous. In the event of an accidental release or a terrorist activity,
emergency responders need safe and cost-effective decontamination methods that are essential
for restoring buildings and large areas. Conventional technologies, such as incineration or
chemical neutralization, need simplification for these applications. Surface cleaning using
solutions of simple redox agents or modified steam would greatly benefit emergency responders.
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Long-term environmental, public safety, and health concerns must be carefully considered in
these scenarios. Additionally, there is a need for the further development of easily adaptable
detection and monitoring methods to assist emergency responders and facility managers.
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