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Abstract
The review is aimed at summarizing and systematizing information about various methods of deactivation of chemical war-
fare agents that are necessary on the battlefield, as well as in laboratories, research institutions, and facilities of production, 
storage, and destruction of poisonous substances. The review presents the main directions of neutralizing warfare poisonous 
substances, which are the most effective in the conditions of their real use. In the second part of this work, the methods of 
deactivating warfare poisons using nucleophilic reagents, primarily α-nucleophiles, which have high efficiency and can react 
as nucleophiles and as oxidants, are considered in detail. A promising area of degradation of such products is the use of su-
pernucleophilic systems based on functionalized detergents, as well as adsorption and photocatalytic deactivation methods. 
The material presented above shows the importance of general knowledge about the physical and chemical properties of 
chemical warfare agents, the rate of their decomposition, the advantages and disadvantages of certain available technolo-
gies for their application. This review can be useful for finding new and improving known methods for decontamination of 
chemical warfare agents and other ecotoxicants, and protecting the environment.
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Анотація
Огляд спрямовано на узагальнення та систематизацію інформації про різні методи дезактивації бойових отруйних 
речовин, необхідних на полі бою, а також у лабораторіях, дослідних установах, на об’єктах виробництва, зберігання та 
знищення отруйних речовин. В огляді наведено основні напрями знешкодження бойових отруйних речовин, які є найбільш 
ефективними в умовах їх реального застосування. У другій частині цієї роботи докладно розглянуто методи дезакти-
вації бойових отруйних речовин за допомогою використання нуклеофільних реагентів, насамперед α-нуклеофілів, які 
мають високу ефективність і можуть реагувати і як нуклеофіли, і як окислювачі. Перспективним напрямом деградації 
таких продуктів є застосування супернуклеофільних систем на основі функціоналізованих детергентів, а також мето-
дів адсорбції та фотокаталітичної дегазації. Викладений матеріал доводить важливість загальних знань про фізичні 
та хімічні властивості бойових отруйних речовин, швидкість їх розкладання, про переваги та недоліки тих чи інших 
доступних технологій їх застосування. Цей огляд може бути корисний для пошуку нових й удосконалення відомих 
методів дезактивації бойових отруйних речовин та інших екотоксикантів, захисту довкілля. 
Ключові слова: бойові отруйні речовини; нервово-паралітичні речовини; шкірно-наривні речовини; дезактивація; 
виявлення; захист
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■ Introduction

Deactivation on the battlefield is the rapid re- 
moval of chemical warfare agents (CWAs) from 
military equipment, other equipment, personnel,  
and various objects by both chemical and physical 
methods. Therefore, a solid surface that is con- 
taminated with poisonous substances is the main  
object of decontamination. Actually, the surface’s  
nature and its interaction with applied chemical 
agents are the main problems in the development 
of a CWAs decontamination system. In addition,  
one should keep in mind that deactivating 
agents are not supposed to cause corrosion or da- 
mage to surfaces after deactivation. This review 
describes the chemical reactions mainly for the 
four main warfare poisons. These are sarin, so-
man, mustard gas, and VX. This is due to their 
extremely strong toxicity and stability, as well 
as their large reserves in a number of countries 
around the world [1]. The main attention here is 
given to such methods of CWAs deactivation as 
oxidative/nucleophilic reactions, photocatalytic 
reactions, and adsorption methods of deactiva-
tion.

Thus, to neutralize CWAs, nucleophilic rea-
gents can be used, primarily α-nucleophiles, which  
are highly effective and can act both as a nucleo-
phile and as an oxidizing agent [2]. The methods 
of decontamination of CWAs with hydrogen per-
oxide solutions turned out to be very effective. 
However, it has a low reaction rate and requires 
activation with reagents, such as carbonates, mo- 
lybdates, phthalates, etc. Studies of the reactivi- 
ty of hydrogen peroxide and its activators have 
led to the creation of universal formulations of 
the nucleophilic-oxidizing mechanism of action, 
which are quite effective in relation to the main 
types of CWAs [3].

The way to increase the efficiency of systems 
for splitting CWAs should be sought not only in 
the structural modification of the corresponding 
agent, but also in the use of alternative methods 
of influencing the reaction rate, for example, by 
changing the properties of the medium. In this 
sense, the use of a microorganized medium (mi-
cellar solutions, microemulsions, ionic liquids,  

concentrated aqueous solutions of quaternary am- 
monium salts, etc.) is already widely used to sol- 
ve a number of applied and fundamental prob-
lems [3, 4].

Works on the application of photocatalytic 
deactivation of CWAs using composites obtained 
on the basis of zirconium and terephthalic acid, 
which are made from plastic waste, seem very 
interesting [5]. This is important, taking into 
account the problems of ecology and the applica-
tion of “green” chemistry methods.

Further, the most interesting works in this 
direction will be considered in detail, primarily 
those related to the practical use of the proposed 
methods of decomposition of warfare poisonous 
substances.

■ Nucleophilic/oxidative  
    decontamination of warfare poisons

Nucleophilic reagents, primarily α-nucleophi- 
les, which have high efficiency, can be used to de- 
contaminate CWAs [1]. For example, work [2] pro- 
vides data on deactivation of the nerve agent VX –  
an inhibitor of acetylcholinesterase 1. Its deacti-
vation by simple hydrolysis in an aqueous-alka-
line medium does not give a satisfactory result 
due to the formation of a stable toxic product of 
hydrolysis 3 (Scheme 1) [3]. The formation of 
compounds 5 and 6 indicates the participation 
of alcohols in the process (as parallel transeste- 
rification to hydrolysis).

However, the combination of hydrolysis with  
an oxidation reaction is highly effective in achie- 
ving the complete destruction of the VX agent [4].  
In this work, the authors studied the behavior 
of VX in relation to five α-nucleophiles: magne-
sium monoperoxyphthalate, metachloroperben-
zoic acid, potassium monopersulfate, hydrogen 
peroxide, and hydrogen peroxide with boric acid.  
All reactions studied were carried out at pH 8. 
This pH value was chosen since it minimized the  
risk of corrosion when the metal surface was de- 
gassed. It was shown that during the VX hydro- 
lysis in a water-methanol solution, the hydroly- 
tic compound formation occurred due to nucleo- 
philic attack of both water and methanol, mainly  
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at the phosphorus atom. The oxidative-nucleo- 
philic reaction involving α-nucleophiles increased 
from 200 to 2000 times compared to simple hy-
drolysis in a water-methanol solution at pH 8.  
Using 20 equivalents of magnesium monoperoxy- 
phthalate, it was possible to achieve complete 
destruction of VX, which turned into non-toxic 
phosphonate 2 (Scheme 1). It should be noted 
that decontamination using magnesium mono- 
peroxyphthalate was successfully extended to 
soman [5].

The methods of decontamination of CWAs 
with hydrogen peroxide solutions turned out to 
be very effective. However, H2O2 shows a low re-
action rate and requires its activation by other 
reagents, such as HCO3

− [6 – 8], MoO4
2– [9 – 11], 

etc. Moreover, the rate of the activation reac-
tion between H2O2 and HCO3

− is not as high as 
expected [6, 12]. The activation of H2O2 using 
MoO4

2– is much more effective, however, at the 
same time, there is a loss of active oxygen [13], 
which leads to a decrease in the rate of CWAs 
destruction within a fairly short time [9, 14].

Another disadvantage of MoO4
2– as an acti-

vator of hydrogen peroxide is, for example, that 
mustard gas can be easily re-oxidized to the corre-
sponding sulfone [9], which exhibits rather high  

toxicity. In work [15], the authors investigated 
boric acid as an activator of hydrogen peroxide 
reacting with H2O2 to form peroxoborates, which  
could quickly oxidize sulfur to sulfoxide [16]. 
The decomposition of peroxoborate itself occurs 
rather slowly, which gives a good perspective for 
using such solutions for the purpose of CWAs de-
contamination [17, 18]. In the work mentioned 
above [15], the nucleophilic/oxidative reactivity 
of the B(OH)3–H2O2 system was studied, while 
special attention was paid to the influence of the 
pH of the medium and temperature on the reac-
tion rate. Thioanisole and paraoxon were used as 
CWAs imitators. The 11B NMR analysis showed 
that B(OH)3 quickly reacted with H2O2 to form 
peroxoborates ([B(ОН)(4-х) (ООН)х]−). Their con-
tent depended on pH and solution temperature. 
It was shown that peroxoborates acted as oxi-
dants for the primary oxidation of sulfide in the 
pH range of 8 – 12, and that O2

– was responsible 
for further oxidation of sulfoxide.

Paraoxon decomposes due to OOH– ions, and 
the rate of decomposition increases exponentially 
with pH increasing. The data provided suggest 
that mustard gas, soman, and VX are effective-
ly decomposed into non-toxic products in a so- 
lution of B(OH)3 – H2O2 at pH 9 – 11. Scheme 2 
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shows the diagram of the mustard gas decom-
position.

It should be noted that in the presence of ac- 
tivators, such as carbonates, bicarbonates, and 
molybdates, hydrogen peroxide, in organic co- 
solvents provides rapid decontamination of a wide  
range of warfare poisons, and it is important at 
low temperatures (-30 °C). Such solutions are non- 
toxic, do not cause corrosion, and are environ-
mentally safe [14]. Concern for the environment  
became the reason to abandon the use of chlorine- 
containing products (for example, in bleaching 
processes) and replace them with systems based 
on hydrogen peroxide. These “green” peroxide pro- 
ducts allow for avoiding the use of toxic and carci-
nogenic organochlorine compounds. Another ad- 
vantage of peroxides is that they can be used 
for the CWAs deactivation in the cold season.  
For example, the freezing point of 50 % H2O2 is  
-40 °C. Previously, Menger and Rourk [19] demon- 
strated effectiveness of microemulsion formula- 
tions using 30 % H2O2. These microemulsions did  
not freeze or delaminate at -18 °C and were effec-
tive against various CWAs mimics. The scheme 
of the sarin deactivation reaction in the presence 
of activated B(OH)3 is shown in Scheme 3.

Inorganic α-nucleophiles – HOO– and ClO– 
ions exhibiting anomalously high reactivity are 
of particular interest as the basis of composi-
tions for the breakdown of ecotoxicants and haz-
ardous substances [20 – 23]. In the alkaline me-
dium, VX-type CWAs are quickly destroyed due  
to the nucleophilic attack of the hydrogen peroxide  

ion on the phosphorus atom. Peroxyhydrolysis 
of VX takes place, according to the scheme given 
below (Scheme 4), with the formation of ethyl-
methylphosphonic acid. VX N-oxide is another 
reaction product, which further, at a slower 
stage, undergoes nucleophilic attack to form an 
acid. At the same time, the released thiol is oxi-
dized to sulfonate [24].

The reaction of VX with the HOO– anion pro-
ceeds approximately 40 times faster than with 
the more basic HO– ion (τ1/2 = 45 s, 23 °С, [HOO–] 
= 0.1 M), which allows for efficient splitting of VX  
in the alkaline medium by nucleophilic mecha-
nism. Concentrated solutions of hydrogen per-
oxide, which exhibit oxidizing properties under 
these conditions, oxidize mustard gas and vari-
ous ecotoxicants in neutral and acidic medium. 
To ensure the decomposition of ecotoxicants by 
both nucleophilic and oxidative mechanisms, the  
pH of the medium is of great importance [24, 25].  
Since the optimal conditions for carrying out these  
reactions are different, and pKa (H2O2) = 11.5 – 11.6,  
hydrogen peroxide can hardly be considered a uni- 
versal deactivation agent [22]. Nevertheless, nu- 
merous studies of the reactivity of hydrogen per- 
oxide and its activators (carbonates, molybdates,  
phthalates, etc.) led to the creation of universal 
formulations of the nucleophilic-oxidizing mech-
anism of action, which are quite effective in re-
lation to the main types of CWAs [25]. Thus, the 
activation of H2O2 with sodium hydrogen carbo- 
nate leads to the appearance of a НСО4

– anion in 
the reaction mixture in slightly alkaline media. 
It is a more powerful oxidant than H2O2, and 
this makes it possible to destroy not only sarin 
and VX, but mustard gas as well (Scheme 5).

The use of potassium molybdate as an acti-
vator of hydrogen peroxide in microemulsions of  
the oil/water type makes it possible to design 
universal systems for destructing CWAs of vari-
ous nature [26]. The advantage of this system is 
that the oxidation of mustard gas mainly leads 
to the formation of sulfoxide, and not to highly 
toxic sulfone [26].
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Salts of hypochlorous acid have been widely 
used in the decomposition of CWAs and ecotoxi-
cants [24]. Hypochlorites are deactivation sub-
stances of universal action and are used for de-
toxification of the human skin, equipment, and 
terrain [24]. In nucleophilic substitution reac-
tions at the tetracoordinated phosphorus atom, 
the ClO– ion acts as a true nucleophilic catalyst 
and decomposes sarin-type CWAs to phosphonic 
acids (Scheme 6).

The high oxidizing activity of hypochlorous 
acid plays an important role in deactivation of 
mustard gas, which undergoes destruction in al- 
kaline media with the formation of a number of 
oxidation and elimination products (Scheme 7).  
It should be emphasized that sulfoxide is formed 
at the first stage of this rather complex process, 
which is further transformed into other products.

Hypochlorite solutions can be used for the 
VX deactivation, especially at low pH values 
(Scheme 8). At the same time, only 3 moles of 
“active” chlorine are used to destroy 1 mole of VX.  

More than 10 moles of “active” chlorine are needed 
to oxidize 1 mole of VX in alkaline media.

Thus, it can be concluded that the use of sys-
tems based on hydrogen peroxide for deactiva-
tion of CWAs is effective from the point of view 
of both the reaction rate and environmental pro-
tection.

Convenient for practical use, oxidizing sys-
tems consisting of one reagent have also been 
developed, both against combat poisonous sub-
stances and various ecotoxicants [27]. The rea-
gent L–Gel proposed consists of an aqueous so-
lution of a mild oxidizer Oxone TM (potassium 
peroxymonosulfate) together with a gel-forming 
agent based on silica gel Cab-O-Sil EH-5. L–Gel 
is non-toxic, environmentally friendly, does not 
cause corrosion, maximizes contact time due to 
its thixotropic nature, and sticks to any surface. 
Table 1 shows comparative data on the effec-
tiveness of decontamination of a mustard imita-
tor – chlorodiethyl sulfide for various oxidizing 
systems compared to the “L–Gel” proposed.

The reactions were carried out at pH = 3, ex-
cept for sodium hypochlorite (pH = 12). The ra-
tio of the oxidizing agent to chlorodiethyl sulfide 
was 2. In general, in many cases, chlorine-
containing oxidizing reagents, such as NaOCl, 
Ca(OCl)2 or dichloroisocyanurate salts, are used 
for deactivation of CWAs [24]. However, such pro- 
cesses strongly affect the environment and are 
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associated with high costs of disposal. With these  
shortcomings, a heterogeneous catalyst based on  
saponite clay containing NbV was proposed. It se-
lectively converts toxic sulfur-containing chemi-
cal warfare agents into non-toxic products with 
a reduced negative impact on the environment 
under extremely mild conditions [28]. Due to the  
introduction of NbV centers into the saponite frame- 
work, a bifunctional catalyst with strong oxidiz-
ing and acidic properties was obtained. When it  
is used, high activity and selectivity for the oxi-
dative deactivation of the mustard imitator – 
2-chloroethyl ethyl sulfide in the presence of an 
aqueous solution of hydrogen peroxide at room 
temperature is observed. Scheme 9 shows the 
specified reaction.

Porous oxides are also promising materials as  
they demonstrate remarkable chemical, physical 
and mechanical stability, as well as good disper- 
sion of the catalytically active metal. Thus, nano-
structured inorganic metal oxides, such as Al2O3,  
ZnO, and TiO2, have been widely studied in re-
lation to the CWAs oxidation or other methods 
of their destruction [29]. The process of deacti-
vation of soman, mustard gas, and VX with such 
a combined reagent as a solution of sodium per- 
oxycarbonate and tetraacetylethylenediamine was  
studied. It was shown that the optimal pH value 
for the degradation of mustard and VX was 
about 7.5 – 9.0 and 8.5 – 9.5, respectively, and the 
effectiveness of soman decontamination reached 
its maximum at pH 9.5 – 10.5 and a temperature 
from 0 °C to 45 °C [30]. To obtain a decontami-
nation percentage of > 99 %, the molar ratio bet- 
ween active oxygen and CWA should be at least 
3, 2, and 10 for soman, mustard gas, and VX, 
respectively. The analysis of products using gas  
chromatography/mass spectrometry, liquid chro- 
matography/mass spectrometry, and ion chroma- 
tography showed that the decomposition of soman  

was a process of perhydrolysis. It was indicated 
that the decomposition of mustard gas occurred 
by oxidation of atoms C and S and release of HCl.  
At the same time, the process of the VX decom-
position was via the oxidation of atoms C, S, and 
N and the breaking of C-C, C-N, C-S, and P-S 
bonds.

Attention was drawn to the work [31] where 
the authors found that palladium-on-carbon ca- 
talyzed the deep oxidation of organophosphorus 
and organosulfur compounds with oxygen in wa- 
ter at 90 °С in the presence of carbon monoxide.  
This system is the first example of catalytic 
cleavage of phosphorus-carbon bonds. Starting 
with trimethylphosphine oxide, the phosphorus-
containing products formed during the sequen-
tial breaking of the P-C bond were dimethyl-
phosphinic, methylphosphonic, and phosphoric 
acids. A similar sequence of reactions was ob-
served for triethylphosphine oxide, except that 
intermediate products formed by partial oxida- 
tion of ethyl groups, such as phosphonoacetic acid,  
were also observed. Deep oxidation of dimethyl 
and diethyl sulfides occurs through the media-
tion of the corresponding sulfoxides. For methyl 
derivatives, the ease of oxidation decreases in 
the series: (CH3)2S > (CH3)2SO > (CH3)2SO2 and 
corresponds to a system acting as an electrophi- 
lic oxidant. These results are important in the 
creation of systems for the deactivation of CWAs 
and various ecotoxicants.

Using polymer materials containing ac-
tive nucleophilic centers capable of destructing 
phosphorus and sulfur esters seems promising. 
For example, in work [32], the processes of deg-
radation of CWAs by polyacrylamideoxime and 
poly(N-hydroxyacrylamide) were studied. Those 
polymers are capable of generating nucleophilic 
oximate groups via dissociation of amidoxime or 
hydroxamic groups, respectively. They are envi-
ronmentally friendly, economical, and non-toxic 
polymers, which are essentially products of one-
stage addition of available polyacrylonitrile and 
polyacrylamide (Scheme 10).

The polymers were converted into their cor-
responding oximate salts at pH values higher 
than the pKa of oximate or amidoximate groups –  
7.5 and 10.8, respectively. The authors focused 

Table 1. Oxidation of chlorodiethyl sulfide

Oxidant Reaction time 
(min)

Percentage  
of oxidation

Sodium hypochlorite 30 91
Hydrogen peroxide 30 100
Ammonium peroxydisulfate 10 40
L-Gel 10 100
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on the characteristics of functional polymers as 
deactivating agents for such CWAs as VX, sarin, 
and soman. The considered polymeric amidoxi-
mes in the form of cross-linked polyamidoximate  
salts can act as effective dephosphorylating agents  
due to the formation of amidoximate ions on the  
surface of polymer salt particles without an excess 
of hydroxyl ions present. Such reactive polymers 
can be promising materials for the modification 
of surfaces, such as textiles, coatings, and sor-
bents. The half-life of VX during heterogeneous  
hydrolysis was 6 min in the presence of poly- 
acrylamidoxime. Under the same conditions, 
the half-life for sarin was less than 3 minutes.

In the same aspect, the work [33] is of inter-
est, in which water-soluble polymeric materials 
based on polyalkylamines modified with nucleo-
philic groups were introduced as catalysts for the  
hydrolysis of warfare poisons. The choice of po- 
lymer materials was based on the criteria of sim-
plicity of their synthesis, solubility in water, and  
the rate of hydrolysis of CWAs imitators. The study  
involving diisopropyl fluorophosphate showed that  
at a constant pH value, 4-aminopyridine-substi- 
tuted polyallylamines and polyvinylamines were  
the most effective for this process.

Hydrogel particles of 4-aminopyridine-substi- 
tuted polyallylamines and polyvinylamines cross- 
linked with epichlorohydrin revealed pH-depen- 
dent swelling and ionization systems that affected 
the rate constants of the nucleophilic hydrolysis of 
diisopropylfluorophosphate [32]. The study was  
conducted on the deactivation of VX and soman in 
suspensions or gels of both polymers with a con- 
centration of 2.5 – 3.7 wt. %, which swelled in wa-
ter or in a mixture of DMSO/water. The half-life of 
soman was 12 and 770 min at pH 8.5 and 5, respec-
tively. Adding VX to 3.5 – 3.7 wt. % suspensions  

in DMSO-d6 and D2O, with an initial VX concen-
tration of 0.2 vol. %, led to 100 % degradation of 
VX in less than 20 min. In addition, the gels of 
both polymers facilitated the reaction of dehy-
drochlorination of mustard gas and its analog – 
2-chloroethylethyl sulfide (Scheme 11).

The ability of such aminopyridine-modified po- 
lyalkylamine materials to decompose the most 
stable CWAs in combination with water solubil-
ity and the presence of numerous amino groups, 
which provide convenient “handles” for covalent 
attachment to polymeric and inorganic carriers, 
opens prospects for their wide application, for 
example, in fabrics and other materials that con- 
tribute to quick and effective decontamination 
of CWAs.

■ Supernucleophilic systems based  
    on functional detergents  
    for the neutralization of chemical  
    warfare agents

It is quite difficult to create a compound that 
would surpass the hydroxylamine anion in an 
aqueous solution in terms of its nucleophilic re-
activity. Therefore, the way to increase the eff- 
iciency of systems for splitting CWAs should be 
sought not so much in the structural modifica-
tion of the splitting agent, but in the use of alter-
native methods of influencing the reaction rate, 
for example, by changing the properties of the 
medium, in which it occurs [2, 33 – 35]. In this 
sense, the use of microorganized media (micellar  
solutions, microemulsions, ionic liquids, concen-
trated aqueous solutions of quaternary ammo-
nium salts, etc. [36 – 42]) is already widely used 
to solve a number of applied and fundamental 
problems. The indisputable advantage of micel-
lar systems compared to other organized micro-
heterogeneous media is that a radical change in 
the properties of the medium is achieved by the 
introduction of rather small amounts of micelle- 
forming substances (in amounts above the critical 
concentration of micelle formation, which varies  
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within 10–6 – 10–2 mol L–1) [38, 39]. At the same 
time, the main component of such systems in most  
cases is water, which makes them extremely at-
tractive for practical use from the point of view 
of “green” chemistry [43].

The use of solutions of cationic surfactants 
as a medium for the destruction of CWAs with 
nucleophilic reagents allows for their effective 
solubilizing (most of CWAs are difficult to dis-
solve in water in the absence of detergents), and 
also ensures wetting of hydrophobic and highly 
developed surfaces [2, 35, 38, 44]. At the same 
time, achieving the effects of micellar catalysis  
leads to an additional increase in the rate of 
the process of splitting CWAs by nucleophilic 
reagents (hydroxide ion, oximate ion, etc.) by 
10 – 103 times [45 – 57].

One of the most promising ways to increase 
the efficiency of the binding of nucleophilic rea-
gents by micelles is the creation of functional de-
tergents – surfactants, which have reactive frag-
ments in their structure. When implementing this  
approach, the concentration of nucleophilic groups  
on the surface of micelles will always be equal to 
the concentration of a surfactant [58]. The most 
promising here is the use of an α-nucleophile 
fragment as a functional group, which ensures a 
sharp increase in the rate due to the implemen-
tation of the α-effect. Currently, the main types 
of functional surfactants containing a supernuc- 
leophilic fragment are detergents based on hy-
droxylamine derivatives and detergents contain-
ing peroxy- and iodoxocarboxylate groups. Oxime  
derivatives are of particular interest among this  
group of reagents. This is due to the ease of 
structural modification, which makes it possi-
ble to obtain oximes that split CWAs in a wide 

range of the medium acidity (neutral, slightly al- 
kaline, alkaline) [59]. Figure 1 shows some typi-
cal detergents based on alkylated imidazole and 
pyridine containing an oxime group.

CWAs imitators – 4-nitrophenyl esters of di-
ethylphosphonic (1), diethylphosphoric (2) and 
toluenesulfonic (3) acids were most often used 
to study the reactivity of functional surfactants 
(Figure 2).

Below is the reaction scheme characterizing 
the reactivity of the oximate group of functiona- 
lized surfactants, which consists of a nucleophilic 
attack of the oximate fragment (Ox–) of the func-
tionalized surfactants on the electron-deficient 
phosphorus and sulfur atoms of the nitropheno-
late ion (Scheme 12).

Table 2 shows data on half-life periods for 
decomposition reactions of CWAs imitators – pa- 
raxone and armine [33]. The half-life periods of  
organophosphorus compounds indicate that these  
functionalized surfactants have high reactivity 
and can be successfully used to destroy CWAs as  
part of personal protective equipment and mix-
tures for treating various surfaces.

■ Adsorption methods and photocatalytic  
    deactivation of chemical warfare agents

Works on the application of photocatalytic de- 
activation of CWAs using composites obtained 
on the basis of zirconium and terephthalic acid, 
which are made from plastic waste, seem very in- 
teresting. This is important, based on the prob-
lems of ecology and the use of “green” chemis-
try methods. For example, the work [60] shows 
the synthesis of such composites and evaluates 
their photocatalytic activity in the degradation  
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of an imitator of a chemical warfare agent – di-
methyl 4-nitrophenyl phosphate. The composite  
synthesized had a large surface area (1440 m2 g–1)  
and a large pore volume (1.49 cm3 g–1). Compos-
ite samples absorbed visible light with a band 
gap of 2.13 – 2.88 eV. They showed a high efficiency 
for the degradation of an imitator of sarin with 
a short half-life (t1/2 = 2.17 min) at pH 7 by expo-
sure to visible light. Capture experiments have 
confirmed that H+ and O2

– radicals play an impor-
tant role in photocatalytic degradation. The com- 
posite performs two processes at the same time: 
hydrolysis and photocatalytic oxidation in water.

Noteworthy is the work [61], in which the 
authors found that barium titanate nanoparti- 
cles with sizes of 8 – 12 nm obtained by the gel 
collection method were effective photocatalytic  

detoxifiers of CWAs vapors, in particular, a mus-
tard imitator (2-chlorodiethyl sulfide). Relatively 
monodisperse, homogeneously spherical nano-
particles of barium titanate, initially dispersed 
in alcohol solvents, form a stable and porous ag-
gregated structure that resembles a nanostruc-
tured material with pores of an average diame- 
ter 4.6 nm and a relatively narrow distribution 
of their sizes (2.5 – 8 nm). Due to its porosity and 
polar chemically active surface, a large amount 
of CWAs imitator and its decomposition products 
are adsorbed on barium titanate. The reported 
absorption by weight of the CWAs simulant was 
the highest among a number of materials and 
nanocomposites known for their detoxification 
activity and tested under the same conditions 
(169 mg g–1 compared to 117 mg g–1 for zinc ox-
ide and < 100 mg g–1 for other oxides transition 
metals). In addition to adsorption, barium tita- 
nate nanomaterial acts simultaneously as an ef- 
fective heterogeneous catalyst, decomposing to- 
xic vapors into alcohols, sulfides, and thiols – mo- 
lecules with much lower toxicity than CWAs [62].  
Hydrolysis and dehydrohalogenation were the pre- 
dominant ways of detoxification through the for-
mation of a cyclic sulfonium intermediate both 
in the light and in the dark. Irradiation with am- 
bient light promoted photooxidation and photo-
degradation by radical intermediate products for- 
med. It should be concluded that barium titanate 
nanoparticles with an oxygen-rich surface are  
being investigated as a potentially useful medi-
um for photoreactive detoxification of chemical 
warfare agents.

It is worth paying attention to the study of 
photolytic and photocatalytic reactions of deac-
tivating sarin, soman, mustard gas, and chloro-
cyanide in the air [63]. It has been shown that 
the vapors of these CWAs (except for chlorocya-
nide) can be effectively removed by UV light of 
a bactericidal lamp by photolysis or photocata- 
lysis. Such a photocatalytic reaction leads to 
photoinduced polymerization directly under the 
action of UV irradiation, as well as the splitting 
of CWAs into small inorganic compounds on the 
surface of a TiO2 catalyst. It has been confirmed 
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that the static photolysis approach can be used 
to decontaminate sarin vapors indoors. At the same 
time, it has been demonstrated that the dynam-
ic photocatalytic approach to the destruction of 
sarin and soman vapors is much more effective 
than photolysis, and its use is considered ap-
propriate for the disinfection of nerve-paralytic 
CWAs in the air. Table 3 shows data on the rate 
constants of the corresponding CWAs cleavage 
reactions.

Interesting results were obtained by the au-
thors [64], who used photocatalytic and sonopho- 
tocatalytic methods of processing reaction mix- 
tures in aqueous TiO2 suspensions. CWAs imita- 
tors were used as reagents – dimethyl methyl- 
phosphonate, diethyl phosphoramidate, pinaco- 
lyl methylphosphonate and butylaminoethane- 
thiol. The complete conversion of imitators into 
inorganic products was achieved in 600 min, and 
only for butylaminoethanethiol it took more time. 
Sonolysis accelerated the photodegradation of di- 
methyl methylphosphonate. No degradation of 
imitators was observed without ultraviolet irra-
diation. The final decomposition products were 
PO4

3–, CO2, NO3
–, NH4

+, SO4
2–.

Degradation of dimethyl methylphosphonate 
proceeds by sequential oxidation of methoxy 
groups and then methyl groups. Destruction of 
diethyl phosphoramidate begins with the break-
ing of the P–NH2 bond with the formation of di-
ethyl phosphate, which is further transformed 
into ethyl phosphate [65]. Destruction is also fa- 
cilitated by the oxidation of α- and β-carbons of  
ethoxy groups with the formation of ethylphos- 
phonoamidate, hydroxyethylethylphosphonoami- 
date, and other products. Photocatalytic degra- 
dation of pinacolyl methylphosphonate begins with  
the oxidation of the pinacol fragment, which pro- 
ducts are methylphosphonic acid and acetone. 
The results demonstrate the possibility of pho-
tocatalysis for the destruction of CWAs in the 
aqueous phase. The optimization of degradation 
conditions is necessary to achieve practical high 
efficiency.

The question of using polymer sorbents for 
CWAs deactivation is reflected in many recent 
publications. They provide the effective adsorp-
tion of CWAs and the possibility of their deacti-
vation in large volumes and in a short period of 
time. Hyper-crosslinked polymers are a class of 
sorbents that are produced using a simple and 
controlled method called “linking” [66]. Several  
hyper-crosslinked polymers and their properties,  
including the absorption capacity in relation to  
CWAs imitators, were reported. A hyper-cross- 
linked polymer derived from fluorobenzene showed  
the greatest potential when used for CWAs neu-
tralization and was tested against real agents, 
including sarin and mustard gas, showing ab-
sorption close to 20 mL g–1 [66]. Scheme 13 shows 
a simplified scheme for the synthesis of such a 
polymer based on halobenzenes.

The ability of hyper-crosslinked polymers to 
absorb large volumes of liquid due to the swell-
ing of porous networks is a property that can be 
used in many other areas, for example, in medi-
cal purposes for treating wounds. The maximum  
swelling of hyper-crosslinked polymers, along with  
the inclusion of catalytic groups in the network 
to ensure chemical deactivation of agents, will 
contribute to the deve lopment of a universal po- 
lymer material capable of absorbing and de-
stroying stocks of all known CWAs.

It is known that sorbent materials are usu-
ally used for the physical removal of chemical  
warfare agents from contaminated surfaces.  
They remove CWAs in liquid form by their phy- 
sical adsorption. After adsorption, the sorbent 
is removed by wiping until clean surfaces are  

Table 3. Rate constants of the first-order reactions of photolysis 
and photocatalysis of CWAs vapors

CWAs
Initial 

concentration
(mg L–1)

k × 102 (min–1)

Photolysis Photocatalysis

Sarin 1.7 2.32 5.97
Soman 0.94 4.09 7.25

Mustard 0.42 2.54 1.19
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obtained. One such work [67] presents data on 
the decontamination composition based on nano- 
materials containing TiO2, MgO, and ZnO nano- 
particles for use against chemical warfare agents.  
This decontamination composition was prepared 
by mixing 90 % of TiO2 nanoparticles with a size 
of 5 – 15 nm, 8 % of MgO nanoparticles with a size 
of 5 – 15 nm and 2 % of ZnO nanoparticles with 
a size of 20 – 30 nm. As the authors showed, the 
composition prepared proved its effectiveness in 
physically removing 98 – 99 % of contaminated 
glass, rubber, and metal surfaces [68]. It effec-
tively removed chemical warfare agents from the  
contaminated skin. Examples of the chemical de- 
composition of 97 % of mustard gas in 24 hours 
and 99.9 % of sarin in 2 hours are given in con-
trast to Fuller’s earth, which chemically decom-
poses only 63 % of mustard gas and 59 % of sarin 
in 24 hours.

■ Conclusions

The material presented in the review relates 
to the analysis of various methods of decontami-
nation of chemical warfare agents, ecotoxicants, 
and various pollutants that are widely used to 
clean surfaces and air. The main degradation pro- 
cesses of CWAs that have been described above 
include hydrolysis, oxidation, photolysis. The use  
of these reactions, both individually and in vari-
ous combinations, allows for creating unique for- 
mulations and technologies capable of a quick and  
efficient destruction of both chemical warfare  
agents and other ecotoxicants. An important me- 
thod of CWAs deactivation is the use of nucleo- 
philic/oxidizing systems, primarily α-nucleophi- 
les, which are highly efficient and can react as 
nucleophiles and oxidants. It has been shown 
that the use of systems based on hydrogen per-
oxide for deactivation of CWAs is effective both 
from the point of view of the reaction rate and 
environmental protection. Being convenient for 
practical use, oxidizing systems consisting of one 
reagent have also been developed, both against 
chemical warfare agents and various pollutants.

An equally important method of decontami-
nation of CWAs is the use of supernucleophilic 
systems based on functional detergents, which 
makes it possible to increase efficiency not only 
due to structural modification of the agent that 

breaks down ecotoxicants, but also by using al-
ternative methods of influencing the reaction 
rate, for example, by changing properties of the 
solvent in which it occurs.

In this sense, microorganized systems (micellar 
solutions, microemulsions, ionic liquids, concen-
trated aqueous solutions of quaternary ammoni-
um salts, etc.) are widely used to solve a number 
of applied and fundamental problems. The indis- 
putable advantage of micellar systems compared  
to other organized microheterogeneous media, is  
that a significant change in the properties of the 
medium is achieved by the introduction of rath-
er small amounts of micelle-forming substances, 
above the critical concentration of micelle for-
mation, which varies within 10–6 – 10–2 mol l–1. 
At the same time, the main component of such 
systems, in most cases, is water, which makes 
them extremely attractive for practical use from 
the point of view of “green” chemistry.

Works on the application of photocatalytic 
deactivation of CWAs using composites obtained 
on the basis of zirconium and terephthalic acid, 
which are made from plastic waste, seem very 
interesting (this is important, based on environ-
mental issues). It is worth paying attention to 
the research of photolytic and photocatalytic re-
actions of deactivation of sarin, soman, mustard 
gas and chlorocyanide in the air. Thus, vapors 
of these CWAs (except chlorocyanide) can be ef-
fectively removed by UV light from a germicidal 
lamp. Such a photocatalytic reaction leads to 
photoinduced polymerization directly under the 
action of UV irradiation, as well as the splitting 
of CWAs into small inorganic compounds on the 
surface of the TiO2 catalyst. Photocatalytic and 
sonophotocatalytic methods of processing reac-
tion mixtures in aqueous TiO2 suspensions have 
also been developed. The question of using poly-
mer sorbents for deactivating CWAs is reflected 
in many recent publications. They provide effec- 
tive adsorption of CWAs and the possibility of 
their deactivation in large volumes and in a short  
period of time.

Thus, ensuring high reaction rates and form-
ing decomposition products that are safe for na- 
ture and humans and their subsequent comple- 
te disposal should be the basis of methods and 
technologies for decontaminating chemical war-
fare agents.
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