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Ha npuxaadi odexonmaminauii napaoxcony (0,0-diemun-0-
4-nimpogpeningpocpamy) ma memuanapamiony (0,0-0umemun-
O-4-nimpogpeninmiopocpamy) 3 meepoux nosepxomnv (memany,
mKanunu, naacmuxy) 00caioxncerno memoou inousioyanviozo sne3a-
pasicenna ocopopeaniuiux ecmepie nepeoso-napanimuuioi oii.
Ak dezazauiiini cucmemu 6y10 usueno cymiwi zioponepumy, 6opHoi
KUC0mu, uemuanipuounii Xa0puoy ma MOHMMOPULOHIN060i HaHo-
enunu. Iloxazano, wo 3acmocyéants MiyeaspHoi cucmemu pazom
3 HaHOUHAMU CYMMEBO Nidsuwye cmyninb adcopouii gpocgopop-
eaniunux cyocmpamis i3 sapascenoi nosepxui. Ilpu ybomy npucym-
Hicmb Y cucmemax 3 eidponepumom axmusamopa (6opnoi kucaomu)
cnpusie 30inbuenHI0 WeUOKOCME peaKyii Y MiueaApHoOMY cepedosuuyi
Mmaiice y 20 pasie 6 nopisHanHi 3 cucmemamu 6e3 aKkmusauii.

Bcmanosneno, wo y 00CaioHceHux MiyenapHux cucmemax 3oe-
pieaemvca cynepuyxaeodiavnicmo HOO -aniony no eionowennio
00 enexkmpoinvhux cybcmpamie — napaokcowy ma memuana-
pamiony. 3podieHo 6UCHOB0K, WO NPUCYMHICMb MOHMMOPUILO-
Himy (Hampiii- ma opezanomooduixosanoeo) 30invuye eenununy
o-epexmy, SK Yy cucmemax miioKu ¢ 2i0ponepumom, max i 6 cucme-
Max 3 akmueamopom 60pHOI0 KUCTLOMOH).

Bcmanosneno egpexm npuckopenus noxioHumu MOHMMOPUNOHIMY
npouecy posxaadanna gocopopeaniviux cyocmpamis 6 miyensnp-
Homy cepedosuwy. Lleit paxm mosce dymu suxopucmanuii npu KoH-
CMPYI06aHHI <3€NIeHUX> 0CKOHMAMIHAUIUHUX CUCeM WEUOKO0i Oii.

Ananiz oanux wo0o weudxocmi dezaxmueauii napaokcony ma
Memuanapamiony Ha meepoux NO6ePXHAX 6 00CHI0HCEHUX Miyeasp-
HUX 0eKOHMAMIHAUIUHUX cucmemax 003607U8 00pamu K onmu-
MaivHy cucmemy Ha OCHOSI 2i0ponepumy, GOPHOT KUCTOMU, UemuJL-
nipuouHii X10pudy ma opzaromooudixosanozo MOHMMOPUIOHImMyY.

Hopisusano nepiodu naniepo3nady napaoxkcony ma memuanapa-
miony y 00CHIOHCEHUX MIUCTAPHUX CUCMEMAX 3 BIOOMUMU T 3ACMO-
cosanumu ¢ nioposoinax HATO oexonmaminayiitnumu cucmemamu.
3pooseno 6UCHOB0K, W0 WEUOKOCME OeKOHMAMIHAUIL 8 3aNPONOHO-
B8AHUX CUCMEMAX € BUWUMU, ADO HE NOCMYNAIOMbC WEUOKOCAM
6 idomux cucmemax. Ilpu yvomy 3anpononosani cucmemu Ha 0CHO-
61 meep0020 dvcepena nepoxcudy 600HI0 MAIOMb Nepesazu 3 MoOUKU
30pyY exo02iuHol Oe3neKu, MmexHoN02IMHOCHI, CIMadiibHOCI.

Hapamempu weuoxocmi dexonmaminauii i cmynenio posna-
0y napaoxcony ma memuanapamiony 003601510Mb PeKOMEHIY6a-
mu 00caiceni MiyeAAPHL cucmemu K nepcnexmuehi 0as iHouei-
dyanvioi dezaxmusauii pocopopzaniunux cnoyx.

Po3pobra weuokoditouux 0exonmaminauiinux peyuenmyp, m’aKux
3a xapaxmepom 0ii Ha OPeaHI3M JHOOUHU MA EKOI02IYHO De3NeHHUX,
€ HeOOXIOHUM Mma aKmyanvHUM 3A60AHHAM Y HUUL MEXHOTOLIMHUX
Ppluens 3i 3HEWKO0HCEHH MOKCUMHUX (pochopopeaniunux cydcmpa-
mis, maxKux aK neCMuyUou, KOMNOHeHMU XiMinHoi 30poi ma axmueni
papmayesemuuni inepedicumu

Kntouoei cnosa: dexonmaminauiiina cucmema, nepoxcuo 600Hio,
NePOKCUCOIb8Am KapHamioy, napaokCcon, Memuanapamion, nepokco-
oopam, desaxmusauis, pocopopeaniuii cnoayxu
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of the endocrine, central and peripheral nervous systems [1].

OPC also affect the reproductive function adversely, they

Especially dangerous substances of organophosphorus
nature (OPC) pose a real threat to human health and to
the environment. Many active ingredients of pesticides are
known or possible carcinogens. They have acute or chronic
toxic effects, they suppress immunity and cause disturbances

lead to intrauterine fetal malformations and increase the risk
for children [2].

The main areas of application of OPC are: pesticides
in agriculture (paraoxon (PO), methyl parathion (MP),
diazinon, chlorophos, glyphosate); components of chemical




weapons (sarin, soman, VX-gases); active pharmaceutical
ingredients (armine, nibuphine) [3-6].

In 1993, there was an international convention signed on
the prohibition of the development, production, stockpiling
and use of chemical weapons and on their destruction [7].
It planned the annihilation of existing reserves by 2007. In
addition, there were directives [3, 4] adopted, which regulate
a range of pesticides of organophosphorus nature, and the
procedure for their use, treatment, utilization, and safety
measures.

However, there are large stocks of prohibited pesticides
and warfare poisonous agents today [1]. This situation leads
to poisoning with OPC. Poisoning with OPC poisoning is
a cause of annual death of 200-300 thousand people in the
world due to contamination of soil and water and uninten-
tional use of pesticides [1, 8].

In addition, there were cases of the use of neuro-paralytic
agents and other OPC in the course of military operations
in Syria (2017), terrorist attacks in Matsumoto and Tokyo
Metro (1994, 1995) and Salisbury (2018) registered.

Thus, the problem of effective decontamination of toxic
compounds formed in terrorist acts and emergency situa-
tions in chemical and pharmaceutical industries appears in
addition to the problem of large-scale industrial utilization
of components of chemical weapons and forbidden pesticides.

2. Literature review and problem statement

One can divide the existing methods of decontamination
of OPC into three categories [1, 8, 9]:

1) physical decontamination involves passive methods
aimed at removal of a pollutant from any given surface (biotic
one or abiotic one). Physical methods consist in adsorption,
dissolution, evaporation or washing of an agent with preser-
vation of its chemical structure;

2) mechanical decontamination involves procedures for
isolation of poisonous substances by covering with soil or
other inert material. We use mechanical decontamination
for cases where other methods are not available;

3) chemical decontamination means neutralization of an
agent by chemical transformations, such as hydrolysis, alco-
holysis, oxidation, recovery, etc.;

4) enzymatic decontamination occurs with using of en-
zymes, which provide hydrolysis of OPC.

A combination of physical and chemical methods [1], that
is, simultaneous purification and neutralization, is better for
more effective and fast decontamination. Such an approach
should minimize consequences for human health and envi-
ronmental risks. Recent trends in research and development
of chemical protection from OPC relate to application of
nanotechnologies in the design of methods of decontam-
ination [1, 8]. Nano-sized materials, including nanoclay,
have a significant surface area for adsorption of poisonous
substances and catalytic activity in nucleophilic substitution
processes [9].

One should understand the term «individual decontami-
nation» as decontamination of contaminated parts of a body,
clothing materials and equipment immediately after conta-
mination [10, 11].

Usually individual decontamination of victims consists
in collection of liquid drops by adsorbents, washing with wa-
ter with detergent and chemical neutralization by available
means [1, 9]. The whole set of procedures takes some time,

which can have fatal consequences both for health and for
lives of victims.

Considering the extraordinary toxicity of OPC (Table 1),
one of the main indicators of decontamination formulation
should be a rate of chemical decomposition of a substrate. The
most popular technological approaches for destruction of OPC
are alkaline hydrolysis with the use of sodium hydroxide, chlo-
rine oxidation with sodium hypochlorite [13], and alcoholysis
by monoethanolamine or potassium butoxide [14, 15].

Table 1
Estimated toxicity* of common nerve agents [12]
Toxic LDs (through skin), | LCso, LCis0, IDLH,
substance | mg/kg of body weight | ppm | mg:min/m? | ppm
GA (tabun) 1 2 100-400 0.03
GB (sarin) 1.7 1.2 50-100 0.03
GD (soman) 0.35 0.9 25-70 0.008
GF 0.03 - - -
VX 0.01 0.3 5-50 0.002

Note: * — LDsy (through skin): the average lethal dose of toxic
substance required to kill half of members of the tested popu-
lation; LCsy (inhalation way): the average lethal concentration
of toxic substance required to kill half of members of the tested
population; LCtsy (inhalation way): a dose, which leads to severe
residual injury faster than to death; IDLH: the concentration of
toxin in the air, which is immediately dangerous to life and health

It is possible to use sodium hypochlorite for disinfection at
a concentration of 0.5 % for staff and 5 % for equipment [16].
Such low concentrations of the deactivator do not provide
arequired rate of decomposition of a poisonous substance, but
its increase is impossible due to a strong irritating effect on
eyes, skin and open wounds. Sodium hydroxide, in turn, splits
organophosphorus esters into the corresponding phosphonic
acids at moderate rates, but it causes significant chemical
burns of skin and eyes even to irreversible consequences. The
combination of hypochlorites and alkalis (93 % of calcium
hypochlorite and 7 % of sodium hydroxide) gives a mixture,
which is highly effective for disinfection of OPC [17]. People
use also sodium phenolate or sodium cresolat, chloramines
in alcoholic solution, potassium permanganate and other
chemical compounds for decontamination of OPC [15].
Table 2 shows the composition of commercial decontamina-
tion agents used in the world practice at the contamination
with organophosphorus poisonous agents.

Table 2
OPC decontamination systems
Commercial name Chemical composition
DS2[1] diethylenetriamine 70 %, 2-methoxyethanol 28 %,
sodium hydroxide 2 %

DF-200 [18] quaternary ammonium gompounds, 8 % hydro-
gen peroxide, glycerol diacetate
2,3-butanedione monoxime, Dekon 139, methyl

RSDL [19] ether of polyethylene glycol
M291 [17] sodium hypochlorite 0.5 %, soap water 1 %

IPP-95 [10] B chloramm‘e, zinc oxide, magnes}um s.t.earate, ze0-

lite, magnesium stearate, carbamide, silicone oil
1PP-8 [10] ethoxyethanol, 1_sopr0panol, dimethylformamide,
sulfolane metallic sodium




Literary sources [10, 17, 18] indicate that people usually
use a combination of physical and chemical methods of de-
contamination for decontamination of OPC. As a rule, the
first stage is absorption of a substrate by Fuller’s Earth or
other adsorbents (clays, napkins). Then, there goes treat-
ment of the collected material with decontamination systems
for neutralization of a poisonous substance [21, 22].

The general disadvantages of the above methods of chemi-
cal detoxification are: toxicity of materials used, multi-com-
ponent composition (some systems have two or three compo-
nents) and low reactivity of decontaminators. It is possible
to increase the rate of decomposition of OPC by the use
of a-nucleophiles [3, 4, 20]. The typical representative of
o-nucleophiles is peroxide HOO™ anion and its derivatives —
peroxo-anions.

Hydrogen peroxide (HO5) has high reactivity. And it
provides universality of action by nucleophilic and oxidative
mechanisms and satisfies the basic standards and require-
ments of «green» technologies, the so-called «Decon Green»
systems, as a decontaminating agent [3]. Researchers studied
solid sources of hydrogen peroxide — peroxysolvates, in detail
in relation to OPC [3, 23]. Their use opens up new avenues
for creation of effective decontamination systems of long-
term storage.

The study in the proposed direction is promising in the
complex of struggle against threats to increase a level of
terrorist acts with the use of organophosphorus agents. In
addition, there is a need to dispose of prohibited pesticides
of organophosphorus nature, to eliminate consequences of
technogenic accidents and to introduce effective methods of
cleaning of technological equipment of chemical and pharma-
ceutical enterprises.

3. The aim and objectives of the study

The aim of the study is to find the optimal «Decon
Green» system for fast and effective decomposition of para-
oxon (PO) and methyl parathion (MP) by physical and
chemical decontamination methods using carbamide peroxy-
solvate and montmorillonite nanoclays.

It is necessary to solve the following tasks to achieve the
objective:

— determination of the influence of boric acid and nano-
clays on the rate of decomposition of PO and MP using
micellar decontamination systems based on carbamide per-
oxysolvate;

— investigation of the effect of the micellar decontamina-
tion system on the decontamination of PO and MP on metal,
plastic and fabric surfaces.

4. Materials and methods for investigating the kinetics
of decomposition of methyl parathion

4. 1. Materials and equipment used in the study

We used cetylpyridinium chloride (CPCl) (Dishman
Pharmaceuticals and Chemicals, India), methyl parathion
and paraoxon (Sigma-Aldrich, Inc., Germany), KOH alkali
(Lachema, Czech Republic), NH;HCO3 ammonium hydro-
xycarbonate (JSC Bashkir Soda Company, RF), 1,4-dioxane
(Alfa Aesar, Germany), B(OH);3 boric acid (Shanghai Yixin
Chemical Co., Ltd., PRC) without preliminary purifica-
tion. We used montmorillonite modified by cations of thal-

lium bis-hydroxyethyl methylammonium, Garamite 7303
and Cloisite Na* unmodified bentonite clay (BYK Addi-
tives & Instruments, UK) as nanoclays. High-purity water of
13t grade was used for preparation of solutions.

Hydrogen peroxide («chemically pure») in the form
of 33% aqueous solution was pre-distilled in a vacuum
(5 mm mercury). Carbamide peroxysolvate (hydroperite,
CO(NH3),-H,0,, (UHP)) was obtained according to the
known methodology [24].

The following equipment was used for kinetic studies:
«pH-150 MTI» pH meter (LLC «Measuring equipment», Rus-
sian Federation); «<OPTIZEN POP» scanning UV spectro-
photometer (Mecasys, South Korea).

4. 2. Preparation of decontamination compositions

The decontamination composition was prepared by peeling
of the components (Table 3) in the required ratio on ML-1 ball
vibration mill at a temperature of 20—25 °C for 5 to 10 mi-
nutes to particle sizes of 50—80 microns.

Table 3
Composition of decontamination compositions
Components No. of composition tlalslalsle
Carbamide peroxysolvate (UHP) + |+ |+ |+ ]+ ]+
Boric acid [ VI I IR (VI
Garamite 7303 [ R R
Cloisite Na* N R R A R
Cetylpyridinium chloride + |+ |+ ]+
Potassium hydroxide R T T e

The finished mixture of the dose weight was stored
in sealed glass or plastic container hidden from the direct
sunlight. The mixture was poured into a glass or plastic con-
tainer before use, it was added with an appropriate amount
of water heated to 50 °C, mixed until complete dissolution of
the components and used to decontaminate toxic chemicals.

4. 3. Contamination of surfaces

A comparison of the effectiveness of decontamination was
performed for model substrates — PO (O, O-diethyl-O-4-
nitrophenyl phosphate) and MP (O, O-dimethyl-O-4-nitro-
phenyl triophosphate).

The steel plates, painted with HP-799 paint, were used, as
well as polystyrene plates and 3M Micropore™ surgical patch,
which were used as a simulation of skin surface, as test surfaces.

The surfaces were contaminated with drops of PO and
MP in the horizontal position of the plates. The substances
were used in the amount of 0.02 ml, which corresponded to
a concentration of 2.48 g/m? for PO and 2.72 g/m? for MP.

The samples were stored for no more than 30 minutes in
a dry box.

4. 4. Decontamination

The decontamination procedures were performed hori-
zontally on contaminated surfaces. 20 g of decontamination
composition solution was prepared in 150 ml of water. The
solution was placed in a contaminated sample to determine
the decomposition rate of OPC. The process was controlled
by the amount of 4-nitrophenolate anion in the reaction solu-
tion by UV spectroscopy at A=405 nm at certain intervals by



the method of sampling from the reaction mass. Teflon syringe
filters were used with a pore diameter of 0.45 um to collect
samples containing clays from the decontamination system.

4. 5. Methodology of kinetic measurements

All solutions of decontamination compositions (No. 1-6,
Table 3) were prepared based on high-purity water of 15 grade
immediately before each series of kinetic measurements.

Separate experiments showed that there was no the
by-product of HyO, decomposition under alkaline conditions
during 5 hours (time sufficient for kinetic measurements
within a single series). There was also no reaction of oxi-
dization of 4-nitrophenol released during the course of the
target reaction. The contribution of the reaction of alkaline
hydrolysis was not more than 5% of the total consumption
of the substrate.

The course of the reaction was controlled spectropho-
tometrically at A=405 nm and T=25 °C by changing of the
absorption of 4-nitrophenolate-ion in time under the concen-
tration conditions [HOO™]>>[S]. The initial concentration
of the substrate [S] was 5-10° M~!, and the degree of its
transformation exceeded 80 %. The kinetic results presented
below were the average of three kinetic measurements, their
average error did not exceed £10 %.

5. Results of the nucleophilic decomposition
of paraoxon and methyl parathion

3. 1. Substantiation of the choice of the decontamina-
tion system

To achieve the objective set in this study, the kinetics of
decomposition of PO and MP were studied by the nucleo-
philic mechanism in decontamination systems that met the
following conditions:

— commercial availability and high reactivity of used
reagents;

— universality of chemical action in relation to different
classes of poisonous substances (decomposition by nucleop-
hilic and oxidative mechanisms);

— absence of special conditions of use (temperature, pres-
sure, etc.);

— high degree of ecological safety of chemical compo-
nents of the system and of products of OPC decomposition;

— possibility of application for removal of a poisoning
substance from skin surface of injured people;

— chemical stability during storage and transportation.

The system was chosen that met the above require-
ments as much as possible as a decontamination system:
hydroperite/boric acid/cetylpyridinium chloride. We added
Garamite 7303 or Cloisite Na* nanoclays to the decontam-
ination system to enhance adsorption from contaminated
surfaces and solubility of organophosphorus substrates. The
choice of components of the system was not random. We
based it on the results of studies [3, 25-27].

Nucleophile is hydroperite (CO(NHj)y-H50,, UHP).
We know that hydrogen peroxide in the form of HyO,,
HOO -anion and peroxo-anions provides high reactivity and
universality in relation to the substrates of ecotoxicants of
the two main types — analogues of yperite and compounds of
pentavalent phosphorus [25]. However, the use of HyO4 con-
centrated aqueous solutions creates additional risks in stor-
age, transportation and operation at subzero temperatures in
practice. Therefore, it is advisable to use solid (anhydrous)

reagents such as hydroperite, which is a non-toxic, stable at
storage and commercially available crystalline material, as
alternative to H,O, sources.

The presence of alkali (KOH, NaOH) in the decon-
tamination composition is a prerequisite for generation of
CO(NH)2-Hy05/0OH ™ nucleophile — HOO -anion) in the
solution:

H,0,+HO &=—=H,0+HO0O0". (1)

HOO -anion is responsible for the rate constant of
decomposition of (k) substrates in the studied systems ac-
cording to equation:

i K,
[HOO™ ] =k, Kora,

k=Fk

1 HOO™

'[Hzoz]o ’ (2)

where [HOO ]y is the initial concentration of hydro pero-
xide-anion; &, (s7!) is the difference of (koo — k) con-
stants, which characterizes the contribution of decomposi-
tion of substrates by HOO -anion; k" (s ") and k., (s
are observed constants of the rate of alkaline hydrolysis
and perhydrolysis; &, ., (M"!s™") is a rate constant of
the second order of perhydrolysis; K, is a constant of acid-
base ionization of HyO».

The activator was boric acid (B(OH)s). It is possible
to accelerate the decomposition of poisonous substances
by the oxidation mechanism by activation of hydrogen
peroxide with carbonates, borates, and molybdates in or-
der to obtain more reactive peroxo-anions. The addition
of boric acid to UHP solution at pH of 6-14 contri-
butes to formation of the following peroxo-anions: mono-
peroxoborate — B(OH)3(OOH)~ (MPB) and diperoxobo-
rate B(OH)3(OOH) ™ (DPB), according to equations:

B(OH), + H,0e=—=B(OH), + H", (3)
B(OH), +H,0,==B(0OH),(00H) +H,0, (4)
B(OH),(OOH)  +H,0,=—=B(0H),(00H), +H,0.(5)

The equation for calculation of the contribution of nuc-
leophilic substitution with different anions takes the form:

1 o HO™ HOO™

b=k —(k o+ )=

= by | B(OH), (OOH) |+ &y, [ B(OM), (OOH), |, (6)

where k&, (s7!) is the observed rate constant in CO(NHy),x
xHy0y/B(OH)3 system; k,,, (M~!s7!) and k,,, (M~Is71)
are the second order rate constants for B(OH)‘,S (OOH) and
B(OH),(OOH), peroxo-anions, respectively.

It is known that the nucleophilic reactivity of generated
peroxoborate anions exceeds the nucleophilic reactivity
for HOO -anion in relation to MP: MPB by ~2 times, and
DPB by ~10 times [3]. The detergent was cetylpyridinium
chloride (CygH33C5H4NCI). The decontamination usually
goes in nano-sized polycomponent systems such as: micro-
emulsions, micelles of various nature and water-alcohol



mixtures in presence of detergents to increase the solubility
of substrates in aqueous reactive media [25]. We can use
cationic surfactants as detergents to ensure the effective
flow of nucleophilic processes in micellar solutions. Anionic
detergents slow down nucleophilic reactions in the studied
systems, and neutral ones do not affect the rate of chemical
transformations significantly.

Nanoclays were montmorillonite modified by cations of
tall bis-hydroxyethyl methylammonium (Garamite 7303)
and Cloisite Na* bentonite clay. Nanoclays have a significant
surface area (400—900 m?/g according to various estimates)
and they can act as sorbents for organic molecules due to
their nanostructure organization and layered construction.

The choice of paraoxon and methyl parathion as a model
substrate can be explained by the fact that they are pesticides of
organophosphorus nature and analogues of warfare agents (GB
and VX). Nevertheless, the reactivity of PO and MP is insuf-
ficient in nucleophilic processes with participation of peroxo-
anions and it requires detailization for construction of effective
and environmentally safe decontamination formulations.

5. 1. Micellar catalysis of perhydrolysis of paraoxon
and methyl parathion

The conversion of PO and MP in CO(NH,)»H,0,/OH~
system (No. 1, 3, 4, Table 3) went by the two following mecha-
nisms: perhydrolysis with participation of the generated
HOO™-anion and alkaline hydrolysis by HO -anion.

If there are both hydrogen peroxide and boric acid
CO(NHa),- H,05/B(OH);/OH~ (No. 2, 5, 6, Table 3) in the
solution, there are routes with participation of MPB and DPB
peroxoborates added to hydrolysis and perhydrolysis (5).

The contribution of the alkaline hydrolysis process, as
shown earlier [25] in similar nucleophilic systems, is negli-
gible, therefore, it was not taken into consideration when
examining kinetic results.

The data on kinetic studies of decomposition of PO
and MP in CO(NH)yH,0,/OH~ (No. 1) and CO(NH,),x
xHy0,/B(OH)3/OH~ (No. 2) systems at pH 10, variations
of [CPCI] concentration and [HOO ]=0.01 M constancy
showed a classical micellar effect which is maximal for sys-
tems containing B(OH)3 (Fig. 1).

0.003
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Fig. 1. Effect of the concentration of cetylpyridinium chloride
([CPCI]) on the decomposition rate of paraoxon (PO)
and methyl parathion (MP) in CO(NH;),-H,0,/0H™ (No. 1)
and CO(NH;),-H,0,/B(0H)3/0H™(No. 2) systems
at pH=10,[HOO™]=0.01 M, 25 °C

We performed the mathematical processing of the ob-
tained results (Fig. 1) in the framework of the kinetic
pseudo-phase model:

k

k = obs —
HOO [H202]0
kHOO’.zﬂ + (kHOO’.m /V)KSKHOO’ Dn

- (A+KD)(A+K ,,, D)(1+a,. /K2

(7

where Kyjoo- and Ky are the constants of the micellar bin-
ding of peroxo-anion and the substrate, respectively; kH 0o
k.- are the rate constants of the second order of perhydro-
lysis of substrates in water and in the micellar phase, respec-
tively; V is the molar volume of cetylpyridinium chloride;
D, is the [CPCI] concentration excluding the value of the
critical concentration of micelles formation (CCM).

The kinetic model (7) gave us possibility to perform
quantitative estimation of factors, which determined the
micellar effect, and to describe a value of the maximum ac-
celeration by the following equation:

(kobx] __Hoo . m KSKH()()’ ) 8)
kw max kHOO’.w V(\/ Ky +\/KHOO’ )l

The first right-side (F,) multiplier characterizes the
effect of changes in the micropropagation of reagents at
transition of the reaction from the volume phase into the
micellar phase, and the second (F,) multiplier is the effect of
concentration of reagents in micelles.

Processing of data in Fig. 1 in accordance with the
equation (7) made it possible to determine the kinetic pa-
rameters of the micellar catalysis of the decomposition of
PO and MP by individual HOO -anion (Table 4, No. 1)
and B(OH),(OOH) and B(OH),(OOH), peroxo-anions
(Table 4, No. 2).

It is necessary to note that one should consider the
parameters of No.2 system as values providing a qualita-
tive understanding of micellar catalysis, and they are not
its quantitative characteristics. Because the decomposition
of substrates in the system with B(OH)3 activator occurs
by complex mechanisms involving at least three anions —
HOO-, B(OH)B(OOH) and B(OH)Z(OOH);. Therefore,
the use of the pseudo-phase model (7), which takes into
consideration the nucleophilic substitution of only one
anion, is not correct. The obtained results made it pos-
sible to establish the expected decrease in the rate con-
stant of the second order of perhydrolysis in the micelle
(koo » M's™, No. 1, Table 4). For nucleophilic substitution
by HOO™-anion in water, these values were 0.54 M~'s™!
(for paraoxon) and 0.82 M~!s™! (for methyl parathion).
Nevertheless, the acceleration of the reaction for the in-
vestigated systems of the case made up 9-28 times and
occurred due to the effect of concentration of reagents in
the micelle (F,).

The obtained kinetic results testified to the promising
application of micellar solutions for deactivation of hydro-
phobic organophosphorus substrates. On the one hand, there
was an increase in the rate of decomposition of substrates
((kops/Rw)max, Table 4) under these conditions. On the other
hand, the values of the constants of the micellar binding
of PO and MP (K, Table 4) and F, parameter indicated
a high degree of solubility by CPCI micelles unambiguously.




Table 4 There are calculations of the a-effect

Results of quantitative analysis of the kinetic data of paraoxon of HOO -anion, which are estimated as
and methyl parathion perhydrolysis in No. 1 and No. 2 decontamination kHOO, /kHO, ratio, in Table 5. kHO, values
systems using equations (7), (8) are the rate constants of the second order
of alkaline hydrolysis, they were 0.15 M~'s~!
ko103 | Ks, | Kuoo, for PO and 0.09 M~!s~! for MP. We should
System No. M-ls1 l/n:ol 1?1?121 Ckobs/kdma | En | Fe estimate o-effect of HOO -anion correctly
in No. 1, No. 3, No. 4 decontamination sys-
Paraoxon tems, where there was no B(OH)s activator.
The value of o-effect was 27—78. This means
1 0.074 540 44 12 0.14 | 86 that HOO™-anion was 100 times more reac-
tive than OH™-anion. Although pK, of the
2 0.152 755 40 28 0.28 | 100 first of them was almost 4 units less than
pK, of the other.
H,0,~CTAB*~-OH~[28]| 0.071 400 37 9 0.14 | 65 One should consider the value of o-ef-
fect for No. 2, No. 5, No. 6 systems as the
Methyl parathion presence of supernucleophilicity (higher
nucleophilic reactivity than it can be pre-
1 0.081 820 54 9 0.09 | 94 dicted in accordance with its basicity) of
B(OH),(OOH) ™ and B(OH),(OOH), pe-
2 0.174 991 49 21 0.16 | 131 roxo-anions. There is the study on this issue
- - - in the decomposition reaction of MP in
Note: * — cetyltrimethyl ammonium bromide paper [3].
3. 2. The rate of deactivation of Table 5
paraoxon and methyl parathion Rates of deactivation of paraoxon and methyl parathion Aygo— (M~ 's™")
Table 5 shows values for the ima- in No. 1-No. 6 decontamination systems
ginary rate constants of the second
order of the reactions of nucleophilic Decontamination svs 00 00 ko el e
substitution of PO and MP (kpoo -, econtamination system metal | polystyrene f;;(l())(r)ic /2 HOO’/ HOY
M-Is71) in the investigated reaction
media (No. 1-No. 6, Table 3). They Paraoxon
were calculated based on the to- { 374 431 396 99 97

tal concentration of HOO -anion at
a fixed pH of the decontamination 2 16.0 18.3 17.2 21 114
system by equation (2). The initial

concentration of hydroperite was 3 8.01 745 o1 18 20
0.1 M, the ratio of the components 4 9.94 791 8.34 44 55
was [H50,]:[B(OH)3]:[ CPCl]:[nano-

clay]=1:1:0.05:0.1 (by weight) and the 5 217 231 22.5 16 150
amount of KOH alkaline was such that 6 194 206 93.0 17 140

the pH of the aqueous solution was
1040.2 in the decontamination system. Methyl parathion
The value kyoo- is a gross-value,

it does not take into consideration dis- 1 294 3.36 2.57 39 32
tribution by pseudo-phases (in the mi- 9 129 144 13.9 97 150
celle of a detergent or in the volume of

clay), as well as contributions of routes 3 6.01 5.93 5.21 63 64
with participation of peroxo-anions A - = a1 -6 - -8

formed according to equations (4), (5).
Such an approach seems more infor- 5 16.7 17.1 19.4 20 197
mative for us for comparison of the

rates of decomposition of substrates 6 16.1 186 205 20 204
in dynamic medig prone to phe}se and OPC of VX type
aggregation transitions with different
solubilization properties in relation to Decon Green [29]: 0.75 M NaHCOs, _ _ _ 450 _
hydrophobic substrates. 0.743 g UHP, 1.0 ml t-BuOH, 1 ml H,O

Table 5 shows the kinetic para- M291 [17] B _ _ 90 _

meters of the decomposition of OPC
of VX type by known deactivating DS2[1] - - - | 600%* -
agents for estimation of the reactivity
of the investigated decontamination

system (HyO5/B(OH)3/CPCl/nano-  Note: * — calculated for [UHP]=1 M; ** — transformation>99.9 %; *** — transfor-
clay) [1, 17, 29]. mation 97.8 %

DF-200 [18] - - — | 600> -




6. Discussion of results from kinetic studies

There is supernucleophilicity of HOO™-anion preserved
in relation to electrophilic substrates of PO and MP in the
investigated micellar systems. We can state that the presence
of montmorillonite (sodium- or organomodified) increases
the magnitude of a-effect, in systems with hydroperite only
(No. 1, 3, 4, Table 5) and in systems with B(OH)3 activator
(No. 2, 5, 6, Table 5). The volume of the kinetic experiment
does not make possible to answer the question on the rea-
son for the acceleration of the reaction in the presence of
montmorillonite. Among the main hypotheses, there may
be the assumption of the influence of clays by three main
mechanisms:

1) molecular interactions of the active centers of mont-
morillonite (centers of Bronsted-Lewis) with formation of
H-bonds with stabilization of transitional states of interme-
diates (are characteristic for Sy2 of a mechanism);

2) increase of polarizability of unsaturated bonds P=0O
(P=S) near the electrophilic center;

3) catalytic effect in nucleophilic substitution reactions.

The hypotheses require further study and development.

If one considers the systems with nanoclays as a combi-
nation of physical and chemical methods of decontamination
of OPC, the problem of selection of an optimal substrate
sorbent for decontamination procedures can be a separate
scientific research and it requires additional studies. It is
also necessary to obtain more detailed information on the
influence of nanoclay structure on the rate of the process of
substrate decomposition.

A significant result in favor of the micellar systems is
the fact that the rate of reaction in the presence of B(OH);3
(No. 2 system, Table 5) is almost 5 times higher than the
similar value for formulations where the activator is absent
(No. 1 system, Table 5) We should note that there is very
limited information on the nucleophilic activity of peroxo-
borates in the literary sources [30]. However, formation of
peroxoborates in the investigated pH range of 9—10, which
is described by equations (4) and (5), is an undeniable
fact. This approach is widely used by researchers to inter-
pret kinetic patterns and the mechanism of oxidation in
H30,/B(OH)3 system near electrophilic centers [27]. As
a rule, peroxoborates have high reactivity, which is three to
four orders of value higher than the oxidizing capacity of the
original hydrogen peroxide. That is why one can consider
UHP-B(OH)3 system as a promising basis for a universal
decontamination formulation for decomposition of sub-
strates-ecotoxicants of different chemical nature (GB, VX
and HD compounds).

In addition to the reactivity problem, the deconta-
mination system should have a high solubilization affinity
with the substrate under decontamination. Analysis of the
data from Table 5, which contains the kinetic parameters of
paraoxon and methyl parathion decomposition in No. 1, 2
decontamination systems at pH 10, indicates the dependence
of Kyoo— and Ky constants of micellar binding of Kyjoo—
and Ks on the content of borate-anions in the system. An
increase in Ky value, which can serve as a measure of the
solubility of substrates in the system, is predictable and
understandable in terms of knowledge of the influence of
electrolytic impurities on the micellar-catalytic processes.
The estimation of the micellar catalytic effects by the equa-
tion (8) shows that the main factor, which is responsible for
acceleration of the decomposition of PO and MP in CPCI

micelles, is the concentration of reagents in the micelle
(F,=86-131, Table 4).

The kinetic parameters of the micellar decomposition of
the substrates (Table 5) do not make it possible to explain
the effect of the acceleration of reactions observed with
the use of a hydroperite: (kops/kw)max=12 for UHP (No. 1
system, PO, Table 5), kops/ke)max=9 for HyO, solution [28].
The values of the binding constants (Kpoo-, Ks), as well as
k32 values (No.1, Table 4, PO), almost do not differ from
the analogous values for HyOy—CTAB—OH system [28],
(Table 2). There are known examples of the positive effects
of carbamide impurities on the rate of micellar-catalytic
processes in the presence of CTAB, as a consequence of
introduction of carbamide molecules into the micelle struc-
ture [28]. The authors of the study suggest to consider
a decrease in sizes of micelles, and, accordingly, an increase
in the surface area, where a chemical interaction occurs, as
the main cause of the micellar acceleration in the presence
of carbamide.

Thus, the performed kinetic studies give us possibility
to determine the benefits of decontamination of OPC in
UHP/B(OH)3/CPCl/nanoclay micellar system:

— additional (except for the expected micellar one) increase
in the rate of PO and MP decomposition due to the presence of
carbamide and nanoclay in the decontamination system;

— an increase in the solubility of substrates in the micellar
medium due to B(OH)3 in 1.5 times (according to Table 5);

— universal nature of the chosen decontamination system
in relation to VX, GB, GD agents decomposed mainly by the
nucleophilic mechanism, and in relation to HD agents of HD,
decomposition of which requires an oxidizing mechanism of
action.

Given the modern requirements for decontamination
systems, one should pay special attention to the ecological
characteristics of components of the system, the rate of che-
mical transformations, ease of use, shelf life and the absence
of special storage and use conditions.

Comparison of the half-decomposition period (ty,, s)
for PO and MP in No. 1-6 systems (Table 5) with known
and used in NATO subdivisions decontamination systems
(M291 [17], DS2[1], DF-200 [18] ) indicates that the de-
contamination rates in the investigated systems are higher,
or not less than the rates in known systems. In this case, the
proposed systems based on a solid hydrogen peroxide source
have advantages in terms of environmental safety, process-
ability, and stability.

Analysis of the data from Table 5 makes us choose the
No. 5 system — UHP/B(OH)3/CPCl/Garamite 7303 as the
optimum system. At first glance, components of No. 5 system
are not carcinogenic or mutagenic substances, they do not
affect reproduction functions, they do not possess cumula-
tive and other chronic influences. However, it is necessary
to carry out additional theoretical calculations in silico or
tests on the endo- and exotoxity of the selected decontami-
nation system as a means of individual decontamination
for the practical implementation of the results of the study.
Such study with the use of the developed method of complex
quantitative estimation of the effectiveness of decontami-
nation systems of organophosphorus compounds in terms
of the integrated effect of the products of decomposition
of toxic substances on the human body should be a logical
and promising direction for introduction of the investigated
micellar systems as an effective tool for the destruction of
organophosphorus toxic compounds [32].



7. Conclusions

1. The methods of individual decontamination of organo-
phosphorus esters of nervous-paralytic action were studies
using the example of decontamination of paraoxon and me-
thyl parathion from solid surfaces (metal, fabric, and plastic).
The mixtures of hydroperite, boric acid, cetylpyridinium
chloride and montmorillonite nanoclay as decontamination
system were examined. It has been shown that application
of the micellar system together with nanoclay increases the
degree of adsorption of organophosphorus substrates from
the contaminated surface significantly.

2. It was established that there is supernucleophilicity
of HOO -anion preserved in relation to the electrophi-
lic substrates — paraoxon and methyl parathion, in the
investigated micellar systems. It was concluded that the
presence of montmorillonite (sodium- and organomodified
one) increases the magnitude of a-effect, both in systems

with hydropyrite only, and in systems with an activator of
boric acid.

3. The effect of acceleration of the process of decomposi-
tion of organophosphorus substrates by derivatives of mont-
morillonite in the micellar medium was established.

4. Parameters of the decontamination rate and the degree
of decomposition of paraoxon and methyl parathion give us
possibility to recommend investigated micellar systems as
promising for individual deactivation of organophosphorus
compounds.

Acknowledgement

The publication reports results from a study performed
under the grant support of the Ministry of Education and
Science of Ukraine (No. State Register of Scientific Research
0116U004574).

References

1. Current and emerging strategies for organophosphate decontamination: special focus on hyperstable enzymes / Jacquet P,
Daudé D., Bzdrenga J., Masson P, Elias M., Chabriére E. // Environmental Science and Pollution Research. 2016. Vol. 23, Tssue 9.
P. 8200-8218. doi: https://doi.org/10.1007 /511356-016-6143-1

2. Balali-Mood M., Saber H. Recent advances in the treatment of organophosphorous poisonings // Iranian Journal of Medical

Sciences. 2012. Vol. 37, Issue 2. P. 74-91

3. Decontamination of methyl parathion in activated nucleophilic systems based on carbamide peroxisolvate / Vakhitova L.,

Bessarabov V., Taran N., Kuzmina G., Zagoriy G., Baula O., Popov A. // Eastern-European Journal of Enterprise Technologies. 2017.
Vol. 6, Issue 10 (90). P. 31-37. doi: https://doi.org/10.15587/1729-4061.2017.119495

4. Development of micellar system for the decontamination of organophosphorus compounds to clean technological equipment /

Bessarabov V., Vakhitova L., Kuzmina G., Zagoriy G., Baula O. // Eastern-European Journal of Enterprise Technologies. 2017.
Vol. 1, Issue 6 (85). P. 42—49. doi: https://doi.org/10.15587/1729-4061.2017.92034

5. Photo-induced phosphate released from organic phosphorus degradation in deionized and natural water / Liu G., Tang Q.
Zhou Y., Cao X., Zhao J., Zhu D. // Photochemical & Photobiological Sciences. 2017. Vol. 16, Issue 4. P. 467-475.

doi: https://doi.org/10.1039 /c6pp00313c

6. Insecticide Reproductive Toxicity Profile: Organophosphate, Carbamate and Pyrethroids / Martin-Reina J., Duarte J. A., Cerril-
los L., Bautista J. D., Soliman M. M. // Journal of Toxins. 2017. Vol. 4, Issue 1. doi: https://doi.org/10.13188,/2328-1723.1000019

7. Convention on the prohibition of the development, production, stockpiling and use of chemical weapons and on their destruction //
Organisation for the Prohibition of Chemical Weapons. 2005. 181 p.

8. Decontamination of Chemical Warfare Agents by Photocatalysis / Hirakawa T., Mera N., Sano T., Negishi N., Takeuchi K. //
YAKUGAKU ZASSHI. 2009. Vol. 129, Issue 1. P. 71-92. doi: https://doi.org/10.1248 /yakushi.129.71

9. TIron-montmorillonite clays as active sorbents for the decontamination of hazardous chemical warfare agents / Carniato E, Bisio C.,
Evangelisti C., Psaro R., Dal Santo V., Costenaro D. et. al. // Dalton Transactions. 2018. Vol. 47, Issue 9. P. 2939-2948. doi: https://

doi.org/10.1039,/¢7dt03859¢

10. Capoun T, Krykorkova J. Comparison of Selected Methods for Individual Decontamination of Chemical Warfare Agents // Toxics.
2014. Vol. 2, Issue 2. P. 307—-326. doi: https://doi.org/10.3390/toxics2020307
11. Cabal J. Primary Decontamination of Persons. Chemical Weapons and Protection Against Them. Manus, 2011. P. 162-170.

12.  Environmental Fate of Organophosphorus Compounds Related to Chemical Weapons / Davisson M. L., Love A. H., Vance A., Rey-
nolds J. G. Lawrence Livermore National Laboratory, 2005. 23 p. URL: https://e-reports-ext.lInl.gov/pdf/316349.pdf

13.  Affam A. C., Chaudhuri M., Kutty S. R. M. Fenton Treatment of Chlorpyrifos, Cypermethrin and Chlorothalonil Pesticides in Aque-
ous Solution // Journal of Environmental Science and Technology. 2012. Vol. 5, Issue 6. P. 407—418. doi: https://doi.org/10.3923/

jest.2012.407.418

14. Sahu C., Das A. K. Solvolysis of organophosphorus pesticide parathion with simple and o nucleophiles: a theoretical study // Jour-
nal of Chemical Sciences. 2017. Vol. 129, Issue 8. P. 1301—1317. doi: https://doi.org/10.1007 /s12039-017-1322-2

15. Decontamination of Chemical Warfare Agents / Singh B., Prasad G., Pandey K., Danikhel R., Vijayaraghavan R. // Defence Science
Journal. 2010. Vol. 60, Issue 4. P. 428—441. doi: https://doi.org/10.14429/dsj.60.487

16. Tuorinsky S. D., Caneva D. C,, Sidell E R. Triage of chemical casualties. Washington DC, 2008. P. 511-526.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Decontamination of organophosphorus compounds: towards new alternatives / Poirier L., Jacquet P, Elias M., Daudé D.,
Chabri¢re E. // Annales Pharmaceutiques Frangaises. 2017. Vol. 75, Issue 3. P. 209-226. doi: https://doi.org/10.1016/
j.pharma.2017.01.004

Tucker M. D., Corporation S. Reduced weight decontamination formulation for neutralization of chemical and biological warfare
agents: Pat. No. 8741174 B1 US. No. 10251569; declareted: 21.05.2008; published: 03.06.2014. URL: https://patentimages.storage.
googleapis.com/5a/a4/ac/ab79110865bcb2,/US8741174.pdf

Efficacy of scalp hair decontamination following exposure to vapours of sulphur mustard simulants 2-chloroethyl ethyl sulphide and
methyl salicylate / Spiandore M., Piram A., Lacoste A., Prevost P, Maloni P, Torre E et. al. // Chemico-Biological Interactions.
2017. Vol. 267. P. 74-79. doi: https://doi.org/10.1016/j.cbi.2016.07.018

Degradation of the Pesticide Fenitrothion as Mediated by Cationic Surfactants and a-Nucleophilic Reagents / Han X., Balakrish-
nan V. K., vanLoon G. W,, Buncel E. // Langmuir. 2006. Vol. 22, Issue 21. P. 9009-9017. doi: https://doi.org/10.1021/1a060641t
Penetration and decontamination of americium-241 ex vivo using fresh and frozen pig skin / Tazrart A., Bolzinger M. A., Moureau A.,
Molina T,, Coudert S., Angulo J. F. et. al. // Chemico-Biological Interactions. 2017. Vol. 267. P. 40—47. doi: https://doi.org/
10.1016/j.cbi.2016.05.027

Comparison of skin decontamination efficacy of commercial decontamination products following exposure to VX on human skin/
Thors L., Koch M., Wigenstam E., Koch B., Higglund L., Bucht A. // Chemico-Biological Interactions. 2017. Vol. 273. P. 82—89.
doi: https://doi.org/10.1016/j.cbi.2017.06.002

Vakhitova L. M., Bessarabov V. I. Dekontaminatsiyna kompozytsiya dlia utylizatsiyi fosfor- ta sirkoorhanichnykh toksychnykh re-
chovyn: Pat. No. 115165 UA. No. u201609131; declareted: 31.08.2016; published: 10.04.2017, Bul. No. 7. URL: http://uapatents.com/
12-115165-dekontaminacijjna-kompoziciya-dlya-utilizaci-fosfor-ta-sirkoorganichnikh-toksichnikh-rechovin.html

Vol'nov I. 1., Antonovskiy V. L. Peroksidnye proizvodnye i addukty karbonatov. Moscow: Nauka, 1985. 180 p.
Nukleofil'no-okislitel'nye sistemy na osnove peroksida vodoroda dlya razlozheniya substratov-ekotoksikantov / Vahitova L. N.
et. al. // Zhurnal organicheskoy himii. 2011. Vol. 47, Issue 7. P. 951-960.

Popov A. F. Design of green microorganized systems for decontamination of ecotoxicants // Pure and Applied Chemistry. 2008.
Vol. 80, Tssue 7. P. 1381-1397. doi: https://doi.org/10.1351/pac200880071381

Vakhitova L. N., Lakhtarenko N. V., Popov A. E Kinetics of the Oxidation of Methyl Phenyl Sulfide by Peroxoborate Anions //
Theoretical and Experimental Chemistry. 2015. Vol. 51, Issue 5. P. 297-302.

Micelloobrazovanie, solyubilizaciya i mikroemul’sii / Martinek K. et. al.; K. L. Mitell (Ed.). Moscow: Mir, 1980. 224 p.

Decon green / Wagner G. W, Bartram P. W,, Procell L. R., Henderson V. D., Yang Y.-C. Report U.S. Army ECBC, ATTN:
AMSSB-RRT-CA, 5183 Blackhawk Rd., APG, MD 21010-5424. 2002. 6 p. URL: http://www.dtic.mil /dtic/tr/fulltext/u2/
a436061.pdf

Reakcionnaya sposobnost’ sistemy HyO/B(OH)3/HO- v processah razlozheniya 4-nitrofenilovyh efirov dietilfosfonovoy i dietil-
fosfornoy kislot / Sadovskiy Yu. S., Solomoychenko T. N., Prokop’eva T. M., Piskunova Zh. P, Razumova N. G., Panchenko B. V.,
Popov A. F. // Teoreticheskaya i eksperimental'naya himiya. 2012. Vol. 48, Tssue 3. P. 152—158.

Peroksisol'vaty karbamida i karbonata natriya v reakciyah nukleofil’'nogo rasshchepleniya paraoksona / Vahitova L. N. et. al. //
Teoreticheskaya i eksperimental’naya himiya. 2011. Vol. 47, Issue 1. P. 217-223.

Development of method of estimation efficiency of decontamination of phosphororganic compounds / Bessarabov V. L., Vakhi-
tova L. M., Kuzmina H. L., Baula O. P, Lisovyi V. M., Zderko N. P. // Bulletin of the Kyiv National University of Technologies
and Design. Technical Science Series. 2018. Issue 5. P. 114—122. doi: https://doi.org/10.30857/1813-6796.2018.5.13



