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Abstract

Objectives. 2-Chloroethyl phenylsulfide (2-CEPS) is a relevant simulant of chemical warfare sulfur mustard gas (yperit) as part of an
environmentally-friendly decontamination processes. This study presents the initial results of research the catalytic ability of tungstate
in the conversion process of 2-CEPS.

Methods. The decontamination system employed in this study comprised hydrogen peroxide (H,0,), potassium tungstate acting as
a metal transition salt catalyst, a surfactant, and organic solvents. The research investigated the impact of K, WO, concentration on the
conversion efficiency and rate of the target compound. As well as additionally exploring the influence of the substrate-to-catalyst ratio
on the reaction pathway, the study evaluated the stability of the detoxifying mixture.

Results. Increasing the concentration of K,WO, is shown to lead to an increase in the efficiency and conversion rate of 2-CEPS. As well
as demonstrating stability and durability, the catalyst did not cause unwanted H,O, breakdown. After 18 h of mixing, the conversion
retained efficiency above 95% within 15 min of the reaction. The degradation kinetics follow a pseudo-first-order model, indicating
that the reaction rate is directly influenced by the K, WO, concentration. In addition to enhancing the oxidative capacity of the solution,
increased tungstate concentration promotes the formation of undesirable sulfone byproducts.

Conclusions. The study investigated the catalytic activity of tungstate within an eco-friendly solution formulated to degrade 2-CEPS.
Our findings demonstrate a strong correlation between the concentration of potassium tungstate (K,WO,) and the rate of 2-CEPS
degradation. A key advantage of tungstate is its exceptional stability and durability as a catalyst. Efficient decontamination is ensured
thanks to its minimal interference with the stability of hydrogen peroxide (H,0,).
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AHHOTaUuS

Mean. IlpencraBieHbl HEpBbIC Pe3yJbTaThl H3YyYCHHs KaTaIMTHYECKOH CIIOCOOHOCTH BONb(pamMara B IPOLECCE HPEBPAILCHHS
2-xnopatundenmicyabduaa (2-CEPS) — ananora unpura, CEpHHCTOTO HIIPUTAa — B PaMKaxX SKOJOTMYECKH O€30MacHBIX METOIOB
JIe3aKTHBALIH.

Mertozpl. CucteMa ie3aKkTHBALMK BKIIFOYana nepokeus sonopona (H,0,), Bonbgpamar kaius (KaTaau3aTrop Ha OCHOBE COIIM NEPEXO0THO-
O METajiya), HOBEPXHOCTHO-aKTHBHOE BEIIECTBO U OPraHMYeCKUe pacTBopuTeny. Mccnenosanock Biusnue konnenTpamun K, WO, na
3] (HEeKTHBHOCTb U CKOPOCTD TIPEBPALICHHUS LIEIEBOTO COSMHEHHU . JIOMOIHUTEIBHO H3y4alIoCh COOTHOLICHHE CyOCTpaTa U KaTallu3aTo-
pa, a TaKKe CTabMIBHOCTD ICTOKCULIMPYIOLIEH cMecH.

Pesyabrarel. Ilokazano, uto yesenudenue koHueHrpaumun K,WO, npusomut k pocTy 3(Q(EKTHBHOCTH M CKOPOCTH MPEBPAILCHHUSA
2-CEPS. Karanu3atop mpoeMOHCTPHPOBA CTAOWIBHOCTD M JI0JITOBEYHOCTD, HE BBI3BIBAs HEskeNaTeabHOro pasnoxenus H,0,. [locne
18 4 nepeMenrBaHus CTENEeHb KOHBEPCUU COXpaHsuiach Beile 95% B TeueHue 15 MuH peakunu. KuHetuka aerpagaiud COOTBETCTBYET
MOJIETIU TICEBIONEPBOTO MOPSI/IKA, YTO YKA3BIBAET HA MPSIMYIO 3aBUCUMOCTh CKOPOCTH peakiuu 0T konuenrpauuu K,WO,, onuaxo nosbi-
[ICHUE KOHIICHTPAIIUK BOJIb(paMaTa CrocoOCTBYET 00pa30BaHUIO HEKENATEIBHBIX CYTb()OHOBBIX TTOOOUHBIX POAYKTOB.

BruiBonbl. MccnienoBana karaauTHUECKasi aKTHBHOCTH BOJIb(hpamaTa B IKOJIIOTHUECKH OE30IIaCHOM PacTBOpE, pa3paboTaHHOM JUIs JIerpa-
nauuu 2-CEPS. Yeranoiena uetkas 3aBUCHMOCTb Mexy KoHuenTpanuei K, WO, u ckopoctsio pasnoxkenus 2-CEPS. Kirouesoe npe-
HMMYIIECTBO BOJIb(hpamaTa — €ro MCKIFOYHTENIbHAS CTAOMIBHOCTD U JIOJTOBEYHOCTh B KAYECTBE KaTaln3aTopa, a Tak’Ke MUHUMAIIbHOE

KnioueBbie cnoBa

Jutst 00e33apaXKMBaHus, BOJIb(paMar, KaTain3

Anga uMTMpOoBaHUNA

2-x710pATUIEHUICYIb(U L, UIIPUT, XUMHIECKOE OPYKHE, IKOJIOTUYHBIH PacTBOP

BIUsSHUE HA cTabWIBHOCTD H,0,, uTo obecreunBaeT 53QHEKTHBHYIO IC3aKTHBAIHIO.
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INTRODUCTION

Although chemical decontamination processes based
on chlorine-containing substances such as hypochlorite
and chloramine are effective and cost-efficient, there
are still negative impacts on human health and the
environment [1]. The potential use of such compounds is
additionally limited due to their high corrosiveness, which
can damage equipment, weapons, and storage facilities.
Green chemistry, also known as clean chemistry or
sustainable chemistry, attracts significant attention from
scientists, economists, and politicians. Green chemistry
focuses on designing and producing environmentally

friendly products while minimizing the use and creation
of hazardous substances [2]. The environmental
friendliness of chemicals can be categorized into edible,
contactable, and approved for use in agriculture and
industry [3]. H,O, is an ideal oxidizing agent, capable of
oxidizing with an atomic efficiency of 47%, producing
water as the only available theoretical product, and safe for
storage, transportation, and use. H,0O, has high oxidizing
properties, especially when combined with a suitable
catalytic activator. Generally, there are four groups of
commonly used catalytic activators: organic activators,
metal ion activators, metal complexes (biomimetic), and
metal salt activators. Metal salt activators are especially
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interesting due to their diversity and strong catalytic
abilities [4]. In 2003, Ryoji Noyori used tungstate as
a catalyst for strengthening the oxidation reaction with
H,0,. Tungstate is physiologically harmless and does
not cause the decomposition of H,O, [5]. In 2010,
George W. Wagner demonstrated the use of molybdate
metal salt activator as a catalyst to create the peroxy
anion (OOH) for accelerating the oxidizing ability of
H,O, [6]. Environmentally-friendly organic solvent
components Triton X-100 (TX-100), solvent propylene
carbonate (PC), and propylene glycol (PG), were used
in respective volume ratios of 10%, 10%, and 20% [7].

In the present study, we used 30% H,O, as an oxidizing
agent to detoxify 2-CEPS along with potassium tungstate
as the catalyst/activator and organic solvents containing
TX-100, PC, and PG in respective volume ratios of
10%, 10%, and 20%. Several factors affecting efficiency,
speed, and conversion direction were investigated. The
catalyst/substrate ratio was shown to greatly influence
the conversion process and product formation trends;
the tungstate catalyst in the decontamination mixture
demonstrated high stability, durability, and minimal
unwanted decomposition of H,O,.

MATERIALS AND METHODS

Chemical and equipment
Chemical

2-CEPS (98%) by Sigma-Aldrich (USA); H,0, (30%),
TX-100 (99%) by Merck (Germany); PC (99%),
PG (99%), K,WO, (99%), Na,CO; (99%),
Na,SO; (99%) by Macklin (China); chloroform,
methanol with suitable purity for high-performance
liquid chromatography (HPLC) by Fisher Scientific
(United Kingdom); distilled water.

Equipment

HPLC HP-1100 chromatograph (Agilent Technologies,
USA), chromatographic column C8 (250 mm x 4.6 mm x
x5 um), UV-VIS diode array (DAD) detector with scan
range of 0—1100 nm; Agilent 5975 gas chromatography-
mass spectrometer (GC-MS Agilent Technologies,
USA), DB-5MS column (30 m x 0.32 mm % 0.25 mm);
Pioneer™ precision balances Ohaus, USA) with 0.0001g
sensitivity; MS2 minishaker (USA).

Methods
2-CEPS degradation and analytical methods

The 2-CEPS concentration during the reaction was
determined according to the HPLC method. Elution was
isocratic with a flow rate of 1.0 mL/min using a mixture
of methanol and diluted water (70/30, v/v). At an injection

volume of 10 pL, the detection wavelength was 252 nm,
and the retention time was 7.188 min.

The intermediates produced during the degradation of
2-CEPS were analyzed using GC-MS chromatography.
Helium with a purity above 99.999% was applied as the
carrier gas at a constant flow rate of 1.0 mL/min and
pressure of 60 psi. The injection was implemented in
splitless mode over 1.0 min, and the injection volume
was 1.0 pL. The shunt flow was set at 50.0 mL/min. The
carrier gas saving time and flow rate were 2.0 min and
20.0 mL/min, respectively. The inlet temperature was
held at 280°C. The optimized initial temperature of the
oven was set at 40°C for 1 min, then increased at a rate
of 10°C per minute to 280°C for 5 min. The substances
were identified by comparing the mass spectra of the
analytes with the NIST mass spectral library (National
Institute of Standards and Technology, USA) and using
fragment-matching methods [7].

Experimental setup

The reactions were carried out in 10-mL capped test
tubes at room temperature (25°C). After taking organic
solvents of 100 pL of TX-100, 100 pL of PC, and 200 puL
of PG [3, 5], decontamination solutions were added to
the test tube to make up a total volume of 1 mL. Then
20-uL 2-CEPS was added to the test tube (at a volume
ratio between decontamination and reactant of 50 : 1)
and the tube was agitated. At 1, 5, 10, 15, and 30-min
time points, 59 pL of the sample was added to a test
tube containing 1 mL of a reaction quenching mixture
containing 0.2 M Na,SO; and 0.2 M Na,CO, and agitated.
Chloroform of 2 mL was then added to the mixture and
agitated for 2 min [8]. The extracted solution was filtered
through a 0.22 pum filter and analyzed using HPLC to
record the concentration of 2-CEPS. Intermediates were
analyzed by GC-MS. After repeating each experiment
3 times, the average value was taken.

The removal efficiency (n, %) was calculated using
the following formula:

GG
n=———x100%,
CO

where C, and C, (ppm) are the concentrations of 2-CEPS
in before and after treatment, respectively.

RESULTS AND DISCUSSION

Analyzing the effect of K,WO,
concentration on reaction time
and conversion efficiency

Since decontaminants used in military contexts
require rapid toxicity conversion, the reaction rate and
conversion efficiency are the most important factors.
To analyze the effect of K,WO, concentration on the
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degradation process of 2-CEPS, the concentration of
H,0, was fixed at 4.32 M, while K,WO, concentrations
were varied between 0 M, 0.0005 A, 0.00075 M,
0.001 M, and 0.0025 M. The results are shown in
Figs. 1 and 2 and Table 1.

100
90
80
70
60
50
40
30
20
10 /
0
0 5 10 15 20 25 30
Reaction rate 7, min

Removal efficiency, %

—— W 0.000 M W 0.00075 M

W 0.001 M

—= W 0.0005 M
—— W 0.0025 M

Fig. 1. Effect of K,WO, concentration on removal efficiency
of 2-CEPS

As shown in Fig. 1, at a fixed concentration of
H,0,, the removal rate of 2-CEPS depends on the
concentration of K,WO,. In the case without K,WO,,
the conversion reaction of 2-CEPS proceeds slowly,
recording an efficiency of 22.47% after 30 min. In
the cases with K,WO,, the conversion rate increases
significantly, reaching a maximum of 98.92% after
30 min at a concentration of 0.0025 M.

According to the analyzed K,WO, concentration
condition (Fig. 2), In(C/C,) decreases linearly over
time (¢), implying that the conversion reaction of 2-CEPS

Ln(C/Cy)

Table 1. Relationship between K, WO, concentration (Cy,) and
the rate constant of removing 2-CEPS reaction (K)

CWO4 K K/CWO4
0.00050 0.0281 56.2
0.00075 0.0400 533
0.00100 0.0620 62.0
0.00250 0.1429 57.2

is based on the pseudo-first-order kinetic reaction. At
the same time, Table 1 shows that the ratio K/Cy;q, is
relatively constant, around 53.3 to 62.0, implying that
the reaction rate constant is first-order with respect to the
concentration of K,WO,. This can be explained in terms
of the case with K,WO,, where the oxidation sulfide
compound process by H,O, based on the metal W has
two stages:

Stage 1. During the aqueous phase, the catalyst
precursor K,WO, is rapidly oxidized by H,0,, forming
a bis-peroxo wolfram complex [5, 9].

K,WO, + 2H,0, — K,[WO(O,),(OH),] + H,0.

In this stage, the molar ratio of K,WO,/H,0, was
analyzed from 1/8640 to 1/1728. Therefore, the rate
of forming complex depends on the concentration of
K,WO,, and it can be assumed that the total K,WO, has
been converted to the peroxo complex.

Stage 2. The peroxo complex approaches and oxidizes
the sulfide. When adding 2-CEPS, because of the volume
is equal to 1/50 of the decontaminant, it quickly dissolves
into the solution, supporting the peroxo to contact and
react easily.

y=-0.0125x - 0.0063
R>=0.9968
y=-0.0281x-0.0154
R>=0.9947

y=-0.04x - 0.0215
R*=10.9928
y=-0.062x — 0.0539
R>=0.99

% y=-0.1429x — 0.0344

-2.25
R?*=10.9953
-2.50
0 2 4 6 8 10 12 14 16
Reaction rate ¢, min
* W 0.000 M = W 0.0005 M W 0.00075 M W 0.001 M x W 0.0025 M

Fig. 2. Kinetic chart of In(C/C) vs ¢
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H,0 H,0, H,0 H,0,

[WO(0),(OH),*~ WO3™ [WO(O,),(OH), > WOZ
/—\\H //\
ar ™S NS ?

Sulfur Sulfoxide Sulfone

‘ Fig. 3. 2-CEPS conversion process

In Stage 2, the molar ratio of peroxo/2-CEPS is
from 1/267 to 1/54. Initially, the reaction rate records
almost unchanged at this ratio due to its dependence
on the peroxo concentration. However, when the
concentration of 2-CEPS starts to decrease, the reaction
rate becomes dependent on both the concentrations of
peroxo and also 2-CEPS.

In addition to the effect of kinetic factors, some
dynamic factors may also affect the conversion
process, such as the velocity of movement of molecules
in the solution, spatial effects, and the reaction ability
between the peroxo complex and 2-CEPS in the
solution.

Thus, the detoxification of 2-CEPS in solution
highly depends on the concentration of K,WO,. At low
enough concentrations, the reaction equation follows
pseudo-first-order kinetics, and the rate constant is
first-order depending on the concentration of K,WO,.

1001 cH, 135
§
579
104
50 A 91
. 109
S s 97 123 152
59 |69 | |
74| 82 ‘
N Ll i

(Text File) Average of 14.486 to 14.497 min.: M1.1.5.D\data.ms

(a) Mass spectrum of ethenylsulfinyl benzene with a peak at 14.491 min

100 - 77
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0 LL57 ,|697,‘,“s4 ‘9,4, 105 120 136] | 184
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(Text File) Average of 16.946 to 16.961 min.: M1.1.5.D\data.ms

(c) Mass spectrum of methyl phenyl sulfone with a peak at 16.956 min

‘ Fig. 3. 2-CEPS conversion process

50 60 70 80 90 100 110 120 130 140 150 160 170 180

Analyzing the effect
of the catalyst/substrate ratio
on the detoxification process trend

The aim of the oxidation decontamination yperite process
is to convert it into compounds with lower toxicity,
especially sulfoxide, which has lower toxicity and does
not cause blistering. At the same time, this process must
avoid producing sulfone, a reaction intermediate that
has high toxicity and can be formed over the oxidation
process [10]. To determine the effect of the catalyst/
substrate ratio leads to the trend of producing conversion
product 2-CEPS, we performed the experiments as
described in the Methods section with [H,0,] = 4.32 M
and [K,WO,] concentrations of 0.0025 M, 0.01 M, and
0.09 M. The conversion products 2-CEPS were identified
using the GC-MS spectral library after 15 min. The
results from the GC-MS identified 6 product peaks at
retention times of 14.491, 15.591, 16.956, 18.321, 18.539,
and 18.736 min. Based on the mass spectra identified
in Fig. 4, the substances have ion fragments with
corresponding unique m/z, peak 1: ethenylsulfinyl benzene
(77,104, 125, 152); peak 2: ethenylsulfonyl benzene (77,
104, 125, 168); peak 3: methyl phenyl sulfone (65, 77,
78, 141, 156); peak 4: methylsulfinyl benzene (77, 109,
125, 172); peak 5: 2-chloroethyl sulfonyl benzene (63,
77,125, 141, 204); peak 6: 2-phenylsulfonyl ethanol (77,
109, 125, 141), where peaks 1 and 4 are the sulfoxide
family, while peaks 2, 3, 5, and 6 are the sulfone family.

125

100 4 e

N

0=S=0

77
50
51 168
65
9397 141

o L 39 [607381 1, 104199 120] 135" .

50 60 70 80 90 100 110 120 130 140 150 160 170 180
(Text File) Average of 15.586 to 15.597 min.: M1.1.5.D\data.ms

(b) Mass spectrum of ethenylsulfonyl benzene with a peak at 15.591 min
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100+ 0 CH,
XN
S
50 4 @ 188
C R
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109 172
74lle; 91 |
0 !%35$|I6.|9.. S L S aste0

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
(Text File) Average of 18.310 to 18.336 min.: M1.1.5.D\data.ms

(d) Mass spectrum of methylsulfinyl benzene with a peak at 18.321 min
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(e) Mass spectrum of 2-chloroethyl sulfonyl benzene with a peak
at 18.539 min

‘ Fig. 3. (Continued). 2-CEPS conversion process

As well as showing the retention time, the
GC-MS in Fig. 5 visually illustrates the effect of the
catalyst/substrate ratio on the formation of products.
Specific data on peak height and the relative percentage
of sulfoxide and sulfone family products are presented
in Table 2.

50 60 70 80 90 100 110120 130 140 150 160 170 180 190200 210 220
(Text File) Average of 18.731 to 18.741 min.: M1.1.5.D\data.ms

(f) Mass spectrum of 2-phenylsulfonyl ethanol with a peak at 18.736 min

According to the results given in Fig. 5 and
Table 2 when the concentration of K,WO, increases,
the sulfoxide family products decrease from 77.59%
to 6.35%, while the sulfone product family increases
from 22.41% to 93.65%. This can be explained in
terms of the formed bisperoxotungstate compound (A)

Abundancei440000

1420000
1400000
1380000
1360000
1340000
£320000
£300000
1280000
1260000
i240000
i220000
£200000
180000
£160000
£140000
£120000
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i80000
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140000
£20000
{0

H,C

G
(e.0

T A T

(1) 0.0025M-TIC: M1.1.15.D\data.ms
(2) 0.0100M-TIC: M1.2.15.D\data.ms
(3) 0.0900M-TIC: M1.4.15.D\data.ms

N

O=

S=0

0 g-CH,

J

2

T\

Time —

Fig. 5. GC-MS of mixture products after 15 min converting 2-CEPS

Table 2. Peak height and relative percentage of sulfoxide and sulfone products

1420 14.40 14.60 14.80 15.00 15.20 15.40 15.60 15.80 16.00 16.20 16.40 16.60 16.80 17.00 17.20 17.40 17.60 17.80 18.00 18.20 18.40 18.60 18.80 19.00

Peak height, /

K2W.04 % Sulfoxide | % Sulfone
concentration (Cy,)
hPeak 1 hPeak 2 hPeak 3 hPeak 4 hPeak 5 hPeak 6
0.0025 10* 45-103 5-104 44-104 10% 25-103 77.59 22.41
0.0100 6103 95103 15-10* 36:10* 10* 25103 56.66 43.34
0.0900 0 13-10% 168103 23-103 3-10° 38:10° 6.35 93.65
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being in equilibrium with states B and C (Fig. 6). 100 2
When the concentration of K,WO, increases, so does 90
the amount of peroxo complex A; this causes the x 80
equilibrium in the forward direction to tend to form more g 70
B and C complexes. Among them, the peroxo complex é 60
and complex C have higher oxidation activity, leading to B jg /
. . . <
the excessive oxidation of sulfides to sulfones. é 30
& 20
- H
0 O ok HO O o | K 0 0 10
H \||/Q H NP w HON Y 0
0—W-0 ‘T‘) 0\—/\;\/—0 HH{’ O\—/\?’—O 0 5 10 15 20 25 30
(0] (‘)H - 0 Oy - o Oy Reaction rate 7, min
H H
Mo 0 h Mo6h —=Mol2h
A s c - =
3¢ WO0h Wi8h -@ W22h

Fig. 6. Equilibrium in reaction between peroxo
complexes A, B, and C

Bis(2-chloroethyl) sulfide has the potential to damage
skin tissue because it has a sulfur atom (S) with a high
electron density that can promote the chloroethyl group
to form a primary intramolecular ring, releasing chloride
and forming a positively charged ethylsulfonium ring.
This intermediate product reacts rapidly with nucleophilic
groups of DNA, such as the 2-deoxyguanosine base, to
cause skin burns. Similar substances with a chloroethyl
group, such as CEPS, 2-Chloroethyl ethyl sulfide, etc.,
also cause blistering, but to a much lesser extent [11, 12].
Although strong oxidizing decontaminants like the
oxidation system based on the K,WO, catalyst will
oxidize the sulfide to sulfoxide, which no longer has the
ability to cause skin burns, further oxidation to highly
toxic sulfone must be avoided. However, sulfone only
causes skin burns upon injection. Thus, increasing the
catalyst ratio increases the oxidation capability of the
decontamination, but also leads to the trend of producing
unwanted sulfone products [13—-15].

Analyzing the durability of catalyst
in green decontamination

Since decontaminant mixtures used with military-grade
toxic agents typically need to be prepared hours before
use, stability after mixing can be an even more important
factor than the speed and effectiveness of the conversion.

We set out to research the stability of the
decontamination system using [H,0,] = 3.09 M and
[K,WO,] = 0.005 M, as well as to compare with the
decontaminant based on the Molybdate catalyst system,
using [H,0,] = 4.32 M and [K,M00,] = 0.02 M, which
was published by Wagner [3, 4, 6] and by the present
authors in a previous study [7].

According to Fig. 7, the oxidation system based
on the K,MoO, catalyst shows very high efficiency
when immediately used after mixing, recording over

Fig. 7. Effect of mixing time on 2-CEPS conversion efficiency

99% conversion efficiency when used after 15 min. Six
hours after mixing, the conversion efficiency at 15 min
of reaction remains around 95%; however, after 12 h of
mixing, it drops to about 42%. In contrast, the oxidation
system based on the K,WO, catalyst shows excellent
stability: 18 h after mixing at 15 min of reaction, the
recorded conversion efficiency was still over 95%. After
22 h of mixing, the conversion efficiency significantly
decreases: in this case, the reaction rate is slower than the
oxidation system based on the K,MoO, catalyst because
K,WO, is chemically stable and unconvertible in the
decontamination environment. The tungstate complex is
especially suitable for use as a pre-catalyst because it does
not cause the inefficient decomposition of H,0, [16].

CONCLUSIONS

The catalytic ability of tungstate in the green chemical
decontamination solution for converting 2-CEPS has
been investigated. The results of the study show that
the conversion process of 2-CEPS in the solution is
highly dependent on the concentration of K,WO,. The
degradation is based on a pseudo-first-order kinetic law;
the reaction rate constant is first-order depending on the
concentration of K,WO,. Increasing the concentration
of the tungstate catalyst implies raising the oxidative
capacity of the decontaminant, but also leads to a trend
of producing unwanted sulfone products. Additionally,
tungstate is an effective, highly durable catalyst, which
even more importantly does not cause inefficient
decomposition of H,0O,.
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