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Abstract

This article presents the research findings on the evaluation of the ability to transform
yperite (HD - a blister agent) of green decontamination based on tungsten. Several key
factors influencing the decontaminating potential are thoroughly investigated, including the
decontaminant-to-contaminant  ratio, reaction temperature, and solution stability.
Additionally, the decontamination efficiency on various materials such as paint, alumium,
and L1 rubber fabric is also assessed. The results show that at a reaction volume ratio of
1:10, temperature ranging from 10°C to 50°C, and solution stability maintained for
18 hours, the decontamination efficiency on the aluminum surfaces exhibits the highest rate
of 99.5%, followed by L1 fabric with 96.2% and paint with 77.8%; the density of
decontaminant is recommended to apply 0.2-0.3 L/m? Moreover, the transformation
mechanism of HD by the green decontamination agent is also proposed.

Keywords: Yperite; green decontamination; tungsten.

1. Introduction

Decontaminants represent substances or mixtures capable of converting
contaminants into non-contaminant or less contaminating compounds. Previously,
chlorine-based decontaminants such as hypochlorite, chloramine, and chloromelamine
were widely utilized in the military context because of their high decontamination
potential, low cost, and industrial availability. However, when exposed to organic
agents containing aromatic rings, chlorine can form toxic dioxins, thereby posing long-
lasting threats to both human beings and the environment [1]. Furthermore, the
application of these compounds is also restricted because of their high corrosiveness,
causing damage to equipments, weapons, and storage facilities. In recent decades, green
chemistry (also known as clean chemistry, environmental chemistry, benign chemistry
or sustainable chemistry) has emerged as a new development trend in both civilian and
military domains. The environmental friendliness of chemical compounds is classified
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into three levels: edible, touchable, and usable [2], [3]. The ingredients of green
decontamination (TDX-2) are environmentally friendly at different levels: Oxidant
H20. 3% used for wound cleaning, 1.5% used for mouthwash; K>:MoOs used in
functional foods, vitamins; propylene glycol (PG) is a food additive; propylene
carbonate (PC) is used as a solvent in cosmetics; the surfactant Triton X-100 (TX-100)
is used in agriculture [2]. H2O> is considered an ideal oxidant, exhibiting an atom
economy of 47% with the sole byproduct of water. It is widely available in industry, and
safe for storage, transportation and use. Nevertheless, the oxidative capacity of H>O>
alone often falls short in decontaminating highly toxic and poorly soluble substances,
such as HD and VX. Therefore, study on catalysts for H,O> has garnered noticeable
attention from many researchers. Generally, H>O> catalytic activators are classified into
four groups, namely organic activators, metal ion activators, metal complexes
(biomimetic), and metal salt activators. It is important to note that transition metal salt
activators are of particular interest because of their uniqueness and robust catalytic
potential. Tungsten compounds have been verified to be an ideal catalyst as they restrict
the inefficient decomposition of H202 and are environmentally friendly [4]. In addition,
a solvent system comprising of the surfactant TX-100, PC, and PG have also been proven
to be promising thanks to their remarkable solubility for toxic agents, high adhesion and
non-destructive effects on surface materials. Based on these findings, the composition of
single components of TDX-2 has been developed and published, including H20> (3.09 M)
as the oxidizer, K;WQO;4 (0.05 M) as the catalyst, K.CO3 (0.15 M) as a co-catalyst and
alkalinity regulator, K3sCgHsO7 (0.08 M) as a buffer and stabilizer, and the organic
solvents TX-100, PC, and PG making up 40% of the volume [5]. This article evaluates the
decontamination performance of TDX-2 in solutions and on various materials used for
manufacturing military equipment. The study also identifies some transformation
products and propose reaction mechanisms. While high-performance liquid
chromatography (HPLC) is applied to quantify HD, gas chromatography-mass
spectrometry (GC-MS) is employed to label the transformation products.

2. Experimental and research method
2.1. Reagents and apparatus
2.1.1.Reagents

HD was purified by distillation to a purity of 95%, H.O> (30%) was obtained from
Merck; TX-100 (99%); PC (99%); PG (99%); %); K2WO4 (99%), K2COz (99%), K3sCeHs07
(99%), Na.CO3z (99%) and Na>SOs (99%) were purchased from Macklin; dichloromethane
and methanol for HPLC were purchased from Fisher, single-distilled water.
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2.1.2. Apparatus

High performance liquid chromatography agilent HP-1100 (USA) with a C8
column (250 mm x 4.6 mm x 5 um), and UV-VIS diode array detector (DAD) with a
scanning range of 0-1100 mm; gas chromatography-mass spectrometry (GC-MS),
Agilent 5975 (USA) with a DB-5MS column (30 m x 0.32 mm x 0.25 mm); pioneer
analytical electronic balance (Ohaus, USA) with a sensitivity of 0.0001 g; MS2
Minishaker (USA).

2.2. Research method
2.2.1. Research methods on the process of HD transformation in solution

The experiments investigating HD transformation using TDX-2 were conducted
within 10 mL test tubes with lids as follows: Add 1 mL of TDX-2, followed by
introducing of HD in proportions specified by the experimental design, after that, a
vortex mixer was applied at a speed of 1800 rpm for 30 seconds to ensure homogeneity.
At specific time intervals, a59 pL sample was withdrawn and added to a test tube
containing 1 mL of a reaction-stopping solution composed of 0.2 M Na>SOz and 0.2 M
Na>COs before being well-mixed. Subsequently, 2 mL of chloroform was then added,
and the mixture was shaken for 2 minutes to extract the chloroform layer. This solution
was then filtered via a 0.22 um membrane filter and analysed using HPLC to identify
the HD concentration [3]. All experiments were implemented in a fume hood under
ambient pressure and room temperature.

2.2.2. Research methods on the HD decontamination efficiency on surface materials

The decontamination efficiency was assessed on three common materials surfaces,
namely L1 protective rubberized fabric, military-grade green-painted wood, and uncoated
metal (aluminum). The samples with smooth surfaces were thoroughly washed, drained
and maintained under ambient temperature and humidity conditions. Each sample has an
acreage of 10 cm x 10 cm and was bordered by a thin rim to prevent the solution from
spilling over (wood samples were surrounded by a thin layer of paraffin, while the edges
of aluminum and L1 fabric sampled were folded). Test material samples and
decontamination agents were prepared as shown in Fig 1. Samples were contaminated
with 90 pLL HD equivalent to a density of 10 g/m?, were then covered with a mica sheet to
minimize excessive evaporation in the fume hood and left undisturbed for 1 hour. A
certain of amount of newly made decontaminant TDX-2 was fairly distributed over the
sample surfaces using a pipette before being evenly mixed for 1 minute and left
untouched for 15 minutes under cover. After that, the excessive decontaminant was then
discarded, and the samples were washed twice with 100 mL of distilled water each time.
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The sheets were positioned upright, allowing them to dry naturally in the fume hood for
2 minutes. Once dried, the sheets were kept at 30°C, and the residual HD was extracted
using 20 mL chloroform within 1 hour under cover. After 30 minutes, the process
repeated similarly [2]. The two chloroform extracts were mixed afterwards and filtered
with a 0.22 pm membrane filter, condensed to 1 mL with N2 gas, which was then
analysed using HPLC to identify the HD concentration after decontamination (Cy).
A corresponding experiment without the decontamination process was conducted to
establish the initial HD concentration (Co). All experiments were implemented in a fume
hood under ambient pressure and room temperature.

Decontamination performance (i, %) was measured using the following formula:
_ C0 _Ct

0

n -100 (%) 1)

where C, represents the initial HD concentration, Ct (ppm) represents the HD

concentration after decontamination. Repeat each experiment 3 times, then take the
average value. The experimental procedure is shown in Fig. 2.

Sample preparation Samples were contaminated with Cover and let
(10 x 10 cm) »| 2 uL HD (equivalent to 10 g/m?) stand for 1 hour
HD extracted twice Samples were washed | Decontaminate with
with chloroform € twice with of water |~ TDX-2 for 15 minutes
\ 4
Filter and concentrate HD was analyzed
with N2 to 1 mL > by HPLC

Fig. 1. General diagram of the testing process on the surface of materials.

Fig. 2. The experimental subjects for decontamination on the surface of the studied materials.
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2.2.3. Research methods on quantifying HD using HPLC

The HD concentration at each designated time interval was analysed using the
HPLC method with the following experimental conditions: Detection wavelength:
220 nm; Mobile phase: Methanol/water (V/V) = 70/30; Flow speed: 1 mL/minute;
Injection volume: 10.0 uL; Retention time for the HD peak: tz = 4.816 minutes.

2.2.4. Research methods on identifying transformation products using GC-MS

The chloroform extracts after being dried by using anhydrous Na;SOs at a
concentration of 0.1 g/mL were filtered via a 0.22 um membrane filter and analysed
through GC-MS to determine HD and other transformation products. The analytical
conditions were as follows: Carrier gas: Helium; Initial temperature: 40°C, held for one
minute; Final temperature: 280°C, held for 5 minutes; Heating rate: 10°C/minute.
Compounds were identified by comparing the mass spectra of the analytes with
the NIST spectral library and using the fragment matching method.

3. Results and discussion

3.1. Evaluation of decontamination performance within solution

During use, the speed and transformation efficiency of decontaminants are the
utmost pivotal factors to ensure the rapid and thorough treatment of toxic agents.
The effectiveness of decontaminants can be enhanced by determining their
maximum reactivity potential in a solution. This serves as a foundation for testing
and evaluating their decontamination efficacy on various surface materials and under
different conditions.

In assessing the decontamination performance of TDX-2 against HD contaminant
in solution, reactions were conducted at the Vupo/Vtpx-2 volume ratios of 1/50, 1/20,
1/10, 1/6.7, 1/5 (with the equivalent HD volume of 20 pL, 50 pL, 100 pL, 150 pL,
200 pL reacting with 1 mL of TDX-2). The experiments were implemented at 25°C,
following the procedures are illustrated in Section 2.2.1. On the outlook, at the ratio of
1/50, the reaction was mild with the solution being slightly warm; at the ratios from
1/20 to 1/15, the reaction was vigorous with the solution being increasingly hot and
bubbly. After 5 minutes, almost all reactions ceased. At the ratios from 1/10 to 1/5, the
solution appeared to be opalescent. The resulting evaluation of decontamination
performance of TDX-2 is illustrated in Fig. 3.
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Fig. 3. (a) The effect of the ratio on HD transformation efficiency;
(b) The effect of the ratio on the amount of HD transformed.

As seen in Fig. 3, at the ratio from 1/50 to 1/10, the reaction proceeds rapidly with
efficiency reaching 100% after 3 to 5 minutes with the amount of HD transformed
corresponding to 0.148; 0.371, and 0.739 mmol. Meanwhile, at the ratios of 1/6.7 and
1/5, the reaction also happens quickly with efficiency achieving 73.21% and 90.38%
after 5 minutes and the amount of HD transformed being 1.01 and 1.09 mmol; the
efficiency then increases very slowly afterwards and ends with 97.83% and 79.39%
efficiency after 30 minutes. These results indicate that the HD decontamination
reactions by TDX-2 proceed swiftly, almost completing within 5 minutes. At the ratios
from 1/50 to 1/10, HD was fully reacted, leaving the excess TDX-2. Additionally, at the
ratios of 1/6.7 and 1/5, the reactions are almost complete after 5 minutes with the
amount of HD converted around 1.01-1.09 mmol, at which point TDX-2 is entirely
consumed. Therefore, with 1 mL of TDX-2, the reaction reaches its best at
1.01-1.09 mmol of HD in solution.

The above results can be explained as follows: In the aqueous phase, the
catalytic precursor Ko;WOs is rapidly oxidized by H20-, forming the bisperoxotungstate
complex [4], [6], [7]:

KoWOs + 2 H202 — K2[WO(02)2(0OH),] + H20 2)
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The resulting bisperoxotungstate compound A is in equilibrium with B and C. The
dianion in A is feebly active, while the mono- and di-protonated forms in B and C are
sufficiently reactive [7].

o z HO O K X 0
HO oK* 0 0
NI NN S HELR
O\—/VIV—O ~—— O—W-0 S o\——/vz/—o 3)
O oH © 0 o
Pt O\
H H H/ H
A B C

Bisperoxotungstate B and C made showcases high oxidative properties, the peroxo
complex has strong oxidant properties approaches and oxidizes HD rapidly within
5 minutes, the subsequent reactions are predominantly hydrolysis.

Simultaneously, KoCOs can be mixed with HoO2to generate the peroxo complex
HCOys-, which possesses significantly stronger oxidizing power than H.O- alone [2], [8], [9]:

CO3% + HyO <> HCO3 + OH" (4)
HCO3- + H202 «» HCO4 + H20 (5)

In 1 mL of TDX-2, the H202 concentration is 3.09 M, equivalent to 3.09 mmol. The
amount of HD transformed, being 1.01-1.09 mmol, shows the maximum number of moles
of HD equals to one-third of that of H.O.. This ratio aligns with the potential pathways
for HD transformation at various levels, which may produce sulfoxide, sulfone, sulfide, or
complete mineralization into CO,, SO42~, CI~, and H.0. At the same time, a significant
amount of heat generated during the reaction leads to the decomposition of a part of H.O>
and peroxo complex. The general reaction equations involved are as follows:

CH,-CH,-Cl CH,-CH,-Cl
/ /
s_ + [0] —> 0=S (6)
CH,-CH,-Cl CH,-CH,-Cl
CHyCH,-Cl 0. ,CHzCHyCl
S + 2[0] —> >/s\ (7
CH,-CH,-Cl 07 "CH,-CH,Cl
CH,-CH,-Cl
/
S. + 11[0] —> 4.CO,+ S+ 2HCl + 3H,0 (8)
CH,-CH,-Cl
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CHy-CH,-Cl
S. + 14[0] —> 4CO, + H,SO, + 2HCI + 2H,0 9)

CH,-CH,-Cl
H,0, > H,O +0, (10)

After 5 minutes of vigorous reaction, HD and other products continue to undergo
hydrolysis in an alkaline environment.

3.2. Product identification and proposal of yperit transformation mechanism by TDX-2

As the toxic core of HD lies in the sulfur atom and the chloroalkyl group, the goal
of decontamination processes is to oxidize the S atom to transform it into less toxic
compounds, creating sulfoxide - a product with low level of toxicity and does not cause
skin burns. At the same time, it is crucial to control excessive oxidation, leading to the
formation of sulfone, which possesses high toxicity [10].

To determine the product formation tendency and propose transformation
mechanisms, reactions are investigated at a reaction ratio of 1/10. Samples were
analyzed using GC-MS as outlined in Section 2.2.4 at the reaction times of 0, 1, 10, and
30 minutes.

The GC chromatogram after 1 minute of reaction detects 5 peaks, including HD
and other products with specific retention time of 7.254, 10.631, 10.932, 12.011, and
15.555 minutes, respectively. Based on characteristic ion fragments on MS spectra
shown in Fig. 4, coupled with the comparison with the NIST library. The substances
corresponding with these peaks are identified. In details, peak 1 is bis(2-chloroethyl)
ether (with the m/z values of ion fragments of 63, 65, 93, and 95; match score of
approximately 98%); peak 2 is 2-chloroethyl vinyl sulfoxide (with the m/z values of ion
fragments of 63, 65, 76, and 138; match score of approximately 95%); peak 3 is bis(2-
chloroethyl)sulfide (with the m/z values of ion fragments of 63, 109, 111, and 158;
match score of approximately 97%); peak 4 is 2-hydroxyethyl vinyl sulfone (with the
m/z values of ion fragments of 65, 71, 78, and 109; match score of approximately 96%);
peak 5 is bis(2-chloroethyl)sulfoxide (with the m/z values of ion fragments of 63, 76,
112, and 174; match score of approximately 94%). Among these, peak 1 is identified as
an inherent impurity, and peak 3 is the initial HD compound.
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Fig. 4. (a) GC chromatogram of HD transformation products after 1 minute of reaction; (b) The MS
spectrum of the product at ts = 7.254 minutes; (c) The MS spectrum of the product at tz = 10.631 minutes;
(d) The MS spectrum of the product at tz = 10.932 minutes; (€) The MS spectrum of the product
at tr = 12.011 minutes; (f) The MS spectrum of the product at tr = 15.555 minutes.

The aliasing results in Fig. 5 show that, at the retention time of 10.932 minutes,
the intensity of the corresponding HD of peak 3 decreases rapidly, with the reduction of
85% after one minute and peaks totally disappearing after 10 minutes. Therefore, HD
can be considered to comprehensively transform, which consists of the experimental
data presented in Section 3.1.

At the retention time of 15.555 minutes, the intensity of peak 5, relevant with bis(2-
chloroethyl) sulfoxide, is high and relatively stable. From 1 minute to 10 minutes, during

which HD is completely transformed, the peak undergoes subtle changes. Consequently,
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bis(2-chloroethyl) sulfoxide is regarded as the primary product of HD transformation using
TDX-2. However, after 30 minutes, the intensity of the peak reduces to approximately 35%,
indicating that it continues to transform into other products as follows:

ﬁ
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Fig. 5. The GC spectrum at reaction times 0, 1, 10, and 30 minutes (diluted 500 times).

At the retention time of 10.631 minutes, the intensity of peak 2, relevant with
2-chloroethyl vinyl sulfoxide is not high and witnesses similar changes to peak 5,
gradually reducing from 1 minute, 10 minutes, and further 30 minutes. This
phenomenon can be explained that 2-chloroethyl vinyl sulfoxide is directly generated
from bis(2-chloroethyl) sulfoxide in the alkaline environment and transformed into
other subsequent products itself as follows:

! . 'Osl (12)
CI/\/PS\/\CI OH HZC\/F)Z\/\CI

At the retention time of 12.011 minutes, the intensity of peak 4 is low and
relatively stable. This phenomenon can be attributed to the good solubility of
2-hydroxyethyl vinyl sulfone in H20, making it more susceptible to hydrolysis than HD,
resulting in its lower concentration in the chloroform extraction solvent [8].
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Additionally, it may undergo further transformation into other products, and is even
mineralized into CO3?~, SO42~, H20 as follows:

o}

(o]
! OH" I () /\ 7
H,C + S H
2 \/Pz\/\ | -—r> HZC\/ \/\ y [ ] > 2C //S\/\ (13)

Based on the GC chromatographic analysis, the variation in peak intensities, and
theoretical foundations, the mechanism of HD transformation by TDX-2 can be
proposed as follows:

ﬁ -HC (l)
S [O] S OH H.C s
o NS \/\m cl AN NS \/\m
(P3) (3) “ (F2)
-HCl/ -H(?I/
-;c':_l/ oH OH
0 o)

|
0] [0] s
S —_— S H,C
HO/\/ \/\OH HO/\/ \/\O 20 \/\OH

0 0 0
H,C //S\CH3 [] H,C //s\/ 2 < H,C //S\/\OH
o N o] O pa)
L(P ) (P

S0,%, CO,%, H,0...

where P2, P3, P4, and P5 correspond to the peaks identified on the GC chromatogram at
specific reaction time intervals. Products P* and P** also appear on the chromatogram
at the retention times of 7.355 and 6.445 minutes, respectively, but with low intensities.

3.3. Decontamination efficiency depending on reaction temperatures

Considering climatic conditions in Vietnam, there is little difference between the
ambient temperatures in hot and cold seasons. However, this remains an important
factor affecting the decontamination efficiency of contaminated chemical warfare
agents. To evaluate the impact of temperatures, three temperature points were
investigated, 10°C, 25°C, and 50°C at the volume ratio of 1/10. The results are
illustrated in Fig. 6.
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Fig. 6. The effectiveness of decontamination depends on the temperature.

As seen in Fig. 6, the higher the temperatures are, the faster reaction rate for the
transformation of HD using TDX-2 is. At low temperatures, reaction efficiency depends
more on temperature compared to reaction at higher temperatures. In the range from
25°C to 50°C, reactions happen rapidly and almost similarly, reaching the
transformation efficiency of 100% with the mixture being scorching. At 5°C and 10°C,
the reaction proceeds more mildly and slowly. At 5°C, reaction happens slowly during
the first 10 minutes with the transformation efficiency achieving 33.22%, and
accelerates afterwards, reaching efficiencies of 69.08% and 95.88% at 15 and
30 minutes, respectively. Meanwhile, at 10°C, the reaction is slow during the first
5 minutes, with a transformation efficiency of 25.80% and increases onwards, achieving
82.19% efficiency after 10 minutes and 96.6% after 15 minutes. These results align with
the observed phenomena: at 5°C and 10°C, the initial mixture is cold, and the reaction
proceeds slowly. As the reaction occurs, heat is released, causing the temperature to
rise, accelerating the reaction. When the reactant quantities decrease, the heat release
reduces, lowering the temperature and consequently slowing the reaction rate. These
findings indicate that TDX-2 exhibits excellent decontamination performance for HD in
the temperature range of 10-50°C at a reaction volume ratio of 1/10.

3.4. Evaluation of the stability of the solution

The decontamination process for contaminated chemical warfare agents
requires the decontaminants being sprayed onto the affected surfaces. TDX-2 is
maintained with 3 components which are well mixed before application. These days,
modern equipment is already able to mix these components within a single device.
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Nevertheless, under many circumstances, mixtures must be prepared hours prior to
use. For that reason, in addition to speed and transformation efficiency, durability
after preparation is also of paramount significance.

To investigate the durability of TDX-2, a study was conducted from 0 to 22 hours
after mixing, stored at room temperature, with an HD/TDX-2 reaction volume ratio of
1/10. The results are presented in Fig. 7.

As seen in Fig. 7, HD decontamination reaction proceeds quickly with most of the
HD being transformed after 5 minutes, aligning with the findings in Section 3.1.
In addition, after O hour and 12 hours of mixing, the HD decontamination efficiency
remains nearly equivalent, achieving 99% and 95% after 5 minutes of reaction and
100% after 10 minutes. As for TDX-2 stored for 18 hours, during which its efficiency
declines, the efficiency is 97% after 10 minutes of reaction and 99.76% after
15 minutes. When stored for 22 hours, the decontamination rate decreases significantly,
with the HD decontamination efficiency reaching 89.54% after 10 minutes of reaction
and 96.27% after 30 minutes.
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Fig. 7. The effect of solution mixing time on the decontamination rate of HD.

These results can be explained as follows: Because of the robust oxidative
property of peroxide complexes, most of the HD contaminants are transformed after
5 minutes at the volume ratio of 1/10. In TDX-2, both bisperoxotungstate complex
formed by KoWO4 and peroxo HCO4~ formed by K>COs are simultaneously generated.
While bisperoxotungstate with high stability though strong oxidative potential prevents
unnecessary decomposition of H20. [4], peroxo HCO4 tends to decompose, releasing
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O and creating bubbles in solution, the higher the concentration of K,CQOs is, the less
stable the solution becomes [2]. Therefore, the concentration of H,O, decreases over
time. The decontamination rate of TDX-2 stored for 18 hours significant declines after
10 minutes of reaction. This can be attributed to the depletion of H2O, and the further
hydrolysis of HD but at a much lower rate. According to the calculations in Section 3.1,
the number of moles of H.O; is approximately three times that of HD, indicating that
after 18 hours, the remaining H202 of about 2.223 mmol is equivalent to 71.9%. It is
also observed that the declining rate of H.O. concentration accelerates over time, which
requires further investigation.

3.5. Evaluation of decontamination potential on typical military materials
3.5.1. Evaluation of decontamination efficiency on various materials

While decontaminating warfare toxins adhered to the surface of weapons, the ability
of the detoxifying solution to penetrate the material surface significantly influences the
amount of solution required and the overall treatment efficiency. Military facilities in
general, and chemical equipment in particular, typically contain three types of surfaces:
A — painted surfaces (including both metals and wood), B — unpainted metal surfaces
(aluminum, steel...), and C — L1 fabric surfaces (used in L1 chemical protective clothing)
as seen in Fig. 8.

(©

(@)

Fig. 8. Determination of decontamination efficiency on various surface materials.

The evaluation of HD decontamination efficiency using TDX-2 on the surfaces of
various materials is conducted as follows: the HD concentration is 10 g/m? the
application concentration of the decontaminants is 0.5 L/m?, following the procedures
outlined in Section 2.2.2 and comparing the findings with the decontaminant TDX-1 [11]
and several US agents previously reported, including Decon Green (DG), New Decon
Green (NDG), and DF-200 [2]. TDX-2 and TDX-1 were mixed 30 minutes before use.
The results are presented in Tab. 1.
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Tab. 1. Decontamination efficiency of HD on various surface materials

Subjects | Time(min) | TDX-2 | TDX-1 DG NDG DF-200

10 77.8 78.2 - - -

A
15 80.2 80.5 92.20 79.00 62.90)
10 99.0 99.3 - - -

B
15 99.5 100 99.91 99.90 -
10 95.0 95.8 - - -

C
15 96.2 97.0 - - -

" Testing on CARC (Chemical Agent Resistant Coating) paint surface [2].

From Tab. 1, it can be observed that the decontamination efficiencies of TDX-2,
TDX-1, and NDG are comparable, DG seems to have higher efficiency while that of
DF-200 is lower. These results can be attributed to the variations in solvent system,
oxidizing agents, and catalysts. A large amount of organic solvents, including 60% VPC
and 10% VTX-100, in DG enables it to dissolve highly viscous toxins
like HD and VX more effectively though it can damage the paint and fog the mask
lenses. TDX-2, TDX-1, and NDG possess the same solvent systems, including
20% VPC, 10% VPG, 10% VTX-100, which develop from DG, causing little damage to
material surfaces while still ensuring the good dissolution of toxins [2], [8]. Meanwhile,
DF-200 with approximately 1-4% cationic surfactants weakens the ability to dissolve
toxins. Considering the oxidant systems and catalysts, DG, NDG, and TDX-1 all use the
H20./KoMo00Os system with relatively similar concentration. TDX-2 with the
H202/K2M004 system of lower concentration tends to be more stable while delivering
equivalent effectiveness. Noticeable, DF-200, as an older version, with the
H20./KHCOs3 system of low concentration brings about lower effectiveness.

In comparison with the decontamination efficiencies between various surfaces, it can
be obeserved that aluminum surface achieves the highest efficiency while that of painted
surface is the lowest. These results are because of the HD permeability of the materials. As
the contaminant can not penetrate aluminum surface, it can easily be decontaminated.
Whereas the painted and L1 surfaces absorb a certain amount of HD, reducing the
decontamination efficiency compared to aluminum. L1 fabric, which is a specialized rubber
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material used for chemical protective clothing, absorbs less HD than painted surfaces,
resulting in better decontamination efficiency compared to the painted surfaces.

3.5.2. Evaluation of the density of decontamination

In the process of decontamination, the decontamination density represents the
amount of decontaminants needed for treating toxins to a safe level over a unit area.
This is an exceptionally pivotal parameter ensuring the efficient, safe, and cost-saving
usage of decontaminants. In pursuit of decontamination density evaluation, experiments
are conducted following the procedures outlined in Section 2.2.2. on the surfaces of
3 material subjects described in Section 3.5.1 with the density of 0.1, 0.2, 0.3, 0.4, and
0.5 L/m? From visual assessment, at the density from 0.2 L/m? to 0.5 L/m? the
decontaminants fully cover the surfaces, while they only cover partially the subject
surfaces at the density of 0.1 L/m?. The results are presented in Tab. 2.

Tab. 2. The effect of decontamination density on decontamination efficiency

Density (L/m?)
Subjects
0.1 0.2 0.3 0.4 0.5
75.8 83.8 84.1 84.2 84.6
B 96.5 98.2 99.3 99.5 99.5
C 90.6 95.5 96.0 96.0 96.2

From Tab. 2, it can be generally observed that there is an increase in the
decontaminant efficiency as a result of the rise in its density for all three subjects. This
finding is comprehensively consistent with the results shown in Section 3.1 since higher
density helps to strengthen the ability to dissolve toxic agents and increases reaction
rate. Moreover, at the density from 0.2 L/m?to 0.5 L/m?, the efficiency is comparable,
whereas the decontamination efficiency witnesses a significant decrease at the density
of 0.1 L/m2 These results can be attributed to the fact that, with the toxic agents
distributed on the subject surfaces at the density of 10 g/m?, the contaminants form into
small droplets instead of covering the surfaces evenly. Consequently, at very low
decontaminant densities, the reaction rate within these droplets cannot be ensured, and
in some areas, the decontaminant is insufficient to provide complete coverage. Based on
the above findings, the decontamination density is proposed to be in the range of
0.2-0.3 L/m? at the HD contamination density of 10 g/m?.
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4. Conclusion

The yperite transformation pathways in solution and on various surfaces of
military equipment by TDX-2 based on tungsten have been studied. The research results
indicate that TDX-2 exhibits effective decontamination of HD. In solution, the
decontamination reaction achieves high efficiency at a ratio of 1/10 and temperatures
ranging from 10°C to 50°C, with a tendency to produce sulfoxide, which is non-caustic
to the skin. In addition, TDX-2 represents a decontaminant with high stability, and
decontamination efficiency being well-maintained for 18 hours after mixed. On the
material surfaces, the decontamination efficiency depends on the permeability of the
materials. Aluminum surfaces achieve the best decontamination efficiency, followed
by L1 fabric and painted surfaces with the recommended decontamination density for
these surfaces ranging between 0.2 and 0.3 L/m2,
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DANH GIA KHA NANG CHUYEN HOA YPERITE BOI DUNG DICH
TIEU BDOC XANH TREN CO SO VONFRAM

Vii Thanh Binh?, 6 Ngoc Khué!, Vii Ngoc Toan', Nguyén Thanh Hoa?,

Nguyén Khanh Hung®, Dao Duy Hung?®

YWién Cong nghé méi, Vién Khoa hoc va Céng nghé quan suw

2Pai hoc Thuy Loi

3Binh chiing Hod hoc

Tém tit: Bai bao trinh bay két qua nghién ctru danh gia kha ning chuyén hoa yperite

(HD - chét doc loét da) ciia chat tiéu doc xanh trén co so tungsten. Mot sb yéu t6 chinh anh

hudng dén kha ning tiéu doc da duoc khao sat, gdm: Ti 1& phan tng giita chit doc va chét tiéu

ddc, nhiét d6 phan tng, do on dinh cta dung dich. Béng thoi hiéu qua tiéu doc trén mot sb loai

vat li€u da duoc thir nghiém nhu: son, nhdm, vai cao su L1. Két qua cho théy, & ti 16 1/10 vé thé

tich, nhiét do tir 10°C dén 50°C, dung dich on dinh trong 18 gid va hiéu qua tiéu doc trén bé mit

nhom dat cao nhit 99,5%, sau d6 dén vai L1 96,2% va son 77,8%; mat do chit tiéu doc duoc dé

xudt sir dung tir 0,2 L/m? dén 0,3 L/m2 Pdng thoi co ché chuyén hoa HD béi chat tiéu doc xanh

da duogc dé xuét.

Tir khoa: Yperite, tiéu doc xanh; tungsten.
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