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Abstract: An electrochemical process for adamsite and lewisite chemical warfare agents has been
proposed for the first time. The process is given by single or double membrane electrolysis and is carried
out to remove the warfare agents from the wastewater. From the theoretical analysis of this system, it
has been possible to conclude that vanadium oxyhydroxide can remove both warfare agents from the
treated wastewater. Although the oscillatory behavior becomes more probable due to the hybrid
scenario, the process may be widely used for electroanalytical and removal purposes.

Keywords: adamsite; lewisite; wastewater treatment; chemically modified electrodes; Vanadium (111)
oxyhydroxide; stable steady-state.
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1. Introduction

World War | was an important event for the development of chemical warfare agents
(CWA) [1-4], the reason why it is often called “The War of Chemists”. Iprite, sarin, adamsite,
and lewisite are compounds synthesized and used by both combating alliances.

Adamsite was first synthesized parallelly by the groups of G. Wieland (Germany) and
R. Adams (USA) from Illinois University, which is why it is named adamsite. It is a slow-
acting irritant and lachrymatory substance, actively used in both World Wars but forbidden by
the UNO. Nevertheless, it is still used by the armies of Venezuela, North Korea, and some of
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the African countries [5-8]. It is obtained by Friedel-Crafts reaction of arsenic trichloride with

diphenylamine (1).
OO0 =0
. - 2HCI
o\ e |

AS’
N (1)
As for lewisite, it is one more arsenic-based CWA [9-12], acting as a vesicant and lung
irritant. It was used by the US, Germany, Japan, the Soviet Union, and furtherly Russia [9 —
12]. It is obtained by arsenic trichloride reaction with acetylene (2):

Cl
Cl\ASC|2 + = - —

AsCl, o)

Considering the ecotoxicity of both compounds [13-15], the development of efficient
means of removal of arsenoorganic chemical warfare is actual, including the postwar
reconstruction of Ukraine. Since both compounds are redox-active, both cathodic and anodic
processes may be used for electrochemical quantification and removing lewisite and adamsite.

Considering the presence of chlorine and arsenic in the compounds, the oxidative
methods may not be viable, leading to toxic chlorine and arsenic compounds. It is
recommended that cathodic methods be used instead. By this, the chlorine will be reduced in
an acidic medium to the organic chloride and arsenic to elementary arsenic or arsine, leaving
the reaction cell. A single or double membrane set is used to impede the diffusion of chlorine
and arsenic compounds towards the anodic electrolyte [16-21]. Using VO(OH) as a proton and
electron transfer mediator lets us avoid a strongly acidic medium in this reaction and stabilizes
the system.

In this work, we describe from the theoretical point of view the possibility of the
electrochemical reduction of adamsite and lewisite on VO(OH)-modified cathode in a neutral
and mildly acidic and neutral medium. This investigation includes the mechanistic stability
analysis and comparison of the behavior of this system with that of similar ones [16-21].

2. Materials and Methods

Depending on the concentration and the solution pH, two variants for adamsite and
lewisite reduction are possible, either the elementary arsenic or arsine, the products of the
reaction. Vanadium is, in turn, oxidized to a tetravalent state.

As in the similar systems, VO(OH) becomes thereby regenerated by (3):

VO, + H* + & > VO(OH) (3)

A membrane set splits the cell into two parts, separating the cathodic and anodic
electrolytes. It doesn’t let the arsenic compounds and the chlorine atoms penetrate the anodic
electrolyte (and prevents them from oxidizing, yielding the toxic compounds). As the anodic
compartment does not contain the elementary anions, the water electrolysis or hydroxyl
oxidation will be the anodic reaction (4):

40H" - 4¢" > 0, + 2H,0 (4)
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Schematically, the electrochemical cell, with the reactions occurring therein, is depicted
in the Figure 1:

Cathodic electrolyte Anodic electrolyte

Membrane set
— —-

Figure 1. Electrochemical membrane cell for adamsite and lewisite electrochemical removal.

The membrane material used to separate the anodic and cathodic cell compartments is
generally PVP. If necessary, a double membrane set will be used. Arsine, in turn, will leave
the system by the exhaustion duct linked to the cathode.

Therefore, taking into account the statements mentioned above and taking some
assumptions [16 — 21], we describe the behavior of this system by the equation set (5):

da 2 (A
T=:Ga-0-rn)

Z - %(g (o =D —my — rlz) ©)

1
_=;(Ta+rll + 7112 — 1)

Herein, A and L are the correspondent diffusion coefficients, a, and [, stand for their
bulk concentrations, a and for their pre-surface concentrations, § for the diffusion layer
thickness, v for vanadium dioxide surface coverage degree, V for its maximal surface
concentration, and the parameters r are the correspondent reaction rates, calculated as (6 — 8):

7, = kqa(1 —v)% exp(—aa) (6)
r1 = kppa(l —v)” exp(—=Al) (7
12 = kppa(1l —v)1% exp(—Al) (8)
1. = k,vexp (— %) )

Herein, the parameters k stand for the correspondent reaction rate constants, o and A
stand for the parameters, relating the double electric layer (DEL) electrochemical and
electrophysical properties to ionic forms transformation during the chemical stages involving
adamsite and lewisite correspondently, F is the Faraday number, ¢, is the potential slope
related to the zero-charge potential, R is the universal gas constant, and T is the absolute
temperature.

Taking into account that the ionic compound transformation occurs in this system, the
oscillatory behavior will be more probable than in the simple case and of equal probability to
similar systems [16-21], in which the steady-state stability topological region remains wide.

This corresponds to the efficient CWA removal process, occurring in mildly acidic and
neutral medium, as shown below.
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3. Results and Discussion

We investigate the steady-state stability for the system with adamsite and lewisite CWA
electrochemical removal by linear stability theory and describe the steady-state Jacobian
elements as (10):

a1 Aq2 di3
<a21 az; a23) (20)
az1 dzz dsz
Herein:
a;q = E(_E —k,(1 —v)°exp(—aa) + ak,a(1—v) exp(—aa)) (12)
alz = O (12)
a3 = 5 (6kqa(1 —v)*exp(-aa))  (13)
a21 == 0 (14)

2

z2 =5 <—§ — ki (1 =v) exp(=Al) — k;;(1 — v) 0 exp(—AD) + A(kjya(1 —
v)7 exp(—Al) + kjpa(1 — v)1° exp(—/ll))) (15)

Ay3 = %(7klla(1 —v)%exp(—Al) + 10k;a(1 — v)%exp(—Al)) (16)

a3, = %(ka(l —v)®exp(—aa) — akza(l —v)bexp(—aa)) (17)

Az, = %(ku(l — )7 exp(=2AD) + ki (1 — v)* exp(=Al) — Alkyya(l —
v)” exp(—Al) + kjpa(1 — v)1° exp(—ll))) (18)

(33 = %(—7klla(1 —v)%exp(—Al) — 10k;,a(1 — v)% exp(—Al) —
k, exp (— %) + jk,vexp (— %)) (19)

Avoiding the cumbersome expression during the determinant analysis, we introduce
new variables and rewrite the determinant as (20):

L= o A
Detd=—| 0 —&—P @ (20)
g P  —A-0-0

Considering that:
_DetJ {> 0, for steady — state stability
= (0 monotonic instability
Opening the brackets, applying the Det J<0 requisite, salient from the criterion, and
changing the signs to the opposite, we rewrite the condition set as (22):
> 0, curve linearity
= 0, monotonic instability

(21)

K(€A+€CD+E.Q+P/1+P.(2)+E(§A+ECD+P.(2){

(22)

If —Det J>0, the Routh-Hurwitz stability criterion is valid, and the steady-state is thereby
stable, providing an efficient steady-state CWA electrochemical conversion. Moreover, the
wide stability region allows us to use this system as an electroanalytical for sensing purposes.

This criterion is readily satisfied if the kinetic parameters P and 2 are positive. In the
vast majority of the cases, they both have positive signs. Considering that the other variables
in the determinant are positive, it indicates the vast steady-state stability topological region.
The electroanalytical process is both diffusion and kinetically controlled, with the prevalence
of kinetic factors.
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In the absence of the side reactions or other factors capable of compromising the analyte
and (or) modifier stability, excluding the reactions foreseen by the mechanism, the linearity
between the electrochemical parameter and concentration is observed, providing an efficient
analytical signal interpretation, which is important for CWA conversion monitoring.

The condition Det J=0 corresponds to the detection limit, manifested by the monotonic
instability. It may be seen as an N-shaped part of the steady-state voltammogram, depicts the
margin between stable and unstable states, and corresponds to steady-state multiplicity. In other
words, multiple steady-states, each one unstable, coexist at this point.

As for the oscillatory behavior, it is realized beyond the detection limit in the case of
the Hopf bifurcation realization. Its realization requires the presence of the positive-callback
related positive addendums in main diagonal elements.

Observing the main diagonal elements (11), (15), and (19), we may observe that the
oscillatory behavior becomes possible if the kinetic parameters a, A, and j are positive, which
corresponds to the DEL influences of the chemical and electrochemical stages. This factor is
typical for similar systems [16-21] and may be described by the positivity of the elements
aky,a(1 —v)®exp(—aa), if >0, A(k;a(l —v)” exp(—Al) + kjpa(1 — v)P0exp(—AD)) >
0, if 1> 0 and jk,vexp (—%) > 0, if j>0. These elements describe the positive callback, and

this callback will depend on the system’s characteristics. For example, the oscillation frequency
and amplitude will depend on the background electrolyte composition, which has been proven
experimentally [16-18] and theoretically [19-21].

The chemical and electrochemical degradation may become parallel in an alkaline
medium, especially for lewisite. Nevertheless, it will yield toxic products, like arsenates, being
thereby not recommended. This case will be described in one of our next works.

4. Conclusions

From the theoretical description of adamsite and lewisite electrochemical cathodic
removal by VO(OH)-modified cathode, it has been possible to conclude that it may be an
excellent modifier for removing and quantifying both chemical warfare agents. The
electrochemical removal becomes diffusion-controlled or kinetically controlled with the
prevalence of the kinetic factor. The oscillatory behavior in this system may be caused by the
influence of DEL on electrochemical and chemical stages. The system may be used as an
electroanalytical, providing efficient analytical signal interpretation.
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