
 

 https://nanobioletters.com/  1 of 7 

 

Article 

Volume 14, Issue 1, 2025, 16 

https://doi.org/10.33263/LIANBS141.016 

 

Theoretical Description for Adamsite and Lewisite 

VO(OH)-Assisted Electrochemical Removal from 

Wastewater 

Volodymyr V. Tkach 1,* , Tetiana V. Morozova 2 , Marta V. Kushnir 1 , Sílvio C. de Oliveira 3 , 

Viktor V. Kryvetskyi 4 , Inna I .Kryvetska 4 , Igor V. Kryvetskyi 4 , Igor G. Biryuk 4 ,  

Tetiana B. Sykyrytska 4 , Yana G. Ivanushko 4 , Alla V. Velyka 4 , Petro I. Yagodynets 1,* ,  

Adriano O. da Silva 5 , Jarem R. Garcia 6 , José Inácio Ferrão da Paiva Martins 7 ,  

Gennadii F. Tkach 8 , Oleg P. Melnyk 8 , Oleksii O. Melnyk 8 , Maria V. Melnyk 8 ,  

Maria João Monteiro 9 , Viktoriia O. Khrutba 2  

1 Chernivtsi National University, 58001, Kotsyubynsky Str. 2, Chernivtsi, Ukraine 
2 National Transport University, 02000, Omelianovych-Pavlenko Str. 1, Kyiv, Ukraine 
3 Institute of Chemistry. Federal University of Mato Grosso do Sul, 79074 – 460, Av. Sen. Felinto Müller, 1555, Vila 

Ipiranga, Campo Grande, MS, Brazil 
4 Bukovinian State Medical University, 58001, Teatralna Sq, 9, Chernivtsi, Ukraine 
5 Federal University of the West of Pará, Juruti Campus, 68170 – 000, Rua Veríssimo de Souza Andrade, s/n, Juruti, PA, 

Brazil 
6 State University of Ponta Grossa, Uvaranas Campus, Av. Gal. Carlos Cavalcanti, 4748, 84030-900, Ponta Grossa, PR, 

Brazil 
7 Engineering Faculty of the University of Porto, 4200-465, Rua Dr. Roberto Frias, s/n, Porto, Portugal 
8 National University of Life and Environmental Science of Ukraine, 03041, Heroiv Oborony Str, 15, Kyiv, Ukraine 
9 University of Trás-os-Montes and Alto Douro, Quinta de Prados, 5001-801, Folhadela, Vila Real, Portugal  
* Correspondence: nightwatcher2401@gmail.com (V.V.T.), ved1988mid@rambler.ru (P. I.Y.);  

Scopus Author ID 55758299100 

Received: 23.08.2023; Accepted: 12.05.2024; Published: 22.09.2024 

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 (III) 

oxyhydroxide; stable steady-state. 
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1. Introduction 

World War I 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).  
H
N

+

As

Cl

Cl

Cl

As

H
N

Cl

- 2HCl

                                (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):  

 

AsCl
2

Cl Cl

AsCl
2

+

                (2) 

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):  

 

VO2 + H+ + e- → 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):  

 

4OH- - 4e- → O2 + 2H2O                                                (4) 

https://doi.org/10.33263/LIANBS141.016
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS141.016  

 https://nanobioletters.com/ 3 of 7 

 

Schematically, the electrochemical cell, with the reactions occurring therein, is depicted 

in the Figure 1:  

 
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):  

 

{
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2
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(
𝛢
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(
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(𝑙0 − 𝑙) − 𝑟𝑙1 − 𝑟𝑙2)

𝑑𝑣

𝑑𝑡
=

1

𝑉
(𝑟𝑎 + 𝑟𝑙1 + 𝑟12 − 𝑟𝑟)

                                          (5) 

 

Herein, A and L are the correspondent diffusion coefficients, 𝑎0 and 𝑙0 stand for their 

bulk concentrations, a and for their pre-surface concentrations, 𝛿 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):  

𝑟𝑎 = 𝑘𝑎𝑎(1 − 𝑣)
6 exp(−𝛼𝑎)                                    (6) 

𝑟𝑙1 = 𝑘𝑙1𝑎(1 − 𝑣)
7 exp(−𝜆𝑙)                                    (7) 

𝑟𝑙2 = 𝑘𝑙2𝑎(1 − 𝑣)
10 exp(−𝜆𝑙)                                  (8) 

𝑟𝑟 = 𝑘𝑟𝑣 exp (−
𝐹𝜑0

𝑅𝑇
)                                                (9) 

Herein, the parameters k stand for the correspondent reaction rate constants, α and λ 

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, 𝜑0 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):  

(

𝑎11 𝑎12 𝑎13
𝑎21 𝑎22 𝑎23
𝑎31 𝑎32 𝑎33

)                                                   (10) 

Herein:  

𝑎11 =
2

𝛿
(−

𝛢

𝛿
− 𝑘𝑎(1 − 𝑣)

6 exp(−𝛼𝑎) + 𝛼𝑘𝑎𝑎(1 − 𝑣)
6 exp(−𝛼𝑎))      (11) 

𝑎12 = 0                                           (12) 

𝑎13 =
2

𝛿
(6𝑘𝑎𝑎(1 − 𝑣)

5 exp(−𝛼𝑎))            (13) 

𝑎21 = 0                                           (14) 

𝑎22 =
2

𝛿
(−

𝐿

𝛿
− 𝑘𝑙1(1 − 𝑣)

7 exp(−𝜆𝑙) − 𝑘𝑙2(1 − 𝑣)
10 exp(−𝜆𝑙) + 𝜆(𝑘𝑙1𝑎(1 −

𝑣)7 exp(−𝜆𝑙) + 𝑘𝑙2𝑎(1 − 𝑣)
10 exp(−𝜆𝑙))) (15) 

𝑎23 =
2

𝛿
(7𝑘𝑙1𝑎(1 − 𝑣)

6 exp(−𝜆𝑙) + 10𝑘𝑙2𝑎(1 − 𝑣)
9 exp(−𝜆𝑙))   (16) 

𝑎31 =
1

𝑉
(𝑘𝑎(1 − 𝑣)

6 exp(−𝛼𝑎) − 𝛼𝑘𝑎𝑎(1 − 𝑣)
6 exp(−𝛼𝑎))      (17) 

𝑎32 =
1

𝑉
(𝑘𝑙1(1 − 𝑣)

7 exp(−𝜆𝑙) + 𝑘𝑙2(1 − 𝑣)
10 exp(−𝜆𝑙) − 𝜆(𝑘𝑙1𝑎(1 −

𝑣)7 exp(−𝜆𝑙) + 𝑘𝑙2𝑎(1 − 𝑣)
10 exp(−𝜆𝑙)))   (18) 

𝑎33 =
1

𝑉
(−7𝑘𝑙1𝑎(1 − 𝑣)

6 exp(−𝜆𝑙) − 10𝑘𝑙2𝑎(1 − 𝑣)
9 exp(−𝜆𝑙) −

𝑘𝑟 exp (−
𝐹𝜑0

𝑅𝑇
) + 𝑗𝑘𝑟𝑣 exp (−

𝐹𝜑0

𝑅𝑇
)) (19) 

Avoiding the cumbersome expression during the determinant analysis, we introduce 

new variables and rewrite the determinant as (20):  

Det J =
4

𝛿2𝐶
|
−𝜅 − 𝛯 0 𝛬
0 −𝜉 − 𝛲 𝛷
𝛯 𝛲 −𝛬 − 𝛷 − 𝛺

|                      (20) 

Considering that:  

−𝐷𝑒𝑡 𝐽 {
> 0, 𝑓𝑜𝑟 𝑠𝑡𝑒𝑎𝑑𝑦 − 𝑠𝑡𝑎𝑡𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦

= 0 𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐 𝑖𝑛𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦
             (21) 

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): 

𝜅(𝜉𝛬 + 𝜉𝛷 + 𝜉𝛺 + 𝑃𝛬 + 𝑃𝛺) + 𝛯(𝜉𝛬 + 𝜉𝛷 + 𝑃𝛺) {
> 0, 𝑐𝑢𝑟𝑣𝑒 𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦

= 0,𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐 𝑖𝑛𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦
   

(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 𝛺 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 α, λ, 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 

𝛼𝑘𝑎𝑎(1 − 𝑣)
6 exp(−𝛼𝑎), if α>0, 𝜆(𝑘𝑙1𝑎(1 − 𝑣)

7 exp(−𝜆𝑙) + 𝑘𝑙2𝑎(1 − 𝑣)
10 exp(−𝜆𝑙)) >

0, if 𝜆 > 0 and 𝑗𝑘𝑟𝑣 exp (−
𝐹𝜑0

𝑅𝑇
) > 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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