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Abstract

Cold atmospheric plasma (CAP) has emerged as a promising technology for the degradation of
organic dyes, but the underlying mechanisms at the molecular level remain poorly understood.
Using density-functional tight-binding (DFTB)-based quantum chemical molecular dynamics at
300 K, we have performed numerical simulations to investigate the degradation mechanism of
Disperse Red 1 (DR) interacting with CAP-generated oxygen radicals. One hundred direct-
dynamics trajectories were calculated for up to 100 ps simulation time, after which hydrogen-
abstraction, benzene ring-opening/expanding, formaldehyde formation and modification in the
chromophoric azo group which can lead to color-losing were observed. The latter was obtained
with yields of around 6% at the given temperature. These findings not only enhance our
understanding of CAP treatment processes but also have implications for the development of
optimized purification systems for sustainable wastewater treatment. This study underscores the
utility of DFTB simulations in unraveling complex chemical processes and guiding the design of
advanced treatment strategies in the context of CAP technology.

Keywords: wastewater treatment, disperse red 1, cold atmospheric plasma, reactive oxygen
species, reactive molecular dynamics, degradation mechanisms
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1. Introduction

The growing demand for dyes in industries such as pharma-
ceuticals, food, and textiles inevitably led to an increase in
dye effluents discharged into wastewater [1]. These outflows
pose a significant threat to aquatic ecosystems, including
plants, animals, and indirectly, human beeings through the
consumption of food grown in water contaminated with dyes
[2-4]. Due to the intricate organic structures of dyes,
conventional treatment methods such as physical, chemical,
and biological approaches (including ultrasound, cavitation,
UV irradiation, chlorine and ozone oxidation, and microbial
treatments) are often ineffective, economically unfeasible, or
may generate secondary toxic byproducts [5-8]. Conse-
quently, researchers are exploring alternative methods to
address these challenges [9—11].

One such promising approach is advanced oxidation
processes (AOPs), which have attracted considerable atten-
tion worldwide [12—15]. AOP involves the generation of
hydroxyl radicals (HO+*) through various mechanisms.
These radicals effectively break down dissolved organic
compounds in wastewater, converting them into non-toxic
substances. In addition to HO*, other oxidizing species such
as ozone (O;) and hydrogen peroxide (H,0O,) also play a
vital role in AOPs [16-19]. Cold atmospheric plasma (CAP)
technology, a subset of AOPs, stands out among its counter-
parts due to its eco-friendliness, ease of production, and
economic viability [20-24]. Unlike other AOPs, CAP does
not necessitate costly catalysts, chemicals, or radiation
[25-27]. CAP technology uses the power of ionized gas to
generate reactive species capable of breaking down organic
contaminants in wastewater. Unlike traditional plasma tech-
nologies, CAP operates at near-ambient temperatures,
making it suitable for treating heat-sensitive materials with-
out causing thermal damage. Additionally, CAP treatment
does not require the use of chemicals or produce harmful
byproducts, making it an eco-friendly option for wastewater
treatment [28, 29].

Although CAP devices consume electrical power, their
environmental footprint/impact is significantly reduced
compared to other AOPs. The resources required for CAP
primarily include the manufacturing cost of the plasma
device, power supplies, and electrical energy as operational
expenses.

The degradation of organic dyes using CAP has been the
subject of considerable research interest with studies mainly
focusing on different types of CAP devices, such as dielec-
tric barrier discharge (DBD), plasma jet, gliding arc and
corona discharge [30-33]. Rahimpour ef al investigated the
removal of crystal violet dye from a liquid using a post-
discharge pulsed DBD reactor, with O, as the working gas
[34]. In their study, oxygen was introduced into the DBD
reactor, and the resulting effluent gas was bubbled through
the solution. This approach enhanced the mass transfer of
reactive oxygen species (ROS) into the solution, leading to a
higher degradation rate of the dye. When argon was added to

the working gas at a fixed input power, the dye degradation
increased compared to using pure oxygen. This improve-
ment was attributed to the formation of more ozone
molecules due to the higher dissociation of oxygen
molecules facilitated by argon metastables and energetic
electrons in the plasma system. The degradation kinetics of
crystal violet followed a first-order reaction (i.e., a type of
chemical reaction where the rate at which a dye is decom-
posed is directly proportional to the concentration of the
dye). Complete elimination of total organic carbon was
achieved after the plasma treatment, indicating full mineral-
ization (i.e., degradation into simpler inorganic substances)
of the treated solution and the removal of unwanted organic
carbon. Abdelmalek et al studied the decomposition of
Orange I, Crystal Violet, and Eriochrome Black T dyes in
aqueous solutions using a gliding arc discharge [35]. The
plasma was generated between two diverging electrodes with
the introduction of humid air. They found that the degrada-
tion of all three dyes followed first-order kinetics (i.e. the
rate at which the dye concentration decreases over time is
proportional to its current concentration). Additionally, they
reported that the mineralization of the dyes decreased as the
plasma exposure time decreased. In the study by Sun et al [36],
a multi-needle jet with 24 needle electrodes was used to
produce pulsed plasma for treating an aqueous solution
containing methyl orange dye with different working gases
(oxygen, air, argon, and nitrogen). A plate disc placed inside
the dye solution served as the grounded electrode, and the
plasma was formed in the gaseous phase between the needle
electrodes and the dye solution. The decoloration rate
followed the order: oxygen > air > argon > nitrogen. Addi-
tionally, it was reported that a smaller discharge gap was
more effective for degradation due to the enhancement of the
electric field in the gap, which leads to the formation of a
large number of reactive species. Magureanu et al [37]
investigated the removal of methylene blue from aqueous
solutions using a pulsed high voltage corona discharge with
multi-hollow needle electrodes arranged in a six-needle
array. These needle electrodes were positioned at the bottom
of the reactor, with a grounded electrode placed about 5 cm
above their tips. Both electrodes were submerged in the
liquid, and the discharge occurred in bubbles within the dye
solution. The study examined the results of using different
feed gases (air, argon, and oxygen) bubbled through the
needles into the solution. The multi-needle electrodes gener-
ated a large volume of plasma, enhancing the interaction
between reactive species and the dye solution. It was found
that, at the same external power input, the degradation of
methylene blue followed the order: oxygen > argon > air.
The researchers explained that the more efficient degrada-
tion in oxygen and argon compared to air was due to the fact
that in these gases more energy was used to form reactive
species, whereas in air some of the energy was spent on the
dissociation of nitrogen molecules. Additionally, they
reported that the degradation rate of methylene blue
depended on the initial dye concentration and the solution
volume, with higher dye concentrations degrading more
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rapidly in smaller volumes.

In recent years, significant progress has been made in
understanding the mechanisms of CAP-induced degradation
of organic pollutants in wastewater. Numerous studies have
demonstrated the efficacy of CAP technology in treating
various types of organic pollutants, including dyes, pharma-
ceuticals, and persistent organic pollutants [38, 39]. This has
led to the development of innovative CAP reactor designs
and process optimization strategies aimed at enhancing treat-
ment efficiency and scalability. Kooshki et a/ highlighted in
their study the significance of optimizing the plasma device
for selective production of reactive oxygen and nitrogen
species (RONS) in water to enhance both operational and
economic efficiency in dye wastewater treatment [40]. They
introduced a novel method for tuning RONS production.
Specifically, using ceramic electrodes (Ce) and operating at
higher reactor temperatures led to increased H,O, produc-
tion in plasma-activated water, reaching up to 16 mg/L
within 30 min, while keeping nitrite production minimal. On
the other hand, using copper electrodes with a water-cooling
system (Cuw) resulted in higher nitrite concentrations, up to
80 mg/L within the same period, but negligible H,O,
production. The study also found that selective RONS
production plays a crucial role in methylene blue dye degra-
dation. The Ce setup demonstrated efficient dye degradation
at a rate of 1.04 g/kWh, whereas the Cuw setup was less
effective and generated additional by-products in water due
to nitration mechanisms. Furthermore, a comprehensive cost
estimation analysis revealed that scaling up the plasma tech-
nology could operate at lower energy costs compared to
AOPs. Selective RONS production for dye degradation
could lead to nearly a 30% reduction in total costs.

Central to the success of CAP treatment is the genera-
tion and utilization of ROS to initiate degradation reactions.
The utilization of atomistic oxygen radicals, in particular,
holds significant potential owing to their high reactivity
towards organic pollutants [41, 42]. In this context, the
computational investigation of specific molecular interac-
tions becomes indispensable, allowing for a deeper under-
standing of reaction mechanisms [43—45].

Within this framework, density functional based tight
binding (DFTB) methodology presents a powerful computa-
tional tool for simulating chemical processes with high accu-
racy and efficiency [46—48]. By employing DFTB,
researchers can explore the energetics and dynamics of
complex chemical reactions involved in CAP treatment,
providing valuable insights into the degradation mecha-
nisms of organic pollutants [49]. Xu et a/ [50] discussed the
complex formation mechanisms of H,O, resulting from the
interaction of O atoms with water when exposed to CAPs.
They noted that prior molecular dynamics (MD) simulations
using reactive force fields and DFTB methods did not
observe H,0, formation. In their work, they employed
density functional theory (DFT) in MD simulations, running
192 trajectories of a system containing 63H,0 — O to investi-
gate the reaction mechanisms of O radicals in water. Their
calculations revealed that triplet (ground) state oxygen was
not reactive. They observed a transient oxywater-like struc-

ture, O — OH,, which further evolved into perhydroxyl anion
(O-O0OH") and its counterpart hydronium ion (H;O"). In
most cases simulated, H,O, was ultimately produced. The
formation pathways of H,0, were found to be highly
complex for such a simple hydrogen-bonded system. They
classified the mechanisms based on the sources and path-
ways of the H atom in the H,O, molecule into: (i) H-
abstraction; (ii) H-transfer (n=3,4,5,6,7,8); (iii) proton-
delivery (n=2,3); (iv) proton-transfer. Their study
confirmed that quantum MD simulations are more accurate
for predicting the reaction mechanisms of H,0, formation in
such systems. Dabagh et al [51] conducted a study to evalu-
ate the effectiveness of treated Carpobrotus edulis (TPCE) as
a biosorbent for removing the dyes orange G (OG) and crys-
tal violet (CV) from aqueous solutions. They characterized
TPCE using FT-IR, specific surface area (S;), point of zero
charge (pHz), and SEM-EDX. The researchers tested the
influence of various parameters — such as biosorbent dose,
contact time, initial dye concentration, temperature, and pH
— using a Taguchi experimental design with an L8 orthogo-
nal array (five parameters at two levels). The DFTB method
indicated strong binding of dyes to the adsorbent surface.
Monte Carlo and MD simulations also demonstrated signifi-
cant interactions between the dye and adsorbent surface.

In the study of Kandjani et al molecular dynamics simu-
lations investigate reactions within a low-pressure argon-
diluted methane plasma [52]. Initial molar fractions, deter-
mined by a 1D fluid model, serve as input for the simula-
tions. Examining reaction pathways at various temperatures
(300-1000 K), the study finds that higher temperatures
promote the formation of diverse molecules. The progres-
sion of species such as C,H and CH; reveals C,H as a
primary precursor and CHj; as a key intermediate in forming
larger molecules, clarifying pathways of plasma-induced
molecule synthesis.

In this study, we focus on the degradation of Disperse
Red 1 (DR1), a commonly encountered organic dye pollu-
tant in wastewater, employing oxygen radicals (or O atoms)
as reactive species. DR1 is an azo dye characterized by a
structure wherein nitrobenzene is substituted at the 4-posi-
tion of the phenyl group with a 4-N-ethyl-N-(2-hydrox-
yethyl)phenylazo group [53, 54]. It serves a dual role as both
a dye and an allergen. This compound is classified as a
monoazo compound and is a constituent of azobenzenes. The
presence of these functional groups makes DR1 highly stable
and vividly colored, but also poses challenges for its degra-
dation. DR1 is extensively used in textile industries, poses
significant environmental risks due to its persistence and
potential toxicity [55, 56]. Through DFTB simulations, we
aim to elucidate the intricate molecular-level interactions
governing the degradation process of DR1 in the presence of
O atoms generated by CAP sources.

The structure of this article is as follows. Section 2
provides information about the simulation setup, detailing
the computational methodologies and parameters employed
in the DFTB simulations. Subsequently, section 3 presents
the simulation results and discussions, wherein we analyze
the reaction pathways, energetics, and dynamics of DRI
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degradation. Finally, section 4 offers concluding remarks
that summarize key findings of our study, highlighting their
implications for the development of advanced CAP strate-
gies for wastewater treatment.

2. Methodology and simulation setup

2.1. DFTB approach

To gain deeper insights into the impact of ROS on the
plasma-treatment process of DR1 dye and to offer atomistic-
level observations of the detailed degradation mechanisms,
we conducted reactive MD simulations. For this purpose, we
used the DFTB method [46, 47, 57-59]. DFTB is a semi-
empirical approach derived from DFT, where one considers
electron interactions primarily with nearby atoms, simplify-
ing the Hamiltonian used in calculations. DFTB employs a
minimal valence-only electron basis set composed of Slater-
type orbitals, which are mathematical functions used to
describe the spatial distribution of electrons [57]. This mini-
mal set is optimized for valence electrons, the outermost
electrons involved in bonding. The DFT ground state elec-
tron density is denoted as p, the energy around a reference
density p, is expanded in terms of density fluctuations
0p = p—py in the corresponding orders as

El[p] = Eolpol + E\[po,0p] +E2[P0,5P2] +E3[Po,5p3], )

where p, is chosen to be the superposition of neutral atomic
densities. The methods constructed in this way can contain
terms up to the first, second or third order and are desig-
nated DFTB1, DFTB2 (or SCC-DFTB), DFTB3 respec-
tively. In DFTB, the individual energy contributions are
made simpler by the use of parameters. The second-order
term E, includes the Hubbard parameter U, which reflects
the chemical hardness of atoms. The third-order term E;
requires derivatives of U. Calculating the zeroth-order term
E, requires a minimal atomic basis set, involving two
parameters per atom type.

The zeroth-order term E, in DFTB is found to be consis-
tent across all three versions of the software, namely DFTBI1,
DFTB2 and DFTB3. Nevertheless, it is possible to achieve
practical improvements in accuracy by optimizing confine-
ment radii, which affect orbital overlaps and Hamiltonian
matrix elements and, as a consequence, alter the total energy.
The “MIO” parameter set was developed for DFTB2 with
these optimized radii. For DFTB3, a reoptimized set, desig-
nated “30B”, was created with the objective of minimizing
overbinding and providing a more accurate representation of
van der Waals distances [59].

In the DFTB3 framework, Kohn-Sham molecular
orbitals (¥;) are expanded as a linear combination of atomic
orbitals ¢,: ¥; =3, c;.¢,. This expansion gives an expres-
sion for the total energy which includes terms for the
reference energy, repulsive interactions and higher order
contributions associated with electron-electron interactions
[47]:

EPTB} —E 4+ E,+E, +E,;

= OZ“: n; Z Z cLCiHSV + % Z vy
i ab

uea veb

1 1 ,
+3 Zb AGAGy Yin+ 3 Z,, AGAGTw: ()

The Hamiltonian matrix elements H,, are calculated using
the Perdew-Burke-Ernzerhof functional and stored in Slater-
Koster files for practical use. The second order interaction
kernel y,, and its charge derivative L'vs = %}ah arederived to
account for electron-electron interactions in thesystem. In
addition, the pairwise repulsive potentials V" are empiri-
cally fitted and tabulated as splines to facilitate efficient
evaluation during simulations [59].

In the context of DFTB3, the LCAO-MO (Linear Combi-
nation of Atomic Orbitals - Molecular Orbitals) coefficients
c,, ¢, and the Mulliken partial charges Ag,, Ag, are
obtained by solving the secular Kohn-Sham equations:

D M H,y=£8,) =0 Vui 3)

v

where §,, is the overlap matrix representing the overlap
between the atomic orbitals ¢, and ¢, [58].

The Mulliken charges affect the updated Hamiltonian
matrix elements:

1
H#‘, = Hl(‘)" + S”V Z ch(i(yar + ybr)

1 Aq.
+ g(AQarazr + Aqbrbc) + %(rzra + Fcb)), (4)

and equation (3) must be solved iteratively until self-consis-
tency is reached.

As reported in reference [49], DFTB3’s computational
cost is more expensive than classical reactive MD tech-
niques like ReaxFF-MD; despite its computational complex-
ity, DFTB3 accurately captures hydrogen binding energies
and hydrogen transfer barriers without compromising speed
and robustness. Additionallay, DFTB3 excels in describing
resonance structures, a capability absent in ReaxFF-MD,
making it a valuable tool for examining reaction process in
molecular levels/scales [60].

2.2. Simulation setup

In this investigation, we applied the third-order self-consis-
tent charge density functional tight-binding (DFTB3)
method [47]. To characterize the interatomic interactions
within our DFTB3-MD simulations, we utilized a parameter
set known as “30B-3-17, specifically designed for DFTB3
and applicable to organic and bio-molecules [61, 62].

As our model system, we utilized the DRI structure, a
molecule consisting of 41 atoms (molecular formula
CisHsN,O;, MW: 314.34 g/mol) as illustrated in figure 1.

DRI1 is an azo dye characterized by its chromophore
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Figure 1. DR1 molecule used in our simulations. Carbon, hydro-
gen, nitrogen and oxygen atoms are represented by gray, white,
blue and red balls, respectively.

group (-N=N-) and two benzene rings (chromogens),
along with auxochromes that enhance its solubility and color
properties. We considered DR1 as the target object and
investigated the interaction between DR1 and atomic O, one
of the reactive species produced by CAP. O radicals are
favored in CAP applications due to their high reactivity, ease
of production, ability to selectively produce desired reactive
species, strong oxidative power, energy efficiency, and
reduced risk of unwanted by-products. These advantages
make them ideal for various applications, including water
treatment, disinfection, and pollutant degradation. To
comprehensively explore all potential bond-breaking and
formation processes resulting from the impact of an O atom,
and to generate some statistical insights, we conducted a
substantial number of DFTB-MD simulations. Specifically,
we performed 100 DFTB-MD simulations to probe the
conceivable reaction mechanisms associated with the inter-
action of an O atom with DR1. Each simulation involved a
single O atom impact, allowing us to derive statistical infor-
mation on the occurring mechanisms of formed byproducts.

Note that we excluded consideration of the aqueous layer
enveloping the DR1 molecule due to the high computational
cost associated with the DFTB method: the inclusion of the
water layer would result in excessively long calculation
times [49]. Furthermore, as stated in the introduction, our
investigation focused solely on the impact of an individual
ROS, i.e., the O atom without consecutive impacts. This
approach aimed at elucidating the influence of an individual
O atom on oxidation process of pigments and assessing the
closeness of simulation results to possible experimental
results.

To start the simulations, the DR1 molecule was posi-
tioned at the center of a cubic box measuring 30 A x 30 A
x 30 A. The process of geometry optimization of the
molecule was then conducted using the conjugate gradient
algorithm. Subsequently, the system underwent equilibra-
tion/thermalization for 10° ps within an NVT ensemble (a
system with a constant number of particles N, volume V and
temperature 7). The Berendsen thermostat with a coupling
constant of 10? fs was employed during this process. The
equilibration/thermalization process was realized up to the
temperature 7 =300 K when the system reached it. The
number of time-steps was 2x10° and the Velocity Verlet
method was used over integrations. A time-step of Ar=
0.5 fs was utilized in all simulations, including thermaliza-
tion and subsequent particle impact simulations. Periodic
boundary conditions were applied in all three spatial dimen-

sions. A finite Fermi-Dirac electronic temperature 7T, =
1000 K was used within DFTB. This allows for more accu-
rate modeling of radical species and avoids incorrect ionic
dissociation, making it a powerful tool for studying complex
chemical reactions involving O radicals [63].

Following the equilibration, a single O atom was
randomly introduced around the structure, maintaining a
minimum distance of 5 A from the molecule. It is worth to
note that the box size was sufficiently large to introduce a
single O atom with a random position around the molecular
structure. This precautionary step (i.e., positioning the O
atom at least 5 A from the molecule) aimed to prevent initial
long-distance interactions between the O atom and the DRI,
particularly in terms of Coulomb and van der Waals interac-
tions. The impact simulations constituting 100 DFTB-MD
runs were conducted: each one was done for a total simula-
tion time of # =100 ps, equivalent to the number of time-
steps 2x10°. This duration was deemed sufficient for
observing bond breaking and formation events within the
DRI structure. All simulations were carried out using the
DFTB+ program package [59, 64].

3. Results and discussion

As indicated in the previous section, we conducted DFTB-
MD simulations to explore trajectories of O atoms interact-
ing with the DR1 molecule (see figure 1). These simulations
permit to attain a more comprehensive understanding of the
oxidation process and the molecular mechanisms underlying
this synthetic dye degradation. Figure 2 illustrates the time
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Figure 2. Time-evolutions of temperature (a) and total energy (b)
during the equilibration/thermalization process over the molecular
structure of DR1.
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evolutions of the temperature (a) and total energy (b) of the
DRI system. As shown in the figure, a simulation time of
10* ps was sufficient to achieve a well-thermalized DR1
system. Thereafter, a total of 100 DFTB-MD simulations
were performed and as a result, such number of different
trajectories were obtained illustrating the impacts between O
atom and DR1 molecule. The results are outlined in table 1
including 31 reaction mechanisms. The occurrence
frequency of each reaction is given in column 4 of the table
indicating how often each process was observed.

As mentioned above, DR1 possesses a chromophoric azo
group (—-N = N-) as a key contributor to its color, see figure
3. Additionally, the naphthalenol moiety and the surround-
ing aromatic structures in the molecule contribute to the
overall coloration, with the extended conjugated system
allowing absorption of visible light and imparting the char-
acteristic red hue to the compound [53, 54].

3.1. Numerical results

Numerical calculations reveal that all reactions initiate with
H-abstraction from a specific site on DR1, excluding those
involving azo groups and ring-breaking of benzene. Put

Chromophoric group 1

O—H 24
16 13 8
11
30 23 20 5N 17 10 4N
\\ L, 2 18 // \
N N 14
/ 7 6 15 12 9
20 22 19

Figure 3. The molecular structure of DR 1, C,¢HsN,Os, illustrates
its vibrant coloration, which stems from the presence of chro-
mophoric groups, notably the azo group (—N = N-) and aromatic
moieties. Highlighted in blue against a green background is the azo
group, contributing significantly to the dye’s color by absorbing
visible light and imparting a distinct red hue.

Table 1. Summary of all reaction events observed in the simulations following the interaction of O atoms with the DR1 molecule (see also

figure 3).
Number Event Frequency Details

1 H-abstraction C; —OH 3 Formation of hydroxyl group

2 C;—OH 7

3 H-abstraction C;;—OH 8

4 C,, —OH 1 Formation of hydroxyl group

5 C;,0,-0OH 3 Formation of hydroperoxide group

6 Cn %I?OOIH5 3 Formation of aldehyde group

7 H-abstraction C,,—OH 16 Formation of hydroxyl group, see figure 4

8 H-abstraction Cy —OH 1 Formation of hydroxyl group

9 C,—OH 1

10 H-abstraction C,,—OH 5

11 C;;—OH 3 Formation of hydroxyl group

12 C;s—OH 2

13 Ci;s—OH 2

14 H-abstraction Ciy—OH 1

15 C,, —OH 3 Formation of hydroxyl group

16 C,;—OH 1

17 H-abstraction Hé?{z%ld 12 Formation of water molecule and formaldehyde (see figure 5)
18 O-addition Ns-O 3 Addition of oxygen to the azo group (see figure 6(a)) — may lead to loss of color
19 N;-O 3
20 O-addition Cyp—0-Cyp 3 Addition of oxygen to the benzene ring (see figure 6(b))
21 Cs—-0-Cypy 1 Ring-expansion
22 G -0-Cy 2
23 Ciw—-0-Cj; 1
24 Ci3—0-Cy 1
25 Cw-0-Cp, 1
26 Cizs—0-Cy 3
27 O-addition — 5 Benzene ring-opening (see figure 6(c))
28 O-addition Cp—0 1 Addition of oxygen to C,, detachmgnt of H connected to C,, and binding of it to N,

formation of ketone group

29 O-addition N;0;-0 2

30 C, =0 and 1 Formation of C,; = O bond, dissociation of C,; —N, bond and subsequent detachment

NO, of NO, from the system
31 O-addition N,+0O 1
Total number of 100

events
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differently, the oxygen atom extracts a hydrogen atom (or in
certain instances, two hydrogen atoms) from the molecular
structure, resulting in subsequent dissociation or formation.
The reaction mechanism most frequently observed,
denoted as reaction (7) in table 1, is visually depicted in
figure 4. The oxygen atom extracts a hydrogen atom from
the hydroxyl group attached to C,, (indicated by the red
arrow in figure 4), resulting in the formation of two radicals:
Cy4* and *OH Following this, these two radicals combine to
form a new hydroxyl group. This category of reaction mech-
anism, involving H-abstraction followed by the binding of
hydroxyl (OH), may also manifest in alternate sites within
the DR1 molecule and emerged as the predominant reaction

Qe

/
f

CH3
13
16
Figure 4. Visualization of the reaction mechanism wherein an O
atom interacts with DR1, resulting in the generation of new OH.

12

—> N
5
6 Né
18
19 20 19 20
22 23 22 23
21
7 I+
X
2 20 03

mechanism observed in our simulations (refer to reactions (1)
—(17) in table 1). Our simulations did not anticipate the
experimentally observed configuration with two or three
extra oxygen atoms, as we did not investigate the consecu-
tive impacts of oxygen atoms. However, it is plausible that
oxygen addition (i.e., the generation of a new hydroxyl
group) could occur subsequently at different locations within
the system, potentially leading to the formation of the struc-
tures mentioned above.

Another reaction mechanisms most frequently observed,
namely reaction (17) as documented in table 1, is visually
represented in figure 5. The oxygen atom extracts a hydro-
gen atom from the alcohol group attached to C;; (indicated
by the red arrow in figure 5), leading to the creation of two
radicals: C;; —O+ and *OH. This initiates a rearrangement
process, disconnecting C;; —O from the DRI radical and
resulting in the formation of a formaldehyde molecule,
CH,0. The *OH radical then takes the hydrogen bound to
Cs, eventually leading to the formation of a water molecule
in the system. Note that the formed DR1 radical after both
the rearrangement and pulling out H bound to C; is not
necessarily stable, that is, it can revert back, but radical
molecules also notoriously rearrange, eliminate or fragment
in the following steps until more stable radicals are formed.
Radical molecules, notorious for their dynamic nature, are
prone to undergo further rearrangements, eliminations, or
fragmentations in subsequent steps, ultimately converging
towards configurations of greater stability. These initial reac-
tions, often regarded as the “first step”, play a pivotal role in
elucidating the onset of reaction mechanisms, which remain
considerably challenging to explore through experimental
observations. This kind of reaction mechanism, encompass-
ing H-abstraction, subsequent binding of OH, and rearrange-
ment reactions, exhibits versatility in occurrence across vari-
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Figure 5. Visualization of the reaction mechanism wherein an O
formaldehyde molecules.

atom interacts with DR1, resulting in the generation of water and
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Figure 6. Visualization of three distinct reaction pathways: (a) binding of oxygen radical to the azo group, which may ultimately lead to
loss of color; (b) interaction of the oxygen radical with benzene ring leading to the formation of a seven sided ring structure; and (c) ring-

opening as a result of oxygen radical’s interaction.

ous positions of the DR1 molecule. Notably, it emerged as
second the most frequently observed reaction mechanism
cases in our simulations, as evidenced by reaction (17) in
table 1.

In figure 6(a), we unveiled a pivotal reaction mechanism
wherein the oxygen radical intricately binds to the chro-
mophoric groups inherent in the DR1 molecule, notably
targeting the azo group. This catalytic interaction causes a
profound structural shift within DR1, which subsequently
has a profound influence on its color dynamics. Furthermore,
in figure 6(b), the emergence of a benzene ring transforma-
tion into a heptagon, i.e. a seven-membered ring structure is
visually captured, shedding light on a noteworthy structural
transformation within the compound. In particular, the
oxygen radical binds to two carbon atoms in the benzene
ring, forming a bridge. This subsequently leads to the cleav-
age of the C —C bond, resulting in the formation of a seven-
membered ring. Conversely, figure 6(c) illustrates a new
type of phenomenon — a ring opening, hinting at the complex
dynamics underlying molecular rearrangements in DR1.

Our predictive analyses extrapolate that such reactions
are likely to induce a significant shift in the compound’s
coloration, suggesting either a complete disappearance or a
noticeable alteration in its hue. This insight underscores the
intricate interplay between chemical transformations and the
perceptible properties of dyes. By leveraging these visual
representations and predictive insights, we endeavor to
unravel the complex mechanisms governing the behavior of
DRI, thereby deepening our understanding of its chemical
intricacies and broadening its potential applications across
diverse scientific domains. In addition to the observed reac-
tions, we have identified several other noteworthy reactions.
These include instances where oxygen radicals interact with
nitrogen atoms at positions N, and N, (see reactions (29)
and (31) in table 1, respectively), leading to chemical modi-
fications within the molecule. Furthermore, oxygen radicals

bind with C,;, resulting in the formation of NO, and subse-
quent detachment of it from C,,. Additionally, another reac-
tion (i.e., reaction (28) in table 1) involves the combination
of oxygen radicals with Cjo, leading to the transfer of a
hydrogen atom from C, to Ns. These reactions contribute to
the complex array of transformations occurring within the
molecular structure.

3.2. Discussion

The degradation of DRI dye using the CAP mechanisms

leverages the reactivity of O* radicals generated during the

plasma process. These radicals initiate various reactions that
break down the dye’s complex molecular structure. This
includes:

e  Attack on azo group (—N = N-): O- radicals are highly
reactive and target the azo group, most likely cleaving
the nitrogen-nitrogen double bond, which was not
observed during the simulation time used in our study
(i.e., 100 ps). It should be mentioned that in our DFTB-
MD simulations, we applied non-consecutive (discon-
tinuous) impacts of oxygen radicals, where each MD
run begins with an intact dye molecule. We refer to this
approach as simulating a low plasma dosage. As a
result, under these conditions, we did not observe any
cleavage of the N = N double bond, indicating that the
low plasma dosage is insufficient to break the N =N
bond responsible for the dye’s color. To determine
whether consecutive impacts (where an oxygen atom
interacts with a dye molecule already modified in a
previous MD run) — representing a high plasma dosage
— would affect N = N bond cleavage, we conducted test
simulations. These test runs (not shown here) did result
in N=N bond cleavage, effectively accelerating
molecular degradation. Thus, a high plasma dosage is
necessary to cleave the N = N bond, which leads to dye
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decolorization and eventually results in its degradation.

e Interaction with chromogens (benzene rings): follow-
ing the cleavage of the azo bond, O+ radicals can
attack the benzene rings. This leads to the formation of
smaller, less complex molecules. The oxidative cleav-
age of these aromatic rings is essential for complete
mineralization of the dye.

Auxochromes in DRI, such as hydroxyl (-OH) and
amino (—NH,) groups, influence the dye’s reactivity. They
can enhance the dye’s interaction with reactive species, facil-
itating the breakdown of the molecular structure. The inter-
actions between O radicals and auxochromes can lead to
the formation of intermediate compounds, which further
degrade into harmless end products like H,O and CO,.

During the degradation process, various intermediates
are formed:

e  Perhydroxyl anion (O—OH"): this intermediate is
formed during the initial stages of oxidation and can
participate in further reactions leading to the formation
of HO radicals.

e  Hydronium ion (H;0%): this ion forms alongside perhy-
droxyl anion and contributes to the acidic environment
that can enhance further degradation reactions.

e  Hydroxyl radicals (HO®*): these radicals are highly
reactive and play a significant role in breaking down
the remaining molecular fragments, leading to complete
mineralization.

Our results can be contextualised with those of reference
[56], where da Silva Leite et al evaluated the ecotoxicity and
degradation pathways of the azo dye DR1 using the photo-
Fenton process. Their analysis, using HPLC-DAD and LC-
MS/MS, showed that early stages of degradation increased
toxicity due to intermediates, while prolonged treatment
eventually reduced toxicity. The study identified most of the
intermediates as products of hydroxyl radical addition to the
aromatic ring, with some azo bond cleavage. In contrast, our
study modelling CAP-induced degradation suggests a differ-
ent degradation pathway. We observed that the degradation
of DRI under CAP treatment is faster and involves reactive
oxygen species. Interestingly, we also identified intermedi-
ates that retain the azo group, which is partially consistent
with photo-Fenton results. However, the development of
toxicity under CAP treatment appears to be different. While
da Silva Leite et al emphasised the adjustment of reaction
time to control toxicity, our computational results suggest
that optimizing the intensity and duration of CAP treatment
could similarly minimise toxic by-products. Toxicity moni-
toring is therefore essential for both treatments to ensure
environmentally safe degradation.

4. Conclusions

This study offers comprehensive insights into the interaction
mechanisms of Disperse Red 1 (DR1) with oxygen radicals
(a key ROS component) generated by cold atmospheric
plasma (CAP), employing reactive DFTB-MD simulations.

The research revealed that the primary initiation step
involves hydrogen abstraction by oxygen radicals, a mecha-
nism that plays a crucial role in facilitating subsequent disso-
ciation and molecular rearrangements. Notably, the most
common reactions involved hydrogen abstraction from vari-
ous locations on the DR1 molecule, resulting in the forma-
tion of new hydroxyl groups and other reactive intermedi-
ates. Additionally, a significant secondary mechanism
included hydrogen abstraction, leading to the formation of
formaldehyde and water, which underscored the complexity
of radical-driven rearrangement processes.

Importantly, the study also highlighted key interactions
between oxygen radicals and the chromophoric azo group, as
well as transformations of benzene rings, resulting in the
formation of seven-membered rings or ring openings. These
structural changes are predicted to alter or eliminate the
color of the compound, reflecting the profound impact of
CAP treatment on DR1’s chemical properties.

While the simulations focused on low plasma dosages,
which did not show cleavage of the N = N double bond, test
simulations indicated that high plasma dosages can break
this bond, accelerating decolorization and complete dye
degradation. This finding emphasizes the importance of opti-
mizing CAP treatment intensity to achieve effective pollu-
tant breakdown while minimizing toxic by-products.

Our computational results were compared with experi-
mental findings. While both approaches revealed the forma-
tion of intermediate products, our study demonstrated that
CAP treatment can result in faster degradation with distinct
intermediate profiles. This comparison underscores the
potential for tailored CAP strategies to efficiently degrade
complex dye structures, guiding future research and experi-
mental validation for safe and sustainable wastewater treat-
ment.

Overall, this work advances our understanding of DR1
degradation under CAP, paving the way for further integra-
tion of computational and experimental approaches to refine
treatment processes, optimize plasma parameters, and
address emerging environmental concerns.
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