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––––––––– 

Abstract: Plasma-produced reactive oxygen and nitrogen species (RONS) are expected to 

promote micropollutant degradation in water and more generally in liquids. Among these 

species, the hydroxyl radical (HO•) is recognized as being the most efficient. Molecular 

dynamics simulations were carried out to determine the reaction steps of HO• interaction with 

the paracetamol molecule in water, a pharmaceutical residue that is frequently detected in 

surface and tap water and is well documented. Calculations were performed at various 

temperatures to determine the oxidation pathways, the intermediate and final products were 

identified. Assuming a ratio of 10% HO• in water, it was found that a local temperature of 

2500 K is required to decompose paracetamol to CO, H2O, NH3, and C2H2. 

––––––––– 

Keywords: Molecular dynamics simulations; plasma processing; plasma treatment; reactive 
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1 Introduction 

The presence of pharmaceutical residues, such as paracetamol (C8H9NO2), in water is 

becoming a major concern worldwide due to the risk that they represent for the environment 

and for health  [1]. Moreover, paracetamol is suspected to have endocrine disruptive effects 

on both males and females as it is a prostaglandin synthesis inhibitor [2-4]. Electric-discharge 

non-thermal plasmas have been proposed as an efficient advanced oxidation technique for the 

abatement of organic micropollutants, including pharmaceutical residues [5-9], as non-

thermal plasmas in and in contact with liquids, are rich sources of reactive oxygen and 

nitrogen species (RONS) such as HO•, O2
•−, HOO•, O3, 1O2, O, •NO, H2O2, ONOO−, NO2

− 

and UV radiation [10-23]. One of the major goals of studying plasma-liquid interactions and 

in particular, the interactions of RONS with organic molecules, is to understand the basic 

mechanisms and predict the products generated [12]. Since degradation mechanisms are 

mainly radical based, atomistic simulations such as reactive molecular dynamics simulations 

(MD) are expected to be of great help [24]. Interactions between gas-phase plasma and liquid 

have already been addressed, albeit rarely, using MD in order to study the effects of RONS, 

especially atomic oxygen, on water itself [25-28]. To our knowledge, however, no MD 

studies on the interaction of RONS with pharmaceutical residues have been conducted, 

contrary to studies on biological molecules [29-30].  

In the present study, MD simulations were carried out with a temperature ramping between 

300 K and 2500 K to determine the temperature domains for successive C-C and C-N bond 

breaking by observing the detailed action of HO• on the paracetamol molecule. MD 

simulations were also carried out at constant temperatures of 300, 1600 and 2500 K 

respectively in order to confirm the results obtained with the ramping temperature 

simulations. These simulations are not strictly plasma simulations in that no electrons, ions or 

UV light are present. They are intended to predict what happens when including active 
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radicals in polluted water. Varying the temperature is a way of “simulating” local energetic 

changes that lead to overcoming dissociation barriers. This will further provide information 

about the order in which the bonds successively break. 

 

2 Molecular dynamics simulations 

Molecular dynamics simulations calculate the trajectories of an ensemble of N species. They 

consist in solving the Newtonian equations of motion 

𝑚𝑖
𝑑2

𝑑𝑡2 𝑟𝑖(𝑡) =  −∇⃗⃗⃗𝑟𝑖
𝑉(𝑟1(𝑡), ⋯ , 𝑟𝑁(𝑡)) = �⃗�𝑖(𝑡),               𝑖 = 1, ⋯ , 𝑁     (1) 

where 𝑟𝑖(𝑡) is the position of species i at time t, V is the total interaction potential function 

and �⃗�𝑖(𝑡) is the force field acting on species i at time t. Solving such a set of equations 

requires knowledge of the initial conditions, which can be selected so as to match 

experimental conditions and the interaction potential V or the force field �⃗�.  

The molecular dynamics simulations were carried out using the reactive force field ReaxFF 

[31] to describe the interaction between the C, H, N, O atoms. Basically, this force field is 

bond-order dependent, which allows an accurate description of bond breaking and formation. 

Bond-orders were calculated from interatomic distances at each MD step to determine 

connectivity. Thus, bonds can break and form throughout the simulation. Non-bonded 

interactions were evaluated between each pair of atoms, independently from the connectivity. 

Too close non-bonded atoms were avoided by a shielding term. Moreover, polarization effects 

were accounted for by using a geometry dependent charge calculation model [32, 33]. 

ReaxFF force field belongs to the family of variable charge reactive force fields [34]. It has 

been validated by numerous experimental results and a large set of literature theoretical data 

issued from geometry optimizations and bond dissociation quantum data, over the last 20 

years, which leads to its robustness [32-34]. MD simulations have been used to examine the 

behavior of plasma-generated species (OH radicals, O atoms, HO2, H2O2) in water [25,27,28], 
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valuable for understanding plasma-liquid interaction. In the context of biomedical 

applications of plasma, ReaxFF forcefields have been successfully applied to describe bond 

formation/breaking at the interaction of reactive oxygen species with various biomolecules, 

such as lipids, proteins, DNA etc., as well as with components of the bacterial cell wall [29-

31, 35-40]. All these are organic molecules containing similar bonds as in the present study. 

Although the exact mechanisms are difficult to determine experimentally, so a direct 

comparison with experiments is often not straightforward, predictions of these simulations 

appear to be realistic, and at least qualitatively, in agreement, with experimental observations 

[29-31,38-40]. ReaxFF studies have also been found to accurately describe various bond 

dissociation and formation for hydrocarbons and fullerenes [32,41], as well as high 

temperature oxidation of hydrocarbon, successfully predicting oxidation products and 

reproducing reaction rates with O2 of several small aliphatic and aromatic compounds [42]. 

Qualitative agreement with experimental observations has also been obtained for ReaxFF-

based MD simulations of oxidative and thermal treatment of polymeric materials (containing 

C, H, O and N) to yield carbon nanofibers [43-45]. The combustion kinetics of various fuels 

and fuel mixtures at high temperatures and pressures has also been investigated by ReaxFF 

calculations [46, 47] and the studies demonstrate the ability of this method to capture complex 

combustion dynamics and the trend of reactivity for different hydrocarbons confirmed by 

experimental measurements. 

For this study, a 15.3 x 15.3 x 15.3 Å3 simulation box was designed with randomly placed 10 

HO•, 100 H2O and one paracetamol molecules, separated by a distance greater than 2.5 Å 

[48]. This gives a water density close to 1.0 g.cm-3. These ratios were chosen in light of the 

typical values recorded in the literature [12, 15, 26, 49]: the typical concentration level of HO• 

in water is 1015 - 1017 cm-3
 [50-53]. Literature studies on paracetamol degradation most often 
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investigate solutions with concentrations of tens of mg.L-1. Considering, for instance, a 

paracetamol concentration of 15 mg.L-1, this means 6x1016 molecules.cm-3. 

HO• densities of 1018 molecules.cm-3 have been reported for plasmas generated in water [12, 

40]. Measurements of HO• densities in plasmas generated in gas phase in contact with water 

have detected values in the range of 1015 – 1017 molecules.cm-3, depending on the type of 

discharge, operating parameters, gaseous atmosphere and measurement method [40-42]. For 

discharges in air above liquid, HO• densities of 1017 cm-3 are reported [51]. Similar values 

(3.5-10.9 ppm, i.e. 1.2-3.8x1017 cm-3) are also found in DBD generated in Ar with an 

admixture of water vapor [53]. Moreover, as active species are continuously delivered while 

the organic pollutant is being degraded, the relative concentration of active species can 

increase. Therefore, the ratio of 10:1 between HO• and paracetamol selected here is a 

reasonable assumption. Tap or surface water real paracetamol concentrations are in the range 

of 1 ng.L-1 to a few tens of µg.L-1. To apply wastewater treatment, however, the samples that 

are accumulated are too diluted  and need to be re-concentrated for a treatable amount to be 

obtained. On the other hand, pollutants can be treated at the source where they are more 

abundant. In addition, when considering even the highest paracetamol concentration of mg.L-

1, the density ratio with water is below 10-6. In this case, it is almost impossible for the 

degradation products of paracetamol to interreact. Studying the degradation process with only 

one paracetamol molecule is therefore justified. On the contrary, it would mean that an 

external “force” is acting to locally increase the paracetamol content. Such forces can come 

from the plasma-induced convection or forced flow [12], which can constantly supply 

paracetamol. This is also consistent with the fact that the plasma-liquid affected zone is 

limited to the first ten to 100 µm at the liquid surface [12]. Treating the pollutants efficiently 

thus requires that they should be constantly brought to this zone.   
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3 Results and discussion 

A first set of simulations was carried out to study the temperature thresholds of the 

decomposition sequence of paracetamol in water. To complete this first attempt, an initial 

equilibration step at 300 K was conducted during 5×106 timesteps without handling reactions. 

Then simulations were performed applying a temperature ramp between 300 and 2500 K 

during 40×106 timesteps and allowing all possible reactions to occur. The last equilibration 

step lasted for 5×106 timesteps at 2500 K. The timesteps were fixed at 0.1 fs, so the total 

simulation time was 5 ns. This short integration time is required for a good description of fast 

hydrogen atom motion.  

Three other sets of simulations were carried out at constant temperatures of 300 K, 1600 K 

and 2500 K in order to check whether ramping temperature simulations induced biases in the 

intermediate and final products [42], especially for the highest temperature where the final 

products should be the same. The procedure followed the same design as for the temperature 

ramp: a first equilibration step at the desired temperature during 5×106 timesteps without 

allowing reactions, followed by a simulation with 45×106 timesteps with reactions allowed. 

All the calculations have been carried out using LAMMPS [54, 55] and ADF [56, 57] 

softwares with  the ReaxFF force field parametrized by Rahaman et al. [31]. 
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Figure 1: Snapshots of (a) initial and (b) final, t= 5 ns, configuration. Red, white, grey and blue 

balls are oxygen, hydrogen, carbon and nitrogen atoms respectively. Color online only. 

 

Figure 1 provides snapshots of the initial and final configuration of HO• interaction with 

paracetamol. The final degradation products after ramping the temperature up to 2500 K were 

6 CO, 1 C2H2 and 1 NH3. Other species were 103 H2O, 1 H3O and 1 H2. HO• radicals were no 

longer present. Figure 2 displays the time, and thus the temperature, of the formation of the 

degradation products. 
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Figure 2: Time evolution of final paracetamol degradation products (CO, C2H2 and NH3).  

 

Paracetamol degradation starts very quickly and evolves slowly up to 1825 K, with 

progressive deformation of the hexagonal carbon ring. The HO• radicals attack C atoms to 

form a CO bond that leads to C-C bond breaking (t < 3.3 ns) on the non-ring side of 

paracetamol. At the same time, the 6 C ring is transformed into a linear chain between 2 and 

3.4 ns terminated by O on one side and NH on the other. The NH termination is dissociated, 

forming NH3 by interaction with warm H2O (2170 K) leading to a C-O termination in the 

form of a linear HO-C-C-C-C-C-C-O product. Between 4.5 and 5.0 ns (plateau at 2500K), 

this product is dissociated, each C atom one after the other, leading to 4 new CO radicals. And 

finally, a C2H2 molecule remains. Additional simulations showed that C2H2 is further 

dissociated to 2 CO radicals above 3000 K. 
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The fragments do not display perfect valency. This is due to the high temperature that does 

not allow stabilization of the intermediate compounds. This persists at the end of the 

simulation since there is no further relaxation step, which would be required for direct 

comparison with experimental ex-situ analysis. Moreover, the bond order differs from the 

initial one, especially for linear radicals: this comes from the way in which ReaxFF manages 

bond order using interatomic distances. It should also be noted that these geometries are not 

equilibrium geometry for the reasons mentioned for valency. 

Table 1 summarizes the various intermediate states leading to the final products CO, C2H2 

and NH3.  

 

Table 1: Various paracetamol intermediates during heating in water + 10% hydroxyl radical. 

Degradation 

product 

Chemical Formula 

Time t  

Temperature T 

Degradation 

product 

Chemical Formula 

Time t 

Temperature T 

 

C8H9NO2 

0 ns 

300 K 
 

C6H2O2 

4.4 ns 

2445 K 

 

C8H6NO2 

1 ns 

575 K 
 

C5HO 

4.5 ns 

2500 K 

 

C8H6NO3 

2 ns 

1125 K 
 

C4H2O 

4.57 ns 

2500 K 

 

C8NH3O3 

3 ns 

1675 K 
 

C4H2 

4.66 ns 

2500 K 

 

C7H3NO2 

3.2 ns 

1785 K 
 

C4H2O 

4.8 ns 

2500 K 

 

C6H4NO2 

3.3 ns 

1840 K 
 

C3H2 

4.84 ns 

2500 K 
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C6H2NO 

3.4 ns 

1895 K 
 

C3HO 

4.86 ns 

2500 K 

 

C6HNO 

3.5 ns 

1950 
 

C3H2O 

4.87 ns 

2500 K 

 

C6HO2 + NH3 

3.9 ns 

2170 K 
 

C2H2 

4.90 ns 

2500 K 

 

To check that there was no time delay, constant temperature simulations were carried out at 

1600 K and 2500 K during 5 ns, with the same parameters. The system is equilibrated at 1600 

K during the first 0.5 ns, i.e. without reactions between species. At 1600 K only 2 CO 

molecules are created between 1.5 and 1.6 ns. A 5-carbon membered ring is also created, as 

displayed in Table 2. No further evolution was observed after 1.6 ns. 

 

Table 2: Paracetamol degradation at 1600 K in water + 10% hydroxyl radical. 

Degradation 

product 

Chemical Formula 

Time t  

Degradation 

product 

Chemical Formula 

Time t 

 

C8H3O3N 

0.54 ns 

 

C7H4NO3 

1.5 ns 

 

C6H4NO4 

0.6 ns 

 

C6H4NO2 

1.6 ns 

 

At 2500 K, paracetamol degradation leads to 2 CO molecules and NH3 at t =0.51 ns just after 

the end of the equilibrium period. Four additional CO molecules are produced successively at 

0.6, 0.7, 1.3 and 2.5 ns. C2H2 is simultaneously created with the 6th CO at 2.47 ns. Since no 

further evolution occurs up to 5 ns, this means that a higher local equivalent temperature is 

required for full conversion towards CO2, H2 and NOx. 
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These constant temperature simulations validate the simulations with the chosen temperature 

ramp. The heating rate (0.55 K/ps) selected is thus slow enough to obtain the CO formation 

steps at a similar temperature to that obtained for the constant temperature simulation.  

The present simulation methodology enables an “equivalent local temperature” to be reached 

that allows the decomposition of organic molecules in water activated by a fraction of 

oxidizing radicals (HO• here). In fact, if the local equivalent temperature is high, while the 

overall temperature remains at 300 K, as for plasma discharges (He jets, dielectric barrier 

discharges) above liquid [12, 6-8, 49], the effects of the missing H2O molecules required to 

reach an experimental [HO•]/[H2O] ratio of 10-6 are captured by the thermostat controlling the 

temperature, both for ramp and constant temperature simulations. These simulations do not 

inform about the form of the equivalent temperature source but suggests that the observed 

degradation step requires a source that provides effects such as an “equivalent temperature”. 

This can be of help in experiments: recording by-products will inform about local energetics 

when using MD simulations. 

The present simulations thus offer a methodology for interpreting local reactions leading to 

by-products, whatever the experimental technique. In the case of plasma water treatment, the 

difficulty lies in identifying the local temperature source. It may stem from the reaction heat 

during bond formation and breaking which can lead locally to a net energy release, or from 

the plasma source itself in the liquid affected zone.  On the experimental side, it should be 

noted that OH• attack either on the aromatic ring or on the functional groups was observed. 

Ring opening is also frequently reported in advanced oxidation process studies at ambient 

temperature [6, 7, 58, 59].   

 

4 Conclusion 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
43

94
4



 

12 
 

An MD simulation methodology implementing a temperature ramp has been developed in 

order to unravel the degradation products of organic molecules in water in the presence of an 

active radical. It was applied to the degradation of paracetamol in the presence of HO• radical. 

The ratios of the various initial species were rationalized by including the conditions of 

plasma treatment of water.  The temperature increase aimed to simulate a local source of 

energy delivered into the simulation box. Predicting the degradation intermediates enabled the 

possible appearance of harmful compounds during treatment to be detected. This can be 

avoided either by prolonging the treatment time, or by adjusting the experimental parameters 

accordingly. Conversely, MD simulations provided an idea of the local conditions that need to 

be reached in order to obtain partial or full degradation of the treated molecules.  

A direct comparison of the results obtained in this work to experimental ones will be very 

useful in order to validate the approach as a powerful predictive tool for the degradation of 

organic pollutants by plasma and, more generally, by AOPs. However, this task remains 

highly challenging since most of the compounds identified in the simulations are unlikely to 

be detected by analytical techniques due to their transient nature. 
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