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Abstract: A number of chemical kinetics models are developed to assess the ability of 

the COST-jet, kINPenIND, SOFT-jet and FE-DBD device to generate various reactive 

oxygen and nitrogen species (RONS) when treating a liquid surface. Different approaches 

are proposed to model the interplay between gas and liquid phase chemistry in (i) the 

plasma jet devices and (ii) the DBD set-up. The results of our models are validated by 

colorimetric measurements of H2O2 and NO2
-
 for various conditions. 
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1. Introduction 

In the last decades, cold atmospheric plasmas (CAPs) 

have been investigated for numerous medical 

applications, ranging from decontamination of wounds 

and accelerating wound healing [1], to the use as cancer 

treatment modality [2], with highly promising results 

obtained in all these domains. However, throughout the 

years, many different plasma sources have been 

developed by numerous researchers. Indeed, although for 

medical applications, mainly dielectric barrier discharge 

(DBD) and plasma jet designs have been used, there exist 

many variations in (i) dimensions of these devices, (ii) 

electrode configuration, (iii) operation frequency, (iv) 

feed gas composition, and many other parameters. As all 

these differences alter the plasma chemistry and physics, 

it is extremely difficult to compare treatment outcomes.  

Despite the use of all these different plasma source set-

ups, the plasma-generated reactive oxygen and nitrogen 

species (RONS) play a predominant role in the mediation 

of medical effects (e.g., the sterilization of tissue, the 

acceleration of wound healing or the killing of cancer 

cells). These species are generated due to the presence of 

molecular oxygen and nitrogen in the feed gas (either as 

impurities or as additives), or due to interaction of the 

plasma with ambient air. Once they reach the surface 

being treated, they will interact with biological substrates, 

thereby triggering a response in the treated sample. 

In the present study, chemical kinetics simulations are 

combined with colorimetric measurements to assess the 

ability of different plasma sources to generate RONS. 

More specifically, three plasma jet sources (kINPen IND, 

COST-jet and SOFT-jet) and a FE-DBD device are 

investigated. Knowledge of which species are dominant in 

each of these devices will, in the future, allow researchers 

to link biological outcomes with specific species. In the 

experimental liquid measurements, we focus on H2O2 and 

NO2
-
, which are two of the most important long-lived 

species. Combining these measurements with the 

chemical kinetics model allows us to investigate the 

pathways leading to these species, and to discuss in detail 

the different plasma chemistry in all sources. 

2. Methods 

2.1. Plasma sources 

The so-called COST-jet was developed as a reference 

jet, and has been described in detail in literature. [3]  The 

kINPen IND is a commercial plasma source and has also 

been reviewed extensively in literature. [4] The  SOFT-jet 

was developed at PBRC. In comparison to the COST-jet 

and the kINPen, which use helium or argon as a carrier 

feed gas, respectively, this plasma jet uses a discharge in 

ambient air. [5] Lastly, the floating electrode dielectric 

barrier discharge (FE-DBD) device, developed at Drexel 

University, is added to the comparison. It has already 

been used in various in vitro/in vivo cancer treatment 

studies, in which the set-up of the source is described in 

detail as well. [6] The different conditions used in this 

study are summarized in Table 1. 

Table 1: Operating conditions of the different plasma 

sources used in this study. 

Plasma source Variations in conditions 

COST-jet 

(Helium) 

Addition of H2O to the feed gas (0-20 

% relative saturation) 

Flow rate = 1 slm 

Treatment distance = 10 mm 

Treatment time = 180 s 

kINPen IND 

(Argon) 

Treatment distance = 10-30 mm 

Treatment time = 300-420 s 

Flow rate = 3 slm 

SOFT-jet 

(Air) 

Treatment distance = 2-3 mm 

Treatment time = 300-1200 s 

Flow rate = 1 slm 

DBD 

(Air) 

Treatment distance = 1 mm 

Treatment time = 10 s 

Operating frequency = 250-500 Hz 

 

2.2. Liquid measurement  

After treatment of 2 mL PBS in 12-well plates (kINPen 

IND, SOFT-jet and DBD device) or 0.2 mL PBS in a 96-

well plate (COST-jet), the measurements of H2O2 were 

done using the colorimetric method with the Ti(IV) 

reagent, as described in previous works. [7] The NO2
-
-

concentration after plasma treatment was performed using 

colorimetry in a reaction with Griess reagent, provided as 



the Griess Reagent Nitrite Measurement kit. The details 

of these measurements are also described elsewhere. [7] 

2.3. Chemical kinetics models  

Chemical kinetics models are used to investigate the 

chemistry occurring in the different sources mentioned 

above. Both the gas phase and liquid phase are included 

in the models. The input parameters (e.g., power input, 

gas flow rate, plasma source dimensions or operating gas 

temperature) of the kinetic models are modified to allow 

developing specific models for each plasma source, 

including all different conditions used experimentally. 

To describe the three plasma jet sources, in each case, 

two separate models are used to simulate the chemistry 

occurring in (i) the gas phase and (ii) the liquid phase 

separately. This approach is based on a model developed 

by Lietz et al.[8], and has been used before to describe the 

chemistry occurring in the gas and liquid phase of the 

kINPen IND. [9] The gas phase simulation follows an 

infinitesimal volume element along the plasma axis, 

starting inside the jet and ending when the plasma reaches 

the liquid surface. The displacement of this volume 

element is coupled with the simulation time (main 

variable in a chemical kinetics model) by the gas velocity. 

As the gas velocity decreases in the effluent of the plasma 

jets, there is a non-linear relation between time and 

distance, as is illustrated by comparing top and bottom x-

axis in Figure 1. The final densities of 32 species (most 

important species out of a total of 94 gas phase species) 

are then used as an input for the liquid phase simulation, 

in which the transport of the species to the liquid phase is 

based on Henry’s law. 

To describe the DBD device, on the other hand, both 

gas phase and liquid phase are coupled in one model. This 

different approach is used, as in this case, the entire 

volume between the electrode and the liquid is considered 

as a homogenous plasma in which the power is dissipated. 

Therefore, the entire plasma volume is always in contact 

with the liquid surface. During each time step, three 

processes occur in the model: 

i. Gas phase chemistry, based on the gas phase 

reactions included in the chemistry set. 

ii. Diffusion of gas phase species into the liquid (or 

evaporation of liquid species if oversaturation 

occurs), based on the density of each species in the 

gas and liquid phase, their Henry constant and gas 

phase diffusion constant. 

iii. Liquid phase chemistry, based on the liquid phase 

reactions included in the chemistry set. 

3. Reactive species generation 

3.1 COST-jet 

Figure 1 shows the chemical kinetics modeling results 

in the gas phase of the COST-jet, in the case of 5% H2O 

added to the helium feed gas. This illustrates that HNO2 is 

entirely generated in the device (region illustrated by the 

grey color), due to N2 and O2 impurities present in the 

feed gas. In the case of H2O2 on the other hand, a large 

fraction of the final concentration is generated in the 

effluent of the COST-jet, which is mainly due to 

recombination of OH radicals generated inside the active 

plasma region. The N2 density is also shown in Figure 1, 

as an illustration of the mixing with ambient air, which is 

implemented in the effluent of all plasma jets. Inside the 

COST-jet, the N2 density is due to impurities present in 

the feed gas. However, in the effluent, its concentration 

rises drastically, due to inflow of ambient air species (in 

our model, we take N2, O2 and H2O into account as 

ambient air species). The rate of this mixing is based on 

2D fluid dynamics simulations. 

 
Fig. 1. Illustration of the gas phase calculation results of 

the COST-jet, in the case of 5% H2O addition to the feed 

gas. The grey zone illustrates the region inside the COST-

jet (3 cm), whereas the white zone is the effluent of the jet 

(1 cm).  

  
Fig. 2. Illustration of the calculation results for the 

generation of H2O2 and NO2
-
 in the liquid phase, after 

contact of the effluent of the COST-jet with a liquid 

surface.  

 

The final densities of these gas phase simulations, i.e., 

obtained at the liquid surface (4 cm in Figure 1) are then 
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taken as an input for the liquid phase simulation, of which 

an example of calculation results is shown in Figure 2. 

 

3.2 DBD device 

Figure 3 shows the results of the chemical kinetics 

model in the gas phase of the DBD device, at an operating 

frequency of 250 Hz. This illustrates that HNO2 and H2O2 

are mostly generated during the pulses (or filaments), but 

are stable enough to maintain a high density in the 

interpulse region. Short-lived species, such as OH radicals 

(•OH ), on the other hand, are lost during in the interpulse 

region, i.e., when no power is applied. These results also 

indicate that the densities of all species inside the plasma 

region evolve towards equilibrium At that point, 

generation from recombination of short-lived species and 

loss due to reactions with these same species are in 

chemical equilibrium.  

 

 
Fig. 3. Illustration of the calculation results for the 

generation of H2O2, NO2
-
 and •OH in the gas phase of the 

DBD device, at an operating frequency of 250 Hz. 

 

In the 0D approach of DBD-treatment of a liquid 

surface, these gas phase species are always in contact with 

the liquid surface, which is included in the model by 

applying Henry’s law at each time step. The calculation 

results for H2O2 and NO2
-
 in the liquid phase are shown in 

Figure 4, which indicates a steady increase of both long-

lived species with increasing treatment time. 

 

 
Fig. 4. Illustration of the calculation results for the 

accumulation of H2O2 and NO2
-
 in the DBD-treated 

liquid. Because of the coupling between gas and liquid 

phase, and the short time-steps needed to capture the 

pulses, the calculations are very time-consuming, so 

results could only be obtained at this stage for 0.2 s. 

 

3.3 Discussion 

The results of the other treatment conditions and plasma 

sources look very similar as the ones presented in Figures 

1 - 4. We use the colorimetric measurement results to 

validate our models. Currently the agreement is not yet 

good enough, so we need to further improve our models. 

We are working on several improvements, including: 

 

i. Adding photo-ionization and photolysis 

reactions to the chemistry set of our models. 

We expect these to be particular important in 

the case of the DBD device and for the plasma 

jets when the discharge is in contact with the 

liquid surface. 

ii. Effect of turbulence in the liquid on the 

Henry’s constants, in the case of the plasma jet 

devices with a strong axial flow rate.  

Once the models are validated, we can use the results of 

the underlying chemistry to discuss the generation of the 

species investigated (H2O2 and NO2
-
),

 
as well as all other 

biological relevant species included in the models, in 

detail. 

4. Conclusion 

In this research, we have shown the first results of 

different chemical kinetics models for multiple plasma 

sources. The goal of this research is to develop robust 

models, which allow predicting the species generated by 

different plasma sources used in biological applications of 

cold plasmas, as well as studying the underlying 

chemistry. Knowing the density of all species generated 

might allow us in the future to couple biological outcomes 

to certain important species, and can help tuning the 
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operating conditions to optimize the treatment to be as 

effective as possible. 
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