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Abstract
Microbial inactivation efficacy of plasma generated by a custom-made floating electrode dielectric barrier discharge (FE-
DBD) or cold plasma at three different frequencies (1 kHz, 2 kHz, and 3.5 kHz) was experimentally evaluated for its inacti-
vation of the pathogen surrogate Enterobacter aerogenes on a glass surface to obtain inactivation kinetics. COMSOL Mul-
tiphysics® was used to numerically simulate the amount and the distribution of reactive species within an FE-DBD system. 
Microbial inactivation kinetics was predicted using species concentrations and microbial inactivation rates from the literature 
and compared with experimental data. The results showed that the FE-DBD plasma treatment achieved a microbial reduction 
of 4.3 ± 0.5 log CFU/surface at 3.5 kHz, 5.1 ± 0.09 log CFU/surface at 2 kHz, and 5.1 ± 0.05 log CFU/surface at 1 kHz 
in 2 min, 3 min, and 6 min, respectively. The predicted values were 4.02 log CFU/surface, 4.10 log CFU/surface, and 4.56 
log CFU/surface at 1 kHz, 2 kHz, and 3.5 kHz, respectively. A maximum 1 log difference was observed between numerical 
predictions and the experimental results. The difference might be due to synergistic interactions between plasma species, UV 
component of FE-DBD plasma, and/or the electrical field effects, which could not be included in the numerical simulation.
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Introduction

Significant effort and resources have been directed towards 
improving the efficiency and sustainability of the food sup-
ply chain. Besides developing new approaches for reduc-
ing food waste and reducing energy consumption, there is 
a growing demand for high-quality food products that are 
minimally processed, safe, and affordable. The development 
of novel nonthermal food preservation processes is of great 
interest for minimally processed foods. Researchers seek to 
increase food safety and enhance shelf life while maintaining 
important food quality attributes. One emerging nonther-
mal technology that may help is cold atmospheric pressure 

plasma (CAPP). The antimicrobial efficacy at or near room 
temperature of cold plasma makes it desirable to process 
temperature-sensitive foods [49].

Plasma, the fourth state of matter, can be described as 
a partially or fully ionized gas [32]. If enough energy is 
applied to a gas, this breaks apart interactions between mol-
ecules and atoms, which results in the generation of charged 
and neutral species, including ions, electrons, and free radi-
cals, while releasing radiation at different wavelengths. The 
mixture of species and radiation is called plasma. Plasma 
can be classified as a hot plasma or cold plasma, depend-
ing upon its temperature. The Sun and the interior of stars 
are examples of hot plasma, and the Aurora Borealis is an 
example of cold plasma in our universe [7]. This research is 
focused on non-equilibrium short-pulsed discharge, or “cold 
plasma” in which the temperatures of neutral and reactive 
species are at or near room temperature while electrons are 
at ~ 1 eV (~ 104 K).

Different theories have been developed to explain the 
antimicrobial effects of CAPP. The most common pro-
posed mechanism of action is the oxidation of cell con-
stituents which is attributed to reactive oxygen such as 
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superoxide (O2
−), hydrogen peroxide (H2O2), hydroxyl 

radicals (OH), ozone (O3), and reactive nitrogen species 
such as nitric oxide (NO) and others. The interactions 
between these reactive species and cellular macromole-
cules, such as lipids, proteins, and DNA, can result in the 
death of the cell [4, 11, 42].

Researchers have shown that CAPP can effectively 
inactivate different microorganisms with high food quality 
retention [2, 12, 13, 50]. Some research has suggested that 
plasma has adverse effects on some food quality param-
eters changing color and contributing to oxidation [23, 25, 
34]. While some microorganisms (e.g., Escherichia coli) 
are more susceptible to plasma, spore-forming bacteria 
such as Bacillus subtilis are less so [20, 30, 33]. Different 
plasma generation methods can also affect the degree of 
microbial inactivation observed [5, 39, 45].

While the application of plasma technologies to inac-
tivate microorganisms has been studied, the prediction 
of microbial inactivation kinetics would allow the com-
parison of different plasma process technologies on the 
reduction of microbial populations. Very few studies 
have focused on the mathematical modeling of microbial 
inactivation by cold plasma treatment. Some studies have 
focused on microbial inactivation by plasma as functions 
of time, process gas type, gas flow rate, frequency, or volt-
age [48, 49]. While many of the operating parameters for 
the plasma generating equipment can affect the amount 
and type of molecular species generated, microbial inac-
tivation by cold plasma has been ascribed mainly to the 
reactive species [8, 15]. A generalized reactive species-
based microbial inactivation model would allow compari-
son between studies and might point a way toward more 
effective treatment conditions.

The overarching goal of this study was to investigate the 
microbial inactivation efficacy of CAPP on Enterobacter 
aerogenes in a model system and develop a mathemati-
cal model to predict microbial inactivation kinetics. A key 
objective was to predict the plasma species distribution 
and concentration at a microbially contaminated surface, 
and couple it with the microbial inactivation kinetics from 
the literature to predict the microbial inactivation level and 
compare with experimental data. The transport of reactive 
species was numerically solved to obtain species distribution 
between plasma electrodes in a custom made floating elec-
trode dielectric barrier discharge (FE-DBD) device (Drexel 
University, PA). The same equipment was used to conduct 
microbial inactivation experiments [10]. Numerical simula-
tion of reactive species distribution was carried out by using 
COMSOL Multiphysics®. Numerically predicted reactive 
species concentrations and their distributions were coupled 
with microbial inactivation rate from the literature to esti-
mate microbial inactivation, and the results were compared 
with experimental data.

Material and methods

Interacting surface

Since surface roughness can affect the microbial inactivation 
efficacy of cold plasma [3, 21]. Fisherbrand™ glass micro-
scope slide (0.001 m × 0.0254 m × 0.0762 m) was used as a 
model surface. The surface roughness of these glass slides 
was 0.28 ± 0.02 μm [21], which is smaller than a typical 
microbe, and therefore, it could be considered a “smooth” 
surface. Enterobacter aerogenes (0.6–1.0 μm in diameter 
and 1.2–3.0 μm long) were spot inoculated on the glass slide 
surface in an area with dimensions of 0.0254 m × 0.0254 m. 
Microbial inactivation results were reported in terms of log 
CFU per area (1 in2 or 0.000645 m2).

Bacterial culture

Nalidixic acid-resistant Enterobacter aerogenes B 199A 
(Vivolac Cultures, Indianapolis, IN) is a non-pathogenic, 
gram-negative bacterium [31], with similar attachment char-
acteristics to Salmonella spp. [53]. Prior research has shown 
that Enterobacter, Salmonella, and four other Enterobac-
teriaceae (Escherichia, Citrobacter, Arizona, and Shigella) 
are part of a single, large cluster within the Enterobacte-
riaceae, with little or no evidence of subdivisions into tribes 
or genera when analyzed according to 105 different features 
including biochemical and physiological characteristics [28]. 
Nalidixic acid inhibits the growth of other microorganisms 
and allows the growth of only E. aerogenes B 199A strain.

The frozen bacterial culture was stored at − 80 °C in 
80% sterile glycerol. Bacteria from frozen stock were trans-
ferred, and the quadrant was streaked onto Tryptic Soy Agar 
(BD Difco, Sparks, MD) containing 50 µg/ml nalidixic acid 
(Sigma Chemical Co., St. Louis, MO) (TSA-na) and incu-
bated at 37 °C for 24 h. One colony of the bacterium was 
transferred to 30 ml of Bacto Tryptose Soy Broth (Bacto, 
BD, Sparks, MD) containing nalidixic acid (50 µg/ml) and 
incubated at 37 °C for 24 h. The final bacterial concentration 
of suspension was 8.27 ± 0.11 log CFU/ml. This suspension 
was used for all microbial inactivation experiments.

Floating electrode dielectric barrier 
discharge Plasma (FE‑DBD)

The FE-DBD (at Drexel University, Camden, PA) system 
used in our experiments is shown in Fig. 1. The system uses 
a microsecond-pulsed power supply in which sinusoidal dis-
charges were generated between two electrodes, as shown in 
Fig. 1 a and c. The rounded powered copper electrode was 
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0.035 m in diameter (Fig. 1b). Its open end was covered 
with 0.05 m diameter and a 1-mm-thick clear fused quartz 
(Technical Glass Products, Painesville, OH), and the copper 
electrode was enclosed in polyetherimide (Ultem) (Fig. 1b). 
The ground electrode was a standard stainless-steel plate 
(0.15 m × 0.25 m) placed at 2 mm from the quartz surface 
(Fig. 1c).

Electrical Characterization of Plasma

The power supply was connected to a power analyzer, and 
the power required measured by a wattmeter (Electronic 
Educational Device, Denver, CO, USA). Power was meas-
ured five times when the plasma system was operated at each 
of three different frequencies (1 kHz, 2 kHz, and 3.5 kHz) 
with a 0.001 m air gap between a high-voltage electrode and 
a glass slide (1 mm thick). The distance between electrodes 
was increased (~ 50 mm) to measure power when the same 
voltage was applied, but no plasma was generated. The dif-
ference between the two measurements was reported as the 
power consumed in the generation of plasma. The average 
values of power of this FE-DBD system were 4.80 ± 0.5 W, 
11.18 ± 0.2 W, and 15.13 ± 0.3 W at 1 kHz, 2 kHz, and 
3.5 kHz, respectively. The power of the plasma was divided 
into the number of pulses for each frequency to obtain power 
consumed per cycle or pulse. The average power of the FE-
DBD plasma system per cycle was 5 × 10–3 W/cycle. Aver-
age power per cycle was used in the numerical simulation 
for the energy input of FE-DBD.

Experimental design for FE‑DBD Plasma 
treatment

The bacterial suspension of E. aerogenes (50 µl) was spot 
inoculated directly from the broth to the glass surface (area 
of 0.0254 m × 0.0254 m). The glass slide was held in a 
laminar flow biosafety cabinet for 2 h at room temperature 
for drying before treatment. The glass slide was exposed to 
plasma for different exposure times and at different plasma 
power cycles using the FE-DBD plasma system at conditions 
shown in Table 1.

After plasma treatment, the glass slide was transferred 
to a sterile bag with 20 ml 0.1% peptone broth (BD Difco, 
Sparks, MD), gently massaged to dislodge any viable cells 
on the slide. The 0.1% peptone containing any viable cells 
was serially diluted further in 0.1% peptone as needed 
(mostly 3 times, tenfold at a time) and 0.1 ml of peptone 
water was plated on tryptic soy (enriched with 50 µg/ml 
nalidixic acid) agar on duplicate plates. Plates were incu-
bated at 37 °C for 24 h. The number of colonies between 
30 and 300 were reported. Each treatment condition was 
repeated 5 times.

The detection limit was calculated based on a 
single viable cell being recovered in 0.1  ml from 
the original 20  ml massaged with the glass slide 
(1 CFU/0.2 ml × 20 ml = 100 CFU/slide or 2 log CFU/
slide).

Optical emission spectroscopy

An optical emission spectrometer (OES) by AvaSpec-
ULS2048L-EVO (Avantes, Broomfield, CO, USA) was used 
to relatively quantify the presence of reactive (and poten-
tially antibacterial) species in the CAPP. The OES had a 
2-m-long 600-µm fiber cable with an F400 COL-UV/VIS 
collimating lens in the range from 200 to 1100 nm. The 
Avasoft8 software recorded the relative absorbance value 
of species. Each measurement was performed three times 
with an integration time of 10,000 ms and was recorded as 
emission spectra. The spectral peaks were then identified 

Fig. 1   a FE-DBD or cold plasma unit (electrodes and power sup-
ply). b Powered copper electrode (0.035 m diameter) and clear fused 
quartz (0.05 m diameter and 0.001 m thick). c The purple glow is the 
plasma generated between the electrodes

Table 1   Experimental conditions for FE-DBD plasma

Frequency (kHz) 1 2 3.5

Exposure time (s) 0 0 0
90 45 30
180 90 60
270 135 90
360 180 120
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and processed by using the Avasoft8 software and spectrum 
analyzer for the presence of reactive species (v1.7, Brno, 
Czech Republic).

Statistical analyses

Statistical analyses were performed using SPSS software 
(version 24.0 IBM Corp, NY). All experimental data were 
subjected to one-way analysis of variance (ANOVA), and 
means were compared using the Tukey method with a 95% 
confidence interval.

Mathematical modeling

The mathematical model numerically solved for the diffusion 
of generated reactive species and their secondary reactions 
to predict the concentrations and distributions of the reac-
tive species in the FE-DBD plasma zone and on the glass 
surface. COMSOL Multiphysics® (version 5.4) transport of 
diluted species sub-module under the chemical engineering 
module was used to predict distributions and concentrations 
of reactive species. The calculated surface concentration of 
reactive species was used to predict microbial inactivation 
kinetics of E. aerogenes, and the details are described in the 
following sections.

Geometry

The model addressed the cylindrical domain between the 
two electrodes with a glass slide on the bottom surface. The 
problem was assumed to be 2D axisymmetric without swirl 
to reduce computational time, so the computational domain 
consisted of a radial slice (center to edge) between the two 
electrodes. When revolved around the vertical (y) axis, this 
covers the entire domain under consideration. The radial 
slice implies that the glass slide area was circular, so the 
square inoculated region on the glass slide in the simula-
tion was approximated as a circle. The domain included 
the region between the high-voltage electrode, which had 
a radius of 0.0175 m and the ground electrode. There was a 
0.002-m gap between the electrodes, and the glass slide was 
0.001 m thick, but it did not cover the entire region between 
the electrodes (see Fig. 2).

FE‑DBD Plasma chemistry

Plasma has complex chemistry due to the numerous potential 
reactions and generation of the many possible species, espe-
cially when the air is used as the gas supply. The FE-DBD 

system generated a thermodynamically non-equilibrium cold 
plasma [7], where the plasma temperature was near or at 
room temperature. The primary reactive species generated 
in the FE-DBD air plasma that has high antimicrobial inac-
tivation activity are O•, OH, O3, and H2O2 [15]; [49], so 
only these species were included in the mathematical model 
describing the transport of the species.

The rate of reactive species generation in cold plasma can 
be obtained by using the species G-value from the literature, 
which represents the number of active species molecules 
generated by specific input energy (molecules per 100 eV). 
It can be expressed as a function of the SIE (specific input 
power) and the removed/produced amount of gas (∆C), in a 
general form [24].

where ∆C is the number of plasma species produced 
(molecules/m3/s), and SIE is the specific input power (W/
m3).

The G-value of O• and OH, and reactions (2) and (3), 
were used to obtain the generation of the O•, OH, O3, and 
H2O2 species for the FE-DBD plasma system. Reactions (2), 
(3), (4) and (5) were used for the decay of O•, OH, O3, and 
H2O2, species in the model, respectively.

GOH = 9

(

molecule

100eV

)

 [9]

k2 = 2.81x10−18
(

m3

molecule⋅s

) [35]

(1)G − value(molecules per 100eV ) =
ΔC

SIE
x 1.6 x10−19

(2)OH + OH
k2
→ H2O2

(3)O∙ + O2

k3
→ O3

Fig. 2   Radial cross section of computational domain showing the 
region between the electrodes and the glass slide. The computational 
domain is shown in gray for FE-DBD (the radius of high voltage elec-
trode was 0.0175  m, the gap between electrode and glass slide was 
0.001 m, and the length of glass slide was 0.0254 m)
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GO∙ = 3.2

(

molecule

100eV

)

 [9]

k3 = 3.01x10−17m3∕(molecule ⋅ s) [35]

k4 = 8.58x10−2
1

s
 [35]

k5 = 5.22x10−6
1

s
 [35]

Governing equations for predicting 
the distribution of charged species

It was assumed that the air/plasma column between two 
electrodes was stagnant, and mass diffusion was the only 
mass transfer mechanism. The governing mass transfer 
equation of diffusion of species is

where Ci is the concentration of the species (mol/m3), 
Di is the mass diffusion coefficient (m2/s) of species i in 
air. The values for Di were obtained from the literature 
and are given in Table 2 [6, 16, 36]. In Eq. (6), Ri is the 
rate of generation of species i (mol/(m3·s) and was used 

(4)H2O2

k4
→ H2O + O2

(5)O3

k4
→ O∙ + O2

(6)
�Ci

�t
+ ∇ ⋅

(

−Di∇Ci

)

= ±Ri

to define decay or generation of reactive species O•, OH, 
O3, and H2O2 in the numerical simulation. The generation 
and the decay of the species were defined everywhere in 
the simulation domain (Fig. 3).

Boundary conditions for predicting 
the distribution of charged species

The boundary conditions imposed in the mathematical 
model are described in Fig. 3. No flux boundary (Ji = 0) 
condition was employed at electrode surfaces and the glass 
slide. The flux vector in the presence of the diffusion and 
reaction becomes,

Open boundary conditions were imposed on the side, 
which describes boundaries in contact with a large vol-
ume. The species can both enter and leave the domain 
from open boundaries, which can be described mathemati-
cally as follows.

Meshing for FE‑DBD Plasma simulation

The computational domain was discretized using a triangu-
lar mesh. The mesh was generated by commercial software 
COMSOL Multiphysics® mesh generator module (Version 
5.4). The initial mesh was finer and consisted of 10,119 
triangles, 537 edge elements, and 7 vertex elements. Dur-
ing the numerical simulation runs, the computational mesh 
was adapted repeatedly based on the species concentration 
gradient until the mesh independent solution was obtained. 
The final grid had 19,187 triangles, 835 edge elements, 
and 7 vertex elements (Fig. 4).

Solver and computational time

COMSOL Multiphysics® solver was used in the numerical 
simulation [8] and is based on an implicit time-dependent 
backward differentiation formula (BDF) solver algorithm. 
If the residual values for continuity and species concentra-
tion were all less than the user-defined relative tolerance 
value of 10–3, then the solution was considered to be con-
verged. The computational time for a 2D axisymmetric 
model was 1 h and 47 min on a DELL Inc. workstation 
with Intel® Xeon® processor E5640 and 24 GB RAM.

(7)Ji = −Di∇Ci

(8)
{

−n ⋅ Di∇Ci = 0ifn ⋅ u ≥ 0

Ci = Co,iifn ⋅ u ≤ 0

Table 2   Mass diffusivity values of various reactive species in air

Species (i) Di,air (m2/s) × 105 Reference

O2 1.9 [6]
O3 3 [16]
O 6.1 [36]
OH 7.1
H2O2 0.2

Fig. 3   Boundary conditions for the transport of reactive species (no 
flux boundary condition at electrodes surfaces and glass surface and 
open boundary on the side) and generation and the decay between 
surfaces in the domain
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Empirical microbial inactivation kinetics 
models

Microbial inactivation was assumed to follow a first-order 
reaction and therefore could be described as

where S(t) is the survival ratio N/N0 at a given time, and 
t is the time (s).

The exponential model parameters k (1/s) was modified 
as a function of the numerically predicted reactive species 
concentration to predict the microbial inactivation kinetics 
of E. aerogenes.

where Ci (mol/m3) is the concentration of individual 
species, and ki is the microbial inactivation rate of indi-
vidual species (m3/(mol s)). The ki values for reactive spe-
cies were obtained from previous studies (Table 3) [1, 43, 
49]. Microbial inactivation rate values for Salmonella were 
used in the calculations as Salmonella is closely related to 
E. aerogenes. The inactivation rate of H2O2 was calculated 
based on the oxidation-reduction potential (ORP) of H2O2 
due to a lack of published inactivation data.

If we combine Eq.  (9) and Eq.  (10), we can rewrite 
the exponential model as a function of time and species 
concentration.

(9)S(t) = e−kt

(10)k =
∑i

1
Ciki

Results and discussion

Identification of FE‑DBD Plasma reactive species

Figures 5, 6, and 7 represent the typical emission spec-
trum from FE-DBD air plasma at three different frequen-
cies (1 kHz, 2 kHz, and 3.5 kHz). The observed emission 
spectrums illustrate the relative concentrations of nitrogen, 
oxygen, and hydrogen ions and their presence.

Atmospheric pressure cold air FE-DBD spectra showed 
emission peaks in all UV range (200–400 nm) and few in 
the visible light range. Metastable singlet state of oxygen 
(O I), oxygen (O II), nitrogen (N2R I), nitric oxide (NO 
I), hydroxyl radical (OHR I), and hydrogen ions (H2 I) at 

(11)S(t) = exp
(

−
(

∑i

1
Ciki

)

t
)

Fig. 4   Final computational 
mesh used for numerical 
simulation (19,187 triangles, 
835 edge elements, and 7 vertex 
elements)

Table 3   Microbial inactivation rate of Salmonella for individual reac-
tive species

Species (i) Ki( m3/(mol s) Reference

H2O2 3.6 [49]
O3 3.9 [43]
OH 5.2 [1] Fig. 5   Emission spectra of FE-DBD plasma at 1  kHz in vis–NIR 

region (the gap between electrodes was 1 mm)
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different energy states were detected, which would give way 
to the formation of antimicrobial reactive species via elec-
tron impact excitation and dissociation [46].

Microbial inactivation efficacy of FE‑DBD

Figure 8 represents the vegetative cell population (log 
CFU/surface) of E. aerogenes as a function of different 
FE-DBD plasma exposure times for three different fre-
quencies. The average initial attached populations of E. 
aerogenes were 7.12 ± 0.05, 7.08 ± 0.09, and 7.11 ± 0.09 
log CFU/surface at 1, 2, and 3.5 kHz, respectively. The 

results showed that the FE-DBD plasma was able to reduce 
the population of E. aerogenes by 4.6 ± 0.5 log CFU/sur-
face area at 3.5 kHz, 5.1 ± 0.09 log CFU/surface area at 
2 kHz, and 5.1 ± 0.05 log CFU/surface area at 1 kHz on 
a glass surface in 120 s, 180 s, and 360 s, respectively (± 
indicates the standard error).

It is known that reactive species concentration increases 
with increasing frequency due to increased power input 
[52]. This results in a lower process time to achieve a simi-
lar level of inactivation at a higher frequency level (Fig. 8). 
The microbial inactivation efficacy (rate of inactivation) of 
FE-DBD decreased slightly with increasing process time. 
Such a slowing of the inactivation rate for multi-layered/
stacked microorganisms has been reported by other research-
ers [22, 26, 51].

The FE-DBD plasma from the air contains reactive oxy-
gen species, reactive nitrogen species, and UV radiation. 
It is possible that the achieved inactivation was due to the 
combined effect of all these components [44]. UV radiation 
might damage the cell membrane and promote production of 
peroxidases [27]. The reactive species can damage the cell 
membrane because of their high oxidation potential [18, 29]. 
Besides, the presence of nitrogen species inside the cell can 
alter the pH and the cell functionality [19].

Figure 9 evaluates the effect of the number of pulses on 
microbial inactivation efficacy of FE-DBD plasma, by plot-
ting E. aerogenes concentration as a function of the number 
of pulses instead of time. There was no statistically signifi-
cant difference observed in the rate of microbial inactivation 
per pulse at 3 different frequencies (p < 0.05). It can be 

Fig. 6   Emission spectra of FE-DBD plasma at 2  kHz in vis–NIR 
region (the gap between electrodes was 1 mm)

Fig. 7   Emission spectra of FE-DBD plasma at 3.5  kHz in vis–NIR 
region (the gap between electrodes was 1 mm)

Fig. 8   The effect of FE-DBD plasma treatment on microbial inactiva-
tion of E. aerogenes at three different frequencies (triangles, 1 kHz; 
circles, 2 kHz; squares, 3 kHz) at room temperature (the gap between 
electrodes was 1 mm, vertical bars indicate a standard error, n = 5)
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concluded that the rate of microbial inactivation per pulse 
was independent of frequency.

Numerically predicted species distribution 
of FE‑DBD Plasma system

Figures 10, 11, and 12 show the concentrations and the dis-
tributions of the predicted O•, OH, O3, and H2O2 species at 
1 kHz, 2 kHz, and 3.5 kHz, respectively. The amounts of 
reactive species increased with increased frequency. This 
increase can be explained by the increased power input. 
Higher frequency values increase the energy input, which 
results in a higher number of species generation in the FE-
DBD plasma system.

Since diffusion was the only transport mechanism that 
was considered for calculating the species distributions in 
the FE-DBD plasma system, the concentrations of species 
were higher in the middle of the electrode, and the concen-
trations of species were lower along the edges of the elec-
trodes. O3 and H2O2 had higher predicted concentrations in 
the FE-DBD plasma system due to their greater stability and 
longer half-life which played an important role in microbial 
inactivation. The reactive oxygen species have been shown 
to have a larger contribution to lethality compared to other 
plasma components such as ions, UV light, or reactive nitro-
gen species [40, 41]. The numerical model assumed isother-
mal conditions and the effects of gravity (buoyancy) were 
not included. In an FE-DBD plasma, electrons are at a much 
higher temperature compared to the other particles such as 
ions and neutral species which are near room temperature. 

Since FE-DBD plasma is dominated by ions and neutral par-
ticles, the effect of temperature on the movement of plasma 
species due to buoyancy can be considered negligible [9].

Comparison between numerical predictions 
and experimental data for microbial inactivation 
in an FE‑DBD plasma system

Comparisons between numerical predictions using a modi-
fied exponential model (Eq. 10 and Eq. 11) with an average 
concentration of numerically predicted OH, H2O2, and O3 
species at the interacting surface and experimental results 
at the three frequencies are shown in Figs. 13, 14, and 15.

Microbial inactivation model based on reactive species 
predicted 4.1, 4.6, and 4.5 log CFU/surface reduction in 
the population of E. aerogenes for 360, 180, and 120 s of 
FE-DBD plasma processing, at 1 kHz, 2 kHz, and 3.5 kHz, 
respectively. A maximum difference of 1 log was observed 
between the numerical predictions and the experimental 
results. There are several possible explanations for this dif-
ference. The numerical simulation domain was taken to be 
two-dimensional axisymmetric without swirl to save on 
computational time. For the simulation purposes, the square 

Fig. 9   The effect of the number of pulses on microbial inactivation 
of E. aerogenes on a glass surface (triangles, 1 kHz; circles, 2 kHz; 
squares, 3 kHz) at room temperature (the gap between electrodes was 
1 mm, vertical bars indicate a standard error, n = 5)

Fig. 10   Concentration distribution of a O•, b O3, c OH, and d H2O2 
in the FE-DBD plasma after steady state at 1 kHz
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inoculated region on the glass slide was approximated by 
a circumscribed circle. The numerical simulation also did 
not include microbial inactivation due to singlet oxygen, 
superoxide, nitric oxide, and UV and their combined effect 
[22, 44]. Only reactive oxygen species were included in the 
predictive model. This could explain the underprediction of 
microbial inactivation by numerical simulation model com-
pared to experimental data.

It has been reported that plasma operating pressure influ-
ences the generation of UV radiation. Low pressure plasma, 
i.e., vacuum plasma could potentially release UV at the 
range between 200 and 290 nm [38]. Atmospheric pres-
sure plasma generally emits UV radiation between 305 and 
390 nm. UV radiation in this range is not effective enough 
to inactivate microorganisms [47]. Many researchers have 
reported that UV radiation has minimal or no significant 
effect in terms of microbial inactivation in atmospheric 
plasma processing. There is no general agreement among 
researchers on the role of UV radiation in atmospheric pres-
sure plasma decontamination processes [14, 15, 17, 29, 37]. 
Hasan [15] used a log-linear model based on reactive species 
to predict microbial inactivation and included a UV com-
ponent in the model. But the effect of UV in that predictive 
model was found to be minimal compared to the effect of 

Fig. 11   Concentration distribution of a O•, b O3, c OH, and d H2O2 
in the FE-DBD plasma after steady state at 2 kHz

Fig. 12   Concentration distribution of a O•, b O3, c OH, and d H2O2 
in the FE-DBD plasma after steady state at 3.5 kHz

Fig. 13   Experimental and predicted microbial inactivation kinetics of 
E. aerogenes at 1 kHz for FE-DBD plasma system (error bars indicate 
the standard deviations and n = 5; data that do not share the same let-
ter are significantly different (P < 0.05))
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reactive species in the plasma. The model can be improved 
by including more species (e.g., reactive nitrogen species, 
peroxyl nitrate, etc.), which would also require testing the 
microbial inactivation efficacy of each reactive species indi-
vidually. This would also potentially require the addition of 
models for the interaction effects of UV and reactive species.

The model also over predicted microbial inactivation at 
3.5 kHz for 2 min. This might be explained by the detection 
limit of the total plate count method. There were no colonies 
recovered at 3.5 kHz for 2 min plasma process conditions, 

and the plate count detection limit was 2 log CFU/surface. 
There might be more than 5 log inactivation on those condi-
tions after plasma processing, but it could not be confirmed 
due to the inherent limits of the plate count method. To make 
use of any novel process (including plasma technology) in 
the food industry, the process must be understood or at least 
be predictable to a large degree. The results of this study 
give a preliminary understanding of complexities inherent 
in the prediction of microbial inactivation by plasma. These 
results should help in the design of plasma equipment or 
may provide a starting point for future microbial inactiva-
tion experiments.

In order to find out the effect of the variation in the 
G-value on the numerically predicted microbial inactivation, 
the numerical simulation was carried out by using G-values 
with ± 10% error. Microbial inactivation increased by about 
12% at 10% higher G-value and decreased by about 12% at 
10% lower G-value, which was not unexpected.

Conclusions

We experimentally investigated microbial inactivation effi-
cacy of FE-DBD and developed an empirical microbial 
inactivation model as a function of numerically predicted 
reactive species. The inactivation model used a COMSOL® 
Multiphysics–based numerical simulation model to predict 
reactive species concentrations and distributions in the FE-
DBD system. The predicted species concentrations were 
used to estimate microbial inactivation kinetics. Our results 
showed that FE-DBD plasma treatment reduced the popu-
lation of E. aerogenes on the model system by up to 5 log 
CFU/surface. The microbial inactivation model based on 
numerically predicted reactive species and microbial inac-
tivation rate from the literature were under-predicted micro-
bial inactivation compared to experimental results. There 
was a maximum of 1 log difference between the prediction 
results and the experimental results.
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