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A B S T R A C T

In this study, the effect of atmospheric pressure cold plasma on the physicochemical and antimicrobial properties
of Coconut Neera – a natural sugar-rich health drink was evaluated. The drink was bubbled with plasma flowing
at 5, 7 and 10 lph into 300mL samples for 5 and 10min at room temperatures of ~30 °C. The plasma input
voltage was set at 150, 200 V and after treatment, pH, color and TSS of Neera were determined. The presence of
OH radical was confirmed by EPR spectroscopy and qualitatively elucidated for every treatment combination to
ascertain their role along with other free radicals in microbial inactivation (~80% reduction in CFU/mL). There
was a considerable increase in pH (an increase of ~1.04) while the negligible change in color and TSS values.
The nutritional profile, however, remained unchanged except for a slight decrease in vitamin C content
(~4.7 mg/100mL). Analogue thermal death time was calculated for the two given plasma treatments (30.51 and
13.8 min for 150 and 200 V respectively). The results from this study propose, plasma bubbling as a method for
bulk sterilization for liquid foods that can be easily scaled up for industrial applications.
Industrial relevance: This study demonstrated the potential application of plasma bubbling for free radical pro-
duction and its effect on the inactivation of microbes while retaining the nutritional properties of liquid foods
(Coconut Neera in this study). This research gives an insight into better interaction of plasma species while
bubbling through liquids food systems. The plasma bubbling described in this work is relevant to the liquid food
processing and basis for industrial implementation.

1. Introduction

Atmospheric Pressure Cold Plasma is a novel technique that has
recently been the subject of research due to its immense potential in
various fields like pharmaceuticals (Laroussi & Lu, 2005; Wu, Wand,
Huang, Lu, & Pan, 2011) biomedical (Helmke & Gerling, 2018) and in
foods (Bourke, Ziuzina, Boehm, Cullen, & Keener, 2018; Coutinho et al.,
2018). Plasmas are classified as high-temperature plasma and cold
plasma with reference to its gas temperature. Various reactive plasma
species are produced depending on the gas used and is increasingly
being applied for surface sterilization of solid materials. One of its most
striking features is that the process requires no heat or high temperature
and has high efficacy in microbial inactivation thus making it idyllic for
treatment of food samples. There are a few studies that have examined
the use of cold plasma in liquid foods (Gurol, Ekinci, Aslan, & Korachi,
2012; Surowsky, Fröhling, Gottschalk, Schlüter, & Knorr, 2014). Other
studies have explored the potential of cold plasma technology to in-
crease the polyphenol and color stability of sour cherry juice (Garofulić

et al., 2015), pomegranate juice (Herceg et al., 2016), chokeberry juice
(Kovačević et al., 2016) and blueberry juice (Hou et al., 2019). Zhang
et al. (2011) studied the effect of cold atmospheric plasma on microbial
inactivation of orange juice while Almeida et al. (2015) and Fernandes,
Santos, and Rodrigues (2019) explored its effect on the quality char-
acteristics of orange juice and acerola juice respectively. Recent re-
searches studying the effect of cold plasma on the physicochemical and
thermal properties, bioactive compounds and microstructure of cho-
colate milk drink (Coutinho, Silveira, Fernandes, et al., 2019; Coutinho,
Silveira, Pimentel, et al., 2019); physical and thermal properties of
whey-based beverages (Silveira et al., 2019); curing efficacy on ground
ham (Lee et al., 2018) and surface decontamination efficacy on RTE
ham (Yadav et al., 2019), cheese and agar medium (Wan, Pankaj,
Mosher, & Keener, 2019) add more emphasis on the flexibility in use
and efficiency of cold plasma treatments in replacing conventional
treatment methods to improve food quality and safety.

In the present study, Cold plasma gas has been bubbled through
Coconut Neera at different input voltages and flow rates to study the
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changes in microbial and physicochemical properties. Neera, an oyster
white-colored liquid is obtained by tapping the immature, unopened
coconut inflorescence (Kapilan, Kailayalingam, et al., 2015). It is a
sweet, low Glycaemic Index drink (GI–35) with a neutral pH and high
nutritional value (Kadere, 2012). Due to its richness in sugars, Neera
readily undergoes fermentation to toddy with an alcohol content of
5–8%. Conversion of Neera into toddy is promoted by various microbial
species like lactic acid bacteria followed by yeasts within few hours of
its harvest. Existing methods of preservation in coconut Neera like
pasteurization, centrifuging and deodorizing, ultrafiltration and addi-
tion of chemical preservatives have various shortcomings. Treatments
like pasteurization, despite being successful in the elimination of mi-
crobes, can drastically affect the color and taste of the end product
(Baliga & Ivy, 1961; Rupasinghe & Yu, 2012; Timmermans et al., 2011).
Although Baliga and Ivy (1961) offer some insight into how different
temperature-time combinations affect microbial count and nutritional
aspects of Neera, there is no definitive study on how different properties
of Neera get affected during pasteurization. Addition of chemical pre-
servatives method has possible adverse side effects and a change in
palatability leading to a decrease in consumer acceptance. Non-thermal
processing like cold plasma is a promising technology that serves as an
alternative tool to inactivate microbes at room temperatures and re-
ducing detrimental effects on color, nutrition and other properties of
food (Dasan & Boyaci, 2018).

During plasma bubbling, a comparatively large-sized stable and
transient bubble is formed which causes the water (~80%) in Coconut
Neera to dissociate into hydroxyl radicals and atoms like hydrogen.
These reactive species mainly occur inside the bubble and are less
concentrated in the gas-liquid interphase, similar to the distribution of
radicals in an ultrasound field (Margulis, 1976). Plasma bubbling aids
in better distribution of the reactive species thus resulting in a uniform
dispersion of the antimicrobial effect. To evaluate the presence of free
radicals during cold plasma treatment, Electron Paramagnetic Re-
sonance (EPR)/Electron Spin Resonance (ESR) technique was used. It is
a selective analytical tool to detect and quantify excited species having
unpaired electrons (commonly called free radicals) (Wu et al., 2012).

Other detection tools such as Optical Emission Spectroscopy (OES)
or Mass/energy analyzers (HPR 60) have considerable limitations due
to the presence of microbes and the physical state of the Coconut Neera
sample that lead to reduced signal-to-noise ratio and other complica-
tions (Malović, Puač, Lazović, & Petrović, 2010; Wu et al., 2012). Due
to the extremely short lifespan of these free radicals, the addition of
certain chemicals called Spin traps is necessary to stabilize the gener-
ated radicals to be able to detect them in solution. Takamatsu et al.
(2014) and Tani, Ono, Fukui, Ikawa, and Kitano (2012) have reported
the use of several spin traps in liquids treated with plasma. Hence, this
paper aims to study the effect of plasma bubbling on the production of
free radicals and its subsequent effect on the properties of Neera.

2. Materials and methods

2.1. Plasma setup

An indigenously developed cold plasma system (Fig. 1) was used
with variable flow rates of 5,7 and 10 liters per hour (lph) using at-
mospheric air as the feed gas. Plasma was generated at 150 and 200 V
with a primary input current of 0.2 and 0.24 A, respectively and was
bubbled through 300mL of fresh Neera for 5 and 10min. The images of
bubbles produced were captured (GigE vision area scan camera, C1600,
Genie color series, DALSA), and their size was determined using ImageJ
software (Fiji-ImageJ 1.42d, National Institutes of Health, USA). For all
treatments in this study, three samples of Neera were taken for the three
different flow rates 10, 7 and 5 lph and further, samples were taken
from these stock Neera samples for treatments. Hence, the initial values
in all experiments have been color-coded in accordance with the flow
rates for better understanding and comprehension.

2.2. Electron spin resonance/electron paramagnetic resonance

ESR apparatus (Bruker Biospin, Germany; EMX Plus Source) was
used for trapping OH% at room temperature with the following condi-
tions; microwave frequency: 9.78 GHz; sweep width: 200 G; sweep
time: 30.72 s; modulation frequency: 100 kHz; center field: 3480 G; the
number of scans: 40; power level of 10mW. Since OH% is one of the
main reactive species produced due to the bubbling of plasma in Neera,
its analysis was undertaken using DMPO (5,5-dimethyl-1-pyrroline N-
oxide) (Sigma-Aldrich Co. Ltd., USA) by dissolving 50mM into Neera
before treatment. In this case, OH% radical has been selected for EPR
analysis as it is one of the most important free radicals with high an-
timicrobial potency generated in the aqueous medium responsible for
subsequent production of other radicals through chain reactions. DMPO
was used as a spin trapping agent since it has a much higher reaction
rate with OH% radicals and forms a more stable adduct with OH%.
DMPO-OH% spectrum (Tresp, Hammer, Winter, Weltmann, & Reuter,
2013) is usually a typical four line signal with spin Hamiltonian para-
meters aN= aH=14.9 mT (15 G) and g-value of 2.009. The principle of
ESR is given by the following reaction (Kleschyov, Wenzel, & Munzel,
2007).

∗ + → − ∗R ST R SA

where R* indicates the free radical intermediate, ST indicates the spin
trap used and R-SA* represents the radical spin trap adduct formed. The
intensity of the EPR signal is usually proportional to and is an indicator
of the amount of spin adduct formed.

2.3. Microbiological analysis

The total bacterial count of fresh and treated Neera were de-
termined using Plate Count Agar (PCA). Treated and untreated Neera
samples of 1mL were serially diluted to 10−5 and 10−6 concentrations
and were then spread-plated onto petri dishes containing PCA agar
according to AOAC Official Methods of Analysis, sec (940.37B) (Chemists
& Horwitz, 1990). The plates were incubated at 38 °C for 24 h. Each
microbial analysis was done in triplicate, and the results are re-
presented as CFU/mL (Tran & Farid, 2004).

2.4. Physico-chemical properties

2.4.1. TSS, Color, and pH
A hand-held refractometer (Erma, Japan, 0-80ᴼBrix) was used to

measure the total dissolved/suspended solids in Neera. The scale of
representation is Brix which can be defined as equal to the percent
sugar and other dissolved solids in a solution (Cavalcanti, Fernandes,
Barbosa, & Vieira, 2008). Hunter-Lab Color Flex EZ, 45/0ᴼ Color
Spectrophotometer (Hunter Associates Laboratory, Inc., Reston, Vir-
ginia, USA) was used for the measurement of fresh and treated Neera.
This value is measured in terms of L*a*b* color space (Kathiravan,
Nadanasabapathi, & Kumar, 2014). The color difference was calculated
using the following equation

= − − −
∗ ∗ ∗L L a a b b+ +ΔE ( ) ( ) ( )2 2 2

where L*, a* & b* represent color values of the initial sample while L, a
& b represent color values of plasma treated samples. The pH of fresh
and treated samples was determined using the Laqua PH1100 pH meter
(Horiba Scientific, Singapore) at ambient temperature (Alves,
Nesterenko, Paull, Haddad, & Macka, 2018).

2.5. Nutritional analysis

Samples of 5mL were analyzed by the Anthrone reagent method
(McCready, Guggolz, Silviera, & Owens, 1950) for the evaluation of
carbohydrate. Analysis of Vitamin C was done by 2,6-dichlorophenol
titration using AOAC Method (Horwitz, 2000 Official Method 967.21,
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45.1.14). Moisture, total ash and protein content of Neera were de-
termined using AOAC Methods (Horwitz, 2000 Official Method 925.45
Moisture in Sugars, 900.02, 991.20, respectively).

2.6. Thermal death time value

Thermal death time for conventional thermal treatments is the time
required to reduce the original microbial population by 1 log or by 90%
in a food (Zahoranová et al., 2016). It is commonly used as an indicator
to ascertain the resistance of a given microorganism to heat treatment
under specific treatment conditions. The analogue thermal death time
(D value) was calculated to find the extent to which the given plasma
treatment was effective in microbial reduction. D value was calculated
using the formula

=
N
N

D log 0

where N0 and N are the initial and final microbial count respectively.

3. Results and discussion

3.1. Bubbling of plasma

It was observed that as the flow rate of plasma into Coconut Neera
increased, the number of microbubble formed were lesser but the rate
of a coalition of bubbles was more. The process of coalescence of two or
more microbubble into a macro bubble has been described previously
by Duineveld (1996). The increasing pressure inside these bubbles
causes their surface to deform and thin. When the thickness of this
surface goes below 0.1 μm, these bubbles coalesce into a bigger bubble.
The effect of flow rate on bubble diameter shows a linearly increasing
trend as shown by Fig. 2. Thus, at higher flow rates, the number of
macro bubbles were higher resulting in more significant cavitation
pressures.

As the surface area of the bubble becomes more extensive, there is
usually an increase in the reactive species accumulated inside the
bubble. When these bubbles reach their threshold size, they burst, and
this phenomenon is usually called hydrodynamic cavitation. The bub-
bles are typically characterized based on their high pressure and tem-
perature which contribute to the production of hydroxyl radicals in an
aqueous medium. Such reactions are common at the bubble-liquid in-
terface. It was also reported that the concentration of the generated free
radicals like OH%, H% were the highest at the bubble center in ultra-
sound treatment (Riesz, Berdahl, & Christman, 1985). These larger
sized bubbles accumulate several free radicals inside them, and when
they burst with such high pressures, their antimicrobial effect is am-
plified when compared to lower flow rates.

3.2. Plasma species analysis by EPR

The extent of the effect of free radicals such as OH% varies with the
number of such species produced. EPR is one of the techniques cur-
rently used for free radicals quantification that produces a spectrum of
first derivative curves. The relative position of these peaks serves as a
unique fingerprint of the reactive species produced while the height of
each peak is indicative of their concentration. From the first derivative
curves obtained (Fig. 3.), the center peak at g= 2.009 was analyzed. A
similar analysis of DMPO-OH% peaks were conducted in a study by Wu
et al. (2012) to demonstrate the role of OH% radicals in bacterial in-
activation. The intensity of the center peak for each flow rate and
treatment time at different input voltages are given in Table 1.

The concentration of free radicals in the food sample was con-
siderably affected by the volume of plasma bubbled inside. A similar
trend of the increase was observed when the time of exposure as well as
the plasma input voltage was increased. This increase can be seen in
terms of an increase in the height of the peaks obtained from the EPR
graph. The central peak was taken into consideration owing to its
higher signal-to-noise ratio. This change in peak heights can be quali-
tatively used to determine the number of free radicals like OH% pro-
duced. Quantitative estimation of OH% radicals produced can also be
done roughly using TEMPO spectrum as a reference standard, and the
double integration of the ESR spectra obtained can be plotted against
TEMPOref concentrations (Wu et al., 2012).

Fig. 1. Experimental plasma bubbling setup.

Fig. 2. Bubble diameter as a function of plasma flow rate.
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3.3. Analysis of Physico-chemical properties

3.3.1. pH
It was found that the pH of the sample elevated as the rate and time

of plasma bubbling increased (Fig. 4.). This rise in pH may be due to the
production of OH% as a result of more splitting of water molecules in
Neera as highly reactive radicals like OH%, HO2 abstract a proton from
water thus causing a chain reaction leading to the production of more
free radicals. The reactions that take place can be given as follows
(Kossyi, Kostinsky, Matveyev, & Silakov, 1992; von Woedtke et al.,
2012)

+ → +O O O O˙2 2 3

→ + +O O O˙ e3 2

+ →H O O˙ 2OH˙2

Since Neera is primarily composed of sucrose and other sugars,
these carbohydrates act as OH% scavengers. The hydroxyl radical ab-
stracts a proton from the sucrose molecule resulting in a sugar-free
radical lacking a proton (Peshev, Vergauwen, Moglia, Hideg, & den
Ende, 2013). This reaction may be the reason behind the increase in pH
unlike other studies involving cold plasma which have commonly re-
ported a decrease in pH (Dasan & Boyaci, 2018; Ikawa, Kitano, &
Hamaguchi, 2010; Kim et al., 2015; Ziuzina, Patil, Cullen, Keener, &

Bourke, 2013). The reaction between a sugar molecule and a hydroxyl
radical was previously suggested by Morelli, Russo-Volpe, Bruno, and
Lo Scalzo (2003).

− − + → − +(H C OH) OH˙ ( C OH) H On
.

n 2

From their study, it was found that disaccharides like sucrose and
maltose had significant anti-hydroxyl radical activity and was found to
be equal to the activity of the common free radical scavenger, chloro-
genic acid. The study also states that the free radical intermediate that
is formed after reaction with OH% radicals were more stable than the
intermediates formed from other sugars analyzed.

3.3.2. Color value (ΔE value)
Color of Neera is highly influenced by phenolic compounds of which

flavonoids constitute two-thirds. These phenolic compounds are be-
lieved to contribute to the color and antioxidant properties as suggested
for Kalparasa (alternative name for fresh, unfermented Neera) and
fresh-cut pitaya fruit (Hebbar, Arivalagan, Manikantan, Mathew, &
Chowdappa, 2015; Li et al., 2019). When Neera was subjected to cold
plasma treatment, ΔE value was found to be higher when plasma input
voltage and time of exposure were increased with inflated flow rates
(Fig. 5.).

This can be postulated as due to oxidation of phenolic compounds
and flavonoids naturally present in Neera by the reactive species during
plasma treatment (Xiang et al., 2018). This oxidation is partly sup-
pressed due to the natural antioxidants present like Ascorbic acid and
flavonoids, but when the concentration of free radicals exceeds the
concentration of antioxidants, natural color of Neera slightly shifts to-
wards pale white with the maximum color difference of 3.86 found for
10 lph – 200 V – 10mins treatment. The results obtained are also in
accordance with the EPR values (Fig. 3) which indicate maximum OH%
radical production thus indicating possible oxidation of the phenolic
compounds presents leading to a loss in color. The color difference
between control and the plasma treated samples were slightly

Fig. 3. EPR curves for the flow rate of 10 lph.

Table 1
EPR curve intensities at different treatment combinations.

Plasma flow
rate (lpm)

EPR intensity (a.u)

150 V – 5min 150 V –
10min

200 V – 5min 200 V –
10min

5 245,220 278,510 423,850 517,900
7 677,900 747,120 800,950 859,620

10 1,050,700 1,326,200 1,505,000 3,675,400
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noticeable (0.5≤ ΔE≤ 1.5) to noticeable (1.5≤ ΔE≤ 3.0) for most
samples (Cserhalmi, Sass-Kiss, Tóth-Markus, & Lechner, 2006). Para-
meters like plasma input voltage (Sarangapani, O'Toole, Cullen, &
Bourke, 2017) and treatment time (Almeida et al., 2015) along with an
optimized volume of the carrier gas can considerably affect the color
change in liquid foods. Extreme changes in color that affect the con-
sumer preference of the product can be prevented by effectively opti-
mizing various treatment parameters.

3.3.3. Total suspended solids (TSS)
It was found that cold plasma treatment did not have a considerable

effect on TSS of Neera. The maximum increase of 0.6 ᴼBrix was found at
10 lph - 200 V - 10min treatment (Fig. 6). This increase can be postu-
lated as due to splitting of water molecules. Liao et al. (2018) suggested
a similar hypothesis for apple juice and Wang et al. (2012) for fresh
fruit and vegetable slices. The findings from this study are following

Zhang et al. (2011) who reported a negligible effect on ᴼBrix for a DBD
plasma treated orange juice.

3.4. Microbial analysis

The various mechanisms of plasma action on the microbial surface
aid in antimicrobial effects (Kossyi et al., 1992). In cold plasma, the
most common reactive species produced are O%, OH%, O2 affects the cell
membranes and walls of the microbes (Mounir Laroussi, Alexeff, &
Kang, 2000). The reactive plasma species affect the microbial cells by
oxidizing amino acids, unsaturated fatty acids of the membrane lipids
and also by causing irreversible DNA damage. The presence of these
radicals, especially OH% can deter the proper functioning of the mem-
brane lipids thus leading to the microbial destruction. To estimate the
time required to reduce a given microbial population, it is primordial
first to study the complex microbiology of the medium. This helps in

Fig. 4. pH variation with the plasma flow rate.

Fig. 5. ΔE value changes for different treatment times.
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understanding the effect of the given treatment on the various micro-
organisms present. Previous studies have analyzed that the micro-
biology of palm as well as coconut Neera, indicates it is usually domi-
nated by Gram-positive bacteria and yeasts (Atputharajah,
Widanapathirana, & Samarajeewa, 1986; Nwachukwu, Ibekwe,
Nwabueze, & Anyanwu, 2006; Ogbulie, Ogbulie, & Njoku, 2007).
Montie, Kelly-Wintenberg, and Roth (2000) found that Gram-negative
bacteria get severely damaged and fragmented on plasma treatment.
This was further supported by Mendis, Rosenberg, and Azam (2000)
who reported that due to the accumulation of charges on the surface,
the cell membrane of microbes gets ruptured thus leading to their
death. Laroussi, Richardson, and Dobbs (2001) studied the surface
morphology of Gram-negative and Gram-positive bacterial species be-
fore and after plasma treatment. They proposed a possible explanation
for the lack of morphological change despite a decrease in cell viability
in the case of Gram-positive species. This is because some reactive
plasma species diffuse through the tough outer membrane of Gram-
positive bacteria and react with the biomolecules inside. This can either
alter the integrity of the cell, eventually leading to its death or can
delay/hinder its reproduction without killing the microorganism. They
also found that exposure to plasma for short periods only altered their
metabolic character but did not necessarily kill them. Montie et al.
(2000) reported three other mechanisms of plasma action that lead to
microbial death. These include oxidation of microbial proteins, oxida-
tion of DNA due to the formation of base adducts through reaction with
oxygen free radicals and peroxidation of membrane lipids by OH% ra-
dicals.

From the microbial analysis, it was observed that as plasma input
voltage increased, the production of reactive species was amplified
resulting in better efficacy in microbial reduction. The EPR analysis also
confirmed that as exposure time and flow rate increased, the number of
OH% radicals production was enhanced, thus contributing as an addi-
tional factor in inactivating microorganisms. Fig. 7. shows the effect of
cold plasma on microbial population. A CFU/mL reduction of< 1 log
(~80% reduction in CFU/mL values) was observed for the given plasma
treatment. This is due to the fact that the flow rate used for inactivation
of microorganisms is very less (≤10 lph) unlike other cold plasma
studies that have employed higher flow rates (Sun et al., 2012). It can

be interpreted that as voltage and exposure time were increased, the
number of survivors decreased with higher flow rates. This effect can be
attributed to the fact that there is a higher input of free radicals from
the plasma source as well as their subsequent formation in the liquid
food containing bacteria. Although Adubofuor, Amoah, and Osei-Bonsu
(2016) have reported a reduction in CFU/mL of up to 93%, they also
found that it decreased the nutritional and sensorial aspect of the co-
conut water samples. This drawback can be eliminated with the pro-
posed cold plasma bubbling method. The extent of microbial survival
after cold plasma treatment can be decreased by scaling up flow rate or
plasma input voltage resulting in a lesser D value.

3.5. Nutritional analysis

The maximum efficacy of microbial reduction as stated before was
obtained for 10 lph-200 V-10min treatment. Hence to ascertain that
there is no loss of nutrients, fresh and treated Neera was analyzed
(Table 2.). It was observed that there was a very negligible loss. A slight
decrease in Vitamin C content was observed which may be due to the
high concentration of the reactive oxygen and nitrogen species gener-
ated by cold plasma treatment. A similar decrease was observed by Xu,
Garner, Tao, and Keener (2017). Thus, cold plasma treatment is a viable
technology that can be used without adversely affecting its nutritional
profile.

3.6. Thermal death time value

The analogue of D value found in the present study decreased as the
flow rate, and plasma input voltage increased. The least D value of
13.8 min was found for 10 lph-200 V treatment while the maximum D
value of 30.51min was obtained for 5 lph-150 V treatment for an
average initial load of 6.32 log CFU/mL (Fig. 8.). The higher D values
obtained is due to the combination of lower flow rates-input voltages.
By increasing the flow rate as well as input voltage, the efficiency can
be increased while bringing down the treatment time. This marked
difference in the D values clearly explains the effect of flow rate and
plasma voltage on microbial reduction. Similar studies have been
conducted by researchers on the effect of various process parameters on

Fig. 6. Change in Total Soluble Solids with different exposure times.
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the D value of microorganisms in solid and liquid foods. Fernandez,
Shearer, Wilson, and Thompson (2012) observed that the D value for
any microorganism depended on the initial load present in the liquid
medium and came up with a linear equation. They claimed that D value
showed a significant increase with the increase in initial microbial load.
Basaran, Basaran-Akgul, and Oksuz (2008) compared the D values for
two different plasmas at different treatment conditions on the surface
load of hazelnuts. They found SF6 plasma to be more effective than air
gas plasma with D values of 1.1 and 4.2 mins respectively in the
elimination of fungal species Aspergillus from both shelled and un-
shelled nuts. Jahid, Han, and Ha (2014) compared and studied the ef-
fect of CAP on planktonic cells and biofilms of A. hydrophila on lettuce.
They observed that there was a 4D reduction within 6 s in the case of
planktonic cells at any temperature while the D value increased with
increase in temperature for lettuce with a biofilm on it. They also found
that these values were in proportion to the initial load and incubation
temperatures. This effect is because, despite inactivation of the top
layer of microbes, they form a physical barrier to shield the lower layers
of microorganisms from the effect of plasma, thus increasing their
chances of survival. This effect is more with higher initial loads
(Fernandez et al., 2012) and hence requires longer treatment times as
well as higher flow rates and energy input for a sufficient microbial
inactivation as observed in this study wherein microbial inactivation
increased with higher flow rates as well as input voltages and treatment

times.

4. Conclusion

The effect of cold plasma bubbling on microbial inactivation has
been ascertained through electron paramagnetic resonance to detect
OH% radicals in the solution. No significant changes (p > 0.05) in pH,
TSS, and color due to plasma treatment were observed while there was
a significant reduction in the microbial count due to plasma bubbling
(p < 0.05). In industrial conditions involving sterilization of bulk
quantities of liquid food, this plasma bubbling technique has an edge
over thermal treatment methods owing to the better dissolution of
plasma species for effective microbial inactivation without significant
quality changes. As a future scope of research, similar to z value in
thermal treatments, an analogue Z value for plasma bubbling treat-
ments can be found for different flow rates. At present, thermal treat-
ments dominate at the industrial level where commercial sterility is of
prime importance but also result in huge losses in nutritional as well as
sensorial appeal. The suggested cold plasma bubbling method can be
easily used to achieve commercial sterility while also reducing losses in
terms of energy as well as nutrition. The ease with which the process
parameters can be controlled makes this a promising method capable of
delivering safe and nutritious food products to the consumer.
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Fig. 7. Microbial reduction (in log CFU/mL) as a function of plasma input voltage and exposure time.

Table 2
Nutritional composition for fresh and plasma treated Neera.

Fresh 200/10

Vitamin C (mg/100mL) 33.33333 28.57143
Protein [mg/100mL] 437.8125 437.8125
Carbohydrate [g/100mL] 2.486583 2.336315
Moisture (W.B)% 79.00162 81.5739
Ash [mg/100mL] 243.368 233.59

S. Aparajhitha and R. Mahendran Innovative Food Science and Emerging Technologies 58 (2019) 102230

7



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ifset.2019.102230.
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