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2. JONIX DEVICES

AIl JONIX devices use NTP (Non Thermal Plasma or Cold Plasma) technology which produces oxidizing,
and therefore sanitizing, species through the "JONIX generators" (or "actuators"), consisting of
cylindrical tubes with metal foils.

Fp?
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3. PRINCIPLE OF OPERATION

The non-thermal plasma (NTP - Non Thermal Plasma) produces various reactive species collectively
known as ROS (Reactive Oxygen Species) and these provide the sanitizing power of the JONIX systems.
Based on what is known about cold plasma, it is possible to posit that sanitization processes can take
place by direct interaction between the plasma (actuator surface) and the contaminant, and by the
interaction with the species produced by the passage of air into the plasma, which are removed in the
gas stream.

Jonix devices, subject to correct use according to the technical specifications, facilitate the reduction
of bacteria, moulds and viruses both in the ambient air and on the surfaces.

The air filters in the devices of the MATE family (MiniMate, Mate, MaxiMate) increase the sanitizing
efficacy of the machines.

4. CERTIFICATIONS

All Jonix devices have the following certifications and aknowledgments:
CE Marking
Products in compliance with EU regulations
Through a declaration of conformity or declaration of performance, the

manufacturer declares that the supplied product meets all the safety
requirements of the applicable EC directives.

Scientific Dossier | 7
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TUV PROFiCERT

Constantly-monitored and validated Products
The TUV logo certifies the truthfulness of the data and performances
declared in the scientific dossiers and in the product catalogs.

The TUV logo on products guarantees that:

The technical dossier complies with current regulations

The reliability of the devices has been checked and verified over time.

The history of maintenance operations conducted within guarantee period
has been monitored

Spare parts requests were monitored,

After-sales assistance has been assessed

The truthfulness of data and performances indicated in the catalogs and
scientific dossiers was checked on a sample basis through tests conducted in
laboratories.

The laboratories used for scientific research have applied reliable protocols
that comply with current regulations.

Furthermore:
The TUV Authority has the right to carry out tests at other facilities and / or
attend at tests conducted on Jonix products .

Ongreening® & ProductMAP®
The Green Building Platform

Ongreening® is an independent digital platform dedicated to sustainability-
focused practices and material data. Ongreening’s mission is to make green
building easier and more accessible to all.

Ongreening combines invaluable resources on green building with an
innovative material database, called ProductMAP®, which enables informed
product selection and decisions based on material performance and
sustainability criteria. ProductMAP® assesses products eligibility and
contribution to major green building rating schemes such as LEED, WELL,
BREEAM, Estidama, HK Beam and the Italian Green Public Procurement
Criteria (CAM).

Jonix devices for air sanitizing contribute to fulfill assessment requirements
of ecologic buildings: LEED, BREEAM, ESTIDAMA, HB Beam, WELL.

Bio-Safe
Bio-Safe” certification: certificates excellent indoor living comfort.

Validated products

Jonix products have been tested, according to the patented Bio-Safe®
protocol which has verified and certified their effectiveness in reducing
pollutants. The products have been tested, according to the Bio-Safe®
protocol, through laboratory tests conducted inside test chambers (UNI EN



16000) to verify their emission potential and through environmental
sampling (UNI EN 14412) to assess the level of indoor air purification
achieved within the premises of use.

Passing all the stringent assessment thresholds has led these products to
obtain the Bio-Safe® Validation Seal: a guarantee mark which certificates
excellent indoor living comfort

Environmental health certification
Bio-Safe® certifies environments equipped with Jonix air purification
systems, through a patented analysis protocol

5. COLD PLASMA (NTP — NONTHERMAL PLASMA)

There are various types of plasma; in general, it is defined as a fully or partially ionized gas, consisting
of various particles such as electrons, ions, atoms and molecules, which together as a whole is
electrically neutral. Among these, a nonthermal plasma (NTP) is characterized by the fact that it is not
in thermodynamic equilibrium: due to their small mass, its electrons can be easily accelerated under
the influence of an electric field and can therefore reach high temperatures, while other, non-
accelerated particles, remain at room temperature.

Overall, the temperature reached is a few tens of degrees centigrade, and it is for this reason this
plasma is called "cold". As almost all the energy imparted is converted into high energy electrons
rather than heat, it has a high energy efficiency compared to a conventional plasma, and this makes
the technology interesting for various environmental applications (Hao Zhang, 2017). The accelerated
electrons induce ionization, excitation and dissociation of the gas molecules, leading to the formation
of excited molecules, atoms, ions and radicals which, if in the presence of oxygen, collectively take the
name of ROS (Reactive Oxygen Species). The ROS are responsible for the oxidative power acquired by
the gas flow. The mix is highly responsive and capable of attacking a large variety of polluting
compounds with different mechanisms that are discussed further.

Special actuators are used to ionize the gas flow and generate an NTP.

5.1. Plasma production by means of DBD (Dielectric Barrier Discharge)

Cold plasma is produced using actuators in a wide variety of geometric configurations and with
different principles of operation. These can differ in their configurations and power consumption, and
usually involve alternating current (with frequency from 50 up to several kHz) and a potential
difference of several kilovolts. This creates discharges within which the process of electron ionization
takes place (Figure 1) (U. Kogelschatz, 1997). One of the most widespread and established methods,
adopted by Jonix in that it combines a discrete plasma production efficiency with not excessively
complex constructional aspects, is based on the principle of dielectric barrier discharge (DBD). It is
called that, because there is a dielectric material between the electrodes that prevents the
development of high currents.

Scientific Dossier | 9
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Figure 1 — Examples of DBD reactor configurations: (a) DBD volume (1-symmetric, 2-asymmetric, 3-floated dielectric); (b) surface DBD
(1symmetric, 2-asymmetric 'actuator’ design); (c) coplanar discharge (BrandenburgR. , 2017)

In most applications, the dielectric material limits the average current density in the gas space, acting
as a resistor that, in the ideal case, does not consume energy, preventing the discharge to the arc.
When a "streamer", or a transient electrical discharge, propagates towards the barrier, it creates a
surface charge that opposes the applied electric field, shielding it. As a consequence, the streamer is
interrupted (if the dielectric force of the barrier is sufficient). To remove the surface charge, the
voltage is reversed. This type of discharge functions only in the alternating current, since the dielectric
material between the electrodes, being an insulator, cannot be crossed by a direct current. The
preferred materials for the dielectric barrier are glass or silica glass, in special cases also ceramic
materials, and thin veneers and polymeric layers. Some applications use additional protective or
functional coatings. The limitation of the current by the dielectric material becomes less effective at
very high frequencies. For this reason, the DBD discharges normally operate at frequencies between
the frequency of the electricity supply grid and about 1 MHz.

5.2. JONIX and the cold plasma
The Jonix plasma actuators (ionizing tubes) consist of a quartz cylinder covered with a metal mesh
(exposed electrode) in which there are numerous holes, in number ranging from 30 to 45 per square
centimeter, and a coaxial electrode placed inside internal (encapsulated electrode) (Figure 2).
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Figure 2 — Jonix plasma DBD actuator

The system is powered by an alternating electric current with mains frequency (50Hz) and voltage of
2850V (nominal voltage). The discharge is generated thanks to the sinusoidal current with such a high
potential difference, leading to the generation of micro-arcs on the exposed electrode that take place
thanks to the accumulation of electrons on the dielectric layer, that is on the metal mesh (Figure 3),
where the cold plasma is generated (surface discharge): the gaseous flow that touches this surface is
then ionized (CL Enloe, 2008).
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Figure 3 — DBD functioning: (a) negative semi-cycle and (b) positive semi-cycle

As the internal electrode is placed inside the quartz tube, and it is therefore encapsulated, there is no
generation of plasma on it.

5.3. The chemistry of non-thermal plasma in the gas flow
The chemistry of the reactions that take place in a nonthermal plasma is extremely complex and varies
according to the gas being ionized, the contact times, the power supply characteristics and the
geometry of the reactor. In general, since the main ionization mechanism in the electric discharges is
the electron impact ionization, the reactions that initiate the processes can be generically described
as follows:
X+e > Xiet 2e-
XY + e- > XY+ + 2e-
XY+e- 2> Xet+Yete
In the event that the ionized gas is air, the main reactions that can occur are:
O2+e- > 02
++2e-(Ea=12.5¢eV)
N2+ e--> N2
++2e-(Ea=15.5¢eV)

Scientific Dossier | 11



lonization in air is accompanied by fragmentation processes with the formation of free radicals:
XY+e > Xe+ Y+
10
Other processes that occur in a plasma involve the excitation of atomic or molecular species; again, in
the case
of air:
O2+e-—> 02
.+e-(Ea=1eV)
N2+ e-—-> N2
te
N2+e--> 2N.+e-(Ea=9eV)
O2+e- > 20 +e-
The products of these primary reactions are highly reactive species that can subsequently recombine
to yield nitrogen oxides, NO and NO2, and ozone. Another species generated in nonthermal plasmas is
the hydroxyl radical, -OH, extremely important for its great oxidizing power. It is formed only in the
presence of humidity as follows:
H20 + e-->H.+ HO. + e-
In conclusion, therefore, the main species generated in a non-thermal plasma in air are:
- ions O2+e, N2+e, NO+, O-¢, O2-¢, O3-s;
- the atomic oxygen species O and the radical -OH;
- excited species of molecular and atomic oxygen (Oz.)and molecular nitrogen (Nz.);
- the neutral oxygen species Oz and NOx.

The reactions that these species can give rise to are numerous and are still subject of study in the
literature due to the considerable complexity of such a heterogeneous set of species. Radical
decomposition reactions are accompanied by oxidation reactions, such as the addition of ozone (i.e.
Criegee Mechanism Ozonolysis), which reacts even with small carbon particles (2.5 microns) thus
removing the fine particulate. The same polluting molecules, in contact with the electron excitation
of the plasma, can in turn be ionized, hence generate reaction

initiators. The oxidation mechanisms are generalized and can also involve inorganic molecules
transported within the plasma.

6. EFFECTS ON CHEMICAL POLLUTANTS

This section is divided according to the molecule type: inorganic and organic (VOCs).

6.1. Effect on inorganic molecules

NTP technologies offer a promising scenario for the treatment of typical air-polluting inorganic
molecules, such as sulphur and nitrogen oxides, as well as hydrogen sulphide in industrial emission
applications (Bratislav M. Obradovic, 2011), this is because NTP is also able to act on inorganic
pollutants (Zulfam Adnana, 2017): oxygen radicals react with carbon monoxide (CO) to form carbon
dioxide (COz2), with sulphur dioxide (S02) to form sulphur trioxide (SOs3), and with nitrogen oxides
(NOx), which in the presence of moisture can form nitric acid. Nitrogen oxides and ozone, being
persistent, may be considered unwanted by-products.

The new applications appear interesting and are the subject of studies, as plasma treatment allows
the simultaneous removal of pollutants, and by managing the applied power according to the
requirements, to attain low consumption, as evidenced by the authors of various studies (Wen-Jun
Liang, 2011).
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6.2. Reaction mechanisms with VOCs
Various industrial applications of cold plasma are already established (packaging, polymer
functionalization, etc.). Others are still being studied. These include the abatement of VOCs in
emissions as an alternative to activated carbon systems, scrubbers, biofilters or combustion systems,
because in these plasmas, the polluted organic volatiles can be oxidized to CO:2 already at room
temperature with an efficacy dependent on the molecule, contact times and other factors (Arne M.
Vandenbroucke, 2011) (Kim, 2004).
This is possible because, if air (formed almost exclusively by nitrogen and oxygen) is subjected to the
bombardment by these high-energy electrons, the molecules with a stable state (N2, 02) become
metastable, (N2m, O2m) or excited (N2*, 02*). These forms collide with each other or with others left
at the base level, or are bombarded again by excited electrons. The result is a summation of ionization
processes (including Penning ionization), even if the most accredited reaction pathways still involve
the formation of radicals (Seinfeld & Pandis, 1998):
- R.+ 02— ROO-.
— ROO: + NO — RO-+ NO2
- 2R0O0-— 2 RO-+ 02
— RO-. — carbonyl compounds + radicals (Cl., R’s, etc.)
The result of these step reactions is the formation of ions and free radicals with very high oxidizing
power which, in contact with contaminants, theoretically lead to products such as carbon dioxide and
water vapour, similarly to what happens in high-temperature combustion systems. However, a partial
efficacy, occurring when some pollutants are oxidized only partially (Oda, 2003), as well as the
formation of decomposition intermediates as by-products (K. Urashima, 2000) should be tested
experimentally. These limitations must be assessed on a case-by-case basis to determine the
suitability of the process and any possible issues.
Ultimately, the NTP technology represents a promising solution for the treatment of any VOC, even in
exceptional conditions, or for inert and persistent molecules, such as haloalkanes, both in the
conditions of low (<100 ppmv) and of high (>1000 ppmv) concentration of pollutants (Penetrante,
2011) (S. Schmid, 2010), demonstrating thus a remarkable flexibility of use. One of its possible
applications, for example, could be for odorous compounds, which often cause adverse effects already
at extremely low levels (ppb). In comparison with the various technologies for the removal of VOCs
from the air available today, the NTP systems show their strength in the conditions of
medium to low concentrations (<1000 ppmv) (J. Karuppiaha, 2012) of poorly water-soluble
contaminants (Schiavon M. T., 2017). In industrial applications, the expectations linked to the
increased solubility of the by-products of the treatments are interesting, especially if combined with
catalysts, as they improve the functioning of biofilters and absorption columns. As for the indoor
applications, they are of special interest due to the expected low concentration of by-products.

6.3. Focus on indoor applications
In this context, nonthermal plasma (NTP) systems offer interesting possibilities in the area of indoor
air purification systems because, as has been said, they are particularly useful in conditions that are
typical of environments intended for human presence, namely:

- Low concentrations;
- Numerous types of pollutants
- Ambient temperature and pressure

Compared to the alternatives, the NTP proves flexible and a more environmentally friendly and
promising technique for removing numerous air pollutants (Stasiulaitiene et al., 2015; Thevenet et al.,
2014). Among the many types of plasma and of ways to generate it, those generated by the corona
and the dielectric barrier discharges (DBD) are the most studied within the scope of the air-cleaning
objectives (Moscosa-Santillan et al.,2008).
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The abatement values are dependent on the pollutant type and generally, in the specified low
concentration conditions, range from 50 to 90 %* (for an NTP generated with DBD) (Osman Karatum,
A comparative study of dilute VOCs treatment in a non-thermal, 2016). The highest percentages apply
to the hydrogen richer molecular structures. In these cases there are no partial oxidation products
and it can be postulated that once a chain of reactions has been initiated, the enthalpy generates heat
allowing the oxidation to carbon dioxide to be completed. (Carlos M. Nunez, 2012)!!

7. SANITISING EFFECTS: MECHANISMS OF ACTION AGAINST
VIRUSES, MOULDS AND BACTERIA

There are numerous studies in the literature that demonstrate the nonthermal plasma’s ability to
inactivate many different types of microorganisms, such as moulds, viruses and bacteria (Michael J.
Gallagher, 2004), both on surfaces and in the air. In the latter case, this technology generates
particular interest, because high-efficiency particulate filters (HEPAs), commonly used to remove most
microorganisms, are effective for particles up to 0.5 microns in size, but lose their effectiveness against
viruses present in the air (via droplets), as these are among the smallest microorganisms (20-300 nm)
(Harstad, 1969).

As regards surface treatments, biomedical applications are cited among the most interesting
applications studied, thanks to the effects of microbial inactivation, sterilisation and disinfection
confirmed by the authors. In this case the benefits comprise a broad spectrum of action, the use of
non-toxic gases and the absence of toxic residues (Kong M.G., 2009).

Given the advantages over other sanitization technologies, many studies have focused on identifying
the mechanisms of action against different types of viruses, considering also the increase in resistance
to treatments. (Chulkyoon, Non-thermal plasmas (NTPs) for inactivation of viruses in abiotic
environment, 2016). Several researchers have stated that chemically reactive neutral species such as
0, 02 *, 03, OH ¢, NO and NO2 can contribute significantly to the plasma sterilization process, in
particular at atmospheric pressures

(Laroussi, 2005), whilst the ionization of oxygen-containing gases provided the most consistent
germicidal effects (Herrmann H.W., 1999), in that the presence of ozone (known bactericide) and
hydroxyl radicals (OH) makes it possible to chemically attack the external structures of the bacterial
cells, meaning the oxidizing power acts on the integrity of the virus both structurally and genomically,
affecting the proteins as well as the nucleic acids. Other authors attribute some virucidal effects to
other nitrogen mechanisms (Wu Y., 2015). However, almost all the authors agree that neither the UV
radiation, nor the thermal component, although present in cold plasma, have any impact on the
sanitization effect (Arijana Filipi, 2020) (M. Laroussi, 2004) (Leipold, 2004).

It should be remembered that there are many types of NTP that differ in energy density, production
method and other parameters. Although all the studies clearly agree on the virucidal effects, the
degree of inactivation depends on the category of viruses and the type of plasma, as well as on the
experimental parameters, such as the exposure time.

1 Es. specific input energy (SIE) of 350 J L: _1,methyl ethyl ketone (50%), benzene (58%), toluene (74%), 3-pentanone
(76%), methyl tert-butyl ether (80%), ethylbenzene (81%), and n-hexane (90%)
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8. STUDIES BY THE JONIX RESEARCH AND DEVELOPMENT CENTRE

Over the years, numerous laboratory-scale studies have been conducted by Jonix Research &
Development Center in order to increase the knowledge of the Jonix NTP systems produced effects in
different applications. The main results are here below reported with a summary of the carried-out
activities.

8.1 Laboratory study on the biocidal activity of oxidizing species generated via NTP
PURPOSE: checking the bactericidal capacity of ionized air on culture plates.

RESULT: NTP is effective from the very first minutes of use. After just 5 minutes, all tested species are
completely eradicated from the surface of the plates. A further element that positively characterizes
the success of the test consists in the fact that, contrary to the provisions of some methods that
require carrying out the experiments on stainless steel surfaces, the above described tests were
performed in optimal conditions for the microorganisms both from an ecological point of view and for
the quantity of organic substance involved.

The details of the trial are reported in ANNEX 1.

8.2 Laboratory study on the sanitizing effects produced by a MATE — Jonix
PURPOSE: checking the spontaneous reduction of microbial contamination in a workplace in the
presence and in absence of the NTP treatment generated by a MATE device.

RESULT: after about 30 minutes of treatment the percentage of microbial reduction is very close to
100%. This confirms the effectiveness of MATE in sanitizing living or working environments.
The details of the trial are reported in ANNEX 2.

8.3 Use of NTP technology against odors associated with the use of footwear
PURPOSE: testing the effectiveness of the Jonix NTP system to reduce the concentration of chemical
molecules (VOCs) responsible for the odor associated with the use of footwear.

RESULT: the test result led to the conclusion that using a NTP air treatments for sufficiently long time
(from 6 hours onwards) is EFFECTIVE and the treatment breaks down and completely destroys the
molecules in subject

The details of the trial are reported in ANNEX 3

8.4. Sanitation of non-critical ultrasound probes
PURPOSE: comparing the sanitizing effect on “non-critical” ultrasound probes by NTP enriched flow
of air, compared to the sanitization carried out by traditional commercial devices.

RESULT: The tests have shown that the effectiveness of an NTP treatment is absolutely comparable to
that of the devices that are traditionally designed and used for the purpose
The details of the trial are reported in ANNEX 4.

8.5. Laboratory studies on the use of NTP for VOC abatement: review
PURPOSE: summary of some laboratory internal tests to rationalize the obtained results and evaluate
possible applications.
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RESULT: The abatement percentages, generally higher than 95%, indicate the NTP capability of acting
on certain compounds, mostly odorous. Interesting scenarios emerge as for odor impact reduction
applications on purification or waste treatment plants.

The details of the trial are reported in ANNEX 5.

8.6. Test evaluating the effectiveness of micro-organism reduction that have been
intentionally inoculated into plates by using the Jonix Mate air ionization system
PURPOSE: checking the reduction of microorganisms that have been intentionally inoculated in
cultural soils and exposed for a pre-established time to the effect of ionized air. For each test a control
test was performed using the same inoculated soils but not subject to NTP treatment.

RESULT: the microbial abatement in presence of the Jonix Mate air ionization system, on organic
material simulants surfaces that have been inoculated with different microbial species, is high. Jonix
ionizing system completely inhibits most of the inoculated species within 12-24 hours. In many cases,
the obtained reduction is higher than 95%. The microbial reduction effect of ionized air is similar on
both Gram positive, Gram negative, yeasts and molds, although the effectiveness is often depending
on the involved species.

The details of the trial are reported in ANNEX 6.

8.7. Study of the sanitizing power of a Jonix device installed into a commercial fan
coil
PURPOSE: checking the biological sanitizing effectiveness of a Jonix NTP device installed inside a fan
coil for wall installation. The purpose of the test is to check whether the production of oxidizing species
can solve the problem of pollution by molds of some parts of the equipment, as well as sanitizing the
air in the room where it is installed.

RESULT: the obtained results show how the use of a Jonix sanitization device allows getting over time
a marked reduction of an environmental microbial contamination both in terms of bacteria, molds
and yeasts.

The details of the trial are reported in ANNEX 7.

8.8. Evaluation of the sanitizing capacity of Photocatalytic devices in comparison
with Jonix NTP systems
PURPOSE: the target was to quantify and then compare the possible sanitizing effect performed by
two types of commercial devices, Jonix NTP and SHU900X, a photocatalytic device. They have been
installed inside a 30 cm diameter steel pipe 12 m long. By means of a fan, an air flow blew at different
speeds and flow rates, thus simulating what happens inside a ventilation duct in the event of
microbiological contamination and in presence or absence of "sanitizing" devices such as those tested.
For this purpose, ARCHA have designed and carried out a series of experiments in which, in a
controlled manner, different types and quantity of microorganisms have been exposed inside the tube
to air flow while different types of air sanitizing devices were activated.

RESULT: Both Jonix NTP and Photocatalytic systems are effective as for the total abatement of yeasts.
The Photocatalytic system is more efficient than the Jonix system as for the sanitization effect on
molds on plate but is inefficient on bio-aerosol, unlike Jonix. In conclusion, Jonix systems have a broad
spectrum of action that allows sanitizing both surfaces and air.

The details of the trial are reported in ANNEX 8.
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The following report describes the results of the main experiments conducted on behalf of
JONIX S.p.A. in order to evaluate/assess the antimicrobial effect (bacteriostatic or bactericidal)
of the devices, also in relation to similar effects that occur in nature.

For this, experimental tests were conducted by exposing bacterial colonies both in the air
emitted by Jonix devices and in the natural air on a day with good weather.

Below is the definition of the terms used in the report:

Antimicrobial

Bactericidal

Bacteriostatic

Enterococcus

Escherichia Coli

Gram-negative

Gram-positive

Ozone

Pseudomonas

ROS

Staphylococcus

Substance or product capable of killing microorganisms (biocide) or slowing
their growth (biostatic)

Substance or product capable of killing bacteria (biocide)

Substance or product capable of inhibiting or slowing bacterial replication
without killing the microorganism (biostatic)

Gram-positive, catalase-negative, rounded or oval-shaped bacteria, often
arranged in chains

Gram-negative bacteria that normally reside in the intestines of healthy
people; however, some strains can cause infections in the digestive tract,
urinary tract or many other parts of the body.

Bacteria that remain pink stained after the Gram staining. Gram-negatives
have a wall consisting of a simpler structure, always based on peptidoglycan
and also have an external lipid membrane.

Bacteria that remain blue or purple stained after the Gram staining. Gram-
positive bacteria have a wall with a complex, rigid and thick structure based
on peptidoglycan.

Allotropic form of oxygen with formula O3, with a characteristic garlic odour.
Itis presentin nature due to the effect of solar radiation. Strong oxidizer used
for disinfection operations.

Gram-negative bacteria, obligate aerobes, positive oxidase, catalase positive
and have polar flagella that allow them to move. They are found in the soil
and in water but also on plants.

The reactive oxygen species, ROS, are the most widespread free radicals. The
most important ROS are the superoxide anion 02-, the hydrogen peroxide
H202 and the hydroxyl radical ® OH.

Aerobic Gram-positive spherical bacteria (i.e., able to live only in the presence
of oxygen) or facultative anaerobic (i.e., normally requiring oxygen, but which
can survive even without if necessary). These microbes are normally found on

S
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the skin and in the nose of healthy individuals, where in most cases they do
not cause any problems or result in minor skin infections. In some

circumstances, they can trigger very dangerous infections.
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The trials were conducted by the following qualified technicians:

Dott.ssa Francesca Gambineri

Dott. Fabrizio Cervelli

Dott. Lamberto Cursi

Laboratori ARCHA S.r.l. unipersonale

Graduated in Industrial Chemistry,

20 years of experience in the field of chemical research, materials
science and innovative technologies

10 years of experience in the study of NTP and its effects on
chemicals and materials

Co-inventor of 3 patents

Co-author in numerous scientific publications, 6 of which concerning
the potential use of NTP

Coordinator of the experiments

Graduated in Biology, PhD in Cellular and Molecular Pathology

Expert in Hygiene of living and working environments and water
resources

10 years of experience in Basic Biological Research
20 years of experience in microbiology and applied research

Coordinator and performer of microbiological experiments in the
study of NTP and its effects on microorganisms

Co-author of numerous publications in national and international
scientific journals

Graduated in Chemistry
20 years of experience in conducting research projects

Coordinator and executor of the chemical-physical measurements
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JONIX NTP technology is based on Non-Thermal Plasma and produces oxidizing species around the
generators that are also conveyed into the environment through the ventilation of the devices
themselves and the help of air humidity.
Among the oxidizing species that are generated, there is also Ozone which appears to be the only
measurable species. The concentration of environmental Ozone is therefore not only an important
and necessary reference to be measured to ensure compliance with all the regulations that provide
for exposure limits in living environments, but also a reference on the “potential” of the devices in
generating oxidizing species.
A Horiba analyser was used to measure environmental Ozone concentrations.
HORIBA is a leader in the field of instrumentation for environmental analysis, and the instrument used
is the APOA 370 model.
It is based on the NDUV method ':{’-E—IHEH
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Jonix devices used for the tests

For the tests described below, commercial Jonix MiniMate and Jonix Cube devices were used, in some
cases electrically modified to simulate the correct sizing within the testing rooms.

The use, sizing and management of the devices was therefore such as to keep the environmental
Ozone levels below 50 ppb which is the target for the correct sizing of the devices in the premises.
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The following experimental tests were carried out, in addition to other undocumented ones that were
preparatory for the development of the methods:

TEST CODE DESCRIPTION OBIJECTIVE

A $20/005800001 | Exposure of plates with Escherichia coli | Evaluating the antimicrobial
and Staphylococcus aureus | effect of NTP at different
microorganisms, at different distances | distances from the device
from the JONIX device

B $20/005800003 | Exposure of plates with fecal | Evaluating the antimicrobial
Enterococcus and Pseudomonas | effect of NTP at different
aeruginosa, at different distances from | distances from the device
the JONIX device

C $20/005800004 | Exposure of plates with Staphylococcus | Evaluating the antimicrobial
aureus, fecal Enterococcus, Escherichia | effect of NTP under
coli and Pseudomonas aeruginosa in controlled humidity
small cases (theca), keeping the internal | conditions
humidity at about 50%

D $20/005800009 | Exposure of plates with Staphylococcus | Evaluating the antimicrobial
aureus, fecal Enterococcus, Escherichia | effect of NTP at high
coli and Pseudomonas aeruginosa in humidity conditions
small cases (theca), keeping the internal
humidity at about 80%

E $20/005800008 | Exposure of plates with Staphylococcus | Evaluating the effect of
aureus, fecal Enterococcus, Escherichia | external air, containing
coli and Pseudomonas aeruginosa in a naturally occurring oxidizing
natural environment species
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Test code $20/005800001
Date 21 April 2021
Description of the test Exposure of plates with Escherichia coli and Staphylococcus aureus

microorganisms, at different distances from the JONIX device

Objective of the test Evaluating the antimicrobial effect of NTP at different distances from
the device

Jonix device used JONIX MiniMate

Test environment Room with plan dimensions of 9.2 m x 6.8 m x 2.8 m (h) for a floor

area of 62.6 square meters and a volume of 175 m?

Summary of the results Reduction of the microbial load up to 100% for Staphylococcus

aureus and up to 9% for Escherichia coli

For this test, cultures of gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus)
bacteria were used, since a different sensitivity to biocidal agents is known between the two types of
bacteria.

The microorganisms were seeded, in duplicate, on double sector petri dishes filled with PCA agar (non-
selective medium) at a density of about 200 CFU/sector. Subsequently, the plates were exposed,
uncovered, to the NTP, keeping them at a distance of 1, 2 and 4 meters from the device for a total
time of 24 hours. The control plates were kept inside the laboratory, closed with their lid, thus avoiding
any possible exposure to NTP.

After exposure, the plates were photographed and then kept in an incubator at 37° C for 24 + 24 hours.

The Ozone measurements to which the plates were exposed during the 24 hours of treatment
revealed an average value of 45 ppb during the test period as shown in the following graph:
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Test environment Ozone concentration during Test A (red line = average)
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Sospensione fresca e seminata ESCHERICHIA COLI

CONTROLLO

DOPO 24 ORE DI ESPOSIZIONE

DOPO 24 ORE DI ESPOSIZIONE
+48 ORE DI INCUBAZIONE A 37°C

1 metro

NTP
2 metri

4 metri

Immagine: Suspension seeded with ESCHERICHIA COLI

Control — 0 meter — NTP 2 meters — 4 meters

After 24-hours exposition

After 24-hours exposition + 48 hours of incubation at 37° C
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Antimicrobial effects: detail of the sectors containing Escherichia coli

Top row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control plate,
not exposed) as the distance from the device varies

Bottom row: same plates but after 48 hours of incubation at 37° C

frescae i STAFILOCOCCO AUREO

NTP
CONTROLLO 1 metro 2 metri 4 metri

:
;

Immagine: Suspension seeded with STAPHYLOCOCCUS AUREUS
Control — 0 meter — NTP 2 meters — 4 meters

DOPO 24 ORE DI ESPOSIZIONE

DOPO 24 ORE DI ESPOSIZIONE
+48 ORE DI INCUBAZIONE A 37°C

W =

)

)

After 24-hours exposition
After 24-hours exposition + 48 hours of incubation at 37° C

Antimicrobial effects: detail of the sectors containing Staphylococcus aureus

Top row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control plate,
not exposed) as the distance from the device varies

Bottom row: same plates but after 48 hours of incubation at 37° C

Results

From the previous image, it is easy to see how there is a substantial difference in the effects exerted
by NTP on the two different types of bacteria. In particular, we observe, for all three exposure
distances, an effect of almost total inhibition of growth against Staphylococcus aureus (right sectors)
and a limited action against Escherichia coli.

Itis also interesting to observe how at the end of the 24 hours of exposure to NTP, it was not possible
to recognise any microbial growth in all sectors, including those containing Escherichia coli, which
instead does not occur after the subsequent incubation, in which colonies of Escherichia coli also
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appear in plates exposed to NTP. This data, together with the smaller size of the bacterial colonies,
demonstrate the bacteriostatic effect produced by NTP.

On the other hand, the situation relating to Staphylococcus aureus is different, which instead showed
an almost absolute effect of microbial reduction after exposure to NTP.

Following are the values of the microbial count of the colonies grown in the plate:
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Microbial concentration in each sector of the plates used.

plate 1 plate 2 Average St Dev
Ctrl 291 272 281,5 13
NTP 1 mt 263 260 262 2
g NTP 2 mt 259 257 258 1
Ecoli § NTP 4 mt 178 170 174 6
Ctrl 2,45 2,43 2,45 0,02
‘g NTP 1 mt 2,42 2,41 2,42 0,00
% NTP 2 mt 2,41 2,41 2,41 0,00
? NTP 4 mt 2,25 2,23 2,24 0,01
plate 1 plate 2 Average St Dev
Ctrl 108 134 121 18
NTP 1 mt 0 0 0 0
g NTP 2 mt 0 2 1 1
Saureo é NTP 4 mt 0 0 0 0
Ctrl 2,03 2,13 2,08 0,07
g NTP 1 mt 0,00 0,00 0,00 0,00
% NTP 2 mt 0,00 0,30 0,15 0,21
3 NTP 4 mt 0,00 0,00 0,00 0,00
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Summary conclusions on the results of the test

The graphic transposition of the data highlights better the results obtained:

Effetti del trattamento su S aureus & E.Coll con NTP
24 ore di etposizione NTP «-48 are incubazione

log UFC/plastra

LR || |

Cr M1 v IR & mr NTF & m

BEral O%auran

Immagine: log CFU/plate
Effects of the treatment on S.aureus and E.Coli with NTP

24 hours of NTP exposure + 48 hours of incubation
Comparison of the effects of NTP treatment, values expressed as the average of two plates

On the other hand, by expressing the data obtained in terms of percentage reduction of growth
compared to the control plates, it can be clearly highlighted how this was very high exclusively for
Staphylococcus aureus and present only at a distance of 4 meters from the device for Escherichia coli.

Etfetti del trattamento su 5.aureus e E.Coli con NTP

Riduzione percentuale
24 ore di esposizione NTP + 48 ore incubazione

1205

100%
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Effects of the treatment on S.aureus and E.Coli with NTP

Percentage reduction

24 hours of NTP exposure + 48 hours of incubation

Comparison of the percentage reductions in microbial growth between the two tested microorganisms

The distance from the NTP device did not show any significant differences.

e

Test code

$20/005800003

Date

29/04/2021

Description of the test

Exposure of plates with fecal Enterococcus and Pseudomonas
aeruginosa, at different distances from the JONIX device

Objective of the test

Evaluating the antimicrobial effect of NTP at different distances from
the device

Jonix device used

JONIX MiniMate

Test environment

Room with plan dimensions of 9.2 m x 6.8 m x 2.8 m (h) for a floor area
of 62.6 square meters and a volume of 175 m?3

Summary of the results

Reduction of the microbial load up to 56% for Enterococcus and up to
9% for Escherichia coli

Having ascertained the different effect on the two microorganisms Escherichia coli and
Staphylococcus aureus (Test A), we wanted to verify whether this was a distinctive trait of the
microbial groups to which they belong.

Two other Gram-positive (Enterococcus fecal) and Gram-negative (Pseudomonas aeruginosa)
microorganisms were thus exposed to NTP.

Just like for the previous test, the microorganisms were seeded, in duplicate, on double sector petri
dishes filled with PCA agar (non-selective medium) at a density of about 200 CFU/sector.
Subsequently, the plates were exposed, uncovered, to the NTP, keeping them at a distance of 1, 2 and
4 meters from the device for a total time of 24 hours. The control plates were kept inside the
laboratory, closed with their lid, thus avoiding any possible exposure to NTP.
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After exposure, the plates were photographed and then kept in an incubator at 37° C for 24 + 24 hours.

Ozone concentration in the test environment

The Ozone measurements to which the plates were exposed during the 24 hours of treatment
revealed an average value of 24 ppb during the test period as shown in the following graph:

Concentrazione OQzono
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Immagine: Ozone Concentration

Os (ppb)
Minutes
Test environment Ozone concentration during Test B (red line = average)
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Photo evidence
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Immagine: Suspension seeded with E. Coli

Control — 0 meter — NTP 2 meters — 4 meters

After 24-hours exposition

After 24-hours exposition + 48 hours of incubation at 37° C

Antimicrobial effects: detail of the sectors containing fecal Enterococcus

Top row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control plate,
not exposed) as the distance from the device varies

Bottom row: same plates but after 48 hours of incubation at 37° C
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Sospensione fresca e seminata PSEUDOMONAS

CONTROLLO

DOPO 24 ORE DI ESPOSIZIONE
+48 ORE DI INCUBAZIONE A 37°C

DOPO 24 ORE DI ESPOSIZIONE

0 metro

4 metri

Immagine: Suspension seeded with PSEUDOMONAS

Control — 0 meter — NTP 2 meters — 4 meters

After 24-hours exposition

After 24-hours exposition + 48 hours of incubation at 37° C

Antimicrobial effects: detail of the sectors containing Pseudomonas aeruginosa

Upper row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control

plate, not exposed) as the distance from the device varies
Bottom row: same plates but after 48 hours of incubation at 37° C

Results

Also, in this case it is possible to observe an important inhibitory effect against gram-positive (fecal

Enterococcus) unlike what happens for gram-negative (Pseudomonas aeruginosa).

Again, there is also a total absence of growth in the plates after 24 hours of exposure, both in the
gram-positive and in the gram-negative sectors, which instead disappears after incubation at 37° C,

confirming the bacteriostatic effect of the NTP.

Following are the values of the microbial count of the colonies grown in the plate:
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Microbial concentration in each sector of the plates used.

plate 1 plate 2 average St. Dev.
Ctrl 66 61 63,5 4
NTP 1 mt 11 14 13 2
g NTP 2 mt 5 8 7 2
Fecal é NTP 4 mt 4 10 7 4
Enterococcus
Ctrl 1,82 1,79 1,80 0,02
12 NTP 1 mt 1,04 1,15 1,09 0,07
% NTP 2 mt 0,70 0,90 0,80 0,14
3 NTP 4 mt 0,60 1,00 0,80 0,28
plate 1 plate 2 average St. Dev.
Ctrl 65 54 59,5 8
NTP 1 mt 56 44 50 8
g NTP 2 mt 38 53 46 11
Pseudomonas é NTP 4 mt 45 43 a4 1
aureog.
Ctrl 1,81 1,73 1,77 0,06
§ NTP 1 mt 1,75 1,64 1,70 0,07
% NTP 2 mt 1,58 1,72 1,65 0,10
3 NTP 4 mt 1,65 1,63 1,64 0,01
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The graphic transposition of the data highlights better the results obtained:
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Immagine: log CFU/plate

Effects of the treatment on Enterococcus and Pseudomonas a. with NTP
(24 hours of NTP exposure + 72 hours of incubation)
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Comparison of the effects of NTP treatment, values expressed as the average of two plates

On the other hand, by expressing the data obtained in terms of percentage reduction in growth
compared to control plates, it can be seen that this was once again highlighted for gram-positive
bacteria (Enterococcus), extremely limited for gram-negative bacteria, represented in this case by

Pseudomonas.
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Effetti del trattamento su S.aureus, E.Coli, Enterococchie
Pseudomonas a. con NTP
{24 ore a 24 ppb + 72 ore incubazione)
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Immagine: % of log reduction
Effects of the treatment on S.aureus, E.Coli, Enterococcus and Pseudomonas a. with NTP

(24 hours to 24 ppb + 72 hours of incubation)
Enterococcus - Psaeruginosa

Comparison of the percentage reductions in microbial growth between the two tested microorganisms
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Test code $20/005800004
Date 11 May 2021
Description of the test Exposure of plates with Staphylococcus aureus, fecal Enterococcus,

Escherichia coli and Pseudomonas aeruginosa in small cases (theca),
keeping the internal humidity at about 50%

Objective of the test Evaluating the antimicrobial effect of NTP under controlled humidity
conditions

Jonix device used Modified JONIX Cube

Test environment Plastic cases with dimensions of 100 cm x 50 cm x 50 ¢cm for a volume
of 0.250 m3

Summary of the results Reduction of the microbial load up to 3% for Ecoli, 20% Staphilococcus

aureus, 30% Enterococcus.

Not detected for Pseudomonas

In this test, and in the subsequent one, an attempt was made to replicate what was observed in a
larger environment, within a small confined environment in which it is easier to control the
environmental conditions.

For this purpose, a special case (50 cm x 50 cm x 100 cm) was used in which to insert an NTP generator
(CUBE) powered with a voltage regulated specifically to keep the exposure as low as possible under
50 ppb, precisely to simulate the functioning of a Jonix device in real conditions. Preliminary tests
made it possible to establish that the best power supply conditions for this purpose were 850 volts at
50 Hz.

The exposure test was conducted using both Gram-positive (Staphylococcus aureus and fecal
Enterococcus) and Gram-negative (Escherichia coli and Pseudomonas aeruginosa) bacteria.

As for the other tests, the bacteria were seeded, in duplicate, on double sector petri dishes filled with
PCA agar (non-selective medium) at a density of about 200 CFU/sector. Subsequently, the plates were
exposed, uncovered, to the NTP inside the case in which an NTP generator (CUBE) was placed, kept
constantly on for the entire time of the test. The control plates were kept inside the laboratory, closed
with their lid, thus avoiding any possible exposure to NTP.

After exposure, the plates were photographed and then kept in an incubator at 37° C for 24 + 24 hours.
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Ozone concentration in the test environment

The Ozone produced was measured with the HORIBA with data acquisition every three minutes.

The Ozone values that were kept inside the case were quite variable with a continuous increasing
trend and, on average, slightly higher than expected. The average concentration in the entire test was

64 ppb.
Concentrazione ozono
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Immagine: Ozone concentration
Ppb O3
Minutes

Ozone concentration trend (red line = average)
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An average humidity of about 54% was measured inside the case.
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Temperature trend (red line) and humidity trend (blue line) inside the case

Photo evidence (fotografiche)
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Immagine sx: Escherichia CONTROL — Escherichia NTP

After 24-hour exposure

Escherichia CONTROL — Escherichia NTP

After 24-hour exposure + 48 hours of incubation at 37°C
Immagine dx: Staphylococcus CONTROL — Staphylococcus NTP
After 24-hour exposure
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Staphylococcus CONTROL — Staphylococcus NTP
After 24-hour exposure + 48 hours of incubation at 37°C

Top row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control plates,
not exposed)

Bottom row: same plates but after 48 hours of incubation at 37° C

Pseudomonas Pseudomonas Enterococco Enterococco
CONTROLLO NTP CONTROLLO NTP

DOPO 24 ORE DI ESPOSIZIONE
DOPO 24 ORE DI ESPOSIZIONE

Pseudomonas Pseudomonas Enterococco Enterococco
CONTROLLO NTP CONTROLLO NTP

DOPO 24 ORE DI ESPOSIZIONE
+48 ORE DI INCUBAZIONE A 37°C
DOPO 24 ORE DI ESPOSIZIONE
+ 48 ORE DI INCUBAZIONE A 37°C

Immagine sx: Pseudomonas CONTROL — Pseudomonas NTP
After 24-hour exposure

Pseudomonas CONTROL — Pseudomonas NTP

After 24-hour exposure + 48 hours of incubation at 37°C
Immagine dx: Enterococcus CONTROL — Enterococcus NTP
After 24-hour exposure

Enterococcus CONTROL — Enterococcus NTP

After 24-hour exposure + 48 hours of incubation at 37°C
Top row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control plates,
not exposed)

Bottom row: same plates but after 48 hours of incubation at 37° C

Results

Once again, the “differential” effect towards Gram-positive versus a modest efficacy towards Gram-
negative is confirmed.
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Again, the bacteriostatic “phenomenon” is very well appreciated, that is, the delay in microbial growth
of crops exposed to NTP compared to the control ones.
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Following are the values of the microbial count of the colonies grown in the plate:

Microbial concentration in each sector of the plates used.

plate 1 plate 2 average St. Dev.
Ctrl 113 n.e. n.a n.a.
CFU/sector
Ecoli NTP 108 n.e. n.a n.a.
Log CFU / Ctrl 2,05 n.e. n.a n.a.
pector NTP 2,03 n.e. n.a n.a.
plate 1 plate 2 average St. Dev.
U/ Ctrl 97 n.e. n.a n.a.
sector
Sautee NTP 38 n.e. n.a n.a.
Log CFU / Ctrl 1,99 n.e. n.a n.a.
~ NTP 1,58 n.e. n.a n.a.
plate 1 plate 2 average St. Dev.
U/ Ctrl 10 n.e. n.a n.a.
Fecal E sector NTP 5 n.e. n.a n.a.
Log CFU / Ctrl 1 n.e. n.a n.a.
sector NTP 0,7 n.e. n.a n.a.
plate 1 plate 2 average St. Dev.
cru/ Ctrl 48 n.e. n.a n.a.
sector NTP 51 n.e. n.a n.a.
Paureog
Log CFU Ctrl 1,68 n.e. n.a n.a.
[sector NTP 1,71 n.e. n.a n.a.

The graphic transposition of the data highlights better the results obtained:
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Effetti del trattamento su 5.aureus, E.Coli,
Enterococchi e Pseudomonas a. con NTP
(24 are di esposizione a NTP + 48 are incubazione)

2,00
: I I I .
| l i

BEcoh ®WS5aureus WEnteroc. W Psaur,

log UFC/plastra
=

=]
L
=

g

Immagine: log CFU/plate
Effects of the treatment on S.aureus, E.Coli, Enterococcus and Pseudomonas a. with NTP

(24 hours of NTP exposition + 48 hours of incubation)

Comparison of the effects of NTP treatment

If expressed in terms of percentage reduction of growth compared to the controls, it can be noted
again that this was practically evident only for Gram-positive bacteria (Staphylococcus and

Enterococcus).
Effetti del trattamento su S.aureus, E.Coli,
Enterococchi e Pseudomonas a. con NTP
(24 are di esposizione a NTP + 48 ore incubazione)
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Immagine: % of log reduction
Effects of the treatment on S.aureus, E.Coli, Enterococcus and Pseudomonas a. with NTP

(24 hours of NTP exposition + 48 hours of incubation)

Comparison of the percentage reductions in microbial growth between the two tested microorganisms
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Test code

$20/005800009

Date

27 May 2021

Description of the test

Exposure of plates with Staphylococcus aureus, fecal Enterococcus,
Escherichia coli and Pseudomonas aeruginosa in small cases (theca),
keeping the internal humidity at about 80%

Objective of the test

Evaluating the antimicrobial effect of NTP under controlled humidity
conditions

Jonix device used

Modified JONIX Cube

Test environment

Plastic box with dimensions of 100 cm x 50 cm x 50 cm for a volume of
0.250 m3

Summary of the results

Reduction of the microbial load up to 51% for the Enterococcus, and
59% for the Staphylococcus aureus

As for the previous test, both Gram-positive (Staphylococcus aureus and fecal Enterococcus) and
Gram-negative (Escherichia coli and Pseudomonas aeruginosa) bacteria were used, seeded, in
duplicate, on double-sector petri dishes filled with PCA agar (non-selective medium) at a density of
about 200 CFU/sector. Subsequently, the plates were exposed, uncovered, to the NTP inside the case
in which an NTP generator (CUBE) was placed, kept constantly on for the entire time of the test. The
control plates were kept inside the laboratory, closed with their lid, thus avoiding any possible

exposure to NTP.

Thanks to the use of a supersaturated NaCl solution, an environment with relative humidity values
higher than 80% was created inside the case.

In order to avoid instrumental damage, the Ozone measurements in the case did not take place

continuously as in the other tests, but in a discontinuous and timely manner, interrupting it only

during the night. In any case, the measured values made it possible to establish a “trend”

substantially overlapping the previous ones. The average value found was 47 ppb, lower than that of

the previous test.
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Immagine: Ozone Concentration
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Ozone concentration trend. Red line = average

Since the power supply conditions of the generator were identical (850 volts at 50 Hz), the lower
guantity of Ozone detected could be due precisely to the presence of greater humidity in the air which,
carrying water, would have worked as a “sequestering” agent of the Ozone diffused in a gaseous form
giving rise to different chemical species (e.g., H.02) which would also explain the greater effectiveness
of the treatment.

The temperature in the case and that of the control environment was found to be of little influence
with only one degree of difference (average T° NTP: 24.7; average T° CTRL: 23.7).

Variazione della temperatura
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Immagine: temperature variation
Minutes

Comparison between the two exposure temperatures over 24 hours. CTRL: plates stored in the laminar flow hood; NTP: plates
stored in a case.
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Furthermore, an average humidity of about 80% was measured inside the case.

B i e % i A
_._-‘-\'\_\_\_ -
- —_ -._\_\_\_\_\_-\- % gL
F b S _._,-"'f' —
1 ..____..-" "‘xm = ~
- ol

Temperature trend (red line) and humidity trend (blue line) inside the case

Photo evidence

Escherichia Escherichia Stafilococco Stafilococco
CONTROLLO NTP CONTROLLO NTP

DOPO 24 ORE DI ESPOSIZIONE
DOPO 24 ORE DI ESPOSIZIONE

Escherichia Escherichia Stafilococco Stafilococco
CONTROLLO NTP CONTROLLO NTP

DOPO 24 ORE DI ESPOSIZIONE
+48 ORE DI INCUBAZIONE A 37°C

DOPO 24 ORE DI ESPOSIZIONE
+48 ORE DI INCUBAZIONE A 37°C

Immagine sx: Escherichia CONTROL — Escherichia NTP

After 24-hour exposure

Escherichia CONTROL — Escherichia NTP

After 24-hour exposure + 48 hours of incubation at 37°C
Immagine dx: Staphylococcus CONTROL — Staphylococcus NTP
After 24-hour exposure

Staphylococcus CONTROL — Staphylococcus NTP

After 24-hour exposure + 48 hours of incubation at 37°C
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Top row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control plates,

not exposed)

Bottom row: same plates but after 48 hours of incubation at 37° C

Enterococco
CONTROLLO

DOPO 24 ORE DI ESPOSIZIONE

Enterococco
CONTROLLO

DOPO 24 ORE DI ESPOSIZIONE
+48 ORE DI INCUBAZIONE A 37°C

Enterococco

NTP

Enterococco

NTP

Immagine sx: Enterococcus CONTROL — Enterococcus NTP

After 24-hour exposure

Enterococcus CONTROL — Enterococcus NTP

After 24-hour exposure + 48 hours of incubation at 37°C
Immagine dx: Pseudomonas CONTROL — Pseudomonas NTP

After 24-hour exposure

Pseudomonas CONTROL — Pseudomonas NTP
After 24-hour exposure + 48 hours of incubation at 37°C

DOPO 24 ORE DI ESPOSIZIONE

DOPO 24 ORE DI ESPOSIZIONE
+ 48 ORE DI INCUBAZIONE A 37°C

Pseudomonas Pseudomonas
CONTROLLO NTP

Pseudomonas Pseudomonas
CONTROLLO NTP

Top row: the appearance of the culture plates after 24-hour exposure to NTP (comparison with the control plates,

not exposed)

Bottom row: same plates but after 48 hours of incubation at 37° C

Results

In this case, the test highlighted an inhibitory effect (biocide) also against Gram-negative
bacteria (Escherichia coli and Pseudomonas aeruginosa), a phenomenon not observed in the

lower humidity test.

Following are the values of the microbial count of the colonies grown in the plate:
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Microbial concentration in each sector of the plates used.
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plate 1 plate 2 average St. Dev.
Ctrl 15 16 15,5 1
CFU/ sector
Ecoli NTP 13 9 11 3
Log CFU/ Ctrl - - 1,19 0,02
eer I NTP - - 1,04 0,11
plate 1 plate 2 average St. Dev.
CFU/ sector | Ctrl 7 6 6,5 1
Saureo NTP 3 1 2 1
Log CFU/ | Ctrl - - 0,81 0,05
sector
NTP - - 0,30 0,34
plate 1 plate 2 average St. Dev.
CFU/ sector | Ctrl 18 15 16,5 2
FecalE NTP 2 0 1 1
Log CFU/ | Ctrl - - 1,22 0,06
sector
NTP - - 0,02 0,92
plate 1 plate 2 average St. Dev.
CFU/ sector | Ctrl 4 15 9,5 8
Paureog NTP 4 2 3 1
LogCFU/ | Ctrl - - 0,98 0,41
sector
NTP - - 0,48 0,21
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Summary conclusions on the results of the test

The graphic transposition of the data highlights better the results obtained:

Effetti del trattamento su S.aureus, E.Coli, Enterococchi e
Pseudomonas a. con NTP
(24 di ore esposizione a NTP + 48 ore incubazione)
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M Ecoli MSaureus M Enteroc. M Psaur.

Immagine: log CFU/plate
Effects of the treatment on S.aureus, E.Coli, Enterococcus and Pseudomonas a. with NTP
(24 hours of NTP exposition + 48 hours of incubation)

Comparison of the effects of NTP treatment

Effetti del trattamento su S.aureus, E.Coli, Enterococchie

Pseudomonas a. con NTP
(24 ore diesposizionea NTP + 72 ore incubazione)
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Immagine: % of log reduction
Effects of the treatment on S.aureus, E.Coli, Enterococcus and Pseudomonas a. with NTP
(24 hours of NTP exposition + 72 hours of incubation)

Comparison of the percentage reductions in microbial growth between the two tested microorganisms

The comparison of the percentage reductions clearly highlights a new phenomenon.

Having exposed the microorganisms to NTP in an environment of high relative humidity considerably
increased the biocidal capacity exerted by the treatment.

In fact, by comparing the results of test C conducted at a Relative Humidity of approximately 54% and
those of test D conducted at a Relative Humidity of approximately 80%, it can be seen how the
humidity influences the effectiveness of the NTP, as it was conceivable as the natural droplet acts as
a vehicle for oxidizing species.

Influenza della Umidita sulla efficacia battericida dell'NTP
Riduzione dopo 24 h di esposizione a NTP
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Immagine: influence of Humidity on the effectiveness of the NTP
Reduction after 24 hours of NTP exposure
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Comparison between the percentages of bacterial reduction in different humidity conditions

Test code $20/005800008
Date 24 May 2021
Description of the test Exposure of plates with Staphylococcus aureus, fecal Enterococcus,

Escherichia coli and Pseudomonas aeruginosa in a natural
environment

Objective of the test Evaluating the effect of external air, containing naturally occurring
oxidizing species

Jonix device used NONE
Test environment Room facing outwards
Summary of the results Reduction of the microbial load up to 51% for the Enterococcus, and

59% for Staphylococcus aureus

It is known that Ozone is also found in the atmosphere as a result of the interaction of solar radiation
which, interacting with atmospheric oxygen, leads to the production of this gas.

Typically, as it is easy to see from the environmental monitoring data detected by the control units of
the various ARPAs scattered throughout the country, the concentration of Ozone increases
significantly on days of good weather, when solar radiation is stronger.

As also indicated in the report of the National System for Environmental Protection “Air quality in Italy
2020 edition”, in lowland areas or at sea level, O3 concentrations follow the intensity profile of solar
radiation quite well (thus tending to increase during maximum insolation and to decrease at night).

The same report also shows the average statistics of Ozone concentrations detected by 224
monitoring stations indicating an average of about 35 ppb (remember that pg/m? are double the ppb)
with peaks that even exceed 50-60 ppb.
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Figure 6.4. Ozone (SOMOO), 2010-2019. — Descriptive statistics calculated by 224 monitoring stations
all over the national territory.

Source: ISPRA based on ARPA/APPA data

Also interesting is the graph that shows the average statistics in relation to the position of the stations
from which it is noted that the highest concentrations, 40-45 ppb, occur in rural areas, therefore,
places that we all consider to have “clean air”. In fact, the pollution of urban areas that “steals” the
Ozone by making it react with the pollutants produced by vehicular traffic, heating, etc.
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Figure 6.5. Ozone (SOMOO), 2010-2019. —

Year

The trend of the average of the eight-hour daily maximum moving averages of ozone concentrations
calculated on a sample of 224 stations, divided by type of station.

Legend: Rural: Rural stations (57); Suburban: suburban stations (63); Urban: urban stations (104).

Source: ISPRA, based on ARPA/APPA data

It should also be considered that where Ozone is present, other oxidizing species, free radicals,
hydroxyls, etc. are presumably also present. They play a role in producing the Oz molecule.
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Description of the test

This experimental test aimed to verify whether the effects of exposure of bacterial colonies on plates
to concentrations of Ozone (and presumably of other natural oxidizing species) naturally present in
the outside air were similar and comparable to those detected inside the case.

For this purpose, as for the previous tests, both Gram-positive (Staphylococcus aureus and fecal
Enterococcus) and Gram-negative (Escherichia coli and Pseudomonas aeruginosa) bacteria were used,
seeded, in duplicate, on double-sector petri dishes filled with PCA agar (non-selective medium) at a
density of about 200 CFU/sector.

Exposure to atmospheric Ozone occurred by placing the plates in a room leaving the window

completely open to allow atmospheric air to saturate the room. Exposure to outside air was thus
possible, but without solar radiation or turbulence due to winds and breezes.

Ozone concentration in the test environment

Test layout.
A) location of the Horiba and the plates with respect to the open window;

B) detail of the exposed plates with the Horiba air sampling tube (red arrow)

The Ozone value measured by HORIBA was compared with that recorded by the nearest ARPAT control
unit located in the “I Passi” district of Pisa, about 6 km away from the test site.
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Location of the ARPAT control unit with respect to the test site

Previous tests have in fact made it possible to establish that there is an excellent correspondence
between the values recorded by the ARPAT control unit and those measured in the environment
outside the test site with the HORIBA, despite the distance that separates the two measurement
points.

Together with the atmospheric Ozone value, the ambient temperature and humidity were also
measured.

In this case too, as in all other experiments, Ozone is to be considered the indicator of the “oxidizing
species” because it is certainly the longest-lived species and above all the only measurable substance.

The control plates were kept inside the laboratory, closed with their lid, thus avoiding any possible
exposure to environmental Ozone. As usual, after 24 hours of exposure all the plates were placed
inside the incubator at 37° C to facilitate the growth of microorganisms.

To compare the environmental Ozone values measured by the ARPAT control unit and the Horiba, it
was necessary to partially process the data collected by the latter, since only the values in pg/m?3
expressed as an hourly average are shown from the ARPAT site. Consequently, it was necessary to
perform an hourly average of all the measurements made by Horiba and convert the ARPAT data into
ppb (dividing by 2).
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Immagine: average hourly comparison
Horiba vs ARPAT

Environmental Ozone values to which the plates were exposed. Comparison between ARPAT and HORIBA measures

As can be seen from the previous graph, the curves are quite similar but above all the average value
detected (dashed lines) is practically identical: 32.2 ppb (ARPAT value) against 31.6 ppb (HORIBA
value).

Consequently, it is possible to conclude that the plates have been exposed to values of Ozone (and
presumably of other oxidizing species) which, on average, are absolutely similar to others previously
tested with NTP treatments.

Finally, as regards the environmental temperature and humidity values, the following graph shows
the data recorded by the monitoring data logger.
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Trend of temperature (red curve) and humidity (light blue curve) in the test environment

In this case, (average) humidity values of 57.9% and a temperature of 19.9° C were recorded.
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5.5.5 Photo evidence (fotografiche)
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Immagine 1 sx: Escherichia CONTROL — Escherichia exposed to outside air — not performed
After 24-hour exposure
Escherichia CONTROL — Escherichia exposed to outside air
After 24-hour exposure + 48 hours of incubation at 37°C
Immagine dx: Staphylococcus CONTROL — Staphylococcus exposed to outside air — not performed
After 24-hour exposure
Staphylococcus CONTROL — Staphylococcus exposed to outside air
After 24-hour exposure + 48 hours of incubation at 37°C
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Immagine 2 sx: Enterococcus CONTROL — Enterococcus exposed to outside air
After 24-hour exposure

Enterococcus CONTROL — Enterococcus exposed to outside air

After 24-hour exposure + 48 hours of incubation at 37°C

Immagine dx: Pseudomonas CONTROL — Pseudomonas exposed to outside air
After 24-hour exposure

Staphylococcus CONTROL — Staphylococcus exposed to outside air

After 24-hour exposure + 48 hours of incubation at 37°C

Top row: the appearance of the culture plates after 24-hour exposure to environmental Ozone (comparison
with the control plates, not exposed).

Bottom row: same plates but after 72 hours of incubation at 37° C.

Arrows indicate the presence of colonies of contaminating environmental microorganisms.

As can be appreciated from the previous figures, the effects of “simple” exposure to outside air
(containing natural Ozone) replicated what was observed regarding the action of NTP in a confined
environment (room or case) with a significant effect of growth inhibition against Gram-positive
bacteria and no effect against Gram-negative bacteria.

From the observation of the plates, it is possible to notice a presence of contaminating
microorganisms of environmental origin that have developed on the surface of the culture agar. The
greater the presence of the microorganisms, the lower the presence of test microorganisms. This fact
finds an obvious explanation in the common phenomena of ecological competition that arise when a
common environment (with its nutrients) is shared by several species; in this case the strongest and/or
most numerous takes over, preventing or limiting the development of the others.

Furthermore, it is clear once again that there was an inhibitory (biocidal) effect on differential growth
depending on the type of microorganism.

Following are the values of the microbial count of the colonies grown in the plate:
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Microbial concentration in each sector of the plates used.
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plate 1 plate 2 average St. Dev.
Ctrl 369 355 362 10
CFU/sector
Ecoli Os 438 318 378 85
Log CFU/ Ctrl - - 2,56 0,01
secer 1o, - - 25,58 0,1
plate 1 plate 2 average St. Dev.
CFu/ Ctrl 220 301 260,5 57
sector
Saureo O; 14 6 10 6
LogCFU/ | Ctrl - - 2,42 0,1
sector
(0]} - - 1 0,26
plate 1 plate 2 average St. Dev.
CFu/ Ctrl 164 110 137 38
sector
FecalE (o} 9 13 11 3
LogCFU/ | Ctrl - - 2,14 0,12
sector
O; - - 1,04 0,11
plate 1 plate 2 average St. Dev.
CFu/ Ctrl 82 145 113,5 45
sector
Paureog 0s 164 174 169 7
Log CFU/ | Ctrl - - 2,05 0,18
sector
O3 - - 2,23 0,02
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1.1.7 Summary conclusions on the results of the test

The graphic transposition of the data highlights better the results obtained:

Effetti del trattamento su S.aureus, E.Coli, Enterococchi e Pseudomonas a. con
aria ambiente e Ozono naturale
(24 ore di esposizione + 72 ore incubazione)
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CTRL Aria ambiente e Ozono naturale

M Ecoli M Saureus M Enteroc. Psaur.

Immagine: log CFU/plate
Effects of the treatment on S.aureus, E.Coli, Enterococcus and Pseudomonas a. with outside air and

natural Ozone
(CTRL — Outside air and natural Ozone)

Comparison of the effects of the exposure to outside air and natural ozone
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The usual conversion of the data into percentage reduction values highlights the effects obtained on
the two main bacterial strains.

Effetti del trattamento su 5. aureus, E.Coli, Enteracocchi e Pseudomonas a.
con aria ambiente e Ozrono naturale
24 ore di esposizione+ 72 ore incubazione)

1005
5%

ot

% di riduzione log

B SAUreUs W EnTern.

Immagine: % of log reduction
Effects of the treatment on S.aureus, E.Coli, Enterococcus and Pseudomonas a. with outside air and

natural Ozone
(24 hours of exposition + 72 hours of incubation)

Comparison of the percentage reductions in microbial growth between the two tested microorganisms

SUMMARY AND CONCLUSIONS

The following table compares the results obtained with the various tests. When available, the
environmental data of temperature and relative humidity (both of the environment in which the
treatment took place and that of the control plate) are reported, in addition to the concentration of
Ozone (both natural or generated by the NTP) and the percentage reduction value of microbial growth
(R). This latter value in the case of the first two tests A and B is indicated as the average value of that
measured at the three distances evaluated.
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Summary table of results. N.r. not detected
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T R (%)
Testi.d. UR (%) 0; (ppb) GRAM-NEGATIVE GRAM-POSITIVE
NTP CTRL P.
Ecoli A S. Aureus Fecal E.
Aeruginosa
TESTA 19,7 25,2 42 45 7 100
TEST B n.r. n.r. 58 24 26 90
TEST C 24,4 22,4 54 64 61 50
TEST D 24,7 23,7 80 47 29 68 69 94
TESTE 19,9 23,9 58 32 96 92

As can be seen from the colored cells, the percentages (%) of reduction of the microbial load are
almost similar in the case of exposure to “artificial=Jonix” NTP and exposure to “natural” NTP.

Laboratori ARCHA S.r.l. unipersonale
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9. CASE STUDY: STUDIES ON PRACTICAL APPLICATIONS OF INDOOR
SANITIZING SYSTEMS JONIX

9.1. Case study 1: reduction of odor impacts on waste management plant
PURPOSE: study and analysis of the environmental aspects related to the odor impact measurements
in connection to waste management; implementation of a pilot-scale experiment related to the
treatment of gaseous effluents in order to reduce effectively the present odor load.

RESULTS: the test results show how NTP technology positively abates the species that are present in
the gaseous flow generated by a waste, with a percentages varying between 25% and 40%. This result
has been obtained by carrying out a complex experimentation on a pilot plant that was equipped with
NTP technology. The treatment was tested on different type of waste and by mixing them too. Both
the Electronic Nose and the Gas chromatography with Mass detector (GC-MS) have been used as
analytical techniques for the "quantification" of the efficiency. The obtained results suggest a wide
possibility of applications of this technology as a system for the abatement of both the organic
pollutants present in an emission and, as regards more specifically the topic of the project, the
abatement of odorous molecules. Organic molecules, as it has been verified on aliphatic and aromatic
chains by means of GC-MS, are reduced up to about 40%. The odorous substances, as it was possible
to verify thanks to the Electronic Nose, decreased in their concentration down to a 30%. A possible
further development of the study and of the proposed technology could concern different waste
matrices characterized by olfactory impacts due to inorganic compounds, such as for example
ammonia and hydrogen sulphide. In these cases, the analytical methods to be applied could be the
Electronic Nose and specific techniques for the determination of these compounds.

The details of the trial are reported in ANNEX 9.

9.2. Case study 2: Study of air sanitation in a veterinary clinic

PURPOSE: testing the effectiveness of Non Thermal Plasma technology in veterinary health system.
The trial was conducted at a Veterinary Clinic with the aim of achieving a reduction in perceived odors
and a reduction in airborne microbial contamination in premises where concentrations could be
significant and have a negative impact on animals and people. The test required a series of samplings
that have been taken before the installation of the devices, during the normal activity of the clinic, to
evaluate the initial conditions, to be compared with the measurements made after switching on the
Jonix devices.

RESULTS: In the veterinary hospital room, the observed trend indicates a reduction of the total
microbial content and staphylococci, while the fungi have a slight tendency to increase. This can be
explained by the frequent opening of the doors that overlook the outside of the building, surrounded
by hedges and plants. The sampling points were about 50 cm from the doors consequently the sucked
air was mixed with that coming from outside. In the waiting room there was a general trend line of
slight increase in the initially detected parameters due to the promiscuity with the air coming from
the opening and closing of the doors. The effect of bacterial reduction over time is evident, the
prolonged supply of ionizing molecules to the air makes the air becoming inhospitable for
contaminants. The deodorization effect of the air was sensibly appreciable in both controlled rooms:
the odor present was significantly reduced. Users perceived almost odorless air in the waiting room
after switching on the Jonix devices. To conduct a more detailed evaluation of the antimicrobial effect
of ionization, that has already been documented in the bibliography and with the same devices in
other application, it would be necessary to set up a research protocol in premises with a greater
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control of the variables or with environmental indicators that are less affected by the variables in
place.
The details of the trial are reported in ANNEX 10.

9.3. Case study 3: Sanitizing effects of the MATE device in the large-scale food

distribution sector

PURPOSE: evaluation of the sanitizing effects in a hypermarket, where an ionization and air filtration
device model JONIX MINIMATE has been installed. The device was placed in the packaging area of the
meat processing department.

RESULTS: the test results show that Jonix Minimate device significantly reduced the contamination
present in the air, despite the influence of the air coming from adjacent rooms.

The details of the trial are reported in ANNEX 11.

9.4. Case study 4: Sanitizing effects of the MATE device in hospital operating rooms
PURPOSE: to study the action of the Jonix MATE device on the contamination levels of two operating
rooms in private hospital.

RESULTS: as for the work surfaces, the collected data highlighted a substantial low microbial
contamination; the continuous use of MATE has exercised an important and significant adjuvant
action to the cleaning operations, without any use of additional chemical compounds to be nebulized
in the environment

As regards the ambient air, it was possible to detect a low airborne microbial contamination, with the
same type of isolated microorganisms (exclusively CBT37 and sporadically SC +). In this case also, the
test on the air showed the same contamination decreasing trend, as if over time it was increasingly
protected during the operations (even if the mate is off) and its remediation during the night became
more and more effective.

The details of the trial are reported in ANNEX 12.

9.5. Case study 5: Sanitizing effects of the MATE device in hospital wards

PURPOSE: to establish the action of NTP technology against microorganisms that can be potentially
found within the wards. For this purpose, ionizing systems of reduced dimensions have been used.
They are specially designed for their less "invasive" location and more easily placement in a context
of everyday life. The equipment was placed in different points of a ward and left in almost constant
operation throughout the study period. The comparison of the effects was performed by evaluating
the contamination levels in a "control" lane without NTP systems. In this way, the study was able to
respond effectively and extremely pertinently to the need to evaluate innovative systems for the
prevention of infections in the operating room in particular, and hospital infections in general,
allowing the identification of a technology that is capable of supporting the usual environmental
remediation activities, maximizing their effectiveness and helping to create safer environments with
a lower infectious risk.

RESULTS: An AVERAGE ABATEMENT * of 86% was verified in the ward (* values referring to the total
airborne bacterial load). The use of NTP technology, with its proven ability in the wards to reduce
airborne microbial contamination over time and facilitate the sanitizing of surfaces, can contribute to
the achievement and maintenance of better hygienic-sanitary conditions, helping the hospital
personnel in handling the clinical risk.
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The details of the trial are reported in ANNEX 13.

10. CONCLUSIONS

In conclusion, a nonthermal plasma can be used to inactivate a wide range of microorganisms such
as bacteria, spores, fungi, viruses and prions.

The mechanism of a plasma’s interaction with living systems is undoubtedly very complex and not
well-understood, both because of the complexity of the biology and of plasma. Generally speaking,
charged species, in particular ions, are believed to play a key role in the interaction between living
cells (Dobrynin D., 2009), interacting chemically, and not through physical phenomena, such as shear
stress, ion bombardment damage, thermal effects or UV radiation. Charged particles could play a
significant role in the rupture of external cell membranes, especially in gram-negative bacteria that
have thinner outer membranes.

The specific mechanisms leading to the inactivation of a virus by an NTP are as yet unclear. Studies
have shown that the exposure to NTP causes a modification and/or degradation of viral proteins and
nucleic acids, as well as of lipids in enveloped viruses (Yasuda H., 2010). In addition, reactive species
can damage the viral RNA, leading to a reduction in gene expression and the elimination of viral RNA.

The use of NTP in sanitization processes appears interesting, regardless of the interpretation of the
phenomena, due to its broad spectrum of activity. The technology is therefore flexible and easily
applicable in many contexts, in particular in the sanitization of indoor environments from airborne
particles, where other technologies may be unsuitable or ineffective.
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12. ATTACHMENTS

ATTACHMENT 12.0 - VIRUCIDAL EFFECTIVENESS REPORT: Quantitative test in suspension for the
evaluation of virucidal activity against the SARS-CoV-2 virus

ATTACHMENT 12.1 - VIRUCIDAL EFFECTIVENESS REPORT: Quantitative test in suspension for the
evaluation of virucidal activity against the SARS-CoV-2 virus

ATTACHMENT 12.2 - Laboratory study on the biocidal activity of oxidizing species generated via
NTP

ATTACHMENT 12.3 — Laboratory study on the sanitizing effects produced by a MATE — Jonix
ATTACHMENT 12.4 — Use of NTP technology against odors associated with the use of footwear
ATTACHMENT 12.5 — Sanitation of non-critical ultrasound probes

ATTACHMENT 12.6 — Laboratory studies on the use of NTP for VOC abatement: review

ATTACHMENT 12.7 — Test evaluating the effectiveness of micro-organism reduction that have
been intentionally inoculated into plates by using the Jonix Mate air
ionization system

ATTACHMENT 12.8 — Study of the sanitizing power of a Jonix device installed into a commercial
fan coil

ATTACHMENT 12.9 — Evaluation of the sanitizing capacity of Photocatalytic devices in comparison
with Jonix NTP systems

ATTACHMENT 12.10 — Case study 1: reduction of odor impacts on waste management plant
ATTACHMENT 12.11 — Case study 2: Study of air sanitation in a veterinary clinic

ATTACHMENT 12.12 — Case study 3: Sanitizing effects of the MATE device in the large-scale food
distribution sector

ATTACHMENT 12.13 — Case study 4: Sanitizing effects of the MATE device in hospital operating
rooms

ATTACHMENT 12.14 — Case study 5: Sanitizing effects of the MATE device in hospital wards
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ATTACHMENT 12.0

BACTERICIDAL EFFICACY TEST REPORT: Quantitative suspension test for the evaluation of
bactericidal activity against MDR bacteria
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1. PURPOSE

The following report has the purpose of defining in a clear and detailed way the methods of
execution of the analysis in order to guarantee maximum precision and accuracy in compliance
with the European standard UNI EN 17272:2020. This standard, employed for the validation of
chemical disinfectants and antiseptics, was used for the verification of the bactericidal activity of
equipment that uses the Non-Thermal-Plasma technology, or cold plasma. The bactericidal activity
was performed using a control strain of Escherichia coli and in succession strains of MDR

microorganisms (MultiDrug Resistant).

2. TERMS AND DEFINITIONS

Bactericidal activity: the ability of a product to produce a reduction in the number of bacterial
colonies through experimental procedures that include precise and defined test conditions.

Colony Forming Units (CFU): number of colonies per mlL..

Airborne disinfection contact (ADC) time: time from the first release of the product to the
point where the carriers are recovered.

Sensitive microorganism: microorganism in which desiccation causes a log reduction greater
than 1.5.

3. INTRODUCTION |

The test method to verify the bactericidal activity of the Jonix Cube device (test product) against
MDR bacteria was conducted in compliance with the European standard UNI EN 17272:2020
chemical disinfectants and antiseptics- Method for airborne room disinfection using automatic
processes. Cold plasma emits light with wavelengths both in the visible and in the ultraviolet part
of the spectrum. In addition to the emission of UV radiation, an important property of low-
temperature plasma is the presence of highly reactive and high-energy electrons, which cause
numerous chemical and physical processes such as oxidation, excitation of atoms and molecules,

production of free radicals and other reactive particles.
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4. SAMPLE CHARACTERIZATION |

Product: Jonix Cube Non-Thermal-Plasma Device (hereinafter referred to as Jonix Cube)

Product Description: Jonix CUBE is an air purification device; with a design that uses an
advanced technology called cold plasma to eliminate bacteria, moulds, viruses, pollutants and
odours

Storage conditions: room temperature

Equipment instructions: see attachment

5. EXPERIMENTAL CONDITIONS

Test temperature: 20 £ 2° C
Relative humidity (RH): 50-75%
Contact time: 12h-14h-16h

Analysis period: test start date: 25-05-2020 to Test end date 28-05-2021

6. MATERIALS AND REAGENTS

Microorganisms used in the experimental phase:

e Strain of Escherichia coli ATCC 10536: Escherichia coli is a Gram-negative
bacillus. It is an integral part of the normal intestinal flora of humans and other
animals. While most E. coli strains are harmless, some endanger human health.

o Acinetobacter baumannii MDR strain: OXA-23 type carbapenemase-
producing strain. Acinetobacter baumanni is a ubiquitous Gram-negative bacillus. It is
able to survive about one month on dry surfaces.

e Klebsiella pneumoniae MDR: KPC type carbapenemase-

producing strain. Kiebszella pnenmoniae is a Gram-negative bacillus capable of causing
bacterial pneumonia, although it is more commonly associated with urinary tract
infections acquired from hospitals. Klebsiella pnenmoniae has become a growing
nosocomial infection as antibiotic-resistant strains continue to appear.
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e Pseudomonas aeruginosa MDR: OXA-48 type carbapenemase-
producing strain. Pseudomonas aeruginosa is a ubiquitous Gram-negative bacillus. It
causes numerous types of infections.

* ATCC (American Type Culture Collections)
MEDIUMS OF CULTURE AND REAGENTS

The reagents used are pure for analysis and/or suitable for microbiological applications.

Culture medium for bacterial count

The culture medium used for cell counting is TSA (Tryptone Soya Agar).

Diluent for microbial suspensions
The diluent for microbial suspensions, prepared according to the UNI EN 17272:2020 standard,
was used to prepare the microbial suspension and to carry out the dilutions required by the

standard indicated above.

| 7. EQUIPMENT

= Steel carriers

* DensiCheck Plus Biomerieux

= Stopwatch

* Vortex stirrer

= Incubator with a controlled temperature of 36°C £ 1°C.
» “BioHazard” class 11 vertical laminar flow hood

* pH meter

= Refrigerator with a controlled temperature of 4°C
= Graduated pipettes

® Petri dishes

= Scale

* Beaker

= Scrapers

8. EFFECTIVENESS TEST
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PREPARATION OF THE BACTERIAL SUSPENSION

Bacterial suspension

A TSA subculture was prepared from the mother culture and incubated at 37 £ 1 ° C for 18-24
hours. The step was repeated and incubated for another 24 hours. Finally, a third subculture was
generated from the second (subculture II and III are considered working cultures). A loop was
taken from the working cultures and transferred into a tube containing the diluent for the microbial
suspensions until 0.5 McF was obtained with DensiCheck Plus Biomerieux corresponding to

1x10%cfu/mL..

Interfering substance
The interfering substance (BSA 3g/l) was added to the suspension in order to obtain a 1/10

dilution, and then an adaptation was performed for sensitive microorganisms, adding skimmed

milk (100g/1) in concentration 1:20.

DETERMINATION OF THE TITLE

To determine the title of the stock solution, serial dilutions up to 10® were made. 1 ml of
dilution 10, 107and 10®was included in TSA agar. In addition, 1 ml of the dilution 10°, 10
"and 10*was filtered through the use of filter membranes.

All tests were conducted twice.
EVALUATION OF THE DISINFECTION PROCESS

Survival of the test organism in control carriets

The control carriers were placed inside uncovered Petri dishes and contaminated with 50 pl of
microbial suspension, which was then well distributed and dried. At the end of the drying period,
the lid of the corresponding plate was applied. Each plate, containing the control carrier, was left
in the laboratory for the duration of the exposure period. At the end of the exposure period, the
control carriers were transferred into a beaker containing 100 ml of diluent for microbial
suspensions. A first phase of scraping, lasting 1 minute, was followed by a second phase of
mechanical stirring to allow the detachment of any microorganisms remaining adhered to the

carrier. Serial dilutions up to 107 were carried out from the solution obtained. 1 ml of the 10°
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* dilution and 1 mlof the 10”°dilution were added in TSA medium with the inclusion
technique; the tests catried out were duplicate. The plates were placed in an incubator at 37 + 1 °©

C for 24 hours, for the first count and reincubated for another 24 hours for the second count.

Preparatory tests to evaluate the absence of residual effects

To evaluate the absence of residual effects, 50 pl of interfering substance were deposited in other
carriers. When completely dry, the carriers were placed in the display case to be exposed to the
action of the NTP. At the end of the exposure period, the carriers were transferred into a beaker
containing 100 ml of diluent for microbial suspensions. A first phase of scraping, lasting 1 minute,
was followed by a second phase of mechanical stirring to allow the detachment of any
microorganisms adhering to the carrier, thus obtaining a solution, defined as S.

A screening was then performed to evaluate any inhibitory effects in the agar; therefore, 1 ml of
solution S was included in the TSA agar together with 1 ml of the known bacterial suspension. The
plate was incubated at 37 = 1 ° C for 24 hours for the first count and reincubated for another 24
hours for the second count. Further screening was performed to assess any inhibitory effects with
the filter membranes. To do this, 98 ml of solution S were filtered with 0.45 um filter membranes,
followed by 3 washes with 50 ml of diluent for microbial suspensions. Subsequently, 1 ml of
dilution of the known microbial suspension was filtered. The membrane was transferred to a plate
containing TSA agar and incubated at 37 + 1 ° C for 24 hours for the first count, and reincubated
for another 24 hours for the second count. Finally, to evaluate a possible carrier-related inhibitory
effect, 1 ml of the known microbial suspension was transferred together with the exposed carrier
in a Petri dish. Agar was added and the plate was incubated at 37 £ 1 °C for 24 hours for the first
count, and reincubated for another 24 hours for the second count.

Preliminary tests were conducted for each microorganism tested.

Effectiveness test

Exposure of carriers to the test product
The carriers were placed inside empty Petri dishes. 50 ul of microbial suspension (contaminated
carriers) were deposited, then well distributed on the carrier through the use of a loop, and kept

under a hood until the microbial suspension was completely dry.
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When the microbial suspension was completely dry, the carriers to be exposed to the NTP were
placed in the case provided with the lid open, in the opposite position to the location of the test
device, to allow the carriers to be exposed to the test product. The duration of the exposure was

weighted according to the results obtained.

Recovery of carriers

The exposed carriers were deposited inside a beaker containing 100 ml of diluent for microbial
suspensions. A first phase of scraping, lasting 1 minute, was followed by a second phase of
mechanical stirring to allow the detachment of any microorganisms remaining adhered to the
carrier, thus obtaining a solution. 1 ml of solution was used to perform a direct seeding by inclusion
in TSA; subsequently, the plate was incubated at 37 = 1 © C for 24 hours, for the first count and
reincubated for another 24 hours for the second count. 10 ml of solution were filtered with 0.45
um filter membranes, followed by 3 rinses with recovery liquid. The membrane was then
transferred to a TSA plate which was incubated at 37 £ 1 ° C for 24 hours for the first count, and
reincubated for another 24 hours for the second count. Finally, the carrier was transferred to a
TSA plate to which more TSA agar was then added to completely cover the carrier. The plate was
incubated at 37 £ 1 °C for 24 hours for the first count and reincubated for another 24 hours for

the second count.

9. RESULTS

FEscherichia coli ATCC 10536

In the first experimental phase, the efficacy test was carried out on E. /i ATCC 10536 as required
by the UNI EN 17272:2020 standard to evaluate the efficacy of the test product on a known

microorganism.
Microoreanism Title of the Title of the suspension Log
te fta S initial suspension Validation test of the carrier of Reduction
(cfu/mL) control (cfu/mL) ®)
E. cli ATCC 10536 4.55 108 Valid 1.46 10¢ 6.2
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12h
E. wli ATCC 10536 Valid 145 106 5o
14 h
E. col Af;(ilc 10536 Valid 1.4 100 6.2

Table 1 - E. coli - NTP exposure for 12, 14 and 16 hours.

Having demonstrated that the requirements of the standard with E. co/if ATCC 10536 are met, the
experimental phase continued by testing strains of multidrug-resistant Gram-Negative

microorganisms (MDR): K. pneunmoniae KPC, A. baumannii OXA-23 and P. aeruginosa OXA- 48.

Klebsiella pneumoniae MDR

Microoteanism Title of the Title of the suspension Log
te sgt initial suspension Validation test of the carrier of Reduction
(cfu/mL) control (cfu/mL) R)
K. pneumoniae KPC Valid 1.61 106 6.3
12h
K. pneumoniae KPC 4.45 - 108 Valid 1.38 106 6.3
14 h
K pﬂeu;fgﬂﬁae KPC Valid 1.83 106 6.3

Table 2. - K. pnenmoniae - NTP exposure for 12, 14 and 16 hours.

Acinetobacter baumanii MDR

Microoroanism Title of the Title of the suspension Log
te ;gt initial suspension Validation test of the carrier of Reduction

(cfu/mL) control (cfu/mL) R)

Al ””m"l”z”;OXA'B 4.93 - 108 Valid 3.93 109 3.1
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A. banmanni OXA-23 Valid 245 106 41
14 h
A. banmanni OXA-23 Valid 256106 6.4
16 h
Table 3. A. baumannii - NTP excposure for 12, 14 and 16 hours.
Pseudomonas aeruginosa MDR
Microoreanism Title of the Title of the suspension Log
te sgt initial suspension Validation test of the carrier of Reduction
(cfu/mL) control (cfu/mL) R)
P. aernginosa OXA-48 Valid 117 106 41
12h
P. aeruginosa OXA-48 2.59 - 108 Valid 1.13 109 4.8
14 h
- aemyginos OX A48 Valid 1.15 106 6.1

Table 4. P. aernginosa - NTP exposure for 12, 14 and 16 hours.

10. BACTERICIDAL EFFECTIVENESS

The product in question is considered bactericidal when, after the contact time, there is
a reduction in the vitality of at least 10° corresponding to a reduction equal to 5 logarithms
concerning the bacterial strain test based on the method and the acceptability criteria of UNI EN
17272:2020.

To obtain the reduction of the bacterial load (R), the logarithm of the ratio between the
microorganisms presents on the control carrier and the microorganisms surviving in the carrier

after exposure to NTP was carried out.
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11. CONCLUSIONS

The results obtained showed that the device is effective from as quick as 12 hours, determining a
reduction of the total bacterial load both for the E. co/i strain ATCC 10536 (R>5) and for the K
pnenmoniae KPC strain (R>5).

For the strains of A. baumannii OXA-23 and P. aeruginosa OXA-48, the reduction of the bacterial
load is not sufficient to demonstrate the efficacy of the device after 12 hours (respectively R=3.1
and R=4.1) and 14 hours (respectively R=4.1 and R=4.8) of exposure. However, after 16 hours of
exposure for both microorganisms, the reduction of the bacterial load is total, demonstrating the
effectiveness of the device, with R>5.

The results obtained show that the Jonix Cube device has an effective bacterial activity against

various multidrug-resistant microorganisms after a microorganism-related exposure phase.

12. REFERENCES

e EUROPEAN STANDARD UNI EN 17272:2020 Chemical disinfectants and
antiseptics - Method for airborne room disinfection using automatic processes

e EUROPEAN STANDARD EN 14476:2019 Chemical disinfectants and
antiseptics - Quantitative suspension test for the evaluation of virucidal activity in
the medical area

e ISO 15189: 2012 Medical laboratories - Requirements for quality and

competence
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VIRUCIDAL EFFECTIVENESS REPORT

Quantitative test in suspension for the evaluation of virucidal activity
against the SARS-CoV-2 virus
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1. PURPOSE

The purpose of the following report is the clearly and in detail definition of the performing
methods and of the results of a research evaluating the virucidal activity on surfaces of a device using
Cold Plasma (Non-Thermal Plasma) technology by emitting oxidizing species.

2. TERMS AND DEFINITIONS

Virucidal or antiviral activity: the ability of a product to produce a reduction in the number of
infecting viral particles through testing procedures that require precise and defined test conditions.

Plate Forming Units (PFUs): number of infecting viral particles per mL.

IDso: dose infecting 50% of the viral suspension or of the dilution of the viral suspension which
induces 50% viral cytotoxic effect (CPE) in cell cultures.

Viral cytotoxic effect (CPE — cytopathologic effect): morphological alteration and/or destruction
of cells following the multiplication of the virus.

Inactivation of viruses: reduction of the infectivity of a virus towards the product concerned.

3. INTRODUCTION |

In order to guarantee maximum precision and accuracy, the test was performed in compliance
with the EN 14476:2019 standard "Chemical disinfectants and antiseptics - quantitative suspension
test for the evaluation of virucidal activity in the medical area - Test method and requirements (Phase
2/Stage 1)" and to the EN 17272:2020 standard "Chemical and antiseptic disinfectants: methods of
indoor air disinfection through automated processes - Determination of bactericidal,
mycobactericidal, sporicidal, fungicidal, yeasticidal, virucidal and phagocytic activities" (limited to the
use of the described metal supports).

The virucidal activity was tested using the SARS-CoV-2 strain. All experiments were conducted in
the Biosafety Level 3 Laboratory (BSL3)

4. CHARACTERIZATION OF THE SAMPLE

Product: Jonix Cube Non-Thermal Plasma Device (hereinafter referred to as Jonix Cube)
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Product description: Jonix CUBE is an air purification device; a design piece that uses an advanced
technology called cold plasma to eliminate bacteria, molds, viruses, pollutants and odors

Storage conditions: room temperature

Device instructions: see attachment

5. TEST CONDITIONS

Test temperature: it was performedat+20°C+1°C.

Contact time: 30'-60'-120'-240'

Analysis period: test start date: 01-08-2020 + Test end date 01-09-2020

6. MATERIALS AND REAGENTS

Test microorganisms:
SARS-CoV-2

Cell line:
VERO E 6 (ATCC CCL-81) *

* ATCC (American Type Culture Collections)

Viral stock suspension

Each viral suspension was prepared and amplified on a large scale in monolayer cell cultures. After
the infection and multiplication of the virus, the cellular debris was removed by double
centrifugation at low speed (2500 rpm for 10 min), and the supernatant, containing the virus, is
taken to determine the viral titer. It was divided into aliquots with known titer of 2 ml volume in
Eppendorf and stored at -80 ° C in the freezer.

Cell cultures
VERO E6 cells, cells of epithelial origin taken from monkey kidney (solid line).

Supports (carriers)
35 mm diameter AISI 316 stainless steel discs were used, previously sterilized in an autoclave.
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MEDIUMS OF CULTURE AND REAGENTS
Reagents must be pure for analysis and/or suitable for microbiological applications.
Cell culture medium
Each cell line is kept in a thermostat at 37°C with 5% (v/v) CO, in DMEM (Dulbecco's Modified
Eagle Medium) medium supplemented with 10% (v/v) of fetal bovine serum (FBS) and 1% (w/v)
of penicillin - streptomycin (pen-strep).

Phosphate Buffered Saline (PBS)
Solution containing: 8 g of NaCl, 0.2 g of KCl, 2.89 g Na;HPO,4 12 H,0, 0.20 g KH,PO, in 1000 ml of
distilled H0.

7. EQUIPMENT

* Inverted microscope for the observation of cell cultures

e Stopwatch

e =\ortexstirrer

e = (Centrifuge

e = CO2incubator (5% v/v) capable of maintaining the temperature at37°C+1°C.
e = “BioHazard” class Il vertical laminar flow hood

e =Freezers

8. PRELIMINARY TESTS

PREPARATION OF VIRAL SUSPENSION - VIRAL TITER

0.2 ml of viral suspension (stock solution) + 1.8 ml of serum-free DMEM were mixed and serial
dilutions from 1072 to 107 (dilutions 1:10) were prepared.

250 ul of each dilution was transferred to 24 well plates containing the cell monolayer at
confluence (> 90%) after aspiration of the growth medium. Each dilution of the viral suspension was
plated in sextuple. 12 wells were left uninoculated, (cell line control). After 1 hour of incubation at 37
° C (viral adsorption time), the inoculum was removed, washed with PBS and added 500 pl of DMEM
with 2% (v/v) FBS and 0.75% (v/v) of carboxymethylcellulose.

Thermostat incubation conditions

Infections were incubated with 5% (v/v) CO> at 37 ° C £ 1 ° C and observed under an inverted
microscope to detect lysis plague formation caused by the cytopathic effect (CPE) of the viral
suspension.
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The plaques present in the wells at counted dilution after fixation with formaldehyde and staining
with a crystal violet solution were counted under an inverted microscope.

The CPE (quantitative test) results of each dilution are expressed with the percentage of positive
results ranging from 100% to 0% and recorded as "0" for no CPE and "1" (25% CPE) to "4" (100% CPE)
depending on the degree of cell damage.

Viral titer was calculated using the Spaerman-Karber method (IDso assessment).

9. INACTIVATION CHECK — TEST WITH FORMALDEHYDE

2 mL of viral suspension was mixed with 8 mL of PBS and 10 mL of 1.4% (w/v) formaldehyde
solution to check the validity of the system. Immediately after a contact of 30 minutes and 60 minutes,
0.2 mL of this solution was mixed with 1.8 mL of DMEM + 2% FBS in ice. Serial dilutions from 102 to
10 (1:10 dilutions) with PBS + 2% FBS were performed. For each dilution 250 pl were distributed in 6
wells of the 24-well microplate and placed in the incubator at 37 ° C for 1 hour. After 1 hour in the
incubator at 37 ° C (viral adsorption time), the inoculum was removed, washed with PBS and added
500 pl of DMEM with 2% (v/v) FBS and 0.75% (v/v) of carboxymethylcellulose were added.

The cell culture was placed in the incubator at 5% (v/v) of CO, at 37 ° C+ 1 ° C and observed under
an inverted microscope for the detection of the cytopathic effect (CPE) of the viral suspension.

Plaques in the wells at counting dilution after fixation and staining with crystal violet-methanol
solution were counted. The CPE (quantitative test) results of each dilution are expressed with the
percentage of positive results ranging from 100% to 0% and recorded as "0" for no CPE and "1" (25%
CPE) to "4" (100% CPE) depending on the degree of cell damage.

Viral titer was calculated using the Spaerman-Karber method (IDso assessment).

Cytotoxicity of the formaldehyde test solution

1 ml of 1.4% (w/v) formaldehyde was added to 1 ml of PBS. From this dilution the serial dilutions
from 102 to 10* (dilutions 1:10) were prepared by taking 0.2 ml of the obtained mixture + 1.8 ml
DMEM serum-free.

0.1 ml of each dilution was plated in sextuple into monolayer cell cultures at confluence (>90%).
The mixture was not added to 6 wells (cell line control). After 1 hour at37°C+1°C, 100 pl of DMEM
+ 10% FBS were added and the cell culture was placed in an incubator at 37 °C+ 1 ° C, at 5% of CO;
and constantly observed under an inverted microscope for the next 9 days for the detection of the
cytopathic effect (CPE), caused by the cytotoxic action of the formaldehyde solution.

10.VERIFICATION OF THE VIRUCIDAL ACTIVITY OF THE DEVICES

The virucidal test was performed at 20°C.
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50 ul of viral suspension was inoculated on each carrier and left to dry under a laminar flow hood.
The discs inoculated were used to verify virucidal activity by exposing them to the action of the Jonix
Cube device or left inside petri dishes using them as control discs. The treated discs were placed inside
a special box containing the Jonix device and exposed to its action for a time equal to 30'-60'-120'-240
'. Subsequently, the discs (both treated and control ones) were eluted with 1 ml of culture medium
and serial dilutions of 102 to 10° (dilutions 1:10) were prepared. 250 pl of each dilution was
transferred to 24-well plates containing the cell monolayer at confluence (>90%) after aspiration of
the culture medium. Each dilution of the viral suspension was plated in sextuple. 12 wells were left
uninoculated (cell line control). After 1 hour of incubation at 37 ° C (viral adsorption time), the
inoculum was removed, washed with PBS and 500 pl of DMEM with 2% (v/v) FBS and 0.75% (v/v) of
carboxymethylcellulose were added.

11. CALCULATION OF THE EXPRESSION OF THE RESULTS

Determination of the infectivity titer (IDso).

The infecting activity was determined with the Spaerman-Karber method, which uses the following
formula to calculate the IDsg value:

-Logio IDso= - (X0) - { [ R/100 ] - 0,5} x log1o diluition factor
Where:

Xo = logio of the lowest dilution with 100% positive reaction
(CPE) R = summation (%) of the positive cultures

The virucidal activity test is valid when this condition occurs in the preliminary tests: the viral test
suspension must have a viral concentration to determine the reduction of at least 4 Ig of the initial
viral titer: IDso = 107/ mL.

12. VIRUCIDAL EFFECTIVENESS

The product under examination is considered VIRUCID when at 20 ° C, after the contact time under
consideration, it demonstrates a reduction in vitality of at least 10*, corresponding to a reduction of
4 logarithms (99.99%) compared to the test viral strain (EN 14476: 2019 and EN 17272: 2020).
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13. RESULTS AND VIRUCIDAL ACTIVITIES

The results obtained are shown in the following table

Table 1 - Effects of treatment with Jonix CUBE. The viral load reduction values are expressed both
in terms of logarithmic units and in percentage.

Exposition Control Treated Reduction
time
(minutes) PFU/ml logpru/mi) PFU/ml logpru/mi) Ulogaritmiche %

0 10.000.000 7 10.000.000 7 0 0
30 10.000.000 7 1,07 0,03 6,97 99,99999
60 10.000.000 7 1,02 0,01 6,99 99,99999
120 10.000.000 7 1,02 0,01 6,99 99,99999
240 10.000.000 7 1,02 0,01 6,99 99,99999

14. CONCLUSION

The results obtained show that the Jonix Cube device (Non-Thermal Plasma Technology (NTP)) has
an effective antiviral activity against SARS-CoV-2 with a reduction of the viral load equal to
99.99999% (about 7 logarithmic units) after only 30 minutes of exposure; this suggests that the
achievement of the reduction level required by the technical standards (4 logarithmic units) may
also occur for considerably shorter times.

15. REFERENCES

e EUROPEAN STANDARD EN 17272: 2020 Chemical disinfectants and antiseptics - Method for
environmental disinfection using automatic processes

e EUROPEAN STANDARD EN 14476: 2019 Chemical disinfectants and antiseptics - Quantitative
suspension test for the evaluation of virucidal activity in the medical area

¢ |SO / IEC 17025: 2017 General requirements for the competence of testing and calibration
laboratories
¢ ISO 15189: 2012 Medical laboratories - Requirements for quality and competence
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Laboratory study on the biocidal activity of oxidizing species generated via NTP
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PURPOSE OF THE TEST

Attesting biocidal activity of NTP air (ionized air via Non Thermal Plasma) of different microbial strains

PROCEDURE

Petri dishes have been contaminated with Salmonella spp., Escherichia coli, Listeria monocytogenes,
Staphylococcus aureus and Pseudomonas aeruginosa and then exposed for different timeframes (2.5
and 10 minutes) to ambient air flow or ionized air via NTP. In this way it is possible to get a direct
comparison between the Petri dishes and evaluate the prolification of the microorganisms.

RESULTS

The images below show the comparison of the different cases:

Salmonella spp.
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Staphylococcus aureus Listeria monocytogenes
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The following table summarises the average results.

Table 1. Results of treatment tests

Treatment time (minutes)

Strain \ treatment 0 1 3 5 10 15 30
Escherichia coli \ air ~ 500 ~ 500 ~ 500 ~ 500 ~ 500 ~ 500 ~ 500
Escherichia coli \ NTP ~ 500 0 0 0 0 0 0
Candida Albicans \ air ~ 600 ~ 600 ~ 600 ~ 600 ~ 600 ~ 600 ~ 600
Candida Albicans \ NTP ~ 600 38 20 0 0 0 0
Staphylococcus aureus \ air ~ 300 ~ 300 ~ 300 ~ 300 ~ 300 ~ 300 ~ 300
Staphylococcus aureus \ NTP | ~ 300 78 1 0 0 0 0
The above results in graphic format:
Escherichia coli Staphylococcus aureus
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From the photos, it is evident that even with short contact times (2 minutes), the biocidal activity of
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Pseudomonas aeruginosa
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NTP air is total: the plates exposed to NTP air show no development of microbial strains tested, which,
instead, are normally developed on plates just exposed to air

As shown in the photo, the NTP treatment is effective from the first few minutes of use. In fact, after

just 5 minutes, all species tested were completely eradicated from the surface of the plates. An
additional element that positively characterises the success of the experiment consists in the fact that,

contrary to what is foreseen by certain methods that require the execution of experiments on stainless

steel surfaces, the described above tests were carried out in perfect conditions for microorganisms,

both with regard to the ecological point of view (humidity, perfect pH, presence of nutrients, etc.) and
for the presence of great quantity of organic substance, which is known to interfere with the classical

biocides.
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ATTACHMENT 12.3

Laboratory study on the sanitizing effects produced by a MATE — Jonix
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Environmental Sanitisation with JONIX™ MATE

MATE device by JONIX"is a sanitizing cabinet system that uses NTP cold plasma technology to ionize
the air. Its use is focused on sanitizing industrial, medical and ambulatory environments and it is
suitable for many other applications, amongst which the agri-food industry (cultivation and food

preservation).

he] 28
L}

ARCHA srl laboratories have compared the spontaneous
reduction of microbial contamination in a workplace with
and without NTP treatment (respectively with MATE in
operation and with non-operating unit).

The results are shown in the graph below.

Variation of microbial contamination

Comparigon bebweasn spentanasus reduction of arborne microlia!

contaminaticn (CTRL) and whol is determincd by the treatment (NTP),
Magative valuae indicate an increass in contamination with regard to
zerd tims {and of slomization)

From the graph, it is possible to observe how, just after 30 minutes of treatment with the device, the
microbial reduction percentage is really close to 100%. This confirms the efficiency of the JONIX™ MATE
to sanitize living and working environments
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JONIX

ATTACHMENT 12.4

Use of NTP technology against odors associated with the use of footwear
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Introduction

The effectiveness of NTP air was tested as for the abatement of chemical molecules and as
for the microbiological sanitization to eliminate bad odours that are associated with use of
footwear.

In particular, NTP air resulted effective in eliminating the following species:
° Chemical molecules responsible for odours.
° Mircoorganisms responsible for producing odours.

With regard to the elimination of chemical molecules, the experiment led to the conclusion
that the air treatment using NTP for sufficiently long timeframes (from 6 hours onwards), is
EFFECTIVE and able to eliminate and destroy completely the molecules in object, as shown in
the following table

Elimination % of molecules
) compared to the initial concentration,
chemical molecules . .
via NTP air

60 min 6h 17 h
Acetic acid 69% 100% 100%
Propionic acid 45% 100% 100%
Isobutyric acid 31% 100% 100%
Butyric acid 21% 100% 100%
Isovaleric acid 0% 100% 100%
Valeric Acid 10% 100% 100%
Caproic Acid 6% 100% 100%
Caprylic Acid 6% 99% 99%
Caprylic Acid 6% 88% 95%
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JONIX

ATTACHMENT 12.5

Sanitation of non-critical ultrasound probes
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Purpose of the test

Tests of sanitation were carried out on “Non-critical” ultrasound probes by using NTP AIR, and the
results were compared to the sanitisation carried out by usual commercial devices.

The tests have shown an efficiency of NTP that is absolutely comparable to that of the devices
commontly found in the market for the purpose.

Results

The figures below show the abatement of microbial species provided by NTP air and by commercial
devices after the same disinfection procedure.

NTP treatment ANTIGERMIX treatment
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JONIX

ATTACHMENT 12.6

Laboratory studies on the use of NTP for VOC abatement: review
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Laboratory studies on the use of NTP for VOC abatement: review

One of the most investigated fields is the abatement of VOCs (Volatile Organic Compounds —
a wide range of gas-phase pollutants) as in these plasmas they can be oxidized to CO2 already
at room temperatures. The efficacy of this process depends on the VOC type and the duration
of the contact. It is worth noting that these plasmas are able to treat even the extremely
unreactive Halon (a haloalkane).

In addition to organic molecules, NTP is also able to act on inorganic pollutants, such as
nitrogen oxides (NOx), sulphur dioxide (SO2), hydrogen sulphide (H2S) etc..., for example, such
as those in the exhaust gases of motor vehicles.

The NTP technology’s broad effectiveness spectrum means it can be applied in many fields,
being easily scalable for both small and large applications.

In reality, there are many factors that impact the efficacy of pollutant abatement with NTP
systems. From the geometry of plasma production systems to the power supply systems, from
the concentration of pollutants to air humidity, and so on.

The case studies performed by ARCHA? laboratories represent the application areas in which
the Jonix cold plasma production system has been tested. Their scope was to work out the
best treatment conditions as well as to identify and, using the appropriate analytical methods,
to measure the effectiveness of the abatement of the contaminant molecules. These cases
are therefore just an example and an introduction to the application possibilities of the NTP
technology, providing a robust and reliable set of data indicating the potential of this
technology.

The table below shows the organic and inorganic compounds that have been treated during
the various case studies and the abatement effectiveness of the NTP Jonix treatment.

The abatement rate refers to the individual case studies, yet it is indicative of the system's
ability to act on the particular compound.

VOC - \Volatile Organic | Abatement % Volatile/Gassy | Abatement %
Compounds following Jonix Inorganic following Jonix
NTP treatment Compounds NTP Treatment

Toluene > 95 NOx >95

TBA (Tribromoanisole) > 95 Sox > 95

Ethyl acetate > 95 H,S > 95

Butyl acetate > 95 co > 95
Acetaldehyde > 95 > 95
Butanal > 95 NH3 >95
Dichloroethylene > 95

TCE >95

1, 2-DCP >95

Methylcyclohexane > 95

2 ARCHA, acronym of Analisi e Ricerche di CHimica Applicata (Applied Chemistry Analysis and Research), founded
in 1989 in Pisa, on the initiative of a group of professionals in the field of chemistry. It is a state-of-the-art
chemical laboratory, fully equipped and with qualified staff.

Over the years, the company has grown in every respect: scientific expertise, service efficiency and market
results.

Today, the different areas of expertise and/or the different companies within the ARCHA group are organised
into three sectors (Technical — ICT- Industrialization).
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Octane > 95
PCE >95
Xylenes > 95
C9 Aromatics > 95
Aceti acid >95
Propionic acid >95
Isobutyric acid >95
Butyric acid >95
Isovaleric acid >95
Valeric acid >95
Hexanoic acid >95
Caprylic acid >95
Aliphatic compounds (C5-12) >95
Aromatic compounds (C7-C10) > 95
Volatile organic compounds > 95

The definition of VOCs is broad and includes odorous compounds and, improperly, often also
inorganic compounds.

The application contexts in which The Jonix NTP technology has been tested and where the
VOC abatement effectiveness in the previous tables was assessed are as follows:

NTP pilot plants for the abatement of odorous emissions of hazardous solid waste (VOCs and
inorganic compounds - H2S, NOx, NH3...)

NTP pilot plants for the abatement of odorous emissions in civil and industrial wastewater
treatment plants (various VOCs and inorganic compounds - H2S, NOx, NH3...)

NTP treatment systems for highly odorous/irritating organic substances (carboxylic acids:
acetic acid, propionic acid, butyric acid....)

NTP pilot plants for VOC abatement in industrial painting and varnishing systems (toluene,
ethyl acetate, butyl acetate...)

NTP treatment systems of post-combustion exhaust gases (diesel combustion engine exhaust
gas): SOx, NOx, CO...
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ATTACHMENT 12.7

Test evaluating the effectiveness of micro-organism reduction that have been intentionally
inoculated into plates by using the Jonix Mate air ionization system
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Technical report

Test protocol for assessing the effectiveness of the
reduction of micro-organisms intentionally inoculated
in plates using the Jonix Mate air ionisation system.

Prof. Giuseppe Comi
Department of Agri-Food, Environmental and
Animal Husbandry Sciences, University of Udine, via
Sondrio 2/a, 33100 Udine.

28 February 2016
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Introduction

This protocol has been implemented to verify reduction of micro-organisms intentionally
inoculated in culture media and exposed for predetermined periods of time to the effect of ionized
air. A control test has been effected for each trial using the same inoculated media not subject to
treatment.

Inoculated strains

The following micro-organisms were tested:

« Staphylococcus aureus (Gram +, asporogenous, aerobe - facultative anaerobe)

« Listeria monocytogenes (Gram +, asporogenous, aerobe - facultative anaerobe)

o Aspergillus niger (fungus - Mould)

«  Kluyveromyces marxianus (perfect form of Candida pseudotropicalis)

« Various micro-organisms in association (Enterobacteriaceae — Total bacterial count)

Materials and methods

Various micro-organisms were directly inoculated in Plate Count agar (Oxoid, Italy) and Malt Agar
(yeasts and moulds) (Oxoid, Italy), treated for various times 0 (control), 30, 60, 90, 120 min and 12 and
24 h with the ioniser. After treatment the plates were incubated at 25 °C for 2-5 days. After that the
colonies that survived treatment were counted. The results were expressed in % of
inactivation/decay.100 — (Initial number/Final number %)

Preparation of the microbial suspension and inoculation

Staphylococcus aureus

Inoculation consisted of 2 strains of Staphylococcus aureus from international collections (DSMZ
4910) and Collection of the Department of Agri-Food, Environmental and Animal Husbandry Sciences
of the University of Udine (DIAL). Individual suspensions were prepared with one loop of St. aureus
added to sterile peptone water (0.8% NaCl). The spectrophotometer evaluated optical density equal
to 0.1 at 600 nm. In order to evaluate the load of each suspension, the same were diluted in sterile
peptone water. After that 0.1 ml of each dilution was inoculated in Plate Count Agar (Oxoid, Italy). The
plates were incubated at 37 °C for 48 hours and the grown colonies were counted. Each suspension
contained on average approximately 107 CFU/ml. Decimal dilutions were carried out and 0.1 ml of
dilution 10 CFU/ml was spread in Plate Count Agar. The open plates were placed in the chamber with
ioniser turned on 24 hours before. At the above time frames the plates were recovered and placed to
incubate at 37 °C for 48 hours. 5 replicas (samples) were analysed at each interval.

Listeria monocytogenes

Inoculation consisted of 2 strains of Listeria monocytogenes: L. monocytogenes , L.
monocytogenes from International Collections and plants and stored in the Collection of the
Department of Foodstuff Sciences of the Faculty of Agriculture of the University of Udine (DIAL).
Individual suspensions were prepared with one loop of L. monocytogenes added to sterile peptone
water (0.8% NaCl). The spectrophotometer evaluated optical density equal to 0.1 at 600 nm. In order
to evaluate the load of each suspension, the same were diluted in sterile peptone water. After that
0.1 ml of each dilution was inoculated in Plate Count Agar (Oxoid, Italy). The plates were incubated at
37 °C for 48 hours and the grown colonies were counted. Each suspension contained on average
approximately 107 CFU/ml. Five ml of each suspension were mixed and diluted in sterile peptone
water and 0.1 ml of dilution 102 CFU/ml was spread in Plate Count Agar. The open plates were placed
in the chamber with ioniser turned on 24 hours before. At the above time frames the plates were
recovered and placed to incubate at 37 °C for 48 hours. 5 replicas (samples) were analysed at each
interval.
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Kluyveromyces marxianus

Kluyveromyces marxianus was seeded in malt agar (Oxoid, Italy), incubated at 25 °C for 3 days,
then one colony was diluted in sterile peptone water (NaCl 0.1%, Peptone 0.8%, Water 1000 ml). The
spectrophotometer evaluated optical density equal to 0.1 at 600 nm. In order to evaluate the load of
the suspension, the same were diluted in sterile peptone water. After that 0.1 ml of each dilution was
inoculated in plates containing Malt Agar (Oxoid, Italy). The plates were incubated at 25 °C for 3-5
days and the grown colonies were counted. The suspension contained on average approximately 107
CFU/ml. Decimal dilutions were carried out and 0.1 ml of dilution 10* CFU/ml was spread in Malt Agar.
The open plates were placed in the chamber with ioniser turned on 24 hours before. At the above
time frames the plates were recovered and placed to incubate at 25 °C for 3-5 days. 5 replicas
(samples) were analysed at each interval.

Coliforms and Escherichia coli (environmental/faecal contamination)

The inoculation consisted of 2 strains of E. coli isolated from flours and stored in the Collection of
the Department of Foodstuff Sciences of the Faculty of Agriculture of the University of Udine (DIAL),
one strain of Pantoea (Enterobacter) agglomerans of environmental origin. Individual suspensions
were prepared with one loop of each micro-organism added to sterile peptone water (0.8% NacCl).

The spectrophotometer evaluated optical density equal to 0.1 at 600 nm. In order to evaluate the
load of each suspension, the same were diluted in sterile peptone water. After that 0.1 ml of each
dilution was inoculated in Plate Count Agar (Oxoid, Italy). The plates were incubated at 37 °C for 48
hours and the grown colonies were counted. Each suspension contained on average approximately
107 CFU/ml. Five ml of each suspension were mixed and diluted in sterile peptone water and 0.1 ml
of dilution 10 CFU/ml was spread in Plate Count Agar. The open plates were placed in the chamber
with ioniser turned on 24 hours before. At the above time frames the plates were recovered and
placed to incubate. 5 replicas (samples) were analysed at each interval.

Aspergillus niger

Spores, produced from colonies of Aspergillus niger, seeded in Malt agar (Oxoid, Italy) incubated
at 25 °C for 5 days, were diluted in peptone water (NaCl 0.1%, Peptone 0.8%, Water 1000 ml). After
homogenisation the spores, following dilution, were counted in Malt agar plates (Oxoid, Italy) and 0.1
ml of dilution 107 were spread in Malt Agar plates. The open plates were placed in the chamber with
ioniser turned on 24 hours before. At the above time frames the plates were recovered and placed to
incubate at 25 °C for 3-5 days. 5 replicas (samples) were analysed at each interval.

Ozone concentration was also measured during treatment in order to evaluate the healthiness of
the method.

loniser model used

A Jonix Mate ioniser model by the company Jonix srl was used. Viale Spagna 31-33,31020 Tribano
(PD). The ioniser, placed in a food grade cold store room of approximately 60 m3 (6x3.6x 2.70 m) kept
at average temperature of 15 °C., had been switched on 2 days prior to the start of the
experimentation in order to eliminate interference due to air contamination in the cold store room.
The open plates were positioned on metal shelves and subject to treatment leaving the ioniser on
throughout the tests.
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JONIX™ MATE NON THERMAL PLASMA TECHNOLOGY
DISPOSITIVO MEDICO MOBILE PER LA PURIFICAZIONE E DECONTAMINAZIONE DELUARIA INDDOR

MOBILE MEDICAL DEVICE FOR INDOOR AIR PURIFICATION AND DECONTAMINATION

Results
The outcome of the tests are outlined below. The figures are the approximate average result of
five plates. The data are expressed in UFC/mlin 90mm plate.

Table 1: Change in the concentration of Staphylococcus. aureus
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Time min/h Average st. dev. % decrease
UFC/ml

0 58400000 10822199.41

30 31320000 7121235.84 37.1

60 34100000 3090307.42 31.5

90 21640000 3710525.56 56.5
120 4600000 854400.37 90.8
12h 40000 89442.71 99.9
24 h 0 0 100.0

Key: st. dev.: standard deviation

Table 2: Change in the concentration of Listeria monocytogenes

Time min/h Average st. dev. % decrease
UFC/ml

0 65280000 1752712.18

30 65080000 7150314.67 0.3

60 51360000 25677772.49 21.3

20 3520000 1605303.71 94.6
120 2006000 1080823.76 96.9
12 h 980000 752994.02 98.5
24h 960000 409878.03 98.5

Key: st. dev.: standard deviation

Table 3: Change in the concentration of Kluyveromyces marxianus

Time min/h Average st. dev. % decrease
UFC/ml

0 2184480 505268.19

30 2292400 622791.13 4.9

60 2336000 782642.95 6.9

90 2266000 979938.77 3.7
120 2158000 864823.68 1.2
12h 0 0 100.0
24h 0 0 100.0
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Table 4: Change in the total bacterial count

Time min/h Average st. dev. % decrease
UFC/ml

0 70240000 7029082.44

30 63420000 3692153.84 9.7

60 82480000 16818799.01 17.4

90 54800000 10471867.07 21.9

120 57960000 16288277.99 17.5

12 h 0 0 100.0

24 h 0 0 100.0

Key: st. dev.: standard deviation

Table 5: Change in the concentration of Aspergillus niger

Time min/h Average st. dev. % decrease
UFC/ml

0 1300000 200000

30 740000 54772.25 43.1

60 1000000 519615.24 23.1

20 1000000 353553.39 23.1

120 1260000 421900.46 30.8

12h 360000 207364.41 72.3

24h 180000 130384.04 82.7

Key: st. dev.: standard deviation

Comment on results
As may be inferred from the results of the above mentioned tests, the microbial reduction
obtained with the Jonix Mate air ionisation system on surfaces simulating organic material inoculated
with various microbial strains is high and allows most inoculated strains to be completely inhibited
within 12 - 24 hours. In fact in many cases the reduction obtained is higher than 95%. The microbial
reduction effect of ionised air is similar both on Gram positives and Gram negatives as well as on
yeasts and moulds, although the effectiveness often appears to depend on the species considered,
specifically:
1) Staphylococcus aureus (Table 1). This micro-organism is typical of human and animal mucosa.
It is a potential pathogen, since the species includes enterotoxin-producing strains (A, B, C, D,
E, F). Enterotoxin A seems the most widespread one at food level. In fact it has been the culprit
in a number of poisoning cases since it is produced -- like the other enterotoxins -- in food
stored in thermal abuse. Foodstuff may be naturally contaminated by Staphylococcus aureus
or come into contact with it due to human manipulation and contaminated environments and
equipment. In the event of development the toxin persists since it is thermostable hence it is
not eliminated by pasteurisation and/or cooking. Using the ionising treatment assures
complete inhibition of said micro-organism. In fact, continuous inactivation over time is
observed (Table 1). In fact after 2 hours reduction is 90% and 99.9-100% at 12 and 24 hours.
2) Listeria monocytogenes (Table 2). This is an environmental origin psychrotrophic micro-
organism. It contaminates any environment and consequently any food either as ingredient
or finished product (Cocolin et al., 2005). Its presence in foodstuff (ready to eat) is regulated
by microbiology criteria set out in Reg. EC 2073/05 and 1414/08, since it is a pathogen and
highly virulent. Every year, in fact, a number of listeriosis cases are reported (0.4/100,000
inhabitants) following consumption of food products. Consequently, the food industry uses a
number of technologies to eradicate or prevent its presence in food, as well as to prevent its
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growth. The Jonix system assures reduction already after 90 min of 94% of L. monocytogenes
present, and at 12-24 hours reduction is greater than 98%. To achieve total eradication (100%)
prolonged treatment is required (36 hours).

3) Kluyveromyces marxianus (Table 3). K. marxianus is an innocuous yeast, considered as the
perfect form of Candida pseudotropicalis; which, however, is a recognised pathogen, although
less virulent than Candida albicans, a typical pathogen of human and animal mucosa. It is
widespread in nature, particularly in milk and fermented milk (i.e. Kefir). It is used in the
production of bio-ethanol. This yeast is particularly resistant to short ionising treatment (< 120
min). However, its presence may be eradicated from organic substrates after 12/24 hours of
treatment, as effectively reported in table 3.

4) Total bacterial count (Table 4). For an assessment of the effect of the ionising treatment on
the total bacterial count various micro-organisms typical of faecal (Escherichia coli) and
environmental (Pantoea agglomerans) contamination were used. Also in this case treatment
shorter than 120 minutes do not lead to significant reductions, while treatment of 12 and 24
hours lead to complete eradication of the 2 species considered.

5) Aspergillus niger (Table 5). Mould (fungus) of environmental origin and typical of vegetables,
even if it has often been isolated on the surface of cured meats. It features mycotoxigenic
strains. In fact black aspergilli may produce Ochratoxin A and B; Ochratoxin A is undesirable
in foodstuff as it has been classified by IARC (International Agency for Research of Cancer) in
group “2B” as a possible carcinogen. A number of studies, in fact, have proved its teratogenic,
neurotoxic, genotoxic, immunotoxic and nephrotic properties (IARC, 1993; JEFCA, 2001). As a
matter of fact in Italy the limit of 1 pg/Kg has been suggested for its presence in meat and
meat-based products (Circular of the Ministry of Health no. 10-09/06/1999). lonisation is
conducive to variable reduction of said micro-organism, linked to the treatment time. In fact
12 or 24 hours are required to reduce 72 and 82 % of the A. niger load inoculated in organic
media. To achieve complete inactivation of inoculated spores a 36-48 hour treatment is
required.

Conclusion

The Jonix Mate system based on air ionisation makes it possible to inactivate microbial strains
intentionally inoculated in organic culture media. The reduction percentage is strictly linked to the
microbial species considered and the treatment time.
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ATTACHMENT 12.8

Study of the sanitising power of a Jonix device applied to a commercial fan coil
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Study of the sanitising power of a
Jonix device applied to a commercial
fan coil

Pisa, February 2017
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1. Introduction

The experiment described below involved the performance of a series of tests aiming to verify the
sanitising effectiveness at biological level of an NTP Jonix device installed inside a wall-mounted fan
coil unit.

The purpose of the experiment is to test whether or not the production of oxidising species is able
to solve the issue of pollution of certain parts of the equipment from moulds, and to sanitise the air
of the premises in which it is installed.

1.1 Setup of the first test

The test was performed with the use of two twin devices placed in two rooms of the same size. A
fan coil equipped with the NTP system was placed in the first room; an identical fan coil without any
sanitising device was placed in the second room. Both devices were switched on at the minimum
possible flow and were artificially polluted with moulds, after which they were activated and left to
work for a time period of 7 days.

The pollution was applied to the impeller, before the NTP actuator. In fact, the impeller is one of
the components where, in similar systems, it has been observed that moulds form and dirt in general
is deposited.

Samples were taken at the end of the test period and the decrease was measured at two points:

1) Directly on the fins of the impeller, both because it is the most critical point and to check

the effect of the release in the environment of sanitising molecules which are then conveyed
again into the device, also sanitising the parts before the NTP generator;

2) Atthe outlet, to check, taking into account differences with the concentration of incoming

pollutants, whether there was a direct decrease:

Parameters of the experiment:

e Room size: 25 m3 (2.7x3.8x2.5)

e Fan coil model: ESTRO_GT FL 7 — Galletti brand
e Sanitising device: Jonix Model “C/2”

e Recirculating air flow: 320 m3/h

1.2 Setup of the second test

The test was performed with the use of two twin devices placed at 2 points of a single large room.
Both fan coils were equipped with the NTP system, with ventilation set at the highest possible flow.

The two fan coils were artificially polluted with moulds, after which they were activated and
allowed to work for a time period of 15 days.

The pollutants were applied to the area downstream of the cooling block, downstream of the NTP
actuator, to make it possible to evaluate the self-sanitising ability in another component at risk of
microbial pollution.

Samples were taken at the end of the test period and the decrease was measured at two points:

3) Directly on the area contaminated with moulds, to evaluate the sanitisation of the part

downstream of the NTP generator;

4) At the centre of the room, to evaluate the degree of environmental contamination.

Parameters of the experiment:

e Room size: approximately 250 m3 (2.7x3.8x2.5)
e Fan coil model: ESTRO_GT FL 7 — Galletti brand
e Sanitising device: Jonix Model “C/2”

e Recirculating air flow: 640 m3/h for each device

134 | Scientific Dossier



2. Materials and methods

2.1 Microorganisms used

To ensure the presence of contaminating microorganisms inside the devices, since the two
machines used for the experiment were brand new, they were contaminated with a solution
containing 10° CFU/ml of Aspergillus brasiliensis spores, applied with a cotton swab.

The microorganism selected, Aspergillus brasiliensis (ex niger), is a mould that is typical of
domestic environments, especially in more humid locations, and is one of the main culprits behind the
formation of black stains on the walls of certain rooms. During previous experiments this mould was
found in large amounts inside the ventilation rotors of fan coils used for many hours every day.

Fungal spores are resistant structures that persist in the environment for long periods of time,
even under adverse circumstances, such as the lack of water. The use of spores guaranteed the near-
constant presence of contamination levels throughout the experiment; it also made it possible to
evaluate the sanitising effects on hard-to-eradicate microbial forms.

2.2 Sampling and microbiological analyses

2.2.1. Sampling methods

The following sampling methods were applied in order to determine the microbial loads:

1) SAS (Surface Air System) Super 100 (International PBI): the method makes it possible to
determine the quantity of airborne microorganisms and to evaluate any decrease kinetics
over time. Figure 1 shows a sampling stage performed during the experiment. The SAS
instrument was placed in front of the fan coil, at a distance of 50 cm from the vents.

Figure 1 - harvesting of aerosol with the use of SAS Super 100

2) Surface swab: it makes it possible to evaluate the degree of surface contamination (in the first
experiment, the fins of the fan coils’ ventilation system): samples were harvested (figure 2)
from both sides of a single fin, subsequently marked so as not to harvest from the same fin in
subsequent sessions.
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Figure 2 - harvesting microorganisms with the use of a surface swab

2.2.2. Analytical methods
The following official analytical methods were used to determine the microbial species:

Aerosol:
- Total bacterial load: Method Unichim 1962-2:2006
- Moulds and Yeasts: Method Unichim 1962-2:2006

Surfaces:
- Moulds and Yeasts: 1ISO 18593:2004 + ISO 21527-1:2008

2.3 Measurement of ozone levels
The levels of ozone produced inside the room where the Jonix device was installed were measured

at the same time as the test.
The concentration values were measured with a Horiba - model APOA 370 measuring device. The

instrument’s reading range varies from 10 ppb to 3 ppm.
The measurement was launched at time zero and continued for 24 hours thereafter, in order to

evaluate the accumulation kinetics and the ozone saturation levels.

136 | Scientific Dossier



3. Results and discussion

3.1First experiment

3.1.1. Experiment rooms
The twin rooms in which the experiment took place were two offices inside a shed where pilot
tests of various types are performed, including tests on naturally contaminated matrices, such as
compost and waste water, which is why significant environmental microbial contamination was
anticipated, confirmed by the samples harvested at the start of the experiment.

In order to prevent interference due to the contamination of the external environment, the rooms
were kept closed for the entire duration of the tests. To take the periodic samples, the operator
entered the room quickly, and immediately closed the door. During the harvesting operations, the
operator wore a coat, gloves and a respiratory mask, so as to minimise the microbial contribution
linked to their presence in the room.

3.1.2. Contamination of the devices
The first experiment entailed contamination with moulds of the ventilation rotors’ blades (figure
3).

Figure 3 - contamination of the ventilation fins with fungal spores

All ventilation blades were contaminated on both sides, which entailed the consumption of
approximately 3 ml of spore solution for each device, for a total of approximately 3 million fungal
spores per fan coil.

3.1.3. Analysis of the aerosols
Table 1 below shows the measurements of the bacterial loads (TBL) found in the aerosols
harvested at various time intervals from the two experiment rooms. The “control” room contained
the fan coil without a sanitising device; the “device” room contained the device equipped with the
Jonix sanitising system.
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Table 1 - Total airborne bacterial load at various times

Total microbial load at 30 °C
(CFU/m3)
Time Control NTP device
(hours)

0 520 620
3 540 600
6 470 540
24 450 190
48 400 30
72 380 20
120 260 50
144 260 20
168 240 50

The graph below (figure 4) shows the results obtained.
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Figure 4 - Measurements of the airborne TBL in the two test rooms

It is possible to observe from the graph that the total airborne bacterial load tends to decrease
inside the room that contains the fan coil equipped with the Jonix device. The slight decrease detected
in the control room is attributable to the fact that the room was kept closed, hence isolated from the
external environment, source of environmental contamination. Airborne microorganisms, especially
bacteria, tend to lose viability due to phenomena such as dehydration or to form sediments together
with the particulate matter by which they are often vehiculated; that is why, in the absence of new

contamination sources, their concentration tends to decrease.

Table 2 below summarises the data pertaining to fungal contamination (moulds and yeasts)

detected at various harvest times.

Table 2 - Moulds found in the air at various points in time
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Moulds
(CFU/m3)
Time Control NTP device
(hours)

0 250 280

3 260 250

6 230 260
24 190 180
48 200 40
72 170 20
120 160 50
144 140 30
168 160 50

The graph below (figure 5) shows the results obtained.
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Figure 5 - Airborne moulds and yeasts in the two test rooms

From the graph it is possible to observe that moulds tend to decrease in the air of the room
containing the fan coil equipped with the Jonix device, with different kinetics from those found for
bacteria.

In fact, in the case of moulds, the time required to detect a significant decrease is longer, probably
due to the greater resistance of the fungal spores compared to bacterial cells.

The slight decrease observed in the control room is attributable to the fact that the room was kept
closed, hence isolated from the external environment, source of environmental contamination. That
is why over time one sees a “sedimentation” of airborne contaminants or a loss of their viability, a
phenomenon which, in the case of moulds, is decidedly less obvious than in the case of bacteria.

It should be noted that the moulds used to contaminate the fins, although detectable on the
rotor’s surface even days from the start of the tests (see paragraph 3.1.4), represent a very small
percentage of those found in the ambient air.

The photos below show the levels of mould contamination detected after 48 hours in the control
room and in that containing the Jonix device. The photos show, even more than the figures, the
marked difference in contamination between the two rooms; on the surface of the slides we can see
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the number of fungi found in 100 litres of air, practically the quantity of air inhaled by an adult at rest
in approximately 15 minutes.

Figure 6 - Airborne moulds and yeasts in the two test rooms (control room on the left)

3.1.4. Measurement of the contamination levels of the impeller fins
The table below shows the fungal contamination levels of a single fin in the control fan coil and in
the one equipped with an NTP generator. The theoretical contamination introduced at the time of
contamination was approximately 38,000 spores per fin; however, as it was done by hand, the value
may vary due to the manual nature of the operation and the quantity of liquid deposited on the
individual fin. The microbial contamination levels introduced on the fins were purposely very high, so
as to evaluate the effects of the sanitising system in extreme conditions.

Table 3 - Moulds found on one fin at individual harvesting times

Moulds
(CFU/fin)
Time Control NTP device
(days)
0 35000 40000
3 34000 32000
5 30000 21000
7 27000 11000

The graph below (figure 7) shows the results obtained.
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Figure 7 - Moulds found on a single fin at the various harvesting times

The levels of mould found on the fins of the control device tend to decrease due to the mechanical
action of the whirling motion of the ventilation rotor, but, after 7 days, the number of spores
decreases by just 20% approximately, while in the device equipped with an NTP generator, the
observed decrease was over 70%. From these data, it is possible to deduce that approximately 50% of
the fungal spores was killed by the oxidising species produced by the NTP generator.

The interpretation of the results should take into account the fact that the rotor is placed
upstream from the NTP generator, which is why, due to the air flow generated by said rotor, the
sanitising effect is due mainly to the oxidising species that return to the device after being released
into the environment; hence the result obtained in a single week is certainly encouraging.

3.2 Second experiment

3.2.1. Experiment room
The large room in which the experiment took place is a service area next to offices, which is why
the presence of rather low levels of environmental microbial contamination was expected, an
assumption that was confirmed by the samples harvested at the start of the experiment.

As this was a large area, in order to guarantee a sufficient number of changes/hours (at least 5), 2
fan coils were used, equipped with an NTP device set to a flow of 640 m3/hour. The two devices were
placed at 2 different areas of the room, so as to guarantee optimal treatment of the ambient air.

In order to prevent interference due to contamination of the external environment, the room was
kept closed for the entire duration of the tests. To take the periodic samples, the operator entered
the room quickly, and immediately closed the door. During the harvesting operations, the operator
wore a coat, gloves and a respiratory mask, so as to minimise the microbial contribution linked to their
presence in the room.

Scientific Dossier | 141



3.2.2. Contamination of the devices
In this case, a flat surface downstream from the NTP generator was contaminated (figure 8).

Figure 8 - contamination of the device with fungal spores

The area was contaminated with approximately 30,000 Aspergillus brasiliensis spores per surface
square centimetre.

3.2.3. Analysis of the aerosols
Table 4 below shows the measurements of the bacterial loads (TBL) and Moulds found in the
aerosols harvested at various intervals from the experiment room.

Table 4 - Airborne microbial contamination found at various times

TBL 30°C Moulds
Time (CFU/m3) (CFU/m3)
(days)
0 100 50
1 40 30
4 10 20
5 40 10
6 20 20
7 40 30
8 20 20
10 20 30
11 20 30
12 20 30

The graphs below (figures 9 and 10) illustrate the results.
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Figure 9 - Airborne TBL in the test room
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Figure 10 - Airborne moulds in the test room

Contrary to what was found during the first test, the environmental contamination values were
very low already at the start of the experiment. Both TBL and Moulds decrease over time to stabilise
at a “background noise” level, below which it is virtually impossible to go, since a totally sterile
conditions cannot be reached.

3.2.4. Measurement of the contamination levels of the device’s interior
The Table below contains the average values of the samples harvested from 2 different areas of
the interior surface of the device that was artificially contaminated with fungal spores.

Table 5 - Moulds found in the device at individual harvesting times
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Moulds inside
_ the device
Time (CFU/cm?)
(days)
0 28800
1 26000
4 15000
5 9900
6 6900
7 5900
8 5200
10 4600
11 4000
12 3500
Figure 11 below shows the data in graphic form.
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Figure 11 -- Moulds found inside the device

The fungal contamination decreases consistently, but the decrease curve (red line) shows a
tendency to decrease its gradient over time. The contamination values at 12 days from the start of the
test are, in any case, one-tenth of the initial values.

3.3 Brief experiment aiming to optimise the self-sanitisation process

The second experiment was extended by an additional 2 days (from day 12 to day 14), in order to
identify a potential technical/system-engineering improvement that would make it possible to
optimise the self-sanitisation process of the device containing the Jonix probe.

In practice, the still contaminated fan coils were left running for another 2 days with the same
methods envisaged by the experiment described under point 3.2, with just one variation in the
experiment:

- the ventilation device of one of the fan coils was switched off 3 times a day for 2 minutes,

leaving the NTP generator switched on;

- during the 2 minutes that the fan was switched off, the ventilation rotor was switched on and

off every 20 seconds (a total of 6 times).
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In this way, during the 20 minutes of ventilation downtime, the oxidising substances accumulated
in the immediate vicinity of the generator to then be conveyed in the adjacent areas, thanks to the
rotor switch-on impulse; immediately switching off said rotor prevented the majority of the oxidising
species from exiting the fan coil and allowed them to act on the moulds that were still present in the
artificially contaminated area.

This strategy made it possible to accelerate the decrease process of the residual moulds, which,
as you may remember, on day 12 still amounted to 3500 CFU/cm?.

The diagram below shows the levels of fungal loads inside the device in the 3 days of the
experiment.
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Figure 12 -- Moulds found inside the device

The diagram makes it clear that, in just 2 days, the contaminating moulds decreased from 3500 to
500 CFU/cm?.

The figure below shows the results obtained as a “coda” to the graph relating to the contaminating
moulds detected during the experiment described under point 3.2.
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Figure 13 -- Moulds found inside the device

The data up to day 12 relate to the test described in paragraph 3.2, while the last 2 data (days 13
and 14) relate to the results obtained from the test described in this paragraph. It is interesting to
observe that the trend line clearly changes its gradient, showing a significant acceleration of the
microorganism reduction process.

This simple strategy was proven able to accelerate and optimise the instrument’s self-sanitisation
process: measurements made with a Horiba measuring instrument showed that, in the 2 minutes
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while the rotor was switched off, ozone concentrations inside the instrument (and just in that micro-
environment) reached approximately 200 ppb, i.e. 10 times higher than those detected in normal
operating conditions.

3.4. Measurement of ozone levels in the environment and at the air conditioning unit’s
outlet

3.4.1. Measurement of the concentration of ambient ozone
The levels of ozone produced inside the room where the Jonix device was installed were measured
at the same time as the test.
The Horiba analyser was placed at the centre of the test area to acquire the value of ozone levels
during the test. Figure 14 shows the graph of the values acquired; each point represents the average
of 30 minutes of acquisition.
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Figure 14 - ozone concentration curve

From the graph it is possible to observe that there are no significant changes in ozone levels, which
remain constantly under 30 ppb and, in any case, close to the minimum detectable levels.

The slight oscillations that can be seen may be attributed to environmental factors (temperature,
etc.).

3.4.2. Measurement of ozone levels at the fan coil’s outlet
The test was carried out to assess the uniformity in ozone distribution within the fan coil; as the
pipe was placed laterally to the air flow that reaches it, ne might reasonably anticipate a lack of
evenness as illustrated.
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Figure 15 - hypothesis regarding ozone diffusion inside the fan coil

The outlet was, therefore, divided into three areas, as shown in the figure; the levels of ozone
were measured in each area for approximately 40 minutes. The results are shown in Figure 16; each
point refers to an average at three minutes of acquisition.
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Figure 16 - ozone levels at the fan coil’s outlet

The graphs show clearly that there is a marked concentration of ozone in Area 3.

4. Conclusions

The space used for the first experiment was selected because it featured a microbial
contamination that may be defined as medium, certainly higher than the one to be found in a regularly
cleaned and ventilated domestic environment or office. In fact, in planning the experiments’ tests,
one first aimed at assessing the effectiveness of the device in “unfavourable” conditions and, for this
reason, the situation was further “aggravated” by artificially contaminating the ventilation impellers
in the devices with moulds that are typically found in humid and unhygienic environments.
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The results obtained show that the adoption of a Jonix sanitisation device makes it possible to
obtain, over time, a marked reduction of the environmental microbial contamination from bacteria,
as well as moulds and yeasts.

The kinetics of the decrease in microbial contaminants, be they bacteria, moulds, or yeasts,
require at least 48 hours of continuous use of the device, keeping the room in which it is active closed;
it is, therefore, to be expected that, if the device is used for a few hours per day, more time will be
required to reach low levels of environmental contamination. On the other hand and as partial
mitigation of this last statement, one should also take into account that the environmental conditions
in which the experiment was carried out were purposely worse than those normally found in a
“domestic” environment.

If the device is introduced in a space with low levels of environmental contamination, such as an
office, the contamination levels are quickly reduced to very low values which we have called
“background noise”, below which they may be reduced solely through the adoption of system-related
strategies only required for specific spaces, such as the drug packaging white rooms (HEPA filters,
positive pressure space equipped with an ante-chamber, etc.).

With regard to the device’s self-sanitising ability, the artificial contamination with moulds adopted
in both experiments was purposely high, so as to evaluate the potential of the device also in very
unfavourable conditions.

These conditions might occur after a fan coil without an NTP generator has been operating for a
long time, while they are extremely unlikely to occur if a brand new device is equipped with an NTP
generator which makes it possible to prevent the establishment and proliferation of such high levels
of microbial contamination.

The adoption of a simple system-related strategy, such as the one described under point 3.3, might
decidedly improve the instrument’s self-sanitisation process, without the need for costly technical
modifications.

The data shown in paragraph 3.4, relating to the distribution of ozone levels inside the fan coil,
imply that it would be worth considering placing the NTP generator at a different location inside the
air conditioning system, so as to encourage a more homogeneous diffusion of the oxidising species it
contains and releases.

In conclusion and based on the observations made during the experiment, it is possible to state
that the adoption of an NTP generator inside a fan coil device may provide the double advantage of
maintaining the quantity of airborne microorganisms at low levels — even in areas characterised by
substantial environmental contamination — and of preventing the instrument from being
contaminated by undesirable microorganisms, especially moulds.
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Foreword

ARCHA Laboratories has set up an experimental study with the aim of assessing and quantifying
the possible sanitising effect performed by two types of commercial devices (NTP-Jonix and a
Photocatalytic device SHU900X), within a 12m-long steel duct of 30 cm in diameter, through which air
flows, via a fan, at various speeds/flow rates.

The aim was to simulate what happens inside a ventilation duct in the event of microbiological
contamination and depending on whether “sanitising” devices like the tested ones where installed or
not.

To this end, ARCHA has designed and conducted a series of experiments in which various types
and quantities of microorganisms were exposed in a controlled manner to air flows inside the pipe
with different types of activated sanitising devices.

With regard to this type of test, since there are no technical standards of reference, ARCHA had
to set up appropriate test procedures, and experimentally evaluate the most appropriate/functional
operative conditions to study the phenomena and identify the setups to be implemented in terms of:

- Fanair flow rates

- Types and concentrations of the microorganisms to be tested

- Time frames and methods of contact with the sanitising systems

In terms of the air flow rate inside the test pipe, preliminary tests were conducted and it was
ascertained that it was not possible to act in a controlled and reproducible manner with
microorganisms and culture plates under high air flows like the ones typically reported by
Dr.Marangon (2,000 m3/h).

For this reason the tests were set up and conducted with lower air flows (130 m3/h and 800 m3/h)
and all the tests were conducted in a COMPARATIVE manner “NTP-Jonix vs. Photocatalytic” in order
to obtain a relative reading of the phenomena (i.e. which of the 2 devices works best, the operative
conditions being equal?) and thus being able to free oneself from the “realistic” nature of the
operating conditions adopted.

The test installation on which the tests were conducted consists of a square plenum within which
an adjustable flow fan is installed, the range of which can be adjusted from 100 to 2000 m3/h. The air
is conveyed from the fan into a round duct the diameter of which is 30 cm. In order to ensure the
devices work in linear flow, the sanitisation systems were installed immediately downstream of a two-
metre linear section, which was deemed sufficient to assure flow stabilisation, eliminating any
turbulence due to air draft. The section of the system where the tests were conducted, behind the
devices, consists of a 10m duct. The general diagram of the installation is shown in
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The following sanitising devices were tested in the experiments conducted by ARCHA:
e JONIX—NTP, set up with 2 pipes Model C;
e SHU - Model 900X;

Picture 1 - JONIX-NTP (left), SHU 900X (right)

The JONIX NTP system is based on use of a barrier discharge system for generation of nonthermal
plasma (NTP) which in its turn is able to produce the active species (Picture 1 — left).

The SHU system is based on a catalytic oxidation system promoted on a surface doped with a
nano-Nickel catalyst and activated by a light source consisting of a UVC lamp (Picture 1 —right).

Ozone measurements and number of ions

Measurements were conducted to quantify the ozone and ion concentration in the air when the
sanitising devices covered by this study are activated.

The measurements were performed at the end of the 12m pipe, as pictured below:

2m

drmn B
- I Hoartba
v 7 ' — —
& ‘ ‘ CEONE measurermenl

asurenent
im Point 1 Point 2 N measuremen

mrmEma

The ozone concentration was measured by means of a continuous HORIBA — APOA - 370
analyser, fitted with a suction probe placed at the air outlet point and in the middle of the pipe. The
instrument’s reading range varies from 0,0001 ppm to 3 ppm.

The measurements were performed by setting up a 130m3/h flow rate (higher flow rates entail
excessive dilution). In view f the unstable nature of ozone, as well as the low concentrations close to
the instrument’s reading limit, the measurements were repeated five times and then averaged.

The tested sanitising devices were set up as follows (refer to the picture above):
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- Jonix NTP device, positioned at point A;

- Photocatalytic device, positioned at point A;

- Photocatalytic + NTP JONIX device “close”, both at point A;

- Photocatalytic + NTP JONIX device “distant”, the NTP device is at point A, while the
Photocatalytic system is at point B.

Table 1 shows the numeric results while the graph in Picture 2 illustrates the results obtained.

Table 1 - arithmetic average of ozone measurements

Average (ppb) | Stand. dev.
Jonix 43 +12
Photocatalytic 8 2
Jonix - photo (close) 54 +7
Jonix - photo
(distant) 68 +3

Orone production with v = 0,5 m/s

Chriaret gyl

Picture 2 — ozone measurements

The measurement of the number of ions in the air flow was conducted with an Alphalab Inc. ion
counter Mod. AIC, which is able to measure the density of ions in the air with a reading range from 10
ions/cm? (natural background concentration) up to 2x10°ions/cm?. The measurement was performed
in the same sampling point used for the ozone measurements. It should be specified that the natural
instability of ions means the measurements are affected by considerable uncertainty. The
manufacturer indicates a 25% accuracy on the reading.

Jonix A Photo A Jonix+ Photo A
Positive ions 15,000 + 3750 400 100 15,000 + 3750
Negative ions 10,000 2500 10,000 2500 23,000 + 5750
Total ions 500 125 600 + 150 300 75

Picture 3 - ionic concentration (lons/cm3) on outlet

The ion measurements are consistent with the reasonably expected values for the electrical
devices used.

The following remarks can be made regarding the measurements:
# The photocatalytic system produces low quantities of ozone (< 10 ppb)
# The photocatalytic system produces slightly more ozone without photocatalyst (UV lamp only)
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4 The Jonix device with 2 C pipes produces 4 times more ozone than the Photocatalytic system
(> 40 ppb)

4+ If the two systems are placed in series (Jonix + Photo or Photo + Jonix), either close or distant,
the zone that forms is the sum of the ozone produced by the two devices: the Photo is unable
to reduce the ozone produced by Jonix, on the contrary it produces ozone too.

# At the air flow rate normally used on real installations (500-2.000 m3/h) the ozone
concentration is widely below the limits (50 ppb) even with the Jonix system

+ The Photocatalytic system produces much fewer ions (+) than the Jonix system.

+ The Photocatalytic system produces the same number of ions, even if «naked» (without
photocatalyst)

4+ The combination of the 2 systems (Jonix + Photo) produces a number of ions that is the sum
of the ions produced by the individual systems (ADDITIVE effect, as for the OZONE)

#+ Both the Jonix and the photocatalytic system produce «few» ions if compared with a “typical”
ion generator (see the picture below):

FHodvy Cuty

Stainless slesl neede gauge 24 AWG

IPerformance:

= lon density: 3.1x10™ jonsfcm® a1z

fom from emitter

I* High voltage output 9.5 Kv.

» Power use: less than 1 watt

* Power requirements: 12vVDC

UL pn $3254L

Typical ion generator based on the “point” effect and its characteristic performance

Measurements have also been taken to quantify electrical consumption of the two sanitising
devices: the table below sets out the measurements.

Jonix Photo

Power consumption

(Watt) 13 11

The electrical consumption of the 2 devices are wholly comparable.

Test to ascertain the sanitising effect of the devices

ARCHA Laboratories has set up an experimental study with the aim of assessing and quantifying
the possible sanitising effect performed by two types of commercial devices (NTP-Jonix and a
Photocatalytic device SHU900X), within a 12m-long steel duct of 30 cm in diameter, through which air
flows, via a fan, at various speeds/flow rates.
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The aim was to simulate what happens inside a ventilation duct in the event of microbiological
contamination and depending on whether “sanitising” devices like the tested ones where installed or
not.

To this end, ARCHA has designed and conducted a series of experiments in which various types
and quantities of microorganisms were exposed in a controlled manner to air flows inside the pipe
with different types of activated sanitising devices.

Specifically, the pipe simulating the aeration duct where the tests have been conducted is pictured
below:
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Afan (A) is able to generate air flows of different flow rate, hence different speed, inside the pipe.

After a 2m section (B) required to stabilise the air flow, the tested sanitising devices have been
housed (C).

The checks on microbiological contamination of the air were conducted at different points along
the pipe: at Point 1 (4m after the sanitisation devices —section D), at Point 2 (8m after the sanitisation
devices — section E), and at the pipe outlet (F).

In the tests conducted, two types of microbiological experiments were performed:

- Test on contaminated Petri plates, exposed to air flows inside the pipe;

- Test with bio-aerosol, continuously sprayed inside the pipe.

These types of test differ structurally and make it possible to provide different information on the
phenomena at play:

- Test on contaminated Petri plates, exposed to air flows inside the pipe (TESTS ON EXPOSED
PLATE): in this case, microbiological culture plates, contaminated by different types of
microorganisms with known concentration, were exposed to a definite air flow inside the
pipe, either activating the various sanitising devices or not. In this type of experiment, the
following variables were investigated:

o The distance of the plates from the sanitising device (microbiological sampling was
conducted at the following points: Point 1 and Point 2)

o Thetime of exposure to air and to the sanitising device (i.e. protracted measurements
for different exposure times): the longer the Petri dishes remain exposed to the action
of air, the better/greater the effect | should expect from any sanitisation

With this type of test, the microorganisms are in an extremely “favourable” environment, with

large amounts of available nutrients (i.e. culture media), in the optimal pH conditions, in a sort of
“cradle” that promotes their survival and growth, consisting of huge amounts of organic matter that
might be an “interference”/”competitor” for the microorganisms in reactions with the “active” species
generated by the tested sanitising devices. This test must therefore considered a worst case scenario
when it comes to assessing the effects of the devices being studied.
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- Testvia bio-aerosol, sprayed continuously inside the pipe: in this case, an aerosol of different
microorganisms, at known concentration, is sprayed continuously inside the pipe, at the point
shown in the picture below, at the same time as the air flow is activated.

L. | 4”‘! zm

Point 1 Point 2

2m

In this case, the dwell time of the microorganisms inside the pipe is a function of the air flow speed
and pipe length. The microbiological sampling to evaluate the microbiological contamination of the
air, in this type of setup, was conducted at the end of the pipe, at point F.

In this case, from the temporal start of the experiment, the sampling time is not a variable of the
system: the time taken by the bio-aerosol to reach the end of the pipe is only a function of the air
speed, as the air speed changes so does the contact time of the bio-aerosol with the species generated
by the sanitising system.

The following paragraphs illustrate the results obtained in the various types of experiment
conducted.

Tests on exposed plate

The tests on contaminated Petri dishes, exposed to air flows within the pipe, were conducted
according to the diagram pictured:

2
C _ 4m_ m

e ——— —

2m

. -

Exposed Petri plates Exposed Petri plates

The experiments were conducted in the following experimental conditions:

- air flow rate = 130 m3/h ( speed = 0.5 m/sec)

- microbial concentration on the Petri dishes: 500 UFC/plate

- exposure time of the Petri dishes: 30°, 1h, 90’, 4h

The following microorganisms were tested:

- bacteria of 2 different types: Escherichia coli [gram (-)] and Staphylococcus aureus [gram (+)]
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- moulds: Aspergillus brasiliensis

- yeasts: Saccharomyces cerevisiae

The following setups were tested in the experiments for the sanitising devices in question:

- no sanitising device on (control test, “Ctrl”);

- photocatalytic device on;

- “naked” photocatalytic device: UV lamp on without nano-catalyst support;

- NTP device on

- both systems (Photocatalytic and NTP) on

The following tables show the results obtained with the tests conducted using 4h exposure time:
the tests conducted with shorter contact times (30’, 1h, 90’) did not produce significant measurable
results with neither tested device.

Each test was conducted in triplicate. The analytical results shown are therefore the average of
the 3 different microbiological measurements.

tests on BACTERIA:

Reduction % of the microbic growth

Distance from sanitizing gram (-) gram (+)
device (m) bacterium bacterium
E. coli S. aureus

None (Ctrl) 4 0 0

Photocatalytic 4 0 56 15 |
Photocatalytic "naked" 4 i 62 74 |
NTP 4 i 0 71 )
Photocatalytic + NTP 4 [ 0 78 )

The Photocatalytic device:

- Has medium activity on bacteria only «close» to the device: the effects are lost when moving
away from it.

- Itis more active on gram (-) microorganisms compared to the Jonix device

- Ifthe photocatalystis removed (UV lamp only), the biocidal activity increases, especially in the
case of gram (+)

The JONIX device:
- Is not active on gram (-) microorganisms
- ltis active on gram (+) microorganisms regardless of the distance from the device

There seems to be no synergy between the two systems (NTP + Photocatalytic)
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tests on MOULDS and YEASTS:

Reduction % of the microbic
growth

Distance from sanitizing device yeast mould
(m) S. cerevisiae  A. brasiliensis

None (Ctrl) 4 0 0

Photocatalytic 4 0 59 h
Tt
Photocatalytic "naked" 4 [ - 56 )
NTP 4 18 35 R
T R
Photocatalytic + NTP 4 0 42 b
e R

The Photocatalytic device:

- Is not active on yeasts

- isactive on moulds

- Ifthe photocatalyst is removed and only the UV lamp is used, the effect is essentially the same
as with the intact photocatalyst

The JONIX device:
- Has weak activity on yeasts, regardless of the distance from the device
- Has medium activity on moulds, regardless of the distance from the device

There seems to be no synergy between the two systems (NTP + Photocatalytic)

160 | Scientific Dossier



REMARKS on PLATE TESTS:

While conducting the experiments on PLATE, it was observed that the edge of the plate has a
protective effect on the bacterial colonies from the flow of sanitising air, according to the diagram
illustrated in the following picture:

The photographs below illustrate this effect in the tests, the results of which are set out above.

S.cerevisige A.brasiliensis S.aureus E.coli

NTH

PheNTP
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IN DEPTH ANALYSIS of PLATE TESTS: tests on plates tilted by 30°

Following observation of the so-called “edge effect” caused by the plates on the bacterial colonies
exposed to the flows of sanitising air, the PLATE exposure tests were replicated with the exposed
plates tilted by 30°.

The results obtained are illustrated in the following table. Each test was conducted in triplicate.
The analytical results shown are therefore the average of 3 different microbiological measurements.

The results obtained show that a slight tilt of the plates (30°) entails, in some cases, a weak
increase in the sanitising ability of the air flow, but the differences are not large.
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Test with microbial bio-aerosol

The tests with microbial bio-aerosol, generated continuously through biomedical equipment and
introduced into the pipe immediately downstream from the fan, were conducted according to the
diagram pictured:

Test with microbial bio-aerosol
2m

e e

2m Point 1 Point 2
The following experiments were conducted:
TEST 1:
- air flow rate = 130 m3/h ( speed = 0.5 m/sec)
- bio-aerosol:

o bacteria =70,000 UFC/min = 30 UFC/L air
o moulds and yeasts: 7,000 UFC/min = 3 UFC/L air
- sampling time: 30’, 60’, 90’
TEST 2:
- air flow rate = 130 m3/h ( speed = 0.5 m/sec)
- bio-aerosol:
o bacteria = 700,000 UFC/min = 300 UFC/L air
o moulds and yeasts: 70,000 UFC/min = 30 UFC/L air
- sampling time: 30’, 60’, 90’
TEST 3:
- air flow rate = 800 m3/h ( speed = 3 m/sec)
- bio-aerosol:
o bacteria = 700,000 UFC/min = 300 UFC/L air
o moulds and yeasts: 70,000 UFC/min = 30 UFC/L air
- sampling time: 30’, 60’, 90’

The following setups were tested in the experiments for the sanitising devices in question:
- no sanitising device on (control test, “Ctrl”);

- photocatalytic device on;

- NTP device on

- both systems (Photocatalytic and NTP) on
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REMARK: in conducting the experiments described above, a recovery of microorganisms was
observed (through SAS sampler) at the bottom of the 12m pipe, very low indeed: microbial recoveries
are less than 10% of the sprayed microorganisms.

Hence the analytical results of tests 2 and 3, conducted with higher microbial concentrations than
test 1, should be considered more “reliable” than those obtained with Test 1 itself.

The tables below set out the results of the tests conducted with the following microbial
concentrations (Tests 2 and 3):

o bacteria =700,000 UFC/min = 300 UFC/L air
o moulds and yeasts: 70,000 UFC/min = 30 UFC/L air

Each test was conducted in triplicate. The analytical results shown are therefore the average of
the 3 different microbiological measurements.

= It should be observed that with the SAS sampler, it is not possible to distinguish gram (+) from
gram (-) bacteria: growth takes place in an undistinguishable manner on the same Petri dish. The test
result is therefore expressed as total result “gram (+) + gram (-)”.

= It should be observed that owing to the structure of the experiment, in this case, the time at
which microbiological monitoring is conducted is not a variable of the system: the dwell time of the
microorganisms inside the pipe is only a function of the air flow speed and pipe length. Hence sampling
at different times by SAS should only be considered as repetitions of measurements conducted under
the same experimental test conditions.

TEST 2 - test on BACTERIA:

Reduction % of the micro-organism number

TOTAL BACTERIA
(gram+ and gram-)

-Samplu-'lg Single AVERAGE Star.lda.rd
time (min.) measurement deviation
30 50
Photocatalytic 60 82 68 16
90 72
30 100
60 97 98 2
90 96
30 84
Photoc.+NTP 60 95 90 6
90 92

The Jonix NTP system is more efficient (+30-40%) than the Photocatalytic system in the sanitising
effect on TOT BACTERIA [gram (+) + gram (-)]
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The following diagram shows the results obtained with the different sanitising devices tested.

Reduction % of the microorganism number

mwummw

There is no synergy between the Jonix system and the Photocatalytic system in the sanitising
effect on TOT BACTERIA.

TEST 2 - test on YEASTS:

_ Reduction % of the micro-organism number
 isomyh 5. cerevisae

Sampling time (min.) measslt:‘rgelfnent

30 100
Photocatalytic 60 100
90 100

L]
30 100
90 100

[ ]
30 100
Photoc.+NTP 60 100
90 100

Both the Jonix NTP and the Photocatalytic system prove to be effective in total reduction of
yeasts.

Yeasts are not discriminating microorganisms to understand which of the 2 sanitising systems is
more effective.
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TEST 2 - test on MOULDS:

Reduction % of the micro-
organism number

A. brasiliensis

Sanitizing device Single measurement

Photocatalytic >0
50
25
25
Photoc.+NTP 25
25

The Photocatalytic system is more efficient than the Jonix system in the sanitising effect on
moulds.

There is no synergy between the Jonix system and the Photocatalytic system in the sanitising
effect on MOULDS.

TEST 3 - test on Bioaerosol:

- Reduction % of the micro-organism number

Bacteria

(gram+ and gram-) A. brasiliensis
0 0
NTP 100 100
86 100

For high air flow rates (800m3/h) the JONIX system is efficient (+100%) both against bacteria and
moulds.

The Photocatalytic system is wholly inefficient also against moulds, on which (test 2) it seemed
to have a better action than NTP.

There is no synergy between the Jonix system and the Photocatalytic system in the sanitising
effect.
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Test to ascertain the sanitising effect of the devices on grown moulds

The aim of the test is to ascertain whether, and how long after installation of the sanitising device,
inside an existing duct (and which has been contaminated for a long time), it is possible to observe an
active sanitising action also on grown and developed microorganisms. The tests were performed on
moulds (Aspergillus brasiliensis), as representatives of the microbial category ecologically most
suitable to colonising this type of installation.

Fully grown moulds were placed inside the pipe and the air flow was activated (130 m3/h): the
effect of the sanitising air produced by both technologies, is then verified on the grown moulds, at
different exposure times (1, 2 and 4 days of exposure).

The microorganisms were inoculated about 4 days before the start of the tests, so as to allow the
colonies to develop and the microorganisms to ripen the fruiting bodies containing the spores. In order
to prevent the protection effects due to the edge of the plates, the moulds were inoculated in the
centre of the plates in order to develop one single large central structure. The picture below shows
one of the plates used for the test: the colony has developed away from the edges, the darker central
part is the portion of mycelium that has developed the fruiting bodies, while the peripheral white
crown is made up of a portion of mycelium consisting of hyphae but without any fruiting bodies.

The plates were placed in an intermediate point of the pipe, about 4 metres from the sanitising
devices, and extracted at the 3 times envisaged by the test.

The viability of the microorganisms was assessed both for fruiting bodies and for hyphae, by taking
portions of mycelium from the pigmented area containing the spores and from the clear one that did
not have any with a sterile loop. This expedient was aimed at evaluating whether the antimicrobial
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activity occurred on the vegetative portions — theoretically easier to attack — on resistance structures
(spores), on both forms or on neither.

The portions of mycelium were inoculated on Sabouraud Agar and incubated at 25°C for 5 days.
Since this was a qualitative test, aimed at assessing whether or not there were viable microorganisms,
the exact number of microorganisms grown was not determined at the end of the incubation, but it
was ascertained whether or not there were any fungal colonies.

The following table sums up the effects obtained by treatment with the photocatalytic device.

Portion of the mycelium

1 day Viable Viable
2 days Viable Viable
4 days Viable Viable

Whereas the following table shows the effects measured after treatment with the NTP device.

Portion of the mycelium

1 day Viable Non viable
2 days Viable Non viable
4 days Viable Non viable

Neither of the two devices was found to be able to completely inactivate the spores found in the
pigmented portion of the mycelium, probably due to the resistance ability of these fungal structures
but, most certainly, also due to the high number of spores present: in fact, the tests carried out
previously with shorter exposure times (maximum 4 hours), although performed on a low number of
spores, showed a survival rate that was around 30% at |least. Despite assuming an exponential increase
in the effects over the 4 days of the test, one ought to consider that hundreds of millions of spores are
found within the pigmented area, hence the survival of a certain number of them was predictable.

The result obtained on the vegetative portion of the mycelium is much more interesting. As a
matter of fact, in the case of the hyphae, the treatment with the NTP device was found to be able to
inactivate the microorganisms, although a definitely high number of filaments were taken, almost
certainly “contaminated” by a certain number of spores raised by the air flow and dropped back on
this portion of the mycelium. The latter result means that, if the installations have already been
colonised, NTP treatment might perform a three-fold positive effect, by:

e killing the vegetative part of moulds that have already grown in the ducts, and prevent their

further growth;

e inthe longer term, decreasing and gradually reducing to zero the number of viable spores;

e preventing the colonisation of new portions of the installation, since the hyphae germinated

by any surviving spores would however be rapidly inactivated.
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JONIX

ATTACHMENT 12.10

Case study 1: reduction of odor impacts on waste management plant
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REDUCTION OF ODOROUS IMPACTS

INTRODUCTION

This document describes the study and analysis of the environmental aspects related to the odor
impact measurements associated to waste management and the implementation of a pilot-scale test
on the treatment of gaseous effluents in order to effectively reduce the odor load present.

CLASSIFICATION OF THE ODOUR PROBLEM

This work involved a screening survey aimed at identifying the best ways to deal with the delicate
issue of odor emissions generated by a waste treatment plant.

The topic addressed is very timely and urgent. It is known, in fact, how the dispersion of
unpleasant odors starts from industrial activities or, in any case, from production plants that involve
the presence of odorous sources. Among the wide range of activities that can be considered - in
addition to specific industrial plants — we include broader categories such as wastewater treatment
plants, waste treatment and sorting plants, landfills, etc.

Despite the importance of these challenges, there is currently no integrated methodology for the
"control" of these phenomena; and by phenomena we mean not only its "measurement"” - which is
quite complex - but a real strategy to address the problem according to a precise hierarchy:
interventions at source - confinement - mitigation.

In industrial-commercial contexts, which see the presence of a high number of possible odorous
"sources", it becomes particularly complicated to determine, demonstrate and control the exact
source of the problem, which is often highlighted by complaints - sometimes not fully reliable - by the
population present in the area affected by the so-called "relapses".

In fact, the complexity of this problem arises from three fundamental reasons:

] the difficulty of analyzing odorant substances whose concentrations in the environment are
below a threshold of analytical detection (while causing, at the aforementioned concentrations,
"nuisance" phenomena);

] the variability of the intensity and characteristics of odor pollution as a function of time and
meteorological conditions;

] the great subjectivity that characterizes the perception of odorous substances.

In literature, there are very few studies carried out on the identification of odorant substances
originating from odorous matrices and the evaluation of the effects of specific treatment systems on
odorous substances.

Added to this is the lack of specific reference legislation, both internationally and Italian. In fact,
at the national level, just a few regions have defined guidelines on the subject, mostly in recent times
and applicable only to specific sectors. This "lack of legislation" is even more critical considering that,
on the contrary, there is a growing awareness of society towards issues related to the environment,
of which odorous impacts are, at present, one of the most subtle and elusive.

ABATEMENT OF ODOROUS COMPONENTS ON NTP pilot-laboratory plant (BA-TEST pilot-
industrial SCALE)

The activity carried out concerns the use of a pilot-industrial plant (therefore also applicable on
an industrial scale) used on a laboratory scale, applied to the treatment of specific waste streams (the
most critical) as well as mixed waste streams.

To carry out this experimental activity, a way was therefore designed to "manage" a flow of
odorous substances of a much greater extent.
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The following figure shows schematically the container that was used for the trial to be carried
out with the industrial BA-TEST, which has a flow rate that can be modulated between 150 and 600
m3/h.

The system consists of a 100-liter PP drum on the bottom of which a series of holes are made,
while a fitting is made on the lid for connection with the BA-TEST fan.

Hole on the lid ta

oonnedt the BA-TES]

Tan Hole fiar ventation

Image showing a container for trials with BA-TEST

The waste (30-50 kg) is placed inside the drum that is connected to the BA-TEST fan. The drum is
positioned horizontally, and can be moved periodically to change the exposed surface of the waste
mass.

The treatment system of the molecules (odorous and not) released by the waste contained in the
drum is presented in the following photo.

Picture of the BA-TEST pilot plant used in the trial

LEGEND:
Emission aspiration

By-pass selector
NTP® Generator
Emission output

Sampling points: (1 on top, upstream of the abatement system; 2: at the bottom, downstream of the treatment; 3 downstream of
the treatment system, before the final emission

mo O ®m>
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Through the use of this system, trials and tests were carried out to verify the best plant structure,
that is the one that guarantees the best results in terms of abatement of odorous substances
developed from specific waste selected following the experimental activity carried out in the field of
the previous operational objectives.

Development of the experimental conditions

This part of the experimental activity was rather complex, given that the individual responses and
their variability were carefully evaluated, depending on the type of waste involved and the test
condition used.

The conditions of the various tests (schematically reported in Table 5) were set using Design of
Experiment (DoE) techniques. The results of the experiments obtained through the EN and the GC-MS
were processed in order to identify the best operating conditions.

Table 5. Trial conditions tested.

Levels
1 2 3
Waste quantity (kg) 30 50
Waste type LO LA MIX
" Waste temperature (°C) 50
® Suction flow (m3/h) 150 300 600
g By-pass 0 0,5 1
u:o Voltage probe 1 (V) 3000
£ Voltage probe 2 (V) 3000
E Voltage probe 3 (V) 3200
Sampling points 1 2 3

The trial concerned 3 different types of waste (already known for their critical characteristics in
terms of odorous impacts produced): LO (CER 19 01 05 *), LA (CER 19 02 05 *) and MIX (consisting of
a mix of different wastes, including LO and LA, in order to simulate the average condition of the plant
with the presence of odorous and non-odorous waste). This waste was placed inside the punctured
drum, placed on a heating plate at about 50° C and, after 5 minutes of conditioning the tests began,
taking the samples from the 3 sampling points with the probes off and, subsequently, turned on.

In order to evaluate the best test conditions, different trials were performed, varying one or more
of the settings shown in Table 5.

The comparison between the sum of the areas obtained by GC-MS and the sum of the signals
recorded by the 10 sensors of the EN, provided the answers sought for the identification of the best
operating conditions, relative to the treatment trial of the odorous flows produced by the waste being
tested, using the BA-Test on a pilot-laboratory scale.

The best test conditions, obtained using the LO waste (and then confirmed with the other tested
wastes), were:
Waste quantity = 30 kg
Waste temperature = 50°C
Suction flow = 150 m3/h
By-pass = close (0)
Capacitor voltage = 3000, 3000, 3200 V
Sampling points=1¢e 3

oukwWwN e
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Results obtained with the LO CER 19 01 05 * waste

The tests carried out for the abatement of the odorous molecules contained in the LO waste made
it possible to obtain the results briefly presented in the graph in Figure 25. The sampling points
considered are point 1 (upstream of the NTP treatment system) which represents the untreated gas
emission and point 3 (downstream of the NTP probe) which represents, with the probe on, the
emission after treatment with the probe. In this way, it is also necessary to consider the contributions
of the controls and in particular the negative contribution that the probe has on the EN reading, as
can be seen from the SA_SR test in the graph on the left of Figure 26: the sum of the sensor signals of
the EN decreases by about 11% following switching on of the probe itself. Similarly, it is possible to
record a decrease (about 7% with the EN and 6% with the GC) due, almost certainly, to molecule
adsorption phenomena along the pilot plant duct. These percentages of decrease were considered for
the purposes of evaluating the reduction efficiency of the NTP system with respect to the odorous
molecules, subtracting them from the overall reduction percentage determined as differences in
signals recorded in points 1 and 3, during the test that used the waste and the probe turned on.

In conclusion, for the LO waste, percentages ranging between 34% (with the Electronic Nose) and
28% (with the Gas-chromatography) of abatement of the odorous molecules present were found.
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Figure 25. Results of tests conducted on LO waste (EN left; GC-MS right).
Legend: SS_SR = probe off —no waste (no probe baseline); SA_SR = probe on —no waste (probe baseline); SS_RP = probe
off — waste on the heating plate (emissions with the waste heated at 50°C); SA_RP = probe on — waste on the heating plate
(emissions with the waste heated at 50°C + NTP treatment)
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Figure 26. Results of tests conducted on LO waste expressed as abatement percentages, taken at the sampling points 1 and 3.
Legend: SA_SR =% probe contribution; SS_RP = % decrease due to waste emission losses along the way,; SA_RP = % abatement incorrect
probe; % effective abatement = SA_RP —SS_RP —SA_SR
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Results obtained with the LA CER 19 02 05 * waste

Similarly to what was done with the LO waste, the treatment tests of the odorous molecules
produced by the LA waste were carried out.

The graphs of the experimental results obtained are shown in Figure 27, on the left the values of
the sum of the signals recorded by the Electronic Nose, on the right the results obtained by the SPME-
GC-MS analysis.
The abatement percentages defined as described in Paragraph 5.4.3. are represented in Figure 28: the
effective abatement on the odorous molecules carried out through the NTP probe is calculated as 40%
by GC analysis and 26% by EN.

This difference can be easily explained through the different composition of the LA waste
compared to LO, obtained by GC-FID analysis, on the solid sample (Figure 29): the first is in fact
exclusively made of short-chain aliphatic Volatile Organic Compounds (C5-C12), while in the LO waste
there are also more complex aromatic compounds, with a number of C8-C10 carbons (toluene, xylenes
...) which are less degradable by the species emitted by the NTP probe.
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Figura 27. Results of tests conducted on LA waste (EN left; GC-MS right).
Legend: SS_SR = probe off — no waste (no probe baseline); SA_SR = probe on — no waste (probe baseline); SS_RP = probe off — waste

on the heating plate (emissions with the waste heated at 50°C); SA_RP = probe on — waste on the heating plate (emissions with the waste
heated at 50°C + NTP treatment)
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Figure 28. Results of tests conducted on LA waste expressed as abatement percentages, taken at the sampling points 1 and 3.
Legenda: SA_SR = % probe contribution; SS_RP = % decrease due to waste emission losses along the way,; SA_RP = % abatement
incorrect probe; % effective abatement = SA_RP —SS_RP —SA_SR
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Figure 29. Chromatograms related to the analysis of LA (top) and LO (bottom) waste samples.

Results obtained with the mixed waste (MIX)

For the final validation of the treatment tests using NTP technology, further experiments were
carried out, using mixed waste (called MIX), consisting of the two previous LO and LA, together with 4
other kinds of waste, not particularly critical, but of a dangerous nature and equally rich in volatile
organic compounds.

The analyses carried out on the air samples taken in points 1 and 3, under the experimental
conditions already described in the previous paragraphs, provided the trends shown in the graph of
Figure 30 (EN, left; GC-MS, right).

In general, the values measured both at the EN and at the GC are lower than those found with the
single waste present in the previous paragraphs. The abatement percentages that can be found during
the tests carried out reach about 30% of the load of substances present in the gaseous flow leaving
the BA-TEST (Figure 31).
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Figura 27. Results of tests conducted on MIX mixed waste (EN left; GC-MS right).
Legend: SS_SR = probe off — no waste (no probe baseline); SA_SR = probe on — no waste (probe baseline); SS_RP = probe off — waste

on the heating plate (emissions with the waste heated at 50°C); SA_RP = probe on — waste on the heating plate (emissions with the waste
heated at 50°C + NTP treatment)
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Figure 28. Results of tests conducted on MIX waste expressed as abatement percentages, taken at the sampling points 1 and 3.
Legenda: SA_SR = % probe contribution; SS_RP = % decrease due to waste emission losses along the way; SA_RP = % abatement
incorrect probe; % effective abatement = SA_RP —SS_RP —SA_SR

Final considerations

From the results presented, it is clear that NTP technology has a positive effect in the abatement
of the species present in the gaseous flow generated by waste, with percentages ranging between 25
and 40%.

This result was obtained by carrying out a complex trial on a pilot plant equipped with NTP
technology, testing the treatment on different waste and their mixtures, and using both the Electric
Nose and Gas-Chromatography with Mass Detector as analytical techniques for the "quantification"
of efficiency.

The results obtained offer a wide range of use of this technology as an abatement system, both of
the organic pollutants present in the emissions and, more specifically, with regards to the objective of
the project, that is the abatement of odorous molecules.

The organic molecules, as has been verified in particular on the aliphatic and aromatic chains
through the analyses carried out with the GC-MS, are reduced by up to about 40%. The odorous
substances, as it was verified through the use of the Electronic Nose, undergo a decrease in their
concentration up to 30%.

A possible further development of the study and the proposed technology could concern different
kinds of waste characterized by olfactory impacts due to inorganic compounds, such as ammonia and
hydrogen sulphide (H2S). In these cases, the analytical methods to be applied could be the Electronic
Nose and specific techniques for the determination of such compounds.
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JONIX

ATTACHMENT 12.11

Case study 2: Study of air sanitation in a veterinary clinic
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Air Sanitation In Veterinary Clinics

Introduction

The "indoor" pollution of homes and workplaces is a chemical and microbiological problem that
can be significant for the health of people and animals living in these environments. The problem is so
important that it has a dedicated branch of study: Aerobiology.

It is a new multidisciplinary science that studies the particles present in the atmosphere, the
sources that produce them, the ways in which they are transported by the air, their effects both
indoors and outdoors.

The techniques used to improve the "healthiness" of the environments, in particular working
environments, are many and different, they can be implemented in the air treatment systems or be
independent mobile devices. Among the different techniques, filtration, UV lamps or ozone are used,
the latter are not compatible with the presence of people.

In the last decade, research has been oriented towards air ionization, a natural phenomenon that
can be artificially reproduced which has proved capable of acting on many (microbiological and
chemical) particles present in the air.

There are many national and international publications on the effects of air ionization, which
demonstrate, in addition to the therapeutic effects on the pathology of the respiratory system, also
an effective reduction of the microbial content in the air and on surfaces.

Numerous researches and experiments have been carried out in the food and hospital healthcare
sector.

Applications in veterinary clinics and surgeries are very recent. The need for constant sanitation
emerged at the same time as that of general and orthopedic surgery in particular.

In fact, similar to what happens in "human" surgery, post-surgical infections can also be airborne.
Although there are no real clinical trials in the veterinary field, the factors on the indoor air quality of
the sector lead us to estimate that they cause a significant percentage of infections.

There is also the trend towards a holistic view of the veterinary medicine service, with a health-
genetic and eco-sustainable approach; focused on the patient and his family unit; with the minimum
possible use of synthetic medicines and instead the adoption, where possible, of homeopathic
protocols.

These new scenarios, for consistency, must necessarily live within environments with an adequate
air quality factor, microbiologically controlled, free of volatile organic substances and odors; this
aspect is directly related to the perceived quality of the clinical service offered.

Purpose

Jonix wanted to verify the effectiveness of Non Thermal Plasa technology in veterinary healthcare.
This first trial was conducted at the prestigious San Marco Veterinary Clinic.

The goal was to achieve a reduction in perceived odors and a reduction in airborne microbial

contamination in premises where concentrations could be significant and have a negative impact on
animals and people.
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The experimentation, carried out in March and April 2018, required a series of samples taken
before the installation of the devices, during the normal activity of the clinic, to evaluate the initial
conditions, to be compared with the measurements made after switching on Jonix devices.

Sampling and analysis were conducted by qualified technicians and an independent institute,
indicated below, using a SAS-Super 180 device by PBI.

Initial evaluations. Regarding the veterinary clinics, a bibliography has not been identified to
support the initial evaluation.

The veterinary clinic where the experimentation took place has a high turnout of animals both for
outpatient services and in the ward that offers 30 cages, with a consequent high turnover of animals.

Animals can vary by species, size, pathology and total number of simultaneous presence. This
involves a very high variability of the particles released into the air by the animals themselves and by
the movement of operators inside the room.

The clinic is not equipped with air treatment systems except for the introduction of primary air.
This involves a further source of variability in the microbial content of the ambient air. The conditions
described created interesting conditions for the experimentation, it was therefore decided to carry
out the measurements in the environments with greater variability of turnout and consequent
variations in the aero dispersed bacterial concentrations:

the waiting room at the entrance (fig. 1) and the animal hospital room (see fig. 2).

In these rooms we find the greatest number of variables related to air movement: the opening
and closing of the entrance and access doors to the clinics and the extreme changeability of human
presence offered the possibility of "photographing" the microbial contamination of the air in a
situation of ordinary activity.

The clinic operates 24 hours a day.

For a better understanding of the air variability factors, the contribution of external air coming
from the opening of the doors, both those facing the inside of the building and those facing outwards,
has been calculated.

In the hospitalization room the air coming from the door facing the external garden is about 1300
m3/h; while from the door facing the central corridor, about 1700 m3/h.

In the waiting room, with the three doors, entrance, entrance to the ambulatory area and exit,
the volume of air that mixes with the ambient air is approximately 4500 m3/h.

The calculations are based on the average number of hourly openings observed during the
sampling.

Measurements were made to understand the level of contamination present and whether, under
current conditions, the proposed air ionization system could achieve the desired odor and microbial
content reduction goals.

To define the contribution of air coming from the doors, a specific calculation system was used,

the same that is usually used in the specific technical calculations of the sector. The factors used are
shown in the table below.
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Fig. 2 - San Marco veterinary clinic, animal hospitalization room

Theory of ionization with non-thermal plasma

The term “non-thermal plasma”, also known as cold plasma, indicates an evolved form of ionized
gas mixture composed of a large number of charged particles, such as ions or electrons, free radicals,
ros, molecules and even neutral atoms.

The ionization of an atom occurs when an electron acquires enough energy to overcome the
attractive forces of the atom's nucleus. When this is obtained with processes that generate a plasma
where the temperature of the ions and neutral atoms is significantly lower than that of the electrons,
we speak of cold plasma or Non-Thermal Plasma (NTP).

The cold plasma emits light with wavelengths both in the visible and in the ultraviolet part of the
spectrum. In addition to the emission of UV radiation, an important property of low-temperature
plasma is the presence of highly reactive high-energy electrons, which generate numerous chemical
and physical processes such as oxidation, excitation of atoms and molecules, production of free
radicals and other reactive particles. A plasma can be artificially generated by supplying a gas with a
sufficiently high energy, that is, by applying energy to a gas in such a way as to reorganize the
electronic structure of the species (atoms, molecules) and produce excited species and ions. One of
the most common ways to artificially create and maintain a plasma is through an electrical discharge
in a gas. The JONIX NTP technology uses the so-called non-thermal discharges with the dielectric
barrier method. The ionization potential and density of charged species generated by dielectric barrier
discharge (DBD) plasma are greater than those present in non-thermal plasma generated by other
systems.

Description of the Jonix equipment

JONIX steel is a sanitization unit, with cold plasma technology for air purification and
decontamination.
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Ideal for veterinary wards, clinics, surgical rooms, waiting rooms and where it is necessary to prevent
and reduce airborne bacterial contamination. It can be easily installed on the wall or placed on a
horizontal surface. The device is designed to allow the propagation of purified air in a uniform way
thanks to the front ventilation system at the entrance and the openings on the sides that ensure
optimal air output. Compact and silent, the JONIX steel device rapidly breaks down bacterial loads and
chemical contaminants.

JONIX steel is simple and essential. For a higher quality integrated plant management, the control
and functions can be managed remotely.

ECOLOGICAL AND COMPATIBLE WITH THE PRESENCE OF PEOPLE/SAFE AROUND PEOPLE

There is no chemical or environmental impact. It sanitizes the air continuously and eliminates
odors, improving environmental comfort. It guarantees operators the healthiness of the air as
required by the regulations for the safety of workers.
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Fig. 2 — lonized air flow Fig. 3 —The device

Materials and methods

Samplings were made in two points of two pre-established rooms: the Veterinary ward and the
Waiting Room. In the veterinary ward there are animals in cages awaiting surgery/controls or
recovering right after undergoing one.

In the waiting room there are secretaries on one side and customers with their pets on the other
(photos 1 and 2).

The time spent in the veterinary ward and the variability of the animals is very high since the
number, type and general state of each individual animal vary during the test period. There is also a
flow of people who access the room directly from outside, resulting in a significant change in the air.

Also, in the waiting room the variability is very high: the number of people as well as the number,
type and size of the animals change continuously, just like the frequency of the doors opening.

The samplings were taken with a PBI SAS-Super 180 device, which allows the operator to pre-establish
a certain quantity of air to be taken. The air comes in direct contact with a plate containing a specific
culture medium for the microorganisms to be monitored. In the test, 100 liters of air were sampled
each time.
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These plates are then transferred inside a refrigerated container in the laboratory which will
provide for the incubation of the plates at the temperature required for the specific method.

The measured parameters are:

Mesophilic bacterial load Plate count agar 30°C for 48 hours
Yeasts/Mycetes Sabouroud Dextrose Agar 30°C for 5 days
Pseusomonas ss Pseusomonas cetrimide agar 35°C for 18-72 hours
:;‘;phy'ococc' Baird Parker Medium E.Y.T.E. 37°C for 24-48 hours

The tests were carried out in collaboration with the Experimental Zooprophylactic Institute delle
Venezie, section of Treviso - Diagnostic Laboratory. The samplings were conducted with the
collaboration of Alimentaria S.r.| ..

The trial also included the smell perceived both in the waiting room and in the veterinary ward. The
test was conducted by evaluating the technicians involved in the sampling and the personnel present
in the above-mentioned areas.

Test results
Results of microbiological analyzes in the air

Microbiological analyzes were conducted in the air by sampling a known quantity of air with an
instrument called SAS. The sampling was carried out in two points per room, about 1.5 meters above
the floor.

Tab. 1 —Trend of analytical results in the veterinary ward - point 1

Veterinary Date TBL Yeasts | Pseudomonas spp Staphylococcus Spp
ward 1 CFU/m3 CFU/m?3 CFU/m?3 CFU/m?3

26/03/18 120 110 10 210
No 27/03/18 270 80 10 10
ionization 28/03/18 340 110 10 220
29/03/18 80 190 10 50
04/04/18 100 100 10 150
_ 09/04/18 160 210 30 140
ior:,i\::'gon 17/04/18 190 160 10 180
18/04/18 150 200 10 40
20/04/18 50 40 10 80

(*) Mesophilic bacterial load
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Tab. 2 — Trend of analytical results in the veterinary ward - point 2

Veterinary Date TBL Yeasts | Pseudomonas spp | Staphylococcus Spp
ward 2 CFU/m? CFU/m? CFU/m? CFU/m?
26/03/18 1180 60 10 300
No 27/03/18 180 170 10 10
ionization | 28/03/18 340 140 10 150
29/03/18 320 110 40 240
04/04/18 1050 120 10 320
_ 09/04/18 160 430 40 260
ioniV\;;Tion 17/04/18 350 150 20 170
18/04/18 300 120 10 20
20/04/18 <10 40 10 10
Tab. 3 — Trend of analytical results waiting room — point 1
Waiting Date TBL Yeasts Pseudomonas spp Staphylococcus Spp
room 1 CFU/m?3 CFU/m?3 CFU/m?3 CFU/m3
26/03/18 30 100 <10 50
No 27/03/18 10 30 <10 10
ionization 28/03/18 160 120 50 40
29/03/18 50 160 20 120
04/04/18 70 50 <10 160
_ 09/04/18 220 130 <10 100
ioni;/;/’;[:n 17/04/18 10 150 <10 130
18/04/18 160 240 <10 10
20/04/18 30 10 <10 40
Tab. 2 — Trend of analytical results - waiting room 2
Waiting Date TBL Yeasts Pseudomonas spp Staphylococcus Spp
room 2 CFU/m?3 CFU/m?3 CFU/m?3 CFU/m?3
26/03/18 30 100 <10 50
No 27/03/18 40 40 <10 <10
ionization 28/03/18 120 40 <10 90
29/03/18 30 130 10 50
04/04/18 170 80 <10 60
_ 09/04/18 180 190 10 210
ior:/i\;:'gon 17/04/18 170 90 <10 70
18/04/18 280 180 <10 <10
20/04/18 40 <10 <10 40
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Results of the assessment on perceived odor

The areas indicated above have a typical smell deriving from the animals that are housed in the
premises. This smell is "normal" for those who work daily in the facility for a large number of hours.
This is not the case for operators and people (clients) who occasionally enter the clinic.
The effect on the odor had an appreciable and perceptible effect from the first detection.

Date lonization Waiting room | Veterinary ward

26/03/18
27/03/18
28/03/18
29/03/18
04/04/18
09/04/18
17/04/18 With ionization
18/04/18
20/04/18

(]
(]

No ionization

[ N N T = [ T, T
wWlw lw lw lwi lum|un | |un

The scale used during the interview ranged from 5 high odor to 1 low odor.

The test was conducted on people (5 people for each interview) in the waiting room in the period
before and after the Jonix devices were switched on.

The operating staff was not suitable for the panel test because they are used to the smell.

Not being able to introduce external people to carry out the survey, the evaluation was carried
out by interviewing the technicians in charge of the samplings.

Considerations

The use of air ionization for the reduction of odors and the microbial content of the air and the
surfaces in contact with it has been repeatedly demonstrated and documented (see bibliography).

All the tests reported in the bibliography were conducted having a limited number of
environmental variables that could affect the results.

In the specific case, during the trial, it emerged that the variables are many and these have a
significant impact on the performance of the results.

The veterinary ward has the following variables:

a) Number of operators from 2 to over 10 simultaneously present

b) Variable staff working hours

c¢) Variable number of animals

d) Different size, species and pathologies, as well as hygiene degrees of the animals
e) Door to the outside with variable random opening throughout the day

The waiting room has the following variables:
a) Number of customers ranging from none to more than 10 in a short time

b) Variable number of animals depending on the number of customers
c) Frequent opening of the door to the outside for the people entering and leaving
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The structure where the tests were conducted has an air management system based on AHUs that
introduce primary air, of which, however, the volumes of the air flow rates are not known, neither
overall, nor any recirculation.

The type of sampling used foresees the collection of a known quantity of air. This sampling lasts a
few minutes (3-5 minutes). During this period, normal activities take place at the sampling points,
which obviously vary with each sampling.

In the veterinary ward, the number of animals, their size, the number of people who entered and
the duration of their stay changed with each sample, in addition to the fact that there is a door to the
outside that opens as needed.

In the waiting room, the situation has foreseen similar variables even if higher since the air is also
influenced by the secretaries as well as by the number of customers and animals; in some cases, there
were 1 or 2 people while in others the room also featured 10 or 15 people present with their respective
animals.

The trend of the microbial content of the air is exposed to a high and unpredictable number of
variables (door opening, number of customers and animals, external air influence, number of
passages, etc). To obtain results on the real contribution of the ionization, it will be necessary to
reduce the number of variables and/or modify the indicators used to check the effectiveness of the
ionization system in highly variable environments.

From the bibliography it appears that the ionization system is effective, the research must be
conducted with a protocol that must be revised in order to carry out reliable measurements.

Conclusions
In the veterinary ward, the trend observed indicates a reduction in the total microbial content and
staphylococci while the trend of the yeasts see a slight increase, attributable to the frequent opening
of the doors that overlook the outside of the building, surrounded by hedges and plants. The sampling
points were about 50 cm from the doors, consequently the air collected in the sample was mixed with
that coming from the outside.

In the waiting room there was a general trend line of slight increase in the parameters initially
detected for the promiscuity with the air coming from the opening and closing of the doors.

The sampling method used is therefore a “pinpoint photograph” of the moment being analyzed.
The bacterial reduction effect over time is evident, the prolonged supply of ionizing molecules to the
air makes it inhospitable for contaminants.

The deodorization effect of the air was sensorially appreciable in both rooms: the odor present
was significantly reduced.

In fact, users perceived almost odorless air in the waiting room after switching on the Jonix
devices.
In order to be able to conduct a more in-depth evaluation of the antimicrobial effect of ionization,
already documented in the bibliography and with the same devices in other areas, it is necessary to
set up a research protocol in premises with greater control of variables or with environmental
indicators that are less affected by the variables in place.

Given the environmental conditions detected, where the microbial content is also linked to air-
dispersed particles, a test can also be conducted using devices equipped with filtration systems
combined with air ionization, a system similar to that used in human hospitals.

Test conducted in collaboration with:

Alimcntaria
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Alimentaria S.r.l. Safety and environment department

Sede legale: Parco Scientifico & Tecnologico di Venezia — Via delle Industrie 19/B/11-30175
Venezia Marghera Tel. 041.5382629 — e-mail: info@alimentariavenezia.it

C.F. e P.IVA 03089520278 — Capitale sociale € 58.000,00 i.v.— R.E.A. VE 281802 — Reg. Imp. VE
03089520278

(2S5
[ Experimental Zooprophylactic Institute delle Venezie.
SCT2 Section of Treviso, Belluno e Venezia

Vicolo Mazzini, 4 31020 Villorba (TV) Tel. 0422 302302
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ATTACHMENT 12.12

Case study 3: Sanitizing effects of the MATE device in the large-scale food distribution
sector
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Evaluation of the effect of Jonix Minimate air sanitation devices in a hypermarket

An air sanitizing filtration device (the air ionization and filtration system model JONIX MINIMATE)
is installed in a hypermarket. The device was positioned in the packaging area of the meat processing
department.

The space is closed on three sides and open on the side overlooking the store.

The open side allows air mixing with the air of the store.

The air in the store was sampled near the refrigerated sections, to evaluate the bacterial

concentration.
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Figure 1. Plan view of the room Dimensions: 15x5x4h m = 75 m?2 - 300 mc. Open side towards the store, dimensions mt. 13
x 2.5 approx. 32.5 m2 open area. The result is an air volume mix of approx. 30,904 m3/h.

The ceiling in the indicated area is grilled, allowing air in from above the room. As shown in the figure.
The room therefore suffers contamination from the store and the ceiling.

Figure 2 Front view of the room. Upper grid, dimensions: 0.5 x 13 m = 6.5 m2. surface of the opening. Open continuously,

the result is a volume of incoming air equal to 2.764 m3/h.
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Materials and methods

The JONIX MINIMATE device was started up in the weeks preceding the test period and operated
with air flows ranging from 1000 to 2000 m3/h.

To evaluate the air sanitization effects of the device, two samplings were performed, at different
times and with different air flow rates, 10 days away from each other.

The first sampling was carried out on September 19" 2018 at 9.30, there were 4 employees, our
expert to collect the sample and the manager of the store. For about 10 days the air flow had been
set at 1000 m3/h and the 4 plasma generators of the device were active.

The second air sampling was carried out on September 28™ 2018 at 20.00. From the previous 2
days the air flow of the device was set at 2000 m3/h. This time there were 4 employees, our expert to
collect the sample and the store manager.

A PBI SAS-Super 180 device was used for the sampling, 100 liters of air were sampled at each
sampling point. Petri dishes with PCA culture medium for CBT and Ros Bengal Agar for molds and
yeasts were used.

The tables below show the results of the two samplings.

Sampling of on September 19" 2018

Butcherv section Total bacterial load Molds and yeasts
N UFC/m3 UFC/m3
Sampling point 1 next to the 330 210
bone saw
Sampllng point 2 next to the 310 297
poultry section
Sampllngipomt 3 in front of the 5370 //
butchery section
Sampling of on September 28" 2018
Area Total bacterial load Molds and yeasts
UFC/m3 UFC/m3
Sampling point 1 next to the 150 57
bone saw
Samplmg point 2 next to the 90 63
poultry section
Samplmgipomt 3 in front of the 310 //
butchery section
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Graph 1 - Comparison of first and second sampling trends - total bacterial load/m?

Bacterial load trend/m?3 -
200 Comparison between first and second sample
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1: Sampling point 1 next to the bone saw

2: Sampling point 2 next to the poultry section
3: Sampling point 3 store in front of the butchery section —@— Secondo prelievo

—®— Primo prelievo

Blue: First sample
Orange: Second sample

The volume of the room is about 300 m3, which are mixed with the air coming from the store for
about 30,900 m3/h and with that coming from the upper grid for about 2,700 m3/h.

We do not know the filtration characteristics provided by the centralized air treatment system, or
the renewal percentages. In any case, the environment is inevitably affected.

The Jonix Minimate device in use in the analyzed area is an air sanitation system combining
filtration and sanitization. It is equipped with three filters (G4+F7+F9) under which are placed the 4
cold plasma generators, as shown in figure 3.
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Figure 3. Front view of the Jonix Minimate

Non-Thermal Plasma technology https://jonixair.com/tecnology (cold plasma) is an advanced
form of ionization generating oxidizing species capable of reducing the microbial content present in
the air. This system allows the continuous control of contaminants, a sort of continuous "washing" of
the air minimizing airborne contamination.

Jonix Minimate has an adjustable air flow from 300 to 2,000 m3/h. The device must be sized
according to the volume of air to be treated. In the space of the trial, at the maximum flow rate of
2,000 m3/h, the device "washes" the air 6,6 times every hour. At the flow rate of 1,000 m3/h 3.3 times
per hour.

The total bacterial concentration values in supermarket environments can vary from 500 to 1000
colony-forming units per m3, depending on the crowd, the season and the maintenance status of the
air treatment system.

Conclusions

From graph 1 we can see that the bacterial concentration per cubic meter is lower than the
average reference values already at the first sampling, and is significantly improved with increasing air
flow. The values achieved are compatible with a room equipped with a filtration system for protected
environments, complying with the microbiological class D. as indicated in the image below.
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Itis therefore evident that the Jonix Minimate device has significantly reduced the contamination
in the air, despite the influence of the air coming from adjacent rooms.

In order to further improve the results, we suggest two infrastructural interventions:

a) Closing the ceiling grid with transparent material, thus allowing the passage of light but
preventing the uncontrolled passage of air and dust from an unfiltered area;

b) Closing the side facing the store, preventing dust and other contaminants from entering,
significantly improving the air microbial content of the space that would no longer have
uncontrollable influences from the outside.

Available for further clarification.

Alimentaria
Dr. Andrea Lovo
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JONIX

ATTACHMENT 12.13

Case study 4: Sanitizing effects of the MATE device in hospital operating rooms
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Impact of MATE (air treatment system using NTP technology) on hospital
operating rooms

Study conducted between
February and March 2017
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Foreword

This document illustrates the results obtained during the first study on the impact of MATE
cabinets on the levels of contamination in two operating rooms in a private clinic.

The study refers to the first trial period conducted between 27th February - 23rd March 2017.

Preparation

MATE cabinets

One MATE cabinet was set up in each of the operating rooms in the clinic, namely in Operating
Room A and Operating Room B.

The exact location was chosen together with the operators to meet the following requirements:

- Presence of a power supply point;

- Minimal disruption to routine activities carried out in the operating room;

- Adequate distance from items that could obstruct the regular flow of air through MATE.

The cabinets were positioned as shown in the following photos.

Photo 1 - Position of MATE cabinets inside the operating rooms

MATE was turned on only during the night and was set to manual mode, even though the internal
software allows programming switching on operations: the purpose was to guarantee a certain degree
of flexibility of use.

The study program was set up so as to better evaluate the effects of MATE, which had to be
integrated with the routine activities carried out inside the operating room, which, at the end of
surgeries, call for in-depth environmental sanitation. Furthermore, as required by industry

regulations, the air of each operating room was constantly filtered by the treatment system already
in place.
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The purpose was therefore to use MATE as a support during the standard and ordinary
environmental decontamination activities, with the aim of replacing/complementing the existing
system, which requires spraying a hydrogen peroxide and silver ions disinfectant solution (400
GLOSAIR).

Control Schedule

The action of MATE was to be monitored by running targeted analyses with the purpose of
obtaining the characterisation of the following items in each operating room:

- 3surface swabs;

- 1sample of ambient air.

Each sample was analysed for:

Total bacterial count at 37°C This is the sum of the all the microorganisms that can

(TBC37) grow at 37 °C, which are therefore indicators of
contamination also by potentially pathogenic germs. Their
presence does not provide evidence of the presence of
pathogens: it only indicates that they may be present.

Moulds and yeasts (M&Y) Microorganism that indicate environmental
contamination. Together with TBC37, they allow establishing
the degree of cleanliness of a certain sample.

Coagulase-positive Staphylococci Opportunistic pathogenic microorganisms that can cause

(SC+) infections in humans. They are normally used as anthropic
contamination indicators, often associated with dangerous
hospital-acquired infections.

Sampling was prepared based on the ordinary work activities carried out in both rooms,
attempting an assessment of both intensive and low activities (figure 1), in compliance with the work-
flow illustrated in figure 2.
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Figure 4 — Sampling program -
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Figure 5- Flow-chart of activities during the study program

Sampding

Based on the above, it was possible to assess the level of contamination in the room in case of
maximum contamination conditions (worst-case) at the end of the working day and compare it with
the levels detected when the room is at its cleanest, by way of samples taken the following day, after
manual de-contamination operations and following the uninterrupted use of MATE during the night.

The samples were taken from the same surfaces in both operating rooms, trying to focus on the
areas that are more exposed to contamination due to a more intensive operator presence, or to the
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fact that they are more difficult to clean by hand due to their shape. Ambient air, instead, was
consistently sampled in the middle of each room, near the operating table.

All sampling and analyses were carried out by a qualified and accredited laboratory. Together with
the sampling, the switching on and off times of each MATE cabinet were also recorded.

Results

Work surfaces

The data collected, and illustrated in annex 1, evidenced a microbial contamination level that was
substantially low.

No moulds or yeasts were isolated from the analysed samples in both sampling conditions
(clean/dirty room). Staphylococci were occasionally found in some samples taken after work activities,
but only during the first few days of monitoring.

Separate considerations must be made for TBC37.

First, in every case, the microbial load at 37 °C was isolated exclusively in samples taken in the
dirty room and never after treatment with MATE; therefore, after treatment, the samples were
totally clean and free from any detectable levels of microorganisms, evidencing the presence of ideal
hygienic conditions.

Obviously, surfaces on which activities are carried out tend to be contaminated, regardless of the
type of surface.

The interesting fact that emerged is that, as MATE was used, the average level of fouling (that is
the average quantity of what was found in the six sampled surfaces in both operating rooms) tended
to decrease over time, as if the treatment made them resistant to contamination during ordinary
operating activities.

The chart below shows what has just been described.
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Figure 6 - Average microbial contamination; trend during the testing period. The data represent the average

contamination levels detected on the six sampled surfaces in both rooms (3 per room).
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The figure illustrates that the TBC37 undeniably tends to decrease, going from an average value
of over 900 colony- forming units per square centimetre (CFU/cm 2) to just over 300 CFU/cm 2 with a
reduction trend of good linear approximation.

Through the analysis of the results obtained in individual rooms, it was possible to verify whether
this behaviour was detected in both rooms.
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Figure7- Average microbial contamination in the two operating rooms: room A on the left and room B on the right
In this case, it is clear that the observed phenomenon is repeatable in both operating rooms.

As contamination occurs during the normal use of the operating room when MATE is off, the
phenomenon seems to be produced by "something" that tends to protect surfaces from
contamination, as if the action of MATE made them less hospitable for microorganisms over time.

In general, a surface is less contaminated because:

a) lItissoiledless

or

b) With the same level of fouling, the survival rate of microorganisms is lower.

This may be due to:

b’) the presence of biocidal elements (which, in this case, would accumulate over time);

b”) the lack of elements favouring microbial settlement / survival (free water, nutrients, such as
organic matter)

Most probably, it is possible to rule out that the surfaces are soiled less (there is no reason why
this should be the case) and therefore the second hypothesis of lower microbial survival rate must be
true. In this case, this is unlikely to be due to the permanence/accumulation of biocidal elements (the
reactive species generated by MATE have a very short half-life) or to a reduction of free water (this
doesn't appear to be correlated with the action of MATE). The most likely hypothesis is that, thanks
to the use of MATE, cleaning operations are more effective not only when it comes to eliminating
microorganisms (a goal that was achieved righ from the beginning of the trial), but also and foremost
when it comes to effectively removing the organic matter that settles on the surfaces and constitutes
microbial nourishement (dirt).

Regardless of the scientific explanation of the reasons for the observed phenomenon, it seems
clear that the continuous and repeated use of MATE may have a significant adjuvant action to
cleaning operations, without any need for chemical products to be sprayed.
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Ambient air

In the same way, also airborne microbial contamination evidenced low levels of microbial
contamination, with the same type of isolated microorganisms (TBC37 and only sporadically SC+).

Also in this case, the air showed the same downward trend, as if it were more and more protected
over time during surgery (even if MATE is off) and its de-contamination at night became increasingly
more effective.

Nell'immagine: Microbial load trend (average of 2 samples) — Air after operations — Sampling days
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Figure 8 — Airborne contamination trend at the end of the surgery activities (dirty room).
Average values detected in both operating rooms
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Figure 9 - Airborne contamination trend when MATE is switched off after working overnight
(clean room). Average values detected in both operating rooms
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The microbial load reduction is evident both in the dirty and in the clean room. In the latter case,
a particular phenomenon was observed: whereas at the beginning of the experimental period a
minimum amount of contamination was recorded despite the use of MATE (approximately 30
CFU/m3), such contamination suddenly disappeared during the second experimental period (sigmoid
trend).

In this case the explanation of the phenomenon may be more complicated: it is in fact difficult to
understand why, as MATE is used regularly, the air is less contaminated even during surgery
operations, that is when the ionizing system is off.

In the case of airborne contamination, biocidal activity cannot be a reason (as it is very short), nor
can be the other factors that were hypothetised for surfaces. An assumption was made regarding the
existance of a correlation between the level of fouling of surfaces and airborne contamination, i.e.
cleaner surfaces mean fewer microorganisms in the air.

Corralation

gir contamination vs ',l,lr'fal:n;' contamination

Figure 10 — Correlation between surface contamination and airborne contamination

Data analysis, unfortunately, evidences a poor correlation between these factors (r*> = 0.49)
making this assumption inaccurate.

Another option, currently impossible to verify with the data available, is that the combination of
reactive species produced during the night by MATE with water vapour in the air generates hydrogen
peroxide molecules characterized by a clear higher persistence in air. The prolonged use of MATE
would therefore allow, over time, the accumulation of compounds with biocidal action able to
contrast the presence of airborne microorganisms.

Even in this case, however, irrespective of strict scientific explanation of the observed

phenomenon, it can be concluded that the use of MATE improves air quality, leading to a gradual
decrease of microbial contamination of air, which greatly improves health and hygienic conditions.
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Annex 1

-Analytical results -
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Surfaces

SalaA
Sportello mobile Soffietto lettino Lampada scialitica lato

. Sporca 17:30 . MateON  17:51 " .

Ora del prelievo Orario MATE porta fili sutura operatorio dx
Pulita 07:35 Mate OFF 7:30 27/02/17 @ 28/02/17  27/02/17  28/02/17 @ 27/02/17 = 28/02/17
Tempo funzionamento MATE (ore:minuti) 13:39 Sporca Pulita Sporca Pulita Sporca Pulita

CBTa37° 1300 <1 1500 <1 30 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco 15 <10 <10 <10 <10 <10

SalaB
Sportello mobile Soffietto lettino Lampada scialitica lato

. Sporca 17:55 . MateON  18:13 . .

Ora del prelievo Orario MATE porta fili sutura operatorio dx
Pulita 08:00 Mate OFF 07:32  27/02/17  28/02/17  27/02/17 = 28/02/17 27/02/17 @ 28/02/17
Tempo funzionamento MATE (ore:minuti) 13:19 Sporca Pulita Sporca Pulita Sporca Pulita
CBTa37° 1400 <1 1500 <1 20 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
SalaA

Macchina anestesia

. Sporca 20:00 . Mate ON | 20:15 Tubo corrugato .
Ora del prelievo Orario MATE zona pulsanti
Pulita 08:10 Mate OFF 07:40 01/03/17 02/03/17 01/03/17 @ 02/03/17
Tempo funzionamento MATE (ore:minuti) 11:25 Sporca  Pulita  Sporca  Pulita
CBTa37° 900 <1 1000 <1
Muffe <10 <10 <10 <10
Lieviti <10 <10 <10 <10
Stafilococco 15 <10 <10 <10
SalaB

Macchina anestesia

. Sporca 19:30 . Mate ON  19:49 Tubo corrugato .
Ora del prelievo Orario MATE zona pulsanti
Pulita 07:45 Mate OFF 07:42 o01/03/17 02/03/17 @ 01/03/17 02/03/17
Tempo funzionamento MATE (ore:minuti) 11:53 Sporca  Pulita = Sporca  Pulita
CBTa37° 700 <1 110 <1
Muffe <10 <10 <10 <10
Lieviti <10 <10 <10 <10
Stafilococco <10 <10 <10 <10
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Piano inox carrello

ferri
01/03/17  02/03/17
Sporca Pulita
600 <1
<10 <10
<10 <10
<10 <10

Piano inox carrello

ferri
01/03/17  02/03/17
Sporca Pulita
800 <1
<10 <10
<10 <10
<10 <10



SalaA

Carrello portafarmaci Maniglia carrello Sportello mobile
Ora del prelievo Sporca 1815 Orario MATE Mate ON | 18:34 cassetto lato dx assistente paziente porta fili di sutura
Pulita 11:20 Mate OFF 11:15 o06/03/17 07/03/17 06/03/17 07/03/17 06/03/17 07/03/17
Tempo funzionamento MATE (ore:minuti) 16:41 Sporca Pulita Sporca Pulita Sporca Pulita
CBTa37° 1300 <1 1000 <1 900 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
SalaB
Carrello portafarmaci Maniglia carrello Sportello mobile
Ora del prelievo Sporca 17:10 Orario MATE Mate ON | 17:31 cassetto lato dx assistente paziente porta fili di sutura
Pulita 10:55 Mate OFF 10:52 06/03/17 07/03/17 06/03/17 07/03/17 06/03/17 07/03/17
Tempo funzionamento MATE (ore:minuti) 17:21 Sporca  Pulita Sporca  Pulita  Sporca  Pulita
CBTa37° 900 <1 700 <1 1100 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
SalaA
Soffietto lettino Lampada scialitica lato
. Sporca 20:30 . Mate ON  20:46 . Tubo corrugato
Ora del prelievo Orario MATE operatorio SX
Pulita 11:20 Mate OFF 07:47 08/03/17 09/03/17 08/03/17 09/03/17 08/03/17 09/03/17
Tempo funzionamento MATE (ore:minuti) 11:01 Sporca Pulita Sporca Pulita Sporca Pulita
CBTa37° 1100 <1 840 <1 530 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
SalaB
Soffietto lettino Lampada scialitica lato
. Sporca 20:10 . Mate ON  20:28 R Tubo corrugato
Ora del prelievo Orario MATE operatorio SX
Pulita 07:40 Mate OFF 07:41 08/03/17 09/03/17 08/03/17 = 09/03/17 = 08/03/17  09/03/17
Tempo funzionamento MATE (ore:minuti) 11:13 Sporca  Pulita Sporca  Pulita  Sporca  Pulita
CBTa37° 1300 <1 650 <1 450 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
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SalaA

Macchina anestesia  Carrello portafarmaci  Piano inox carrello

Ora del prelievo Sporca 14:50 Orario MATE Mate ON | 15:13 zona pulsanti cassetto lato sx ferri
Pulita 12:45 Mate OFF 12:46 13/03/17 14/03/17 13/03/17 14/03/17 13/03/17  14/03/17
Tempo funzionamento MATE (ore:minuti) 21:33 Sporca  Pulita = Sporca  Pulita  Sporca  Pulita
CBTa37° 400 <1 400 <1 500 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
SalaB
Macchina anestesia  Carrello portafarmaci  Piano inox carrello
Ora del prelievo Sporea 15:40 Orario MATE MateON | 16:07 zona pulsanti cassetto lato sx ferri
Pulita 13:10 Mate OFF  13:06 13/03/17 14/03/17 13/03/17 14/03/17 13/03/17  14/03/17
Tempo funzionamento MATE (ore:minuti) 20:59 Sporca Pulita Sporca Pulita Sporca Pulita
CBTa37° 640 <1 410 <1 350 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
SalaA
Maniglia carrello Sportello mobile Soffietto lettino
Ora del prelievo Sporca 19:10 Orario MATE Mate ON | 19:33 assistente paziente porta fili di sutura operatorio
Pulita 07:40 Mate OFF 07:37  15/03/17 16/03/17 15/03/17 16/03/17 15/03/17 16/03/17
Tempo funzionamento MATE (ore:minuti) 12:04 Sporca Pulita Sporca Pulita Sporca Pulita
CBTa37° 540 <1 710 <1 400 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
SalaB
Maniglia carrello Sportello mobile Soffietto lettino
Ora del prelievo Sporca 19:40 Orario MATE MateON | 19:53 assistente paziente porta fili di sutura operatorio
Pulita 08:10 Mate OFF 07:54 15/03/17 16/03/17 15/03/17 16/03/17 15/03/17 16/03/17
Tempo funzionamento MATE (ore:minuti) 12:01 Sporca  Pulita  Sporca  Pulita Sporca  Pulita
CBTa37° 730 <1 1100 <1 430 <1
Muffe <10 <10 <10 <10 <10 <10
Lieviti <10 <10 <10 <10 <10 <10
Stafilococco <10 <10 <10 <10 <10 <10
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17:30 Mate ON

Orario MATE
Pulita 12:40 Mate OFF 12:37
Tempo funzionamento MATE (ore:minuti) 18:42
CBTa37°
Muffe
Lieviti
Stafilococco

Sporca 17:55

Ora del prelievo

18:15 Mate ON

Orario MATE
Pulita 13:05 Mate OFF 13:00
Tempo funzionamento MATE (ore:minuti) 18:23
CBTa37°
Muffe
Lieviti
Stafilococco

Sporca 18:37

Ora del prelievo

. Sporca 19:05 . MateON  19:45
Ora del prelievo Orario MATE
Pulita 09:48 Mate OFF = 09:40
Tempo funzionamento MATE (ore:minuti) 13:55
CBT a37°
Muffe
Lieviti

Stafilococco

19:30 Mate ON

Orario MATE
Pulita 09:20 Mate OFF 09:15
Tempo funzionamento MATE (ore:minuti) 13:42
CBTa37°
Muffe
Lieviti
Stafilococco

Sporca 19:33

Ora del prelievo

Lampada scialitica
zona centrale

20/03/17

Sporca
430
<10
<10
<10

21/03/17
Pulita
<1
<10
<10
<10

Lampada scialitica
zona centrale

20/03/17
Sporca
510
<10
<10
<10

21/03/17
Pulita
<1
<10
<10
<10

Piano inox carrello

porta ferri
23/03/17 = 24/03/17
Sporca Pulita
210 <1
<10 <10
<10 <10
<10 <10

Piano inox carrello

porta ferri
23/03/17 = 24/03/17
Sporca Pulita
530 <1
<10 <10
<10 <10
<10 <10

SalaA

Macchina anestesia

Tubo corrugato .
zona pulsanti

20/03/17 = 21/03/17  20/03/17 = 21/03/17
Sporca Pulita Sporca Pulita
310 <1 410 <1
<10 <10 <10 <10
<10 <10 <10 <10
<10 <10 <10 <10
SalaB

Macchina anestesia

Tubo corrugato K
zona pulsanti

20/03/17 = 21/03/17 = 20/03/17 = 21/03/17
Sporca Pulita Sporca Pulita
310 <1 520 <1
<10 <10 <10 <10
<10 <10 <10 <10
<10 <10 <10 <10
Sala A

Cassetto basso
carrello portafarmaci

Maniglia carrello
assistente pazienti

23/03/17 24/03/17 23/03/17 24/03/17
Sporca Pulita Sporca Pulita
70 <1 540 <1
<10 <10 <10 <10
<10 <10 <10 <10
<10 <10 <10 <10
SalaB

Cassetto basso
carrello portafarmaci

Maniglia carrello
assistente pazienti

23/03/17 = 24/03/17  23/03/17 = 24/03/17

Sporca Pulita Sporca Pulita
100 <1 410 <1
<10 <10 <10 <10
<10 <10 <10 <10
<10 <10 <10 <10
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Ambient air

SalaA
. Sporca 17:30 . MateON  17:51 Aria Iettirro
Ora del prelievo Orario MATE operatorio
Pulita 07:35 Mate OFF 7:30  27/02/17 = 28/02/17
Tempo funzionamento MATE (ore:minuti) 13:39 Sporca Pulita
CBTa37° 1200 50
Muffe assente assente
Lieviti assente assente
Stafilococco 70 assente
SalaB
. Sporca 17:55 . MateON  18:13 Aria Iettirro
Ora del prelievo Orario MATE operatorio
Pulita 08:00 Mate OFF 07:32 27/02/17 @ 28/02/17
Tempo funzionamento MATE (ore:minuti) 13:19 Sporca Pulita
CBTa37° 900 <1
Muffe assente assente
Lieviti assente assente
Stafilococco assente assente
SalaA
. Sporca 20:00 . Mate ON  20:15 Aria Iettir:no
Ora del prelievo Orario MATE operatorio
Pulita 08:10 Mate OFF 07:40 01/03/17 02/03/17
Tempo funzionamento MATE (ore:minuti) 11:25 Sporca Pulita
CBTa37° 1400 30
Muffe assente assente
Lieviti assente assente
Stafilococco 35 assente
SalaB
. Sporca 19:30 . Mate ON  19:49 Aria Iettir:no
Ora del prelievo Orario MATE operatorio
Pulita 07:45 Mate OFF 07:42 01/03/17 02/03/17
Tempo funzionamento MATE (ore:minuti) 11:53 Sporca Pulita
CBTa37° 1200 30
Muffe assente assente
Lieviti assente assente
Stafilococco assente assente
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Ora del prelievo Sporca 18:15 Orario MATE Mate ON
Pulita 11:20 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBTa37°
Muffe
Lieviti

Stafilococco

Sporca 17:10 Mate ON
Ora del prelievo Orario MATE
Pulita 10:55 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBT a37°
Muffe
Lieviti

Stafilococco

Sporca 20:30 Mate ON
Ora del prelievo Orario MATE
Pulita 11:20 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBTa37°
Muffe
Lieviti

Stafilococco

Sporca 20:10 Mate ON
Ora del prelievo Orario MATE
Pulita 07:40 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBTa37°
Muffe
Lieviti

Stafilococco

18:34

11:15
16:41

17:31

10:52
17:21

20:46

07:47
11:01

20:28

0741
11:13

SalaA

Aria lettino
operatorio

06/03/17

Sporca
1400
assente
assente
assente

07/03/17
Pulita
30
assente
assente
assente

SalaB

Aria lettino
operatorio

06/03/17

Sporca
1200
assente
assente
40

07/03/17
Pulita
20
assente
assente
assente

SalaA

Aria lettino
operatorio

08/03/17

Sporca
500
assente
assente
assente

09/03/17
Pulita
30
assente
assente
assente

SalaB

Aria lettino
operatorio

08/03/17

Sporca
800
assente
assente
assente

09/03/17
Pulita
<1
assente
assente
assente
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. Sporca 14:50 ) Mate ON
Ora del prelievo Orario MATE
Pulita 12:45 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBTa37°
Muffe
Lieviti
Stafilococco
. Sporca 15:40 ) Mate ON
Ora del prelievo Orario MATE
Pulita 13:10 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBTa37°
Muffe
Lieviti
Stafilococco
. Sporca 19:10 ) Mate ON
Ora del prelievo Orario MATE
Pulita 07:40 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBTa37°
Muffe
Lieviti
Stafilococco
Ora del prelievo Sporca 19:40 Orario MATE Mate ON
Pulita 08:10 Mate OFF
Tempo funzionamento MATE (ore:minuti)
CBTa37°
Muffe
Lieviti

Stafilococco
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SalaA

15:13 Aria Iettirjo
operatorio
12:46 13/03/17 14/03/17
21:33 Sporca  Pulita
340 <1
assente assente
assente assente
assente assente
SalaB
Aria lettino
operatorio
13/03/17  14/03/17
00:00 Sporca Pulita
570 <1
assente assente
assente assente
assente assente
SalaA
19:33 Aria Iettirjo
operatorio
07:37 15/03/17 16/03/17
12:04 Sporca  Pulita
810 <1
assente assente
assente assente
30 assente
SalaB
1953 Aria Iettirjo
operatorio
07:54 15/03/17 16/03/17
12:01 Sporca  Pulita
940 <1
assente assente
assente assente
assente assente



Sporca 17:30 ) Mate ON  17:55
Ora del prelievo Orario MATE
Pulita 12:40 Mate OFF 12:37
Tempo funzionamento MATE (ore:minuti) 18:42
CBTa37°
Muffe
Lieviti

Stafilococco

Sporca 18:15 ) Mate ON  18:37
Ora del prelievo Orario MATE
Pulita 13:05 Mate OFF 13:00
Tempo funzionamento MATE (ore:minuti) 18:23
CBTa37°
Muffe
Lieviti

Stafilococco

. Sporca 19:05 ) Mate ON  19:45
Ora del prelievo Orario MATE
Pulita 09:48 Mate OFF 09:40
Tempo funzionamento MATE (ore:minuti) 13:55
CBTa37°
Muffe
Lieviti

Stafilococco

. Sporca 19:30 ) Mate ON  19:33
Ora del prelievo Orario MATE
Pulita 09:20 Mate OFF 09:15
Tempo funzionamento MATE (ore:minuti) 13:42
CBTa37°
Muffe
Lieviti

Stafilococco

Sala A
Aria lettino
operatorio
20/03/17  21/03/17
Sporca Pulita
340 <1
assente assente
assente assente
assente assente
SalaB
Aria lettino
operatorio
20/03/17  21/03/17
Sporca Pulita
800 <1
assente assente
assente assente
assente assente

SalaA
Aria lettino
operatorio
23/03/17 24/03/17
Sporca Pulita
1100 <1
assente assente
assente assente
assente assente
SalaB
Aria lettino
operatorio
23/03/17 24/03/17
Sporca Pulita
230 <1
assente assente
assente assente
assente assente
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ATTACHMENT 12.14

Case study 5: Sanitizing effects of the MATE device in hospital wards
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Summary

The previous study activity, carried out in relation to Service 2.1 in the context of the research project
called “Innovation of the process for the prevention of healthcare-associated infections (INPRASS)”
and financed by ROP CALABRIA ERDF-ESF 2014-2020 in support of the adoption of innovations and
new technologies, brought to light interesting possibilities for the use of NTP technology due to its

ability to very significantly reduce the levels of microbial pollution inside ORs.

With a view to taking action to reduce the Clinical Risk linked to hospital infections, we strove to
establish how NTP technology could potentially act also against microorganisms that may be found

in hospital wards.

For this purpose, we used small ionising systems purposely designed for less “invasive” placement
and easier inclusion in a daily life context. The equipment was placed at various points of a ward and
left in operation almost constantly during the entire study period. The effects were compared by
evaluating the contamination levels in a “control” ward that had not been equipped with NTP

systems.

The study was thus able to efficiently and very pertinently meet the need to evaluate innovative
systems for the prevention of infections in the OR, in particular, and of hospital infections, in general,
making it possible to identify a technology that is able to be used as a complement to the usual
environmental sanitisation activities, maximising their efficacy and contributing towards the creation

of safer premises with a lower risk of infection.
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Introduction

Clinical Risk: hospital acquired infections
In its “Manual for training healthcare providers — Patient safety and management of clinical risk” (1),
the Ministry of Health defines Clinical Risk as “the possibility that a patient is unwillingly harmed or
made uncomfortable, due to healthcare, with a consequent prolongation of hospitalisation, a

worsening of the patient’s health, or death”

This possibility is closely related to errors in medical treatment, which may result in various types of
harm to the patient. In healthcare, such errors are generally categorised as active errors (a nurse
mistaking a medication dose), that are easily identifiable in space and time, and latent errors (a manual
treatment prescription and transcription system) which, on the contrary, are harder to identify but

which may result in a series of active errors as a chain reaction.

It has been recognised that such errors, which are at the source of health-related incidents, are the
result of the interaction among the various components of the healthcare system (technological,
human and organisational), each one of which is able to function as a protective barrier against the
onset of errors but which, at times, is “faulty” and may, under specific circumstances, lead to an

adverse event.

I”

Every healthcare system is thus characterised by its own “risk level” to which contribute various

factors:

- structural and technological factors;

- organisational/management-related factors and work conditions;
- human (individual and team) factors;

- the characteristics of the user.

Depending on the adverse event under consideration, one or more of these factors may contribute to

its genesis.

Among the most feared adverse events in healthcare, the possibility that a patient may contract a
secondary infection (in addition, that is, to the primary infections for which aid was sought from

healthcare) is certainly one of the main issues which clinical risk management must deal with.

Such infections may result from patient/patient, operator/patient, or environment/patient cross-
contamination and may arise either from active errors (mixed use of medical equipment, failure to

use protection systems by healthcare providers, lack of compliance with hygiene rules, etc.) or latent
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errors (incorrect formalisation of safety procedures, inadequate training of staff, failure to execute

environmental hygiene procedures or insufficient execution thereof, etc.).

Although, at the end of the last century, hospital infections were considered “infections contracted
during hospitalisation, which manifest clinically at least 48 hours following admission, during recovery
or following discharge”, today the focus has shifted on the concept of infections associated to
healthcare processes and to the work performed in healthcare — which may not only refer to hospitals
—to the point that the National Healthcare Plan, since 2002-2004, has identified them as errors in the
provision of healthcare. It is, however, important to point out that such errors are inherent to the
provision of healthcare itself and, consequently, although predictable, they can never be completely

eliminated, with an (ever increasing) national rate that ranges from 5 to 10%.

In this light, succeeding in keeping the environmental contamination level in the OR under control is
an indispensable element of all clinical risk management; in fact, in the OR, patients are exposed more
than ever before to the possibility of contracting dangerous infections to a degree that is directly
proportional to the invasiveness of the operation, and, obviously, to the level of airborne and surface

contamination.

Other than this “critical” environment, however, there are many others that require thorough control
of the levels of environmental contamination, from outpatient clinics to waiting rooms, all the way to
hospital wards. The latter are very often a source of cross infection due to the possible presence of
patients who are known, but, more often, unknown carriers of infectious agents able to increase the
clinical risk. On the other hand, the presence of visitors can, in certain cases, deteriorate the general

environmental hygiene level, with a consequent increase of the risk of infection to patients.
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Study in the wards
With this study, we sought to understand whether the excellent results obtained in the OR could, in

some way, be replicated in hospital wards as well.

For this reason, a type of equipment other than MATE was used, always based on ionising modules
able to generate NTP air, but of a significantly smaller size and not equipped with a HEPA filtration

module.

’ .’- wl =

Figure 11 - Air handling unit used in the ward

The system used, known as CUBE, exploits the same principles that the MATE cabinet is based on and,
being equipped with an automatic timer system, is able to perform treatment cycles that can be

customised to meet needs.

Two hospital wards were identified for the purpose of the study, exactly similar in terms of type of
hospitalised patients (orthopaedic patients), number of patients, and the frequency of visits from

members of the patients’ families.

Both wards are of exactly the same size and are subjected to the same sanitisation activities by

auxiliary personnel.

One of the two wards was equipped with three CUBE units placed in such a manner as to cover the

entire length of the corridor, with particular focus on the most frequented areas (coffee area).
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Figure 12 - Placement of the three CUBE units in the “treated” ward. A) coffee area - waiting room; B) ward centre; C) ward
end

The CUBE units were programmed to guarantee continuous operation in accordance with a cycle that

envisaged 2 minutes switched on followed by an 8-minute pause, 24 hours a day.

Environmental samples were harvested periodically (twice-weekly) and simultaneously from both the

treated ward and the control ward to evaluate efficacy.
The selected sampling points (identical for both wards) were as follows:

Surfaces

- Coffee vending machine keypad
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- Handrail

- Wall on the left-hand side at the end of the corridor

The surfaces were chosen as they were deemed to have the highest contamination rate and, thus, of

more significance for the objectives of the study.

In the same manner, samples of the ambient air were harvested with an active SAS sampler in the

waiting room, neat the lift, and near the coffee machine.

Air

- Waiting room
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The following were measured in each sample:
- Total bacterial load at 37°C;

- Moulds and yeasts;

- Coagulase-positive staphylococci.

Samples were harvested for four weeks, on Tuesdays and Thursdays, immediately after the end of
visiting hours and before any environmental cleaning operation, so as to monitor the worst pollution

conditions possible.
Results obtained
Ambient air

The results obtained on the values of airborne contamination are set out below, comparing the

environmental data of the two wards.

Ward :
Treated Dai
t (days) C;Z ::I with reductzlon
CFU/m3 CUBE % BAirborne TEL contamination in treated ward
CFU/m?
0 2100 300 85.71% .
2 1100 310 71.82%
7 2000 420 79.00% & 8 :
9 300 50 83.33%
14 2300 30 98.70%
16 1200 270 77.50% e
21 1300 140 89.23% -
23 900 100 88.89% : . B .
Average 1400 203 Y
Total reduction % 86%

Figure 13 - TABLE: trends of the contamination from Total Bacterial Load measured in the air in the two wards that formed
the object of the experiment. The daily reduction % refers to the values per sampling day in the two wards of the study; the
total reduction %, instead, refers to the average values that were found in total in the two types of ward. GRAPH: TBL trend
during the experiment only in the “treated” ward.

From the results presented, one may clearly appreciate that the microbial contamination tends to
decrease over time in the treated ward, being reduced to one-third at the end of the experiment. The
subsequent comparison of the data obtained in the control ward with those from the treated ward
makes it very clear that the use of the CUBE unit immediately resulted in a significant improvement,

with a reduction of the contamination by a total of 86% (average values).
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Table 2 - Trends of the contamination from Moulds and Yeasts (table on the left) and Staphylococci (table on the right)
found in the air of the two wards of the experiment. The daily reduction % refers to the values per sampling day in the two
wards of the study; the total reduction %, instead, refers to the average values that were found in total in the two types of

ward.
Control Treated Daily Treated Daily
t (days) Ward Ward reduction t (days) Control Ward reduction
CFU/m? (CUBE) % Ward (CUBE) %
CFU/m? CFU/m®  CFU/m?
0 80 0 100.00% 0 60 0 100.00%
2 210 0 100.00% 2 12 0 100.00%
7 150 0 100.00% 7 19 0 100.00%
9 180 0 100.00% 9 22 0 100.00%
14 170 0 100.00% 14 20 0 100.00%
16 210 0 100.00% 16 24 0 100.00%
21 100 0 100.00% 21 0 0 100.00%
23 60 0 100.00% 23 0 0 100.00%
Average 145 0 Average 20 0
Reduction % 100% Reduction % 100%

In this case, one may observe that the presence of the CUBE unit in the treated ward in fact rendered
the environment absolutely inhospitable for the germs searched (Moulds and Yeasts, Coagulase-
positive staphylococci) which, on the other hand, were practically ever present in the other ward. In

this case, therefore, one observed a total reduction of the contamination by 100% (average values).

Work surfaces

Similarly to the results relating to ambient air, below please find the contamination values obtained

from the analysis of the surfaces from which samples were harvested.

Table 3 - Trends of the contamination from Total Bacterial Load measured on the sample surfaces in the two wards that
formed the object of the experiment.

TBL
Control Ward Treated Ward (CUBE)
t (days) Keypad Handrail Wall Keypad Handrail Wall

0 1400 1200 9100 800 400 620
2 1400 9000 3900 140 40 60
7 2100 700 800 400 180 150
9 350 400 1000 60 70 90
14 500 1200 610 290 180 90
16 1400 2300 730 200 210 130
21 900 1000 1600 70 80 120
23 1000 810 1100 80 85 90

Average 1131 2076 2355 255 156 169
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In this case it is possible to point out the following decrease percentages of the average values found

for each type of surface in the two wards:

Table 4 - Reduction of microbial contamination by sample surface. Comparison between the surfaces of the treated
ward/the surfaces of the control ward

TBL Keypad Handrail Wall
Reduction % 77% 93% 93%

The graphs below show that the microbial contamination tends to progressively decrease over time
on all surfaces of the treated ward, from which samples were harvested, in a wholly similar manner

to that observed with regard to the air.

Reypac Handrail

Wl

Figure 14 - Trend of the contamination by TBL on the surfaces of the ward treated with CUBE

The results presented clearly show that the treatment of ambient air with the CUBE unit is also
beneficial to the surfaces, revealing a clear decreasing tendency of the total microbial load on the
surfaces from which samples were taken during the experiment. The reduction is present both when
comparing the average values of surface contamination in the two wards (table 18) and when

evaluating the trend over time in the treated ward (figure 45).
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In this case, the reduction percentages observed were as follows:

Table 5 - Reduction of microbial contamination by sampled surface in the treated ward. Comparison between surfaces at
the start/end of treatment

TBL Keypad Handrail Wall
Reduction % 90% 78% 85%

The results for the other two analysed parameters are as follows.

Table 6 Trend of contamination from Moulds and Yeasts (upper table) and Coagulase-positive staphylococci (lower table)
found on the sample surfaces in the two wards that formed the object of the experiment.

ML
Control Ward Treated Ward (CUBE)
t (days) Keypad Handrail Wall Keypad Handrail Wall

0 0 0 120 0 0 0
2 0 0 100 0 0 0
7 0 50 140 0 0 0
? 0 0 200 0 0 0
14 0 0 160 0 0 0
16 0 85 180 0 0 0
21 0 0 40 0 0 0
23 0 0 80 0 0 0

Average 0 17 128 0 0 0

SC+

Control Ward Treated Ward (CUBE)
t(days) Kevpad  Handrail  Wall  Keypad  Handrail  Wall

0 40 0 30 0 0 0
2 80 0 0 0 0 o
7 70 0 0 0 0 0
9 130 0 0 0 0 0
14 110 70 0 0 0 0
16 19 45 0 0 0 0
21 0 0 0 0 0
23 30 0 0 0 0 0

Average 60 14 a 0 0 0

With the following reduction values

MF Keypad* Handrail Wall

Reduction % 0% 100% 100%
* moulds and yeasts were never found, in neither of the two wards
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SC+ Keypad Handrail Wall
Reduction % 100% 100% 100%

The following conclusions may be drawn from the data presented:

- The application of the CUBE systems resulted in a constant improvement of the air quality for all
research parameters, with differences in contamination between the “treated” ward and the

IM

“control” ward of at least two orders of magnitude; said differences were obvious from the very first

day of treatment and became increasingly more marked as the treatment went on;

- The “treated” ward showed a significant reduction of the contamination values, this being
particularly obvious when evaluating the values of the Total Bacterial Load at 37°C; in the case of the
“treated” ward, pollutants from anthropic sources (evidenced by the presence of Coagulase-positive
staphylococci) were found to be fully under control, with a constant absence of the pathogen in all
samples analysed. Also fungi (some of which potentially pathogenic) were found to be undetectable,

further proof of the optimal hygiene levels of the ambient air;

- As happened in the ORs, the use of ionised air resulted in a marked decrease of the contamination
levels of the surfaces from which samples were harvested, direct proof of the potential inherent in
the use of this technology. In particular, the result obtained on the coffee machine keypad is worthy
of being highlighted. This is a surface that very often comes into contact with the hands of visitors,
staff and patients, is often overlooked during routine sanitisation operations and is thus able to

transfer potential infectious microbial agents from one subject to another.

As shown by the results presented, this surface confirms its “potential” in the control ward, with
extremely high contamination values. These data are counterbalanced by the data obtained in the
machine located in the “treated” ward, where we observed the disappearance of the staphylococci

and a dramatic and significant decrease in the total bacterial loads.

Advantages of the possible use of the NTP treatment for Clinical Risk — reduction of the
Risk of Infection

The results shown prove that the biocidal activity of the NTP technology is of great interest. In
particular, it became clear that it is very effective when it comes to disinfecting surfaces in a really
short time. Furthermore, the possibility of combining the ionisation and filtration treatment creates

very interesting prospects.
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Indeed, one may envisage a mobile device that would be able to perform the air disinfection and

filtration treatment wherever the need arises at any given time.

For example, in the OR it could be configured as a unit that can complement the purification of the
ambient air performed by the ducted treatment system. In this way, the device would contribute to
the “decontamination” of the particulate emitted during surgery in the OR, by recirculating air that
has already been treated through a HEPA ultrafilter. If this additional filtration were to be combined

with ionisation via NTP, it would guarantee the presence of extremely clean air.

Its ability to sanitise contaminated surfaces would also introduce additional guarantees, contributing
to the improvement of environmental hygiene and to a reduction in the possible emergence of

infections.

I/I

A hypothetical “typical” scenario might be as follows:

- Start of the day in the OR. Standard air treatment system in operation + recirculation

system on a HEPA filter;

- Interval between two operations. Start of the operation of the air ionisation and

surface disinfection system;

- End of the day. Deep cleaning of the OR. Switching off the standard air treatment

system. Switching on the air ionisation system.

This would result in the significant advantage of starting the day with a clean room that has been
consistently disinfected by the continuous operation of the treatment system; it would also guarantee

an OR that is ready for use within a shorter time in the event of night-time emergency.

Aside from the results in the OR, the study has proven that the use of NTP air, albeit produced with
smaller and simplified devices, has resulted in indisputable benefits for the environmental quality in
the ward that was subject to treatment, where airborne contamination was decidedly low, the
microorganisms present on the surfaces were markedly reduced, while, at the same time, the
pathogenic Staphylococci disappeared. In this case one could envisage complementing the current
environmental sanitisation system with the installation of three CUBE units per ward, leaving them on
without interruption with a minimal program that entails 2 minutes of operation followed by an 8-
minute pause, with the possibility of increasing the operation times in particular cases (e.g. presence

of specific subjects with a high infection risk).
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In conclusion, the use of NTP technology, which has been proven —in the OR and in the wards —to be
able to reduce airborne microbial contamination over time and to facilitate the sanitisation of
surfaces, may very likely also contribute to the achievement and maintenance of better

hygiene/sanitary conditions, helping clinical risk management.

Indicators for the final check of the service
PERFORMANCE INDICATORS

Physical performance

Decrease % of possible microbial contamination:

WARD

AVERAGE DECREASE*: 86%

* the values refer to the airborne Total Bacterial Load

This figure reflects almost exactly the result obtained in the OR experiment, as described in the final
Report on Service 2.1

OR

First experiment: 100%; Second experiment: 75%

AVERAGE DECREASE*: 87.5%

* the values refer to the airborne Total Bacterial Load

Together, therefore, they prove that the effect of the NTP system, regardless of its size and of the
premises in which it is placed, if sized correctly for the actual needs, is able to produce perfectly
reproducible results, as further guarantee of its potential in terms of reduction of the Clinical Risk with

regard to Hospital Infections.
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This work investigates the feasibility of nonthermal low-pressure oxygen plasma on sanitization of spin-
ach, lettuce, tomato and potato surfaces from Salmonella enterica subsp. enterica serovar Typhimurium
str. LT2 (Salmonella typhimurium LT2). It was shown that the time of exposure and plasma power density
were two critical parameters influencing the bactericidal efficiency. Surface roughness and hydrophobic-
ity did not influence the sanitization of produce. Oxygen plasma was more effective than washing with
3% H,0, on eliminating S. typhimurium LT2 on spinach. Plasma treatment chemically changed a very thin
section of tomato wax cuticle layer by oxidation reaction and decomposition of carbon chains, which
could readily and completely be removed by water. Overall, this study confirms that nonthermal oxygen
plasma can be a new effective method of sanitization for fresh produce.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Fruits and vegetables play an important role in our diet and
health by providing essential vitamins, minerals, and fibers. Hu-
man pathogens can reach and attach fruit and vegetable surfaces
during growth, harvest, transportation and further handling from
animal and human sources. Contaminated fruits and vegetables
in particular the ones that are consumed raw can lead to foodborne
illnesses. In recent years, the number of documented outbreaks of
human infections associated with the consumption of contami-
nated fruits and vegetables has increased (Berger et al., 2010;
Van Boxstael et al., 2013).

Typical approaches for the sanitization of pathogenic microor-
ganisms involve the use of heat, pressure, liquid or gas chemical
disinfectants, and ionizing or non-ionizing radiation. However, be-
cause of their fragile nature, high temperature methods are not
suitable for the decontamination of fresh produce. With outbreaks
of foodborne illnesses occurring more frequently, the development
of novel nonthermal methods to reduce and eliminate bacterial
pathogens from fresh produce has received increasing attention
(Parish et al., 2003a,b). To this end; X-rays, ultrasound, ultraviolet
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Texas A&M University, College Station, TX 77843-3122, United States. Tel.: +1 609
964 6174; fax: +1 979 845 6446 (M. Akbulut).

E-mail addresses: Icisnero@tamu.edu (L. Cisneros-Zevallos), makbulut@mail.
che.tamu.edu (M. Akbulut).

0260-8774/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jfoodeng.2013.05.045

light, oscillating magnetic fields, pulsed light, and high voltage arc
discharge based methods have recently been considered in the
context of fresh produce safety (Zhang et al.,, 2011; Moosekian
et al., 2012; Garcia Loredo et al., 2013; Odriozola-Serrano et al.,
2013).

Among novel methods of bacterial sanitization, nonthermal
plasma-based sanitization approaches has displayed promising
outcomes in decontaminating living tissues and biomaterials from
various microorganisms (Ragni et al., 2010; Ermolaeva et al., 2011;
Noriega et al., 2011). Effectiveness of nonthermal plasma in decon-
taminating pathogenic bacteria is attributed to a combination of
effects including the formation of electrons, ions, free radicals
and excited molecules, as well as UV radiation (Moisan et al.,
2001; Laroussi and Leipold, 2004; Kong et al., 2009). The key
advantages of nonthermal plasma technologies are their relatively
simple and inexpensive design, short processing times, absence of
toxicity, and lack of residue formation (Rossi et al., 2009; Roth
et al., 2010; Rupf et al., 2010). Its effectiveness against pathogenic
bacteria and the above mentioned advantages have prompted an
interest in the use of the nonthermal plasma-based approaches
in food safety. For instance, Deng et al. (2007) has demonstrated
the applicability of nonthermal atmospheric plasma technology
for the pasteurization of almonds. The technology was found to
effectively reduce Escherichia coli on almond by almost a 5 log
factor after 30-s treatment at 30 kV and 2000 Hz. Ragni et al.
(2010) investigated the efficacy of resistive barrier discharge
(RBD) plasma for decontamination of shell egg surfaces and
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observed reductions up to 2.5 log CFU/eggshell and 4.5 log CFU/
eggshell for Salmonella enteritidis using air with low and high mois-
ture contents, respectively, after 90 min of RBD plasma treatment.
Noriega et al. (2011) investigated the efficiency of nonthermal
atmospheric gas plasmas for decontaminating chicken skin and
muscle inoculated with Listeria innocua and observed a 1 log reduc-
tion on skin, and a 3 log reductions on muscle under optimal
conditions.

The studies on the efficiency of nonthermal plasma on bacteria
responsible for foodborne illnesses when they are attached to fresh
produce surfaces is very limited. Niemira and Sites (2008) reported
the use of cold air plasma to inactivate human pathogens inocu-
lated on golden delicious apples. The reductions of Salmonella
Stanley and E. coli 0157: H7 ranged from 2.9 to 3.7 and 3.4 to
3.6 respectively, after treatment for 3 min at 30 kV and 60 Hz with
flow rate of 40 lI/min. Fresh produce surfaces may favor bacterial
proliferation specially if rich in nutrients (Thunberg et al., 2002;
Johnston et al., 2005), through biofilm formation and protection
in crevices (i.e. microscale roughnesses and valleys between the
asperities of the produce surface) (Burnett and Beuchat 2000;
Burnett et al., 2000). Thus, there is a need to correctly assess the
feasibility of nonthermal plasma in sanitizing fresh produce
surfaces (Niemira, 2012).

In general, non-thermal plasma is generated from either atmo-
spheric pressures or low pressures. Both atmospheric and low
pressure plasma generates same species and same electron densi-
ties range (Schutze et al., 1998). Therefore, they have similar plas-
ma sanitization mechanics (Moisan et al., 2001; Laroussi, 2005).
The main advantage of the atmospheric-pressure plasmas is that
they do not require vacuum systems to operate. However, under
atmospheric conditions, higher voltages are required to generate
plasma. To be specific, the voltage required to initiate the ioniza-
tion decreases from ~10,000V to ~100V if the pressure reduces
from atmospheric pressure to 107> atm for a 1-cm gap between
electrode plates (Lieberman and Lichtenberg, 2005). At higher
voltages, often arcing occurs between the electrodes. The arcing
may damage and burn fragile surfaces such as fresh produce sur-
faces. Considering that the low pressure vacuum packaging has
been used for packaging of many fresh produces (An et al., 2009)
and the abovementioned points, the use of low-pressure plasma
sanitization instead of atmospheric-pressure one has certain
advantages.

Accordingly, this paper investigated the bactericidal effect of
nonthermal low-pressure oxygen plasma on Salmonella enterica
subsp. enterica serovar Typhimurium LT2 (S. typhimurium LT2) at-
tached on fresh lettuce, spinach, tomato, and potato surfaces. This
microorganism was selected because data from the US-CDC food-
borne outbreak surveillance system show that the most com-
monly reported microorganisms associated with fresh produce
foodborne illness outbreaks are Salmonella spp. (Sivapalasingam
et al, 2004). Oxygen was selected as the gas source because
oxygen was found to be one of the best sanitization agents
(Bol'shakov et al., 2004). Furthermore, four possible combinations
of surface roughness and hydrophilicity including hydrophobic
smooth, hydrophobic rough, hydrophilic smooth, and hydrophilic
rough surfaces were covered through the selected produce. This is
possible since spinach and potato are relatively rough, while
tomato and lettuce are relatively smooth, and spinach and tomato
are relatively hydrophobic, while lettuce and potato are relatively
hydrophilic. These properties can influence sanitization efficacy in
some sanitization methods, especially liquid based methods
(Ukuku and Fett, 2006; Fransisca and Feng, 2012). In the present
study, the efficiency of a nonthermal oxygen plasma method
was compared with that of washing with aqueous solutions of
H,0,. Associated physicochemical changes upon the plasma
treatment were also reported.
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2. Materials and methods
2.1. Preparation of produce surface

Spinach, lettuce, tomato and potato were purchased from a lo-
cal grocery store (Wal-Mart, College Station, TX, USA). After mildly
washed for 30s using 1L of deionized water, the produce was
dried using tissue paper. Then, spinach, lettuce, tomato skin and
potato skin were cut into square pieces of 1 cm x 1 cm. The pro-
duce pieces were immobilized on a silica wafer using a double
sided adhesive carbon tape.

2.2. Preparation of inoculum

Rifampicin-resistant S. enterica subsp. enterica serovar
Typhimurium str. LT2 (S. typhimurium LT2; ATCC 700720) was ob-
tained from the ATCC (Manassas, VA, USA) and maintained on
slants of tryptic soy agar (TSA; Becton, Dickinson and Co., Sparks,
MD, USA) at 5 °C. Working cultures were obtained by transferring
a loop of culture from TSA slants to 9.0 mL of tryptic soy broth
(TSB; Becton, Dickinson and Co.) and incubating aerobically with-
out agitation at 37.5 °C for 24 h. After 24 h, a loop of culture was
transferred to a fresh 9 mL of TSB and incubated aerobically with-
out agitation at 37.5 °C for 24 h. After incubation, the culture was
transferred to a 15 mL conical centrifuge tube (Thermo-Fisher Sci-
entific, Inc.). Bacterial cells were collected by centrifugation at
2191 x g in a Jouan B4i centrifuge (Thermo-Fisher Scientific, Inc.)
for 15 min at 22 °C. The resulting pellet was suspended in 9.0 mL
of Milli Q (MQ) water and washed by centrifugation for 15 min
at 22 °C; the entire centrifugation and washing procedure was re-
peated identically three times. After the final cycle, the pellet was
suspended in 9.0 mL MQ water and used immediately in the inoc-
ulation experiments. This resulted in an inoculum concentration of
8 £0.4 x 10'° CFU/m], and determined via selective plating on TSA.
Survivors were enumerated following 24 h aerobic incubation at
37.5°C.

2.3. Nonthermal oxygen plasma treatment

Plasma treatment experiments were performed by March
CS-1701 Reactive lon Etching system (March Plasma Systems,
Inc., CA, USA). The system consists of four modules: a reaction
chamber/process controller, a solid state radio frequency (RF)
power generator, a vacuum pump and an oxygen source
(Fig. 1A). By applying a strong RF electromagnetic field to the wafer
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Fig. 1. Schematic illustration of (A) oxygen plasma system, and (B) plasma
sanitization in reaction chamber.



M. Zhang et al./Journal of Food Engineering 119 (2013) 425-432

platter, plasma is initiated in the system using oxygen gas. The sys-
tem runs at an RF frequency of 13.56 MHz with a maximum power
output of 600 W. The chamber is 15 cm in interior diameter with
2.5 cm spacing between electrodes. When the gas in the chamber
is exposed to the oscillating electric field at high frequency and en-
ergy, the electrons of the gas start to gain energy, eventually ioniz-
ing to atoms. The initial ionization will provide more energy to the
system to cause further ionizations in a chain reaction manner,
ultimately filling the chamber with plasma, which could react with
the treated surface (Fig. 1B). The RF power applied and pressure of
the chamber are two main parameters influencing the density and
temperature of the plasma (Chen and Chang, 2003). In the present
study, we investigated the effect of plasma power and exposure
time on the bactericidal properties of the oxygen plasma. To ensure
the reproducibility of the results, each experiment was repeated at
least three times.

Plasma chemistry of pure oxygen RF plasma has been well iden-
tified. Mogul et al. (2003) studied emission spectrum for pure O,
plasma discharge powered by a 13.56 MHz radio frequency at
100 W and 500 mTorr (67 Pa). They found the presence of excited
atomic oxygen, oxygen cation, dioxygen cation, and neutral excited
dioxygen in plasma. Bol'shakov et al. (2004) also found the similar
results when they studied oxygen plasma generated at 13.56 MHz
in the range of 13-67 Pa and pressure and 100-300 W power.
These emission spectrum results were also consistent with the pre-
viously published oxygen spectra of oxygen plasmas (Carl et al.,
1990; Tuszewski et al., 1995). Since the plasma in this paper was
generated under similar experiment conditions (13.56 MHz,
34 Pa, 50-350 W), species in plasma in this paper is expected to
consist of excited atomic oxygen, oxygen cation, dioxygen cation,
and neutral excited dioxygen as well.

2.4. Inoculation of produce surfaces

The experimental protocol for the inoculation of produce
surfaces used in plasma treatment studies was as follows: Initially,
100 pl of bacterial inoculum at 8 +0.4 x 10'° CFU/ml was added
dropwise and distributed evenly onto produce surfaces
(1 cm x 1 cm pieces) and the produce surfaces were air-dried at
room temperature for ~4h. After the inoculated surface was
placed in the chamber, the chamber was first evacuated at 13 Pa,
and then the chamber was filled with O, to 30 Pa with a gas flow
rate of 10 sccm. After the plasma treatment at room temperature,
the chamber was ventilated with air to reach atmospheric pres-
sure. To compare the efficacy of plasma sanitization with that of
H,0, washing, some of inoculated surfaces (spinach) were rinsed
in 3% H,0, solution for 600 s instead of the plasma treated. Both
of the treated produce surfaces were then used for bacterial
counting.

2.5. Enumeration of inoculum organisms

The numbers of S. typhimurium LT2 cells on the produce sur-
faces were measured for each exposure time and power density
of plasma treatment. Once the treated surfaces were removed from
the plasma chamber, these were put in 9 ml test tubes of 0.1% of
peptone water. The tubes were shaken on a Mini Shaker (VWR
International, LLC) at 900 rpm for 10 min. Serial dilutions of the
suspension were made and plated on TSA supplemented with
80 pg/ml rifampicin. Survivors were enumerated following 24 h
aerobic incubation at 37.5 °C.

2.6. Water contact angle measurement

The relative hydrophobicity of produce surface was evaluated
using water contact angle measurements. One drop of Milli-Q

water was placed on a produce surface and allowed to equilibrate
for 30 s before making any measurements. A digital camera was
used to take the images for angle measurement. For each speci-
men, at least three contact angle measurements were conducted.

2.7. Scanning electron microscopy (SEM)

SEM (JSM-7500F, JEOL, Peabody, MA, USA) was used for three
purposes in this study: to determine morphology (roughness) of
the neat produce surfaces; to characterize the physical changes
on the produce surface due to oxygen plasma treatment; and to
compare the bacterial attachment behavior of the produce sur-
faces. To study the effect of surface property on bacteria adhesion,
produce surfaces rinsed into S. typhimurium LT2 solution for 5 min
and then dry in a hood at room temperature for overnight. SEM
images were obtained from there with or without the above
treatment. Prior to the SEM studies, the samples were coated with
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Fig. 2. Survival curve of S. typhimurium LT2 on spinach after plasma treatment for
100 s as a function of plasma power density. Treatments with same letters are not
significantly different based on Tukey’s test (p < 0.05).
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Fig. 3. Survival curve of S. typhimurium LT2 on spinach after plasma treatment at
0.34 W/cm?® for different times of exposures. Treatments with same letters are not
significantly different based on Tukey’s test (p < 0.05).
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a 50-nm layer of Au by sputter coater (Cressington 105HR, Cres-
sington, England) to ensure electrical conductivity.

2.8. Nuclear magnetic resonance (NMR)

Proton nuclear magnetic resonance (H NMR) was used to inves-
tigate chemical changes induced by oxygen plasma treatment. To-
mato skin with and without exposure to the oxygen plasma was
placed in deuterated chloroform (CDCl3) and sonication for 5 min

to dissolve non-polar compounds and in deuterated water (D,0)
to dissolve polar ones. The extracted compounds were transferred
into 5 mm NMR tubes and analyzed using a Bruker 400 MHz NMR
spectrometer (Bruker, Billerica, MA, USA) at 298 K.

2.9. Statistical analysis

All experiments were replicated at least three times. Numbers
of survival bacteria were converted to log CFU and means and

Fig. 4. SEM micrographs of four produce surfaces with or without exposing to bacteria dispersion for 5 min. Red rectangles indicates the areas from which higher
magnification images were obtained. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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standard deviations were calculated. Analyses of variance were
conducted using JMP (SAS Cary, NC, USA) and mean separation
tests performed using a post hoc Tukey’s test (p < 0.05).

3. Results and discussion
3.1. Effect of plasma energy density on bactericidal efficiency

Fig. 2 shows the number of surviving S. typhimurium LT2 on
spinach surface as a function of actual power output of radio
frequency (RF) per unit volume of the reaction chamber (power
density) of plasma for a given time (t=100s). The number of
survivors decreased with increasing power density in a nonlinear
manner: At low power densities the bactericidal effect increased
weakly while at large power densities the bactericidal effect
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increased strongly (p < 0.05). Given higher plasma energy densities
give rise to higher intensities of UV irradiation, UV photons, and
reactive species such as O, 0% and O," (Laroussi and Leipold,
2004; Wu et al., 2012), it is reasonable that bactericidal effect
increased with increase power density. No visual damage was
observed for power densities up to 0.57 W/cm?>. However, the spin-
ach surface showed some signs of etching at a power density of
0.79 W/cm? and an exposure time of 100 s. Thus, although higher
energy densities can allow better sanitization, care must be taken
to prevent damage on the produce surface.

3.2. Effect of plasma exposure time on bactericidal efficiency

Fig. 3 shows number of S. typhimurium LT2 on spinach surface
as a function of time of plasma exposure at a power density of
0.34 W/cm? (output power of 150 W). The logarithmic number of
surviving bacteria before the exposure (t=0) was 6.3 +0.1. The
complete sanitization was achieved at 800s (<1log CFU). No
visible side effect was observed on the spinach after a plasma
treatment of 800s at 0.34 W/cm>The logarithmic numbers of
viable bacteria decreased linearly with increasing plasma exposure
time. This finding implies the number of surviving microorganisms
decreased, as an exponential function of time. This trend is consis-
tent with other plasma sanitization studies involving other types of
surfaces (Herrmann et al., 1999; Moisan et al., 2002). The half-life
of the bacteria killing reaction is about 48 s at a power density of
0.34 W/cm?>. Accordingly, an exposure time of 317 s decreases
the total number of surviving S. typhimurium LT2 to 1.0%, and an
exposure time of 635 s decreases to 0.01%.

3.3. Effect of food surface on bactericidal efficiency

Tomato, lettuce, spinach, and potato were selected due to their
different surface properties. The water contact angles are 107 + 6
for tomato, 81 + 7 for spinach, 57 + 4 for lettuce, and <30 for potato.
SEM micrographs showed that tomato and lettuce were relatively
smooth while spinach and potato were relatively rough (Fig. 4).
Rough and hydrophilic surface (potato) favored for bacteria
adhesion, while smooth and hydrophobic surface (tomato) hin-
dered bacterial adhesion (Fig. 4). This behavior is consistent with
the previous studies also showing that these surface properties

Fig. 7. An illustration of tomato surface (A); SEM images of tomato before plasma treatment (B); after plasma treated for 100 s (C) and then rinsing in MQ water (D); after

plasma treated for 600 s (E) and then rinsing in MQ water (F).
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(roughness and hydrophobicity) can influence bacterial adhesion
(Bruinsma et al., 2001; Wang et al., 2009).

To better understand the effect of produce surface properties on
the efficiency of plasma sanitization, we conducted plasma saniti-
zation experiments using four different produce surfaces: tomato
(smooth hydrophobic), lettuce (smooth hydrophilic), spinach
(rough hydrophobic), and potato (rough hydrophilic). The number
of viable bacteria after drying and after plasma treatment for 600 s
at 0.34 W/cm? is shown in Fig. 5A. Initial viable bacteria were the
same for all surfaces (p <0.05); and after treatments, all surfaces
showed lower bacteria counts, still the same for all surfaces
(p<0.05) with exception of a slight higher value for potatoes.
However, when reporting reductions in numbers of the viable bac-
teria, these were 3.0+ 0.9, 2.7 + 1.0, 2.2 £ 0.9 and 2.2 + 0.9 for spin-
ach, lettuce, tomato and potato, respectively with no significant
difference among them (p < 0.05). Accordingly, we confirm that
surface properties of roughness and hydrophobicity have no im-
pact on oxygen plasma sanitization. Upon 600 s plasma treatment
at 0.34 W/cm?, no visible damage was observed for all produce
surfaces.

3.4. Comparison to hydrogen peroxide washing

Hydrogen peroxide treatment is one of the most common san-
itization methods for vegetable and fruit surfaces (Parish et al.
2003a,b; Ukuku and Fett, 2006). Therefore, we compared the effi-
ciencies of the nonthermal oxygen plasma treatment method with
a hydrogen peroxide treatment and water washing using spinach
surface (Fig. 6). Duration of each treatment method was kept con-
stant, i.e. an exposure time of 600 s. The logarithmic number of
surviving bacteria decreased from 6.3 + 0.1 to 5.4 + 0.1 after water
washing. The survival number decreased to 4.2 + 0.1 upon a 600 s
exposure to 3% H,0, while the number further decreased to
3.4+ 0.4 for the case of 600 s plasma treatment at 0.34 W/cm?>.

When surface characteristics such as roughness and hydropho-
bicity promote the formation of a physical barrier for aqueous
media penetration, the effectiveness of H,O, treatment decreases
(Ukuku and Fett, 2006; Fransisca and Feng, 2012). We hypothesize
that the barrier is due to micro-air pockets which protect the
microorganisms from the sanitizer. On the other hand, the length
scale (~angstrom) of gas reactive species is much smaller than
the length scale of surface roughness of produce surfaces (several
micrometers). Therefore, the crevices and micro-air pockets do
not hinder the plasma sanitization. The difference in the efficiency
of plasma and peroxide treatment is attributed to this
phenomenon.

3.5. Physical changes occurring on produce surfaces after plasma
treatment

SEM was used to study the physical changes occurring on
produce due to the nonthermal oxygen plasma treatment (Fig. 7).
Typical produce surfaces like tomato cuticle are covered by a
wax layer followed by a layer of cutin or cutin blends of wax and
cell wall substances such as carbohydrates. Bellow the cuticle are
the epidermis and mesophyll cells (Fig. 7A). As observed in
Fig. 7B, tomato surfaces exhibited regular ridge-and-valley struc-
tures. Because the outermost layer is covered with cuticle, it was
not possible to directly visualize the upper epidermis. Upon an
exposure of 100 s to oxygen plasma at 0.34 W/cm? (output power
of 150 W), the surface roughness increased slightly and very small
amount of debris was observed on the surfaces (Fig. 7C). After rins-
ing with water, the debris was almost completely removed and
intercellular spaces became slightly more apparent (Fig. 7D). There
was no sign of damage in epidermis at this point.
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Upon an exposure of 600s to oxygen plasma at 0.34 W/cm?,
intercellular space could be observed through the translucent
cuticle layer, indicating removal of the wax cuticle layer (Fig. 7E).
In addition, the surface became roughness. When water rinsing
follow the plasma treatment, the epidermal cells seem to be
damaged, indicating a possible partial removal of the cuticle layer
with an exposure of 600 s to oxygen plasma at 0.34 W/cm? (Fig. 7F)
The damage was more evident after water washing, since the plas-
ma treatment may convert hydrophobic groups from wax to small
molecule weight hydrophilic forms and water can dissolve and
etch away the hydrophilic groups easier.

Intensity (107)

(B) 50 T T T T T T ] T T T T T T T

45 1 ] -
40 | 1 -
35| ] i

30 1 -

25 - , -

3.0 25 20
ppm

20 | 4

Intensity (10)

(C)

Cuticle layer

COOH
COOH
COOH

COOH

Tz L T T T
09 09 0o o (o) [¢) [o}ye]

VANV AN VA - S SARS SRS

Fig. 8. (A) 'H-NMR spectrum of solution obtained through extraction of tomato
skin in CDCI3; (B) "H-NMR spectrum of solution obtained through extraction of
tomato skin in D20. Black lines indicate “before plasma treatment”, and red lines
indicate “after the plasma treatment”; and (C) An illustration of potential chemical
changes taking place on produce surface upon oxygen plasma treatment. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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In general, SEM studies suggest that short exposure times have
no major effects on the produce surface while long exposure times
may partially damage the cuticle layer and epidermis cells.
Depending on the produce type, the removal of the cuticle layer
may reduce the storage and shelf life of produce (Kissinger et al.,
2005; Saladie et al., 2007). However, given that coating of produce
surfaces with edible wax or other coatings is becoming widespread
(Park, 1999; Davila-Avifia et al., 2012), if necessary, the removed
cuticle layer can be substituted with an edible wax layer. In
essence, the time and power density of nonthermal plasma
treatment needs to be optimized for each produce surface to
ensure an acceptable level of cuticle/upper epidermis removal
and bacterial sanitization.

3.6. Chemical changes occurring on produce surfaces after plasma
treatment

To characterize such chemical changes taking place on
produce surface upon nonthermal oxygen plasma treatment
(e.g., tomato surface, 100s, 0.34 W/cm?>), we relied on NMR.
NMR spectra obtained using CDCl; extraction indicated that the
signal intensity of proton at ~1-2 ppm, which is presumably
due to R-CH,CH3, R-CH(CH3),, or R-C(CH3); groups, decreased
after the plasma treatment (Fig. 8A). NMR spectra obtained using
D,0 extraction showed that the signal intensity of proton at
~2-3 ppm, which is presumably due to R-CO-CH3, R-CO-CH,CH3
or R-CH,COOH groups, increased after plasma treatment (Fig. 8B).
These findings are consistent with previous studies focusing on
the chemical effects of oxygen plasma on mineral oils (Korzec
et al,, 1994; Jing et al.,, 2005), polymers (Hillborg et al., 2000;
Calvimontes et al., 2011) and other organic materials (Li and
Horita, 2000). Accordingly, NMR results suggest that when toma-
to surfaces are treated by nonthermal oxygen plasma, the wax
cuticle layer can be oxidized to form aldehyde and carboxylic
acid groups and/or further oxidized (decomposition of carbon
chains) to CO, and H,0, which would be removed from the
tomato surface (Fig. 8c).

4. Conclusion

In the present study, we have investigated the efficiency of non-
thermal low-pressure oxygen plasma treatment on sanitization of
fresh produce surfaces and the associated physicochemical
changes taking place on surface cuticle layers. It was shown that
the time of exposure and plasma power density were two critical
parameters influencing the bactericidal efficiency of nonthermal
oxygen plasma treatment. The half-life of the oxygen plasma kill-
ing reaction of S. typhimurium LT2 was about 48 s at power density
of 0.34 W/cm?. The sanitization method worked equally well for
rough hydrophobic (spinach), rough hydrophilic (lettuce), smooth
hydrophobic (tomato) and smooth hydrophilic (potato) produce.
For a given time, the bactericidal efficacy of nonthermal oxygen
plasma was found to be 1 order of magnitude better than that of
3% H,0, treatment for S. typhimurium LT2 on spinach surface. It
was also shown that oxygen plasma treatment (0.34 W/cm?) only
affects the wax cuticle layer under conditions of short- to interme-
diate-exposure times. However for long exposure times, wax cuti-
cle layer and upper epidermis cells may be damaged. Oxygen
plasma changed the wax surface chemistry through oxidation
reactions forming aldehyde and carboxylic acid, and by decompo-
sition of carbon chains. Water rinsing could easily remove these
residues from the produce surface. Overall, the nonthermal oxygen
plasma treatment shows a potential for the efficient sanitization of
fresh produce surfaces.
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Abstract

Recently, non-equilibrium, atmospheric pressure air plasmas have been shown to possess excellent germicidal properties. A number of
studies have shown that air plasmas are capable of inactivating a wide range of microorganisms in the matter of few seconds to few minutes.
However, until now little information regarding quantitative measurements of the various plasma agents that can potentially participate in
the inactivation process has been published. In this paper, emission spectroscopy and gas detection are used to evaluate important plasma
inactivation factors such as UV radiation and reactive species. Our measurements show that for non-equilibrium, atmospheric pressure air

plasmas, it is the oxygen-based and nitrogen-based reactive species that play the most important role in the inactivation process.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Microorganism; Air plasma; Discharge; Reactive species; Sterilization

1. Inroduction

The inactivation of harmful microorganisms such as bac-
teria can be achieved by chemical and/or physical means,
such as heat, chemical solutions and gases, and radiation
[1]. Most conventional sterilization techniques are associated
with some level of damage to the material or medium sup-
porting the microorganisms. This does not present a prob-
lem in cases where material preservation is not an issue.
However, in cases where it is imperative not to damage the
materials to be sterilized, conventional methods are either
not suitable at all or offer very impractical and/or tedious
and time consuming solutions. This situation led to the de-
velopment of new techniques that are at least as effective
as established ones, but with added superior characteristics
such as short processing times, non-toxicity, and medium
preservation. Amongst these new methods, non-equilibrium
atmospheric pressure plasmas have been shown to present a
great promise [2-5].

In this paper, the identification and potential role of each
inactivation agent generated by the plasma is assessed. Gen-
erally, various gas mixtures can be used to optimize the

* Corresponding author. Tel.: +1-757-683-2416; fax: +1-757-683-3220.
E-mail address: mlarouss@odu.edu (M. Laroussi).
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production of an agent or another and to optimize the ef-
ficiency of the inactivation process. The analysis presented
here, however, is for low temperature atmospheric pressure
plasmas generated in air. For information on plasma steril-
ization using other gas mixtures such as O2/CFy, or at low
pressures, the reader is referred to Refs. [6—8].

2. Identification of the inactivation factors and
assessment of their roles

Under plasma exposure, bacterial cells can be inactivated
by one of four known factors or by a synergistic combi-
nation of these. These factors are the heat, UV radiation,
charged particles, and reactive neutral species. The extent
of the influence of each factor depends on the plasma op-
erating parameters such as power and gas mixture and flow
rate. Here, we present relative, and when possible, absolute
measurements of the presence of these agents in an atmo-
spheric pressure air plasma generated by a Dielectric Bar-
rier Discharge (DBD). Since our experiments are conducted
with the biological sample placed at some distance from the
plasma (remote exposure), the effects of charged particles
(electrons and ions) will not be discussed. A comprehensive
study of the effects of charging bacterial cells by a plasma
can be found in Ref. [9].
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Fig. 1. Experimental setup of DBD air plasma generator and related diagnostics.

A schematic of the experimental setup showing the DBD
and the diagnostics used in our evaluations is presented
in Fig. 1. The electrodes of our DBD consist of two sym-
metrical aluminum plates covered by 1 mm thick sheets of
alumina (Al;Os3). The distance between the electrodes is
adjustable, up to 1.25 cm. Water cooling of the electrodes al-
lows us to keep the temperature close to room temperature.
The applied voltage and the discharge current are monitored
by means of a high voltage probe and a current viewing
resistor, respectively. The discharge was operated at power
levels up to 20 W at an electrode separation of about 7 mm.
Optical emission spectroscopy, mass spectroscopy, and gas
detection (for NO,, NO, and O3) were used to diagnose the
plasma contents.

2.1. Heat and its potential effect

It has long been known that heat has detrimental effects
on living cells. Therefore, heat-based sterilization techniques
were developed and commercially used for applications that
do not require medium preservation. In heat-based conven-
tional sterilization methods, both moist heat and dry heat
are used. In the case of moist heat, such as in an autoclave,
a temperature of 121 °C at a pressure of 15 psi is used [10].
Dry heat sterilization requires temperatures close to 170 °C
and treatment times of about 1h [10].

To assess if heat plays a role in the case of an air plasma,
the gas temperature in the discharge was determined by
comparing the experimentally measured rotational bands
structure of the 00 transition of the 2nd positive system of
nitrogen with simulated spectra at different temperatures.
In addition, the temperature in a sample, placed 2 cm away
from the discharge, was measured by a thermocouple probe.

Fig. 2 shows the measured and calculated rotational bands
of the 0-0 transition of the 2nd positive system of N», for a
power of 10 W. It indicates that the gas temperature remains
close to room temperature. A variation in power from 2 to
15 W showed no significant change in the relative spectral
distribution. This indicates a power-independent tempera-
ture in the range between 2 and 15 W at a gas flow rate of
10 I/min. The gas temperature for various gas flow rates at a
power consumption of 10 W was also investigated. The re-
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sults are shown in Fig. 3. For a very low flow (0.5 1/min), a
gas temperature of 340 K was found. Increasing the airflow
causes the gas temperature to approach room temperature
(300K).

Fig. 4 shows the increase in the temperature of the bio-
logical sample under treatment for various dissipated power
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Fig. 2. Measured and calculated rotational bands of the 0-0 transition
of the second positive system of nitrogen. The spectra are intentionally
shifted vertically for better comparison.
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levels, as measured by a thermocouple. At our typical run-
ning power levels, a maximum increase of 21° was observed.
Therefore, based on these measurements no substantial ther-
mal effects on bacterial cells are expected.

2.2. Ultraviolet radiation and its potential role

From early times humans have known that sunlight has
beneficial hygienic effects. This is of course due the pres-
ence of UV radiation in the sunlight spectrum. Amongst UV
effects on cells of bacteria is the dimerization of thymine
bases in their DNA strands. This inhibits the bacteria’s abil-
ity to replicate properly. Wavelengths in the 220-280 nm
range and doses of several mW s/cm? are known to have the
optimum effect [11].

Spectroscopic and absolute power measurements were
conducted to quantify the UV contribution to the inactiva-

025 T T T T I T T T T

tion process in the case of an air plasma. Our results show
that no significant UV emission occurs below 285 nm. This
is illustrated in Fig. 5. Power measurements with a cali-
brated UV detector in the 200-300 nm wavelength region
revealed that the power density of the emitted UV radiation
is below 50 wW/cm? and is essentially independent of the
air flow rate. At this power levels we expect the UV not to
play a significant direct role in the sterilization process by
low temperature air plasmas.

2.3. Reactive species and their role

In high-pressure non-equilibrium plasma discharges, re-
active species are generated through various collisional path-
ways, such as electron impact excitation and dissociation.
Reactive species play an important role in all plasma—surface
interactions. Air plasmas are excellent sources of reactive
oxygen species (ROS) and reactive nitrogen species (RNS),
such as atomic oxygen (O), ozone (O3), hydroxyl (OH), NO,
NO,, etc. Some reaction pathways that lead to the genera-
tion of these species in air plasmas are:

+
e+ 0y —> e+ 0(A’) ) > e +OCP) + OCP)
u

e+0; > e+ 0B ) ) — e+ 0('D) +OCP)
u

0+0,+M— O3 +M
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Fig. 5. UV spectrum of a DBD in air in the 200-300 nm wavelength range.
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The following are measurements of oxygen, hydroxyl,
ozone, and nitrogen dioxide obtained from a DBD operated
in atmospheric pressure air. Relative concentration of atomic
oxygen in the DBD, as measured by detecting the oxygen
lines at 615.597 and 615.678 nm, showed that the concentra-
tion of atomic oxygen decreased less than 20% as the flow
rate was increased from 1 to 18 I/min. The presence of OH
was measured by means of emission spectroscopy, looking
for the rotational band of OH A-X (0-0) transition. This
molecular band has a branch at about 306.6 nm (R branch)
and another one at 309.2 nm (P branch). Fig. 6 shows the

O Concamiralion
-

Fig. 7. Relative OH concentration as a function of plasma dissipated
power and air flow rate.
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Fig. 8. Ozone concentration generated in a DBD in air as a function of
air flow rate and at three power levels (1.5, 5, and 10 W).

emission spectrum in the range between 306 and 310 nm
and it indicates the OH band heads. Fig. 7 shows the relative
concentration of OH in the discharge as a function of the
air flow rate and dissipated power, assuming that the rota-
tional band intensity represents the OH concentration. The
ozone concentration was measured for varying flow rates
and at various power levels by a calibrated ozone detector.
The results are shown in Fig. 8. Ozone germicidal effects
are caused by its interference with cellular respiration. Ni-
trogen dioxide was measured as a function of the air flow
rate and for different power levels by a calibrated gas de-
tecting system and the results are shown in Fig. 9.

The reactive species mentioned above have direct im-
pact on the cells of microorganisms, and especially on their
outermost membranes. These membranes are made of lipid
bilayers, an important component of which is unsaturated
fatty acids. The unsaturated fatty acids give the membrane a
gel-like nature. This allows the transport of the biochemical
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Fig. 9. Concentration of nitrogen dioxide generated in a DBD in air as a
function of air flow rate and at three power levels (1.5, 5, and 10 W).
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by-products across the membrane. Since unsaturated fatty
acids are susceptible to attacks by hydroxyl radical (OH)
[12], the presence of this radical can therefore compromise
the function of the membrane lipids whose role is to act
as a barrier against the transport of ions and polar com-
pounds in and out of the cells [13]. Imbedded in the lipid
bilayer are protein molecules which also control the passage
of various compounds. Proteins are basically linear chains
of aminoacids. Aminoacids are also susceptible to oxidation
when placed in the radical-rich environment of the plasma.
Therefore, the reactive species generated by air plasmas are
expected to greatly compromise the integrity of the cells of
microorganisms, leading to their eventual destruction.

3. Correlation between the presence of reactive
species and inactivation Kinetics

One kinetics measurement parameter, which has been
used extensively by researchers studying sterilization by
plasma, is what is referred to as the “D” value (Decimal
value). The D-value is the time required to reduce an origi-
nal concentration of microorganisms by 90%, or if the “kill’
curve is plotted on a semi-logarithmic scale, the D-value is
determined as the time for a one logjo reduction.

To show the effects of reactive species on the destruc-
tion of bacteria, kill curves were plotted for three different
gaseous conditions: helium only, 97% helium/3% oxygen
mixture, and air, all at atmospheric pressure. Spores of
the Bacillus genus were used since they are hard to kill
and are accepted metrics for biological sterilization. When
helium is used, only very small concentrations of radicals
originating from impurities are expected. When helium is
mixed with oxygen, oxygen-based species such as O and
O3 are generated. When air is used, both oxygen-based and
nitrogen-based species are generated.

Fig. 10 shows a comparison between the inactivation
kinetics in the case of helium and when a 97%-3% he-
lium/oxygen mixture, respectively, was used. After 10 min
of treatment time the surviving spore population percentage
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Fig. 10. Percent of surviving Bacillus spores vs. plasma treatment time
for helium (black) and helium/oxygen mixture (97% He, 3% O) (gray).
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Fig. 11. Colony forming units of Bacillus spores vs. treatment time by a
low temperature, atmospheric pressure air plasma.

was still much greater than 10%, when only helium was
used as the operating gas. In fact the D-value in this case
was greater than 20 min. When the helium/oxygen mixture
was used, as shown in Fig. 10, a D-value of 10 min was
achieved. Fig. 11 shows the inactivation kinetics of an air
plasma. A D-value close to 20 s was achieved in this case.
This is a 30 times faster inactivation process than the pre-
vious case. Since heat and UV radiation were shown not to
play an important role for cold air plasmas, the dramatic
increase in inactivation efficacy is attributed to the presence
of the chemically reactive species such as NO, NO;, O, Os,

4. Conclusion

Low temperature, atmospheric pressure plasmas have
been shown to possess very effective germicidal character-
istics. Their relatively simple and inexpensive designs, as
well as their non-toxic nature, give them the potential to re-
place conventional sterilization methods in the near future.
This is a most welcome technology in the healthcare arena
where re-usable, heat sensitive medical tools are becoming
more and more prevalent.

In this paper, based mainly on non-intrusive optical diag-
nostics and gas detection systems, we conclude that in the
case of low temperature air plasmas, it is the highly reac-
tive species such as O, OH, and NO; that play the most
crucial role in the destruction of microorganisms. Heat and
UV radiation may play a secondary role, but we expect their
effects to be either minimal or indirect.
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Abstract

In our present study, two non-thermal plasma devices, dielectric barrier discharge and magnetically-rotated
gliding arc, are being used to sterilize air containing high concentrations of viral and bacterial bioaerosols. A
Pathogen Detection and Remediation Facility was designed for bioaerosol generation, containment, and
sampling during plasma sterilization experiments.

Keywords: non-thermal plasma, sterilization; decontamination, airborne virus, bacteria, influenza

1. Introduction

The improvement of indoor air quality has been a challenge since the dawn of heating, ventilation, and air
conditioning (HVAC) systems. Incidents like the infamous outbreak of Legionnaires disease in 1976 in
Philadelphia and the recent increasing threat of bioterrorism have raised awareness of the dangers of airborne
microorganisms in indoor environments. In recent years, non-thermal atmospheric pressure plasma has been the
focus of research as an improved method for the sterilization of air from biological contaminates. Non-thermal
plasma has been proven to inactivate many different types of microorganisms, such as viruses and bacteria, on
surfaces of materials, but there have been few scientific studies of air sterilization using non-thermal plasma.
Also, of the few researchers that have been able to use plasma to decontaminate a moving air stream, many rely
on high efficiency particulate air (HEPA) filters to remove a large portion of microorganisms. HEPA filters are
effective at trapping particles down to 0.5 microns in size; however, studies have shown that they are not as
effective at capturing airborne viruses, which are among the smallest (20-300nm) known microorganisms [1].
HEPA filters also cause significant pressure losses in HVAC systems giving rise to higher energy and
maintenance costs. There are several alternative methods for air cleaning, which include electrostatic
precipitators, Ultraviolet Germicidal Irradiation (UVGI) devices, and some portable negative air ionizers, that
are all capable of reducing particulates and even certain levels of microbial contamination in indoor
environments. However, many of these methods are not proven as an efficient and cost effective means of
eliminating airborne viruses. In this ongoing scientific study, we will examine the sterilization effect of two
types of non-thermal plasma; dielectric barrier discharge (DBD) and magnetically-rotated gliding arc on air
contaminated with high concentrations of aerosolized Influenza A virus. A non-pathogenic unicellular bacterium
known as Synechococcus Elongatus, or Cyanobacteria, was also used in initial trials to demonstrate the
decontamination ability of active chemical species generated from dielectric barrier discharge for bacteria in
water and to provide benchmark data regarding bioaerosol sampling efficiency.

2. Non-thermal plasma for air sterilization

Although Dielectric Barrier Discharge (DBD) and magnetically-rotated Gliding Arc [2] are quite different in
terms of current-voltage characteristics and operational power levels, both devices can provide a high
concentration of active chemical species, which are a necessary component of the sterilization process. There
are two main sterilization effects that bioaerosols are subjected to as they are passed through each plasma device:
the direct interaction with the lethal environment of the discharge itself and the downstream interaction with
active chemical species, such as ozone (O3) and hydroxyl (OH), produced by the discharge. Figure 1 below
shows a photo of the DBD device which consists of a thin plane of wires with equally spaced air gaps of 1.5
mm. The high voltage electrodes are coated with a quartz capillary dielectric that has an approximate wall
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thickness of 0.5 mm and the device requires 14 kV for breakdown while
consuming less than 200 watts of power. DBD is a low temperature discharge
that is very efficient for the production of ozone, which is a strong oxidizer and
proven microbial disinfectant [3-6]. The second discharge, magnetically-rotated
Gliding Arc, generates a transitional non-thermal plasma and has a relatively low
translational gas temperature with a high electron temperature. Gliding Arc uses
a strong magnetic field to rotate and elongate an initial thermal arc resulting in
rapid convective cooling, keeping the passing air
flow near room temperature. This type of
discharge has a large power density that can
work at atmospheric pressure, but is still very
efficient in providing active species. The Gliding Arc device is eight inches in
diameter which keeps air velocity low allowing for greater uniformity of
treatment. In figure 2, the arc is partially elongated at the center electrode.
Additionally, both DBD and gliding arc devices have been designed to prevent

an air pressure loss during operation and are capable of retrofit into existin )
HV ACps stems £ P P g Figure 2. Magnetically Rotated
ystems. Gliding Arc

Figure 1. Dielectric Barrier
Discharge for air sterilization

3. Preliminary experiments with plasma-water decontamination

To understand the decontamination effectiveness of DBD, we designed a simple experiment to test the effect of
active chemical species generated from this discharge on cyanobacteria suspended in liquid growth medium.
Approximately 35 ml of liquid with cyanobacteria was placed in a Petri dish at a distance of 30 mm from the

surface of the plasma discharge. A small fan forced air through

Air Flow the discharge at a direction normal to the surface of the liquid.

¢ ¢ ¢ ¢ Figure 3 shows a diagram of the experimental setup. The DBD
|><| <— Fan discharge produces 0.11 mg of ozone per liter of air, most of

| DED | which was directed toward the liquid-gas interface as the solution
S0 S S C=— Adie was stirred with a magnetic stir bar. After 3.9 minutes of
YYVVYy Species treatment, we demonstrated more than a 2-log reduction (99.3%)

\ et Dich of bgcteria in the solution. We at.trib.ute ozone as t.he .rnain. active

wiBacteria specie responsible for the inactivation of bacteria in this case

Magnetic Sti . T .
agnetie St because of its longer lifetime in comparison to hydroxyl. A

_ o similar experiment was performed by Moreau, et al. [7] to
Figure 3. Water decontamination  demonstrate the lethal effect of a gliding arc discharge on strain of

experiment using Dielectric  Barrier , py,5terja] plant pathogen, Erwina, suspended in a liquid medium.
Discharge (DBD).

4. Air Decontamination / Sterilization

In order to prove that non-thermal plasma is the main factor responsible for sterilization, one must first build a
system that is capable of creating, handling, and analyzing dense concentrations of viable bioaerosols.
Designing and building an air sterilization system is challenging because there are many factors that contribute
to losses of aerosolized microorganisms in moving air streams. These factors include diffusion of aerosol to
walls of the air flow system, desiccation stress on the microorganism due to evaporation of bioaerosol droplets in
flight, and inertial and gravitational forces which can remove larger droplets from the air stream. The factors
causing these losses must be carefully considered in order to avoid misinterpretation of sterilization data and
may also be one reason why bioaerosol sterilization studies are limited in comparison to studies involving water
or surface sterilization. Careful attention to these potential sources of error will yield greater accuracy and
validity in distinguishing non-thermal plasma as the true sterilizing agent. Figure 4 below shows a scheme of the
Pathogen Detection and Remediation Facility (PDRF) which is a plug flow reactor that was designed for
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bioaerosol generation, containment, and sampling. It was designed to simulate conditions commonly found in
an HVAC system: it has an overall volume of 250 liters, and can operate at flow rates up to 25 liters per second.
The PDRF houses interchangeable non-thermal plasma devices, DBD and Magnetic Gliding Arc, which are
connected to the system with four inch (10 cm) diameter flexible piping. At a flow rate of 25 L/s, the residence
time, that is, the time for one droplet

55-Gallon Interchangeable Biosafety to make one revolution through the
Flow Plasma Device @ Level 2 ; ;
Reactor Fume system, 1S approx1mately 1-0 second.s.
Air flow | Hood An air sampling system is included in
arlot:nd i Air Flow > Air Sampling the PDRF and was designed to take as
ates i . .
P * A | Equipment large volume air sample as possible (~

1 liter) in a short period of time (~ 1
second) so that we do not disturb the

s\;:fe‘::';:)r flow inside .th.e. system gnd can
! : A= Air evaluate the viability of the bioaerosol
. . Sampling as a function of treatment time.
Cntrifugal Liquid impingement was chosen as
& [Blower the air sampling method for our
system, as opposed to filtration or
— Air Flow 1mpgct1(?n, because it minimizes
= dessication stress and allows for the
Figure 4. Pathogen Detection and Remediation Facility (PDRF) direct deposition of the

microorganism into growth media.
The AGI-30 liquid impinger is a commonly used bioaerosol sampler and it operates by drawing a sample of air
through in inlet tube submerged in a solution, thereby causing the air stream to strike the liquid bed trapping
aerosols in the solution through forces of inertia [8]. The AGI-30 impinger contains a critical orifice that
contains one exit port and limits the maximum air sampling rate to 12.5 liters per minute [9]. To accommodate
our desired sampling rate of 1 liter per second, we modified the AGI-30 by increasing its overall volume and
replacing the standard critical orifice with a hollow spherical tip with several exit ports. Several calibration
experiments performed with our modified AGI-30 impinger demonstrated reproducibility in terms of sampling
efficiency. In these experiments, a Collison nebulizer was connected directly to the modified liquid impinger
and after five minutes of continuous sampling in each trial, we obtained a stable sampling efficiency rating of
3.5%. Some may not consider this as an optimal efficiency rating, however, when sampling bioaerosols,
reproducibility is often considered more important than the efficiency rating because the final conclusions are
derived from internal comparisons between various data collected using the same samplers [9].

Several additional calibration experiments were performed in which cyanobacteria aerosol (droplet size: 1.5
micron) was injected into the Pathogen Detection and Remediation Facility (PDRF) not for the purpose of
sterilization, but to identify all bioaerosol losses from diffusion, inertia, and evaporation, thereby establishing
accurate controls before non-thermal plasma is introduced. In these experiments, a Collison nebulizer was used
to generate the bioaerosol, the air flow rate was fixed at 25 liters per second, and the lifetime of droplets was
measured by periodic air sampling with two modified liquid impingers. For all experiments described here, the
system was prehumidified with sterile de-ionized water until the internal surface of the system walls were wet
prior to input of the bioaerosol. Initial results showed a very poor recovery of cyanobacteria bioaerosol from the
PDREF in comparison to air sampler calibration experiments. When examining the sources of loss: diffusion,
inertia, and evaporation, we ruled out inertial forces because air velocity is relatively low and the aerosol
droplets are small (1-2 microns). Also, our estimate of droplet diffusion time to the wall is approximately 40
minutes, well beyond the upper time limit of these trials. The effect of small droplet evaporation, however, can
be prominent because the saturation pressure around a small droplet is high in comparison to the saturation
pressure near the wet walls of the system. To test the effect of evaporation on the survivability of
cyanobacteria, we performed two experiments: the first (Experiment A) in which additional humidity was
applied continuously with the bioaerosol using an additional nebulizer with with sterile de-ionized water, and the
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second (Experiment B) without additional humidification. Our results, which are described in figure 5 below,
show that additional humidification reduces the rate of inactivation of aerosolized cyanobacteria, by dessication
stress compared to the results of experiments without additional humidification.

1.E+06 T
I S
R
b 1E+05 1"
. .
N
MEt04 e
A ¢ B: No Humidification During
822 . R D Experiment
£ 2 1.E+03 .. ooy - . :
S g ...... T = A: Humidification During
S Experiment
E 1.E+02 e
(<]
[
E 1.E+01

1.E+00 ‘ ‘ ‘

0 2 4 6 8
Time (min)

Figure 5. Evaluation of the effect of droplet evaporation on the survivability of
aerosolized cyanobacteria. Experiment A minimizes evaporation by providing
constant humidity.

The experimentally estimated maximum lifetime of aerosolized Cyanobacteria is 10 minutes, which is far below
the estimated diffusion time of droplets to the walls of the system. We desire to have the ability to recover
viable cyanobacteria over an extended period of time (tens of minutes) so that when we perform sterilization
experiments with non-thermal plasma, we have enough time to take several air samples and thus acquire many
data points to accurately describe the rate of inactivation. To determine if the droplets were indeed still present
in the air flow after 10 minutes, we added a laser to the system to characterize the optical density of the bacterial
aerosol over time. Figure 6 shows an image of the illuminated laser beam at the first minute of the experiment
when the concentration of viable Cyanobacteria is high. Illumination from the laser beam slowly decayed over a
period of nearly 2 hours indicating that aerosolized bacteria were still present
in the flow, however, they were non-viable. Similar results were reported by
Ehresmann & Hatch, who described the optical density of aerosolized
unicellular bacteria lasting up to four hours at high humidity (92-94%) with
viability lasting only minutes [10]. These calibration experiments with
Cyanobacteria provided us with a basic understanding of the flow
characteristics of the Pathogen Detection and Remediation Facility and
efficiency of our air sampling system. This was a necessary step before
working with viral bioaerosols because immunoassay detection methods used
to quantify viruses are less accurate than the serial dilution methods used to
quantify Cyanobacteria in these calibration experiments.  Sterilization
experiments with Cyanobacteria and Influenza A virus are in progress and we
expect to have results in the summer of 2005.

Figure 6. A laser beam illuminates
the dense concentration of
bioaerosol

5. Plasma chemistry sterilization modeling

The results from our experiments with the PDRF will be used to verify a model of plasma chemical sterilization
[11]. We have composed a physiochemical model of the oxidizing effects of the active chemical species
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generated by non-thermal plasma on many different types of microorganisms. We are investigating the
individual sterilizing effects of hydroxyl radicals (OH), ozone (O;), ultraviolet radiation (UV) as there is a large
amount empirical data regarding the role of each of these components for the sterilization of various bacteria,
viruses, and spores in various media. Our model combines this data with the chemical kinetics of non-thermal
plasma to predict the rate of destruction of microorganisms under varying conditions.

This research is supported by Telemedicine and Advanced Technology Research Center of the US Department
of Defense (TATRC of DoD) through Civilian Medical Response Center (CiMeRC).
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Abstract

Despite several successful disinfection strategies,
process of controlling the environmental survival and
transmission of human pathogenic Vviruses is
becoming increasingly more difficult because of their
emerging resistance to disinfectants. Therefore, range
of non-chemical methods of inactivation is being
explored extensively as an alternative. Especially,
non-thermal, chemical-free techniques find wide
application in the inactivation of air-borne, water and
food-borne and surface-borne viruses. Among such
methods, the application of non-thermal plasmas
(NTPs) for viral inactivation is a relatively new
technique and is quite promising. The present review
evaluates comprehensively the studies of virucidal
effect of NTPs against human pathogenic viruses in
abiotic environment.

Keywords: Non-thermal plasma, pathogenic virus,
inactivation, disinfection, abiotic environment.

Introduction

Medically-important viruses continue to survive and evolve
in abiotic environment despite several successful
disinfection strategies to control them. This is primarily due
to the resistance of several viruses to disinfectants and
sterilants, especially to chemical-based ones and
continuous appearance of mutations. Also, the highly
related viruses can exhibit different disinfection kinetics
when treated with the same biocide which makes virus
inactivation complicated * *.

The mode of transmission of several groups of viruses to
humans is through contaminated food, water and air,
person-to-person transmission via contaminated
environmental surfaces or objects and direct person-to-
person contact'" **. It is known that viruses pass into the
environment from clinically ill or carrier hosts although
they do not replicate outside living animals or people; they
are maintained and transported to susceptible hosts™.
Viruses are less tolerant to heat and therefore lose
infectivity rapidly on heat treatment. However, heat-
induced inactivation is not always suitable and non-thermal
sterilization methods may be required to deactivate viruses
on thermolabile surfaces or materials and heat-sensitive
foodstuffs. Several non-chemical, non-thermal technologies
have been developed to combat surface-borne, food- and
water-borne viruses. Such methods uses ionizing radiation,
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UV irradiation, pulsed light, pulsed electric field,
supercritical fluids, high hydrostatic pressure processing

7,13, 16, 20,38
and gas plasma” "> "> 77,

The use of atmospheric pressure, nonthermal plasmas
(NTPs) is a promising approach for sterilization and
disinfection of both viable and nonviable surfaces’. NTPs
have been used for a range of biomedical applications
including microbial inactivation, sterilization and
disinfection.'”*” The sterilants produced by the
nonthermal plasma killed or inactivated a wide range of
organisms, spores and viruses®. The potential advantages
of NTPs over chemical disinfectants include simplicity of
design and operation47, utilization of nontoxic gases, an
absence of toxic residues®® and production of a large
quantity of diverse microbicidal active species. Plasmas are
not only capable of inactivating or killing bacteria and
viruses; they can also dislodge these dead microorganisms
from the surfaces of the objects being sterilized'.

Fundamentals of non-thermal plasmas: Plasma is
defined as a neutral ionized gas with a net neutral charge. It
is constituted by different species including ions (both
positive and negative), electrons, atoms, free radicals,
photons and excited and nonexcited molecules'®. A neutral
gas can be converted to plasma by applying energy in
several forms including electric, thermal or magnetic fields
and radio or microwave frequencies, thereby resulting in an
increase in the kinetic energy of the electrons of constituent
gas atoms. This causes interatomic collisions in the gas
resulting in the formation of aforementioned plasma
constituents. Plasma can be categorized based on the
relative energetic levels of electrons and heavy particles of
plasma into thermal (equilibrium plasma) and nonthermal
or cold (non-equilibrium plasma). Thermal plasmas are
generated at high pressure (>10° Pa) and consume
substantial power (up to 50 MW) to be generated.

On the other hand, NTPs can be generated at lower
pressures using less power. They are characterized by an
electron temperature much higher than that of the gas
temperature and thus do not present a local thermodynamic
equilibrium. Such plasma can be generated by electric
discharges in lower pressure gases’".

NTPs are further divided into two other categories: low-
pressure plasmas (10 to 107 kPa) and atmospheric-
pressure plasmas. The atmospheric plasma sources can be
classified regarding their excitation mode into distinct
groups - the DC (direct current) and low frequency
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discharges; the plasmas which are ignited by radio
frequency waves and the microwave discharges*'. The DC
and low frequency discharges can work, depending on their
design either with a continuous or a pulsed mode. The arc
plasma torches belong to continuous working mode
whereas corona discharge, dielectric barrier discharge
(DBD) and microplasma belong to pulsed DC discharges.
The NTP technology has potential application for microbial
inactivation on surfaces and other thermally-sensitive
materials.

Plasma species responsible for inactivation: In general,
heat is not a major contributor to the sterilization effect
using non-thermal plasmas. In atmospheric pressure
plasmas, UV photons are not the main microbicidal
agentszz’ % On contrary, however, some authors claim that
UV photons, under specific operating conditions, can be the
dominant inactivation species'’”'. Several researchers
claimed that the chemically reactive neutral species such as
0, 0,*, 03, OH’, NO and NO, can significantly contribute
to the plasma sterilization process, especially at
atmospheric pressures'” ** *’. It has been shown that
discharges containing oxygen provide a strong germicidal
1935 Moreover, discharges containing oxygen also
generate ozone (O;) which is known to have a strong
bactericidal effect”’. Also, the presence of moisture in
discharge gas plays a significant role in bactericidal action
by generating hydroxyl (OH) radicals in the plasma which
can chemically attack the outer structures of bacterial cells.
Therefore, the best bactericidal effects were achieved in
moistened oxygen and air**.

Reactive species of low-temperature plasma are believed to
play a dominant role in hepatitis B virus deactivation
process”. Virucidal action of reactive oxygen species
(ROS) has been demonstrated. Wu et al* reported that the
ROS species namely OH radicals and atomic oxygen were
associated with the inactivation of MS2 viruses by the
atmospheric-pressure cold plasma. In addition, ROS have
been shown to be implicated in the inactivation of MS2
coliphage by an in-house-built kilohertz-driven
atmospheric pressure, nonthermal plasma jet’. In the case
of feline calicivirus (FCV) inactivation by cold atmospheric
gaseous plasma (CGP), the chemical interaction of ROS
and reactive nitrogen species (RNS) such as singlet oxygen
(0,*), ozone (O;) and superoxide (O,) or peroxynitrous
acid, has been shown to play a key role'. Sakudo et al’’
found that hydrogen peroxide-like molecules which can
create oxidative stress, were predominantly responsible for
inactivation of influenza virus by N, gas plasma.

Inactivation mechanisms: Nonthermal plasma may be
employed to inactivate a wide range of microorganisms
such as bacteria, spores, fungi, viruses and prions. The
mechanism of interaction of plasma with living systems is
complex and is not well known. This is mainly due to the
complexity of biology and partly due to the complexity of
plasma. The charged species of plasma, especially ions, are
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believed to play a key role in plasma-living cell
interaction'”. In direct plasma exposure, both positive and
negative ions have been reported to possess relatively the
same effect. The charged species interact chemically and
not through physical phenomena such as shear stress, ion
bombardment damage or thermal effects. The charged
particles might play a significant role in the rupture of outer
cell membranes, especially in gram-negative bacteria which
possess thin outer membranes and a thin murein layerzg.

The specific mechanisms that lead to virus inactivation by
NTPs are also unclear. Previous studies demonstrated that
exposure to NTPs results in modification and/or
degradation of viral proteins and nucleic acids and also
lipids in enveloped viruses. Yasuda et al** attributed
inactivation of A phage by atmospheric pressure DBD to
the damage of coat proteins and found DNA damage hardly
contributed to the inactivation. It has been shown that
singlet oxygen 'O, can cause inactivation of MS2 phage by
rendering the genome nonreplicable and significant genome
decay and also through minor effects on host binding and
genome injection into the host™.

It was hypothesized in the case of FCV inactivation by
CGP that both ROS and RNS species can potentially react
with the capsid protein, leading to protein peroxidation and
destruction of the capsid. In addition, reactive species can
damage the viral RNA, leading to reduced gene expression
and elimination of viral RNA, or both'. The degradation of
viral proteins including nucleoprotein, hemagglutinin and
neuraminidase was observed when N, gas plasma was used
for influenza A and B viruses inactivation’’. In addition,
the injury of viral RNA genome and the inactivation of
hemagglutination were observed after N, gas plasma
treatment. It was concluded that these changes were
possibly due to changes in the viral envelope because of
modification of the lipid content. They also concluded that
oxidation may be the most important factor in the
inactivation, degradation and modification of influenza
virus by N, gas plasma.

Studies on decontamination of viruses using
NTPs

Noroviruses: Noroviruses are frequently implicated in
human gastroenteritis. Noroviruses spread directly from
one person to another and via surfaces, often in crowded
facilities. Disinfection of surfaces that come into contact
with infected humans is essential for the prevention of
cross-contamination and further transmission of the
virus. The use of atmospheric pressure, nonthermal plasmas
is a promising approach to sterilization and/or disinfection
of both viable and nonviable surfaces. The virucidal
efficacy of atmospheric pressure, nonthermal plasma jet
operated at varying helium/oxygen feed gas concentrations
against MS2 bacteriophage, which is widely employed as a
convenient surrogate for human norovirus, has been
investigated’. In this study, the log reductions in MS2
viability after 3 min of the plasma exposure were 3
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logip (99.9%) and the reductions exceeded 7 log;, after
9 min exposure.

The ability of non-thermal plasma to inactivate human
enteric virus surrogates on stainless steel surfaces has been
investigated”’. During the experimental procedure,
cultivable human norovirus surrogates, feline calicivirus
(FCV-F9) and murine norovirus (MNV-1) and
bacteriophage MS2 at ~7 log plaque-forming units
(PFU)/ml were inoculated and dried on sterile stainless
steel coupons. These coupons were treated with the one
atmosphere uniform glow discharge plasma for 0, 1, 2, 5
and10 min. FCV-F9 exhibited reduction of 2.34 and 3.55
log PFU after 1 and 2 min respectively and to non-
detectable levels after 5 and 10 min. MNV-1 was reduced
by 0.56, 1.61, 1.95 and3.16 log PFU after 1, 2, 5 and 10
min respectively. And, MS2 was reduced by 2.03 and 5.46
log PFU after 2 and 5 min respectively and to non-
detectable levels after 10 min™.

The impact of cold atmospheric pressure plasma (CAPP)
on the inactivation of a clinical human outbreak norovirus
(NoV), GIL4, has been investigated”. In this study, NoV-
positive stool sample at three different dilutions was
prepared and subsequently treated with CAPP for various
lengths of time, up to 15 min. Increased NoV reduction was
observed with the increase of CAPP treatment time. CAPP
reduced the initial quantity of 2.36x10* genomic
equivalents/ml sample by 1.23 log;o and 1.69 log; genomic
equivalents/ml after 10 and 15 min exposure respectively
(P<0.01). CAPP treatment of surfaces carrying a lower
viral load reduced NoV by at least 1 logyy after CAPP
exposure for 2min (P<0.05) and 1min (P<0.05)
respectively. The results suggest that NoV can be
inactivated by CAPP treatment.

Human norovirus is one of the leading causes of viral
foodborne illnesses. NTPs have been used to combat
norovirus contamination in food. In a study, inactivation
effect of atmospheric pressure plasma (APP) jets against
murine norovirus (MNV-1), as a norovirus (NoV)
surrogate, associated with three types of fresh meats-beef
loin, pork shoulder and chicken breast, was investigated by
Bae et al®. The reduction in MNV-1 titers [initial inoculums
of 107 plaque-forming units (PFU)] was >2 log;, PFU/ml in
the three types of meat following the treatment with APP
jets for 5-20 min. Under 5 min treatment time, there were
no significant differences (P>0.05) in the L*, a* and b*
values and the water content (%) value between untreated
and APP jet-treated samples. Although the TBARS values,
an indicator of meat rancidity, gradually increased with
increase of APP jet treatment times, they were below 1.0
mg MA/kg. The results of the study indicate that 5 min of
APP jet treatment was effective in >99% reduction of
MNV-1 titer without concomitant changes in meat quality.

In another study, the in vitro virucidal activity of radio
frequency atmospheric pressure plasma jet against feline
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calicivirus (FCV), a surrogate of human norovirus, was
demonstrated'. Exposure of FCV to 1.0, 1.5, 2.0, 2.5 and 3
W Ar plasma for 15 to 180 s led to gradual reductions in
the FCV titer ranging from 0.33 to 2.66, 0.66 to 4.00, 0.88
to 4.66, 0.99 to 5.55 andl.11 to 5.55 log;o TCIDs¢/0.1 ml
respectively. More than 99.999% of FCV was inactivated
(more than 5 log;y TCIDs¢/ 0.1 ml reduction) after exposure
to 2.5 and 3 W plasma for 120 s. Additionally, virucidal
effects of four combinations of plasma gas mixtures (Ar, Ar
plus 1% O,, Ar plus 1% dry air and Ar plus 0.27% water)
were studied. Of these, Ar plus 1% O, plasma treatment
showed the highest virucidal effect: more than 6.0 log
units of the virus after 15 s of exposure .

Hepatitis A and B: Hepatitis A virus (HAV) is a small,
foodborne, environmentally stable, single-stranded RNA
containing non-enveloped virus that causes enteric
infections in humans. Atmospheric pressure plasma (APP)
jets were found effective against HAV associated with
fresh meats. After 5-20 min treatment with APP jets, the
reduction in HAV titers (initial inoculums of 10° PFU)
were >1 log;o PFU/ml in the three types of meat (beef loin,
pork shoulder and chicken breast) °.

Hepatitis B is a viral infection that attacks the liver and can
cause both acute and chronic disease. Hepatitis B virus
(HBV) is relatively stable in the environment and remains
viable for at least 7 days on environmental surfaces at room
temperature’. Shi et al’’ evaluated the effectiveness of low-
temperature plasma (LTP) induced by dielectric barrier
discharge (DBD) for HBV deactivation. LTP was used to
treat HBV in the blood (serum) of hepatitis B patients with
HBsAg, HBeAg and anti-HBc positive at time intervals of
10, 20, 30 and 40 s. A 100 pL of diluted HBV serum was
spread evenly on cover glass for each experiment which is
operated in atmospheric air with the room temperature of
~20 °C and the relative humidity of ~60%. They found a
gradual decrease of the copy numbers of HBV DNA with
the increase in plasma exposure time. After the 40-s LTP
treatment, a five-order magnitude decrease in the copy
number of HBV DNA, from the original 1.33 x 10’ IU/ml
t0 0.74 x 10” IU/ml was noted.

Newcastle disease virus (NDV) and avian influenza
virus (AIV): Newcastle disease (ND) in many species of
birds is commonly caused by highly pathogenic NDV
which can result in 100% mortality”. Avian influenza (Al),
also called bird flu, is an infectious viral disease of birds
caused by avian influenza virus (AIV). Outbreaks of high-
pathogenicity Al have been reported as a threat to both
humans and animals®'. These are two of the most important
pathogens in poultry. In a study, for the purpose of vaccine
preparation, an alternating current (AC) atmospheric
pressure non-thermal plasma (NTP) jet with Ar/O,/N, as
the operating gas was used to inactivate a Newcastle
disease virus (NDV, LaSota) strain and H9N2 avian
influenza virus (AIV, A/Chicken/Hebei/WD/98)*. The
results showed that complete inactivation could be



Research Journal of Biotechnology

achieved with 2 min of NTP treatment for both NDV and
AIV.

Adenoviruses: Adenoviruses usually, depending on the
serotype, cause mild diseases ranging from respiratory tract
to gastrointestinal infections. They are double-stranded
DNA viruses without envelope and are physically stable
due to the protein capsid. They can tolerate deviations from
neutral pH, moderate increases in heat and are relatively
resistant to UVC. For disinfection, chlorine bleach or
autoclaving (20 min at 121 ‘C at 1 bar) is used®.
Experiments with cold atmospheric plasma (CAP) to
inactivate adenovirus have been performed. A surface
micro-discharge in air was used as the plasma source.
Within 240 s of CAP treatment, inactivation of up to 6
decimal log levels was achieved®’. The results indicate that
the inactivation of adenovirus was achieved by a synergetic
effect of all possible species produced (apart from ozone)
in the non-equilibrium plasma chemistry—electrons,
charged and uncharged particles, excited atoms and
molecules, reactive species and UV light.

Herpes Simplex Virus: Herpes keratitis (HK) is a viral
infection of the eye caused by the herpes simplex virus
(HSV). HSV is the common cause of cornea-derived
blindness and infection-associated blindness in developed
nations. Although acyclovir and its derivatives have been
successful in HK patients, the virus prevalence and
emergence of acyclovir-resistant strains of herpes simplex
virus (HSV) are becoming a challenge® **. Therefore, for
suppressing HSV infection in the cornea, development of
novel nonpharmacologic methods may be of therapeutic
interest. In a study, Alekseev et al’ have investigated the
antiviral properties of liquids treated with nonthermal
dielectric barrier discharge (DBD) plasma. In this study,
herpes simplex virus type 1 (HSV-1) infected human
corneal epithelial cells and explanted corneas were exposed
to culture medium treated with nonthermal DBD plasma.

As a result, a dose-dependent reduction of viral genome
replication, the cytopathic effect and the overall production
of infectious viral progeny were observed. Genome
replication was inhibited more than 90% at the 40-sec
treatment intensity. And, no detrimental effects in
explanted human corneas were reported due to the DBD
plasma treatments which were confirmed by toxicity
studies’. The study results confirmed that nonthermal DBD
plasma can potentially be used to suppress corneal HSV-1
infection in vitro and ex vivo without causing pronounced
toxicity.

Influenza and paramyxo viruses: Virus-induced
respiratory infections are major causes of upper and lower
respiratory  tract infections. Influenza  viruses and
paramyxoviruses are the major pathogens involved in such
infections. The mode of transmission is mainly airborne i.e.
by direct transmission through droplets from infected cases.
Systems that can control virus transmission will reduce the
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burden of these infections. A new process for the
generation of a cold oxygen plasma (COP) by subjecting
air to high-energy deep-UV light with an effective radiation
spectrum between 180 nm and 270 nm has been developed
by Biozone Scientific Technology. The efficiency of COP
against different airborne respiratory viruses, namely
respiratory syncytial virus (RSV), human parainfluenza
virus type 3 (hPIV-3) and Influenza A (H5N2), was
evaluated. A reduction of 6.5, 3.8 and 4log (10)
TCID50/ml of the titre of the hPIV-3, RSV and influenza
virus A (H5N2) suspensions respectively was noted*.
Therefore, it has been concluded that the COP technology
is an efficient and innovative strategy to control airborne
virus dissemination.

Another study showed that N, gas plasma generated by a
high-voltage pulse using a static induction (SI) thyrister
power supply effectively inactivated influenza virus®’. In
this study, influenza virus (A/PR/8/34)-infected allantoic
fluid dried on a cover glass was subjected to treatment with
N, gas plasma (1.5 kilo pulses per second; 0, 1, 5 min).
Samples were collected with pure water and injected into
embryonated eggs. After incubation for 48 h, no
nucleoprotein of influenza virus was detected in fluid from
embryonated eggs that had been treated with N, gas plasma
for 5 min. It has been concluded that influenza virus was
inactivated within 5 min of N, gas plasma treatment.

Bacteriophages: Antimicrobial activity of the PlasmaSol
nonthermal plasma sterilizer apparatus (PlasmaSol
Corporation, Hoboken, NJ, USA) against temperate A
bacteriophage C-17 (ATCC 23724-B1) and lytic
bacteriophage (Rambo; Microphage) was examined by
Venezia et al”. Exposure of the both phages at
concentrations of 10° PFUmI™ had resulted in at least 46
log;o reduction in viability following 10 min of exposure.
The early stage inactivation of bacteriophage lambda (A
phage) in the presence of atmospheric pressure cold plasma
was demonstrated by Yasuda et al**. In this study, a DBD
device which generates typical atmospheric cold plasma
was employed to treat the PET film containing A phage
particles, under neutral pH and near the room temperature.
After 20 s discharge treatment, the number of infectious
phages decreased quickly and 6-orders of magnitude
inactivation was achieved. The time required for one logi
reduction of phages (D value) was about 3 s*.

In another study, the inactivation effect of atmospheric-
pressure cold plasma (APCP) against MS2 bacteriophages
was examined. Airborne MS2 bacteriophages were exposed
to APCP produced using the power levels of 20, 24 and 28
W and gas carriers [ambient air, Ar-O, (2%, vol/vol) and
He-O, (2%, vol/vol)] for subsecond time intervals. The
APCP treatment, wherein ambient air was used as the gas
carrier at 28 W for 0.12 s, inactivated more than 95% (1.3-
log reduction) of the viruses in the air*®. However, about
the same level of inactivation was achieved for waterborne
MS2 viruses with an exposure time of less than 1 min when
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they were directly subjected to the APCP treatment for up
to 3 min.

Conclusion

All these studies clearly indicate the virucidal effect of
NTPs. Researchers so far have focused on preliminary
studies of inactivation of viruses using NTPs by randomly
choosing clinically-important viruses. However, more
systematic studies are needed to evaluate the relative
susceptibility of the different groups of viruses to NTPs.
The inactivation studies indicate that the degree of
inactivation of a particular virus is completely dependent
on the type of plasma being used, length of plasma
exposure and other experimental conditions. Also,
mechanism of inactivation of the same virus with two
different NTPs seems to vary with the composition of
plasma reactive species. As the number of studies is limited
regarding the inactivation of viruses using NTPs, more
studies are warranted. Future studies need to give more
emphasis to proof-of-mechanism for NTPs-induced
inactivation.
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Abstract

Viruses can infect all cell-based organisms, from bacteria to humans, animals, and
plants. They are responsible for numerous cases of hospitalization, many deaths,
and widespread crop destruction, which all result in an enormous medical,
economical, and biological burden. Each of the currently used decontamination
methods have important drawbacks. Cold plasma has entered this field as a novel,
efficient, and clean solution for virus inactivation. Here, we present the recent
developments in this promising field of cold-plasma-mediated virus inactivation, and
describe the applications and mechanisms of the inactivation. This is a particularly
relevant subject as viral pandemics, such as the COVID-19 pandemic, expose the
need for alternative viral inactivation methods to replace, complement or upgrade

existing ones.
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When viruses meet plasma

Viruses are the most abundant and diverse microbes on our planet. They have
inhabited the Earth for billions of years [1], so they have adapted to various
environments and are now found across all ecosystems. Viruses have contributed to
the evolution of life on Earth, and can be beneficial for preserving ecosystems and
important natural Earth cycles, such as the carbon cycle in the sea [2]. On the other
hand, pathogenic viruses cause tens to hundreds of millions of plant, animal and
human infections annually, which result in high crop losses and numerous deaths

(Box 1). Therefore, inactivating harmful viruses is crucial for better quality of life.

Viruses can be transmitted directly from one infected individual to another, or
indirectly via contaminated intermediates, such as surfaces, objects, air, food, and
water. Transmission via contaminated surfaces and aerosols has shown to be of
great importance in the COVID-19 pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [3]. Water is also becoming an increasingly
important transmission route for pathogenic viruses. This has arisen from global
climate change and the continued increasing water demand, combined with
inefficient virus removal by traditional water treatments, and with re-use of
wastewater for irrigation purposes [4,5]. Pathogenic waterborne viruses are
important contributors to one of the most important global risks we are facing today,
the scarcity of potable water [6]. Various inactivation methods are used to prevent
viral spread in different matrices but unfortunately, the ideal method has yet to be
discovered (Box 1). Thus, there is an urgent need for an environmentally friendly
treatment that produces neither waste nor toxic by-products, does not use toxic

chemicals, is easy and safe to work with, and is also efficient in terms of viral
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inactivation. The emergence of cold plasma (CP) treatments for virus inactivation

aims to provide a solution to all of these features.

Plasma is the fourth state of matter. It is a partially or fully ionized gas where the
atoms and/or molecules are stripped of their outer-shell electrons (Box 2) [7]. Among
its complex constituents, ultraviolet (UV) radiation and reactive oxygen and/or
nitrogen species (RONS) (see Glossary) provide the most important antimicrobial
properties [8]. UV can damage nucleic acids [9], while RONS can oxidize nucleic
acids, proteins, and lipids, with different affinities that depend on the species [10].
These inherent properties of plasma, and more specifically of CP, have motivated
extensive studies on the use of CP for inactivation of various pathogenic
microorganisms. Here, the main target has been bacteria, with investigations across
different fields, such as food production [11], medicine, and dentistry [12]. These
have even extended to oncotherapy applications, where cancer cells are targeted

instead of pathogenic microorganisms [13].

The scientific niche of plasma-mediated virus inactivation is a relatively young field of
research (for reviews, see [14,15]), which started only about 20 years ago [16]. This
is despite the decades-old knowledge that ozone that is usually synthesized from O,
subjected to plasma conditions can inactivate viruses [17]. However, over the last
few years, the number of publications in the CP-virus field has doubled, and the
research has expanded from only defining the virucidal properties of plasma to

describing its modes of inactivation.

This review offers a comprehensive overview of the latest progress and
achievements in the CP-virus field. It also describes and discusses the modes of CP-

mediated virus inactivation, and the reactive species responsible for it.
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Cold plasma inactivation of viruses

Almost every study on CP inactivation of viruses is unique, as they either use a
specific plasma source (e.g. dielectric barrier discharge [DBD], plasma
(micro)jet) (Figure 1) with different characteristics (e.g. power, gas, treatment time),
or they deal with the treatment of different liquid volumes (from microliters to several
milliliters), matrices (e.g. water, other solutions, surfaces, cells), and viruses
(surrogates of human viruses, human, animal and plant viruses). Such wide diversity
makes it difficult to directly compare these studies and to define the mechanistic
conclusions or any universal inactivation parameters. To simplify these complexities,
we will consider here the individual types of viruses that have been subjected to CP
treatments. For a complete list of the treatments published to date, please see

Tables S1 and S2.

Human viruses

Enteric viruses

CP treatments have been often focused on enteric viruses, such as norovirus,
adenovirus, and hepatitis A virus. These are the leading causes of acute
gastroenteritis, the second most common infectious disease worldwide, which is
responsible for high levels of hospitalization and deaths [18]. Working with human
viruses can pose serious health hazards, thus such studies require specialized
laboratories and equipment. Moreover, infectivity assessments of important enteric
viruses, such as norovirus, have been limited due to a lack of cultivation methods

[19]. For these reasons, these viruses are often replaced by surrogate viruses.

Animal viruses such as feline calicivirus (FCV), murine norovirus (MNV), and Tulane

virus (TV) have been used as surrogates for norovirus due to their similar sizes,
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morphologies and genetic material. Furthermore, these surrogate viruses are easy to
culture/reproduce, and are safe to work with [19]. Opinions are divided over which of
these surrogate viruses best resembles the stability of norovirus, and the final choice
strongly depends on the inactivation method used and the environmental properties
[13—15]. In addition to animal viruses, bacteriophages (viruses that infect bacteria),
can be used as surrogates for enteric viruses, and for other human pathogens (Box

3).

Enteric viruses and their surrogates have been successfully treated in aqueous
solutions [20—22] and other liquid media [23], and also on the surfaces of food [24—
206], stainless-steel [25,27], and glass [28,29]. Three of these studies have reported
on the comparative use of both surrogates and enteric viruses [23,25,27]. It was
shown that the inactivation of a chosen surrogate virus is more efficient than that of
the target enteric virus [23,27], suggesting that the effects of CP on such surrogates
might not always mirror their effects on the enteric virus counterparts, and should

thus be interpreted with caution.

Norovirus is one of the most, if not the most, problematic enteric virus. Its inactivation
in comparison to FCV as its surrogate has been investigated using CP for diluted
stool samples on a stainless-steel surface and lettuce leaves. As no infectivity
assays are available to date for norovirus, the inactivation was determined using
ethidium-monoazide-coupled reverse-transcriptase quantitative real-time PCR
(EMA-RT-qPCR) [25]. A decrease of ~2.6 log units of gene copies was observed
after 5 min treatment with DBD on both of these surfaces. Here, the inactivation of
the surrogate FCV measured by EMA-RT-gPCR in the same medium on the
stainless-steel surface was similar to that of norovirus, although the cell-culture-

based infectivity assays showed complete FCV inactivation after 3 min (also
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confirmed in [20]). The underestimation of FCV inactivation based on EMA-RT-gPCR
in comparison with the infectivity assay might also indicate underestimation of
norovirus inactivation. Since FCV and norovirus were similarly affected by the CP
treatment, FCV can be considered as an appropriate surrogate. However, it still
needs to be determined if this would also apply when using different treatment

conditions.

FCV was inactivated by DBD plasma torch also on a glass surface [28], indicating
that both this device, and the previously mentioned DBD, have a good potential to
inactivate enteric viruses on the objects of various surfaces. On the other hand, the
inactivation of adenovirus on a glass surface with a pulsed high-voltage source that
sustains plasma at 0.5 bar was not as successful and would thus not be as suitable

as DBDs for this purpose [29].

One of the most successful inactivation in liquid medium, including the work on
bacteriophages (Box 3), was achieved by 15 s treatment of FCV using plasma jet
[21,22]. This extremely short treatment time indicates that such plasma jet could be
an important tool for enteric virus inactivation in liquids, however based on its
present configuration, it would be limited to treatment of smaller objects

contaminated with potentially infected droplets.

Different CP sources were also applied on the surfaces of various foods, such as
blueberries [24], lettuce [25,26], and meat [30], where viruses were successfully
inactivated without altering the appearance of the treated food. It was also shown
that DBD could be used to treat packaged food [26], however, inactivation was not
as good as in case of non-packaged food and therefore this process would require

further improvements before its implementation. Application of CP in food industry
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for decontamination has multiple advantages over the most widely used thermal
processing of food, as it can sustain freshness and quality of food with minimal
impact on the environment due to shorter treatment times and energy requirements
[11]. One must be careful when using CP for treating sensitive material such as food,
as despite CP is in general at room temperature at the point of application, the
temperatures can rise in some cases due to the specific CP generation conditions.
To prevent thermal damage during treatments of sensitive materials, the CP
discharge needs to be placed far enough from the treated material [24] and/or have
additional cooling provided. Another option is to use indirect treatments with plasma-

activated liquids.

Respiratory viruses

Treatments of the respiratory viruses influenza A and B (for review, see [14]) and
respiratory syncytial virus (RSV) [31] have only been performed with the already
mentioned pulsed high-voltage CP source. RSV is the most frequent causative agent
of lower respiratory tract infections in infants, and it is one of the most important
viruses in pediatric medicine, particularly as it spreads easily through contact with
contaminated surfaces [32]. Even though CP treatment completely inactivated RSV
on a glass surface after 5 min [31], a simpler and more portable plasma configuration
would be needed for efficient decontamination of hospital surfaces, while the
previously described one would be practical only for decontamination of tools and
smaller objects. Some respiratory viruses can also remain stable as aerosols for
longer periods of time, such as SARS-CoV-2, and in order to stop their spread, it is

crucial to treat the air, not just surfaces (see section Animal viruses and Box 3).

Sexually transmitted viruses
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Human immunodeficiency virus (HIV) is one of the most important sexually
transmitted pathogens, and one of the greatest challenges to public health in general
(https://www.who.int/news-room/facts-in-pictures/detail/hiv-aids). Three shots for a
total of 45 s with a plasma jet were applied to macrophages prior to their infection
with HIV [33]. Upon infection, this treatment reduced the viral reverse-transcriptase
activity by over two-thirds, and it impaired the other steps required for successful
virus infection, without any cytotoxic effects on the macrophages. In contrast,
another study reported the increasing cytotoxicity of the treated cells with the

decrease of virus concentration [34].

Despite these promising results, there are some limitations for deploying such
strategy in real-life scenarios, including the extraction of macrophages from the sick
individual in order to treat them by CP, and their delivery back into the body. Such
issues will need to be solved before CP is to be considered as an alternative HIV

treatment option in the future.
Animal viruses

Three important animal pathogens have been treated by CP: avian influenza virus
(AIV), Newcastle disease virus (NDV), and porcine reproductive and respiratory
syndrome virus (PRRSv). All three viruses pose a significant threat to global food
security and economic stability. Some strains of AlV viruses can cause up to 100%

mortality in chickens (https://www.cdc.gov/flu/avianflu/influenza-a-virus-

subtypes.htm), and some strains of NDV can cause up to 100% mortality in different
avian species [35]. This is why prevention of their spread by vaccination is essential.
Vaccines for both viruses would benefit from the improvements that would allow

them to be more cost-effective, provide higher immune protection and decrease the
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risks of disease development, by ensuring complete viral inactivation without
affecting the antigens responsible for inducing the immune response [36,37]. For this
purpose, CP was used as a possible inactivation step in vaccine preparation [35].
Complete inactivation was achieved after a 2-min treatment with a plasma jet. This
was shown to be a perfect time for vaccine preparation, as longer treatment times
can alter the antigen determinants responsible for immunogenicity. Both vaccines
have been used to successfully induce the production of specific antibodies, and the
NDV vaccine induced even higher antibody titers compared to the traditionally
inactivated vaccines. Additional prevention method to stop the spread of these
viruses would be decontamination of surfaces and tools that are in contact with
potentially infected poultry by using CP-activated disinfection solutions. It has been
shown that at specific ratios, CP- activated distilled water, 0.9% NaCl and 0.3% H,0,

completely inactivated viruses, and the chicken embryos attained 100% survival [38].

PRRSv is economically one of the most important pathogens in the pork industry that
can be transmitted as aerosols and stay infective after travelling long distances,
making it a potential threat even to distant barns [39,40]. Most commonly used
methods for air treatment in general rely on either physically limiting virus
transmission (such as various filters) or on lowering virus infectivity (such as UV-
radiation). CP could potentially achieve both goals, stopping the viral spread and
abolishing virus infectivity, by charge-driven filtration and RONS, respectively [39—
41]. Aerosolized PRRSv has been treated in two studies by different DBDs [39,40].
Promising results with complete virus inactivation (~3.5 log reduction), were
achieved by one DBD system [39], while the other system was only partially
successful [40] and authors have suggested potential improvements that would

increase inactivation efficiency. Based on these and the results on bacteriophages
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(Box 3), we can conclude that CP has great potential to be used for direct air
disinfection, which could also be utilized in the fight against COVID-19-like
outbreaks. Nevertheless, issues such as the high ozone production (Box 3) will have
to be addressed and solved before such treatment becomes a part of a regular

practice.

Plant viruses

Plant viruses were the first viruses to be discovered [42]. Although most virus-to-
plant transmission occurs via insects [42], the increasing re-use of untreated
wastewater and the use of closed irrigation systems as an answer to water scarcity
are promoting viral spread. Plant viruses can result in tremendous economic losses
that have been estimated at approximately 30 billion US dollars annually [43].
Despite this, there are only two reports on their deactivation by CP treatments.
Inactivation of the most important potato viral pathogen, potato virus Y (PVY), in
water samples was achieved using plasma jet [7]. This water-transmissible virus [44]
was successfully inactivated in polluted and clean water with treatments of only
5-min and 1-min, respectively. Other economically relevant plant viruses that are
highly stable, resistant to classic inactivation methods, and water-transmissible are
the members of the genus Tobamovirus, such as tobacco mosaic virus (TMV).
Despite the inherent stability of TMV, a 10-min treatment by DBD was shown to be

enough to inactivate it [45].

Since enormous quantities of water are being used for irrigation (up to 70% of global
water usage), closed irrigation systems or reuse of wastewater are being
increasingly utilized, enabling the spread of plant pathogens and high crop losses.

Based on the results on efficient inactivation of important resilient plant viral
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pathogens by CP, we believe that the use of plasma as a decontamination tool in
agriculture has a high potential and deserves additional attention, especially in the

upcoming global warming scenario.
Proposed mechanisms of inactivation

An understanding of the underlying mechanisms of virus inactivation by CP is crucial
to be able to fine-tune CP treatments before their deployment in industrial, medical,
and agricultural environments, and to more easily predict all possible outcomes,
which include potential formation of undesired by-products that do not contribute to

the inactivation.
Reactive species responsible for inactivation

The main consensus between the diverse studies to date is that the formation of
ROS and/or RNS is the main feature of CP that contributes to viral inactivation, while
UV radiation and temperature changes remain as minor contributors or have no
effect at all. Different methods have been used to measure and identify the RONS

(Table 1), which is a challenging task due to their short life span.

Singlet O, ('0,) was shown to be the most important ROS for inactivation of FCV
[21,22,28] and phage T4 [46]. 'O, causes oxidative modification of histidine residues
and a shift in molecular mass of methionine residues [21]. It also reacts with
cysteine, tyrosine, and tryptophan, and oxidizes guanine [46]. Ozone (O3) has been
used as the main [20] or an additional inactivation factor [21,22] in FCV treatment,
and it was proposed to also have roles in the inactivation of MS2 [41] and adenovirus
[47]. Hydrogen peroxide (H203) has been suggested to be crucial for inactivation of
RSV [31] and influenza A virus [48], but to have a secondary role in inactivation of

FCV [22], PVY [7], and adenovirus [29]. RNS have been proposed as the principal
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inactivation factors only in studies with FCV, where the main RNS species were

ONOONH (in an acidic environment) [22,28], ONOO [28], or NOy [20]. Other groups
have measured increases in different RONS during CP treatments [7,33,35,45,49]
(Table 1), but these studies did not expand their research to determine the precise

involvement of each of the RONS in virus inactivation.

In summary, RONS are the main contributors to CP-mediated virus inactivation;
however, the particular reactive species that have the essential roles vary and are
highly dependent on the experimental conditions, such as the gas used for the CP
generation, the matrix, the virus treated and the method used for RONS
determination. Increased availability and development of more accurate methods for
measurement of RONS and UV intensity will enable determination of the exact CP
properties that are crucial for viral inactivation. In addition to determination of the CP
properties that contribute the most to viral inactivation, for a better mechanistic
understanding of the inactivation process, it is also important to explore which virus

component is disrupted.

Modes of virus inactivation

The viral capsid, or envelope, is the first contact point with the host, and for efficient
recognition of a virus by the cell receptors, it is important that their outer structure is
more or less intact. Once in the cells, the viral genome takes over the process of
replication. Therefore, these two components are the most important ones for the

evaluation of virus inactivation (Table 1).

Capsid protein damage and nucleic acid degradation were reported for
bacteriophages T4 [46], MS2 [49] and A [50], as well as NDV [38] and FCV [21]. In

the case of the enveloped virus influenza A, in addition to capsid and nucleic acid
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damage, changes in lipid components from the envelope have been reported [48].
Only in the case of bacteriophage A [50] and FCV [21] has it been shown that the
main mode of inactivation was degradation of the capsid proteins, which preceded
the degradation of nucleic acids. In other studies, it was not possible to determine
which degradation path contributed more to the decay in viral infectivity. The
beforementioned detailed study of FCV [21] identified primary targets of the CP
oxidation, which included specific amino acids in different regions of the capsid
protein, and specific functional peptide residues in the capsid protein region that
were responsible for virus attachment and entry into the host cell. CP treatments
resulted in nucleic acid degradation for FCV [28] and PVY [7], for which protein
degradation was not measured, and for adenovirus [29], RSV [31], and TMV [45],
where nucleic-acid degradation was indicated as the only mode of inactivation (the

viral proteins or their subunits stayed intact).

It is evident that the high oxidative power of CP derivatives can disrupt virus integrity
at both the structural and genomic levels by affecting both proteins and nucleic
acids. Minor disruption or conformational changes of the capsid proteins (or the lipid
envelope when present) caused by RONS can result in loss of viral infectivity, due to
disruption of the virus binding to the receptors on the host-cell surface. In cases
where the genomic nucleic acids are damaged, viruses will no longer be infective, as
an intact genetic material is needed for virus genome translation and replication.
Even in cases where the damage was shown to be inflicted only to nucleic acids, it is
likely that the RONS had also damaged or disrupted the outer protein layer to a
certain extent, as otherwise it would not be possible for the RONS to penetrate the

virus and reach the genetic material.
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One of the challenges for the study of the modes of viral inactivation is the selection
of the appropriate method. Methods used for determination of protein degradation
are either not as sensitive as the molecular methods used to determine nucleic acid
degradation, or they target only specific protein subunits, and hence can sometimes
overlook other changes to the proteins. Future studies using combinations of the
state-of-the-art methods to assess both types of damage will help with more
accurate interpretation of how the damage occurs. These include cryo-electron
microscopy, mass spectrometry, and long-read sequencing, along with methods

based on nucleic acid amplification, like quantitative PCR and digital PCR.

Concluding Remarks

Diverse CP sources can completely inactivate or significantly reduce the infectivity of
numerous human, animal and plant pathogenic viruses on or in various matrices
(Figure 2, Key Figure). However, as indicated from various studies (Table S1), virus
inactivation is highly dependent on the treatment properties, so the optimal

parameters need to be chosen on a case-by-case basis.

Based on the recent developments in the CP-virus field described here, we
anticipate that CP will be one of the most effective and environmentally friendly tools
for inactivation of different viruses in the near future. Ultimately, its use should lead
to reduced human, animal and plant infections, and along with this, lower economic
and biological burdens. We believe that one of the fields of virus inactivation where
plasma can represent a more significant breakthrough is water decontamination. It
could inactivate problematic enteric viruses and resilient plant viruses for either
human consumption and/or for agricultural purposes. In any case, it will first be

necessary to evaluate the potential adverse genotoxic and cytotoxic effects of
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plasma-activated water on humans and plants. Additionally, a field of CP application
that may gain relevance as a response to viral outbreaks (like SARS-CoV-2), would
in our opinion be CP-mediated air purification and incorporation of CP in protective
masks and respirators (Box 3), which could help to palliate the sanitary burden
caused by any future outbreaks. There is also potential in decontaminating small-
surface objects, such as tools and food. Even with the promising initial results, using
CP in medicinal treatments or vaccine preparation would still require significant

research before their actual implementation.

Despite the high efficiency of virus inactivation, the exact modes of action and the
plasma functionality in scaled-up systems remain largely unexplored (see
Outstanding Questions), and further research needs to be focused in this direction.
This insufficient knowledge of plasmalvirus interaction presents the biggest obstacle
in the expansion of this field. To understand this interaction, it is important to know
the flux of reactive species (RONS or radiation) on the surface of the virus, the
probability for the reaction of a particular type of reactive species with the virus, and
any synergetic effects between different reactive species for viral deactivation. None
of these parameters are currently understood completely. Another issue to be dealt
with is how to scale up CP reactors without altering the composition and amount of
reactive species achieved at small scale. This could be overcome by a scale-out
approach, where several small-scale reactors could be used in parallel, increasing
the amount of treated material but maintaining the desired plasma composition. Such
an approach would also abolish the need for specialized equipment for
characterizing plasma chemistry in scaled-up systems, as they would be the same

as the ones already characterized at laboratory scale.
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In view of environment protection, novel environmentally friendly decontamination
methods are needed. We think that CP should replace current chemical
decontamination practices, as it does not produce excessive waste and can
efficiently inactivate viruses in or on different media and surfaces. CP usage will
likely spread in different directions to help coping with upcoming global challenges,
such as the scarcity of clean water and the detrimental effects of future viral
epidemics or pandemics like COVID-19. CP in combination with other existing
technologies could help to improve virus inactivation through synergistic effects, thus

providing an ultimate decontamination tool.
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Figure legends

Figure 1: Examples of the most used plasma sources for virus inactivation in
different matrices. These include some different types of (micro)jets (a) and
dielectric barrier discharges (b), and various matrices that have been inoculated with
viruses and treated using cold plasma (c: left to right: meat, blueberries, lettuce,

glass, stainless steel, water, buffer or other liquid medium, air, cells).

Figure 2, Key Figure: Inactivation of viruses using cold plasma. (a)
Morphologically different viruses under treatment with cold plasma. (b) Close-up of
the cold-plasma properties that are responsible for viral inactivation. The most
essential particles in virus inactivation are reactive oxygen and/or nitrogen species
(RONS), although UV radiation and charged particles (e.g. ions, electrons) can also
have some role. Molecules in the ground state are neutral and do not have any
effects on virus inactivation. Cold plasma can target both the viral proteins and their
nucleic acids (or even the virus envelope, when present). (c) After the cold-plasma
treatment, the virus particles and nucleic acids are partially or completely degraded

to non-infective particles that cannot cause any harm to their hosts.

Table 1. Mechanisms of viral inactivation by plasma.

Virus Reactive Mode of  Methods for Methods used for Re
oxygen virus identification of cold-plasma f.
and/or inactivation virus inactivation characterization®
nitrogen

species Prot DNA Protein DNA/RN

involved in ein /RN degradat A
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ONOOH d strips, Griess assay, 8
(acidic H,O, test strips ]
conditions)®
FCV 0,8, 05" Yes Yes EMA-RT- RT-PCR, Indirect [
gPCR, RT- measurements with 2
EMA-RT- qPCR, LC-MS/MS 1
PCR, sequenci ]
SDS- ng
PAGE
FCV NO,, O5° NA NA Not Not UV light meter, UV [
measure measure absorption 2
d d spectroscopy, Griess 0
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assay

Human virus

Adenovir H,O, No Yes Immuno- PCR, H,0O,, nitrite and
us chromato gPCR nitrate test strips
graphy
and
Western
blotting
Adenovir oM NA NA Not Not Optical spectrometer,
us measure measure UV-Power meter,
d d photometric ozone
analyzer
Influenza H,0,° Yes Yes Hemaggl RT- Chemical indicator
Aand B utination gqPCR strips, multichannel
virus® assays, spectrophotometer,
ELISA, gas detector
Western
blotting
RSV H,0,° No Yes Immunoc RT-PCR, Active O, test strips

hromatog RT-

raphy kits gPCR

HIV 10,%, O, NO, NA Yes Not gPCR Optical emission
N, (second measure spectroscopy
positive), N,* d

Animal virus
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NDV 1Oxidation/ Yes Yes Bradford Agilent Oxidation/reduction
reduction protein 2100 potential probe, H,O,
potential, assay bioanalyz assay kit, electrical

H,O,, OH", kits er conductivity meter,
NO’ electron spin
resonance

NDV, TOxidation/ NA NA  Not Not Oxidation/reduction

AlV reduction measure measure potential probe,

potential, O, d d optical emission

NO, OH spectroscopy

Plant virus
TMV TH,0,, NO3', No Yes Western RT-PCR Optical absorption

HNO,, N,O,, blotting spectroscopy,

NO,™ chemical probe
PVY H,O,". 10H, NA Yes Not RT-PCR  Optical emission
O measure spectroscopy, H,O,
d test strips

2 1: In case where the increase of reactive oxygen and/or nitrogen species was only

measured but their importance in inactivation was not determined

® Measurements of pH and temperature are excluded as are scavenger experiments and

other methods used for indirect identification of RONS

° Methods to determine modes of viral inactivation were applied only for treated solutions

4 Methods to determine modes of viral inactivation were applied only for plasma ignited in

99% Ar and 1% O,
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® The only group that noticed degradation of viral envelope using Fourier-Transform InfraRed
(FT-IR) spectrophotometer. ELISA was done only for Influenza B, Western blotting, RT-

gPCR, hemagglutination and FT-IR only for Influenza A
" Some role in the inactivation, it is not defined how important it is
9The main role in the inactivation

" Very important but does not have the main role in the inactivationAbbreviations: ELISA,
enzyme-linked immunosorbent assay; EMA, ethidium monoazide; LC-MS, liquid
chromatography-mass spectrometry; MS/MS, tandem mass spectrometry; NA, not
applicable; PCR, polymerase chain reaction; RT-PCR, Reverse transcription PCR; RT-
gPCR, Reverse transcription real-time PCR; SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis
Box 1. Viruses and methods for their disinfection.

Viruses are microscopic agents that can infect all existing forms of cellular life. Their
classification as living organisms has historically been a question of interesting,
almost philosophical debate, but what it is definitely unquestionable is that they are
one of the most powerful engines of evolution on the planet [51]. Most viruses are
not harmful, and some of them are even beneficial for their hosts [52]. In recent
years, viruses have been increasingly used towards human wellbeing. For example,
lentiviruses [53] and adeno-associated viruses [54] are being genetically engineered
to formulate state-of-the-art gene therapies. Nevertheless, viruses have a bad
reputation as causative agents of various human, animal and plant diseases. This is
no surprise, as they were the main players in numerous epidemics and pandemics
throughout history (https://www.who.int/emergencies/diseases/managing-
epidemics/en/). Several viral agents have contributed to the well-deserved

‘biohazard’ fame of viruses, including influenza, Ebola, HIV and coronavirus SARS-
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CoV-2 that causes COVID-19 disease. Despite not being such ‘viral celebrities’,
waterborne viruses pose increasingly serious health and economic burdens in the

present era that is threatened by climate change and scarcity of potable water.

Different physical and chemical treatments have been traditionally applied for
inactivation of viruses. Chlorine, alcohols, acids, alkalis, and bleach are examples of
chemical disinfectants, while UV radiation, filtration, pressure and temperature are
among the physical ones [55]. The method of choice depends greatly on the matrix
to be disinfected and on the virus targeted for inactivation. Waterborne viruses,
including enteric viruses [56] and plant tobamoviruses [57], are among the most
stable of the viruses. To inactivate such stable viruses in such a delicate matrix, the
disinfection method needs to be strong enough to inactivate the virus, and at the
same time it needs to be non-toxic to maintain the quality and properties of the
water. It is now known that chlorination, a traditionally used method for water
disinfection, is not efficient enough for inactivation of certain viruses, and in the long
term, it can pose a risk to human health due to release of toxic by-products [58]. In
more recent years, novel waterborne viral inactivation technologies have been
developed, such as membrane filtration, reverse osmosis, UV and ozone treatments,
and hydrodynamic cavitation, each of which has their own pros and cons. The
frequent disadvantages of these technologies are cost inefficiency, scalability
problems, and unsustainable power usage. Laboratory scale studies suggest that
cold plasma has the potential to overcome these problems, but actual confirmation
will only arrive with studies focused on pilot or industrial scale deployment of plasma-

based disinfection devices.
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Box 2. Let’s talk about plasma

Plasma is the most abundant state of matter in the visible universe, as it comprises
99% of it. The sun and other stars, nebulae, solar winds, lightning, and aurora
borealis are all in plasma state. Plasma TVs, neon and fluorescent lights are the
best-known man-made uses of plasma. Generally, plasma contains free electrons,
atoms, and molecules in neutral, ionized and/or excited states (including reactive
oxygen and nitrogen species). Plasma of many gases represents an extensive
source of ultraviolet and vacuum ultraviolet radiation [59]. The possibility to use a
particular or a combination of constituents makes plasma a unique

material-treatment technique.

On a rough scale, plasma can be divided into thermal or equilibrium plasma, where
all particles have roughly the same temperature (average kinetic energy of random
motion), and non-thermal, non-equilibrium, or cold plasma, where light electrons
have much higher temperatures compared to heavy atoms and molecules, which
often remain close to room temperature. In other words, cold plasma is at the point
of application at room temperature, and as such, it is suitable for treating any
biological material, be it solid, liquid, or an aerosol. Cold plasma can be further
classified into low pressure and atmospheric pressure. The latter is limited to the
volume where there are large electric fields, while low-pressure plasma spreads in a
large volume [60]. Cold plasma is usually sustained with an electrical discharge. The
gas temperature usually remains almost unaffected, but the chemical reactivity is
huge comparing to the source gas due to the presence of reactive species. In most
cases of virus inactivation, the atmospheric-pressure plasma has been used, for
practical considerations (for more information on various plasma sources used in

microbial decontamination, see [61]).
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Plasmas are used in various industries, mainly for tailoring surfaces of solids (e.g.
oxidation, cleaning, nanostructuring, binding different atom/ molecule groups),
including destruction of microorganisms such as viruses. Plasma can also be used
for treatment of liquids, however, inactivation of viruses in liquid media is much more
challenging, compared to surfaces, as plasma cannot be sustained in liquids, but
only in gaseous bubbles inside the liquid or above the liquid surface. Depending on
the place of their generation, RONS interact with either the surface of bubbles or the
surface of liquid, where many dissolve. They can then diffuse within the liquid, and
might eventually interact with the virus. Furthermore, UV radiation penetrates liquids
with a penetration depth that depends enormously on the wavelength, and the
concentration and type of impurities [62]. There are various techniques for measuring
both long- and short-lived RONS in liquids [63], but they are not used frequently by
authors working on the destruction of viruses. Many authors state the discharge
parameters (voltage, current, power) rather than plasma parameters (concentration
of reactive species), which are necessary to compare various plasma sources. The

plasma-virus scientific niche is therefore in its infancy at present.
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Box 3. Bacteriophages as surrogates and an alternative cold plasma treatment

Bacteriophages are the first choice in many studies to establish proof of concept for
virus inactivation methods, due to their many advantages. They are relatively
inexpensive to culture/produce, easy and safe to work with, they can be produced in
large quantities, and plaque-based infectivity assays are time efficient [64]. However,
care must be taken when interpreting the results, as they might not always correlate

with the response of the actual virus to the inactivation method.

The very first study that triggered the expansion of the plasma-virus field was
conducted on bacteriophages [16]. In recent years, bacteriophages have been used
to test the use of CP for air purification [41,49], and to study CP effects on

waterborne viral pathogens [46,49].

Bacteriophages have been successfully inactivated in water, where almost complete
inactivation of MS2 was obtained after 3 min using a plasma microjet [49].
Waterborne MS2, T4 and (D174 were treated directly with surface DBD or indirectly
with CP-activated water [46]. All three of these phages were successfully inactivated
with both of these treatments, but with shorter treatment times needed for
inactivation of (9174 and MS2, compared to T4 (Table S1). In general, CP-activated
liquids are gaining a lot of attention [65], as they can be produced in more controlled
ways compared to direct CP treatments. Such a strategy is likely to be a better
choice when working with irregular and very sensitive samples, as CP-activated
liquids can be applied evenly and can reduce potentially unwanted mechanical

changes in a treated material [66].

Airborne human viral pathogens pose a serious threat to human health. In two

studies, aerosolized MS2 bacteriophages were successfully inactivated by CP after
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only 0.12 s [49] or 0.25 s [41] of contact time of the aerosol with the plasma.
Although these are very promising results, one of the biggest concerns when using
plasma for air purification is the production of ozone, as it can be hazardous at high
concentrations. Every future application of plasma should consider this, and thus aim
to lower ozone concentrations below the recommended limit [67]. Another plasma-
based alternative to protect against aerosolized pathogenic viruses would be using a
protective mask equipped with a miniature plasma source. Such a mask would have
the potential to stop the spread of various viruses, like SARS-CoV-2, that are
transmitted by droplets, as droplets are ideal for dissolution of radicals due to the
large surface-to-volume ratio. Here, the problem again arises from the fact that the
radicals like ozone and nitric oxides would be inhaled so a mask would have to
include a radical catalyzer, or even better, a two-membrane mask, where the first
plasma membrane would inactivate the virus, while the second membrane would
serve as a catalyzer for unhealthy plasma created species. We believe that such

innovative mask configuration could be highly beneficial in future outbreaks.
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Glossary

Acute gastroenteritis: Inflammation of the gastrointestinal tract that is mainly
caused by viruses, especially rotavirus and norovirus. The most common symptoms

are vomiting, diarrhea, and abdominal pain.

Dielectric barrier discharge (DBD): Plasma is created when the processing gas is

guided between an insulator with electrodes on the opposite side.

Ethidium-monoazide-coupled reverse-transcriptase qPCR (EMA-RT-qPCR):
This method combines the nucleic acid intercalating dye that polymerizes nucleic
acid upon exposure to light (ethidium monoazide), which prevents the targeted part
of the genome from PCR amplification. As a result, the EMA-RT-gPCR method
should only detect infectious viruses with an intact capsid after treatment. This has

been proposed to be used instead of infectivity assays.

Enteric viruses: A very diverse group of human viruses that are most commonly
transmitted via the fecal-oral route (including contaminated food and water),
including norovirus, rotavirus, hepatitis A, sapovirus, astrovirus and adenovirus. They
infect the gastrointestinal tract, where they replicate and are then excreted in high
concentrations. They can cause iliness at low doses, and they can survive in the
environment for long periods of time, as they are resistant to physiological changes

like pH and temperature.

Polymerase chain reaction (PCR): A method frequently used in molecular biology
for amplification of targeted parts of nucleic acids. Different versions of PCR can be
used qualitatively and/or quantitively. The most often quantitative methods used are
real-time PCR (qPCR) and the more advanced version, digital PCR (dPCR).

Plasma (micro)jet: Plasma is created by blowing a gas next to or through an

electrode.

Plaque-forming units (PFUs): A measure of the number of viral particles that form

plaques in a certain volume of a sample under examination.

Reactive oxygen and nitrogen species (RONS): ROS (e.g. O3, O, Oy*, H,0,, OH",
'0,) are partially reduced or excited forms of oxygen, and RNS (e.g. N, N.*, NO,
NO2, NO,, NO3, ONOO, ONOOH) are the most common nitrogen- and nitric-
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oxide-derived compounds. RONS have crucial and versatile roles in the

maintenance of normal functions of different cells in most organisms.

Virus inactivation: To decrease the infection of a host by a virus. The most reliable
method to determine the inactivation efficiency is an infectivity assay, in which
appropriate hosts (e.g. bacterial or eukaryotic cells, plants, chicken embryos) are
inoculated with a virus. The inoculation is followed by the observation/ measurement
of different factors, such as the formation of plaques, cytopathic effects and

symptoms in plants, survival of the embryos or the integrity of viral nucleic acids.
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Outstanding questions

1. What cold plasma source conditions will enable optimal efficiency of targeted
virus inactivation in terms of the required treatment times and energy
consumption?

2. Which reactive oxygen and/or nitrogen species are the most relevant for
inactivation of a given virus in a given matrix, how to optimize production of
such relevant RONS, and which methods should be used for their accurate
determination?

3. Does ultraviolet radiation have a synergetic effect with reactive oxygen and/or
nitrogen species in virus inactivation?

4. What are the main viral components that are affected by different cold
plasma-mediated virus inactivation strategies, and which viral characterization
methods should be used in each experiment to get a precise answer? Should
a standardized protocol be developed for this purpose?

5. What is the scale-up potential of cold-plasma treatments?

6. Can cold plasma cause cytotoxic or genotoxic damage when used for virus
inactivation in specific matrices that will come in contact with human, plant,
and animal tissues?

7. Would the combination of cold plasma with already established methods,
such as chlorine treatment, or some new environmentally friendly methods
such as cavitation, have a synergistic effect on the virus inactivation? Would
such synergy contribute to shorter treatment times, lower energy consumption

and decreased environmental burden?
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Highlights

e Pathogenic viruses are becoming an increasing burden for health, agriculture
and the global economy. Classic disinfection methods have some downsides,
so innovative solutions for virus inactivation are urgently needed.

e Cold plasma can be used as an environmentally friendly tool for virus
inactivation. It can inactivate different human, animal, and plant viruses in
various matrices.

e When using cold plasma for virus inactivation it is important to set up the right
parameters and to choose treatment durations that allow particles to interact
with the contaminated material.

e Reactive oxygen and/or nitrogen species have been shown to be responsible
for virus inactivation through effects on capsid proteins and/or nucleic acids.
Development of more accurate methods will provide information on which
plasma particles are crucial in each experiment, and how exactly do they

affect viruses.
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Keywords: Porcine reproductive and respiratory syndrome virus (PRRSv) is one of the most significant airborne viruses
Non-thermal plasma impacting the pork industry in the US. Non-thermal plasmas (NTPs) are electrical discharges comprised of re-
Airstream inactivation active radicals and excited species that inactivate viruses and bacteria. Our previous experiments using a packed
EE?[?V bed NTP reactor demonstrated effective inactivation of bacteriophage MS2 as a function of applied voltage and

50 power. The present study examined the effectiveness of the same reactor in inactivating aerosolized PRRSv. A

PCR
4 PRRSV solution containing ~10° TCIDso/ml of PRRSv VR2332 strain was aerosolized at 3 ml/min by an air-jet

nebulizer and introduced into 5 or 12 cfm air flow followed by NTP exposure in the reactor. Twin impingers
upstream and downstream of the reactor collected samples of the virus-laden air flow for subsequent TCIDsq
assay and qPCR analyses. An optical particle sizer measured upstream and downstream aerosol size distributions,
giving estimates of aerosol filtration by the reactor. The results showed that PRRSv was inactivated to a similar
degree as MS2 at the same conditions, with the maximum 1.3-log inactivation of PRRSv achieved at 20 kV and
12 cfm air flow rate. The results demonstrate the potential of properly optimized NTPs in controlling PRRSv
transmission.
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1. Introduction

Airborne transmission of livestock or zoonotic diseases such as
Newcastle disease, avian influenza, foot-and-mouth disease, and por-
cine reproductive and respiratory syndrome (PRRS), just to name a few,
greatly threaten global food security, agricultural industry and public
health by causing significant losses in production, high mortality, de-
crease in productivity, stoppage of exports, etc.. This is particularly
significant in the face of ongoing climate change, especially for pa-
thogens whose efficiency of airborne transmission through the atmo-
sphere may change in counterintuitive ways. In addition, animals can
experience a greater degree of exposure to ambient atmospheric con-
ditions or unconditioned outdoor air compared to humans. Foot and
mouth disease is considered as the top foreign animal disease threat to
US agriculture (Colby, 2013), and the 2014-2015 outbreak of highly
pathogenic avian influenza in the US caused an average of 50,000 bird
losses per operation for turkeys and over 1 million bird losses per op-
eration for table-egg laying chickens where the disease was confirmed
(Ramos et al., 2017).

In the case of the pork industry, porcine reproductive and re-
spiratory syndrome virus (PRRSv), an enveloped virus that appeared in
the US in the 1980s (Keffaber, 1989), has drawn increasing research
attention due to its significant impact on pork production and ability to
be transmitted in air over kilometers. It was estimated that in 2011 the
outbreaks of PRRSv in the US national breeding- and growing-pig herd
overall cost $664 million annually due to productivity losses, 45 % of
which occurred in the breeding herd (Holtkamp et al., 2013). Outbreaks
of PRRSv in China caused great economic losses and gained public
concern due to the emergence of highly pathogenic strains. In 2006, a
highly pathogenic PRRSv disease outbreak emerged in China, with its
clinical signs being prolonged high fever, red discoloration of the body,
and blue ears associated with high mortality of infected pigs. It quickly
spread to 12 provinces and significantly impacted the country’s pork
industry (Tian et al., 2007). In 2014, another novel NADC30-like strain
of PRRSv emerged in China (Zhou et al., 2015), which was virulent to
pigs but is less pathogenic than the highly virulent PRRSv discovered in
2006 (Sun et al., 2016). Since late 1990s, research has shown that
PRRSv can survive in aerosols and be transmitted through airborne
pathways. PRRSv can be released in aerosols from infected pig barns
and has been found in aerosols generated when swine manure collec-
tion tanks are pumped out (Millerick-May et al., 2016). Once released,
the virus can be transmitted in ambient air over several kilometers (up
to 9.1 km as reported) from the source (Otake et al., 2010) and can
potentially cause outbreaks in distant barns. The airborne transmission
of PRRSv can be affected by many environmental factors, such as
aerosol concentration, aerosol size distribution, ambient temperature,
relative humidity (RH), and solar radiation. It is reported that PRRSv
can survive longer in aerosols at lower ambient temperature and lower
relatively humidity (Hermann et al., 2007). Open-air factors with uni-
dentified chemical nature (Hood, 2009) may also have adverse effects
to the survival of viruses in aerosols. In 2019, Arruda et al. gave a
detailed and comprehensive literature review on the previous research
projects, findings and current knowledge gaps of PRRSv aerosols and
airborne PRRSv transmission (Arruda et al., 2019).

The most commonly applied technologies to control airborne pa-
thogens in both human-occupied buildings and animal confinements
are the collection of bioaerosols on filters, such as HEPA, MERV 14 and
MERV 16 filters, and UV germicidal irradiation (UVGI). HEPA filtration
has been proven to be very effective in removal of bioaerosols from
airstreams. (Farnsworth et al. (2006)) reported 96.5 = 1.5 % bacterial
collection efficiency of B. subtilis by HEPA filtration. The study also
examined HEPA filtration of three virus species, and reported no viable
virus recovered from the downstream sampler. A study by (Dee (2011))
found that new PRRSv outbreaks were recorded at 20 % of farms with
ventilation air filters installed as compared to 92 % of farms without
such filters in the control group. The use of HEPA filters comes with
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several limitations, including high filter replacement costs; high pres-
sure drops, and the associated increase in energy consumption of the
HVAC system to maintain desired ventilation rate. In the case of agri-
cultural buildings, there are also high reconstruction costs to achieve an
air-tight building envelope and eliminate potential air infiltration
(Pitkin et al., 2009a). Lastly, collection of bioaerosols on HEPA filters
does not actually inactivate the pathogens, with the possibility of re-
emitting more environmentally resilient pathogens into the ambient air
during filter replacement and disposal processes (Miaskiewicz-Peska
and Lebkowska, 2012). Effective UVGI disinfection requires a suffi-
ciently high light intensity, achieved through a combination of a
number of bulbs and exposure time in a carefully designed ventilation
system. UV inactivation efficiency is also to some degree influenced by
the susceptibility of the pathogen (Bolashikov and Melikov, 2009).
UVGI has been shown to diminish the transmission of Mycobacterium
tuberculosis from patients occupying hospital wards to guinea pigs
raised in an exposure chamber (Riley, 1961), and prevent the spread of
rubella within army barracks (Wheeler et al., 1945). The application of
UVGI in indoor air disinfection is limited by the need to avoid the ad-
verse health effects of UV on humans and livestock. In the indoor en-
vironment, UV lights can be installed in the upper regions of the room
near the ceiling to avoid exposing the occupants to UV light. The pro-
cess, however, is passive in nature and can only inactivate pathogens
transported by upward air currents into the UVGI treatment zone. In
many cases, UV radiation alone is not effective enough in instantaneous
air disinfection, and is often applied in conjunction with HEPA filters:
airborne pathogens are collected on filter surfaces and inactivated by
UV radiation (Memarzadeh et al., 2010). However, UV light is unable to
penetrate deeply into HEPA filters, where collected pathogens may
survive and re-enter the air flow. The energy consumption of the UV
system is also significant, and broken bulbs should be detected and
replaced periodically. In all, of the two defining characteristics of in-
fectious aerosols - transport and infectivity (Pitkin et al., 2009b) -
particulate filters only address transport and UVGI mainly addresses
infectivity. Non-thermal plasmas (NTPs) address both characteristics by
1) electrostatic removal of larger particles (> 1 pm approx.) and 2)
sterilization of the remaining smaller particles by direct plasma ex-
posure. NTPs are stable electrical discharges containing excited and
ionized species and radicals that are orders of magnitude more reactive
than ozone (O3) (Xiao et al., 2014), the more familiar, less effective, and
more persistent oxidant used by indoor air cleaners. Radicals and ex-
cited species are thought to vigorously attack the bacterial cell mem-
brane or virus capsid, leading to damage that causes a loss in structural
integrity and eventual pathogen inactivation. NTPs have already been
proven for surface disinfection, inactivating biological pathogens on the
surfaces of food products (Perni et al., 2008; Noriega et al., 2011) and
treatment of skin diseases (Heinlin et al., 2010). NTPs have also been
thoroughly studied for destruction of gaseous pollutants, the radicals
and excited species having been shown to destroy a wide variety of
gaseous volatile hydrocarbons such as those emitted from industrial
processes (Xiao et al., 2014) as well as gaseous pollutants such as ni-
trous and sulfurous oxides (NO, and SO,) emitted from combustion
(McAdams, 2001). However, the intersection of these two established
applications of NTPs - disinfection of an air stream - is substantially
complicated by the fact that viruses and bacteria act as charged aerosols
suspended in the gas stream, both the aerosols and the gas responding
separately to the electric fields and flow of charged ions that form the
foundation of NTPs. Another concern of applying NTP inactivation in
animal confinements is that the elevated concentrations of chemically
reducing species such as NH3 and H,S, common emissions from urine
and manure in animal confinements, have the potential to react with
the plasma-generated oxidative species, possibly reducing the in-
activation efficiency of NTP.

Our previous research (Xia et al., 2019) has developed a packed bed
NTP reactor and demonstrated inactivation of airborne bacteriophage
MS2 by the reactor as a function of applied voltage and power with a
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Fig. 1. Schematic of the small-scale wind tunnel setup at University of Minnesota with the NTP reactor mounted in the middle test section. One OPC is indicated with
a dashed box since only one OPC instrument was available, its location alternated between upstream and downstream sampling probes during each test.

maximum inactivation of 2-log at 30kV peak-to-peak voltage and
2.08 W (734 J/m? at 170 LPM)). The objective of the present study is to
measure the inactivation of aerosolized PRRSv by the same packed bed
NTP reactor and compare the results with our previous bacteriophage
MS2 inactivation results to investigate if the packed bed NTP reactor
has different performance inactivating an enveloped airborne virus
(PRRSV) versus a non-enveloped virus (bacteriophage MS2). Using virus
stocks and wind tunnel facilities provided by the University of Minne-
sota, the packed bed NTP reactor was tested for effectiveness in in-
activating aerosolized PRRSv.

2. Materials and methods
2.1. Experimental apparatus

The tests of PRRSv inactivation by NTP were conducted using a
small-scale non-recirculating wind tunnel located at the University of
Minnesota. A schematic of the experimental setup is shown in Fig. 1.
The wind tunnel has an inside duct diameter of 3.5”, an overall length
of 96” and can operate in a volumetric flow rate range from approxi-
mately 3-30 cfm. An induced draft (ID) fan is connected at the outlet of
the wind tunnel and the volumetric flow rate is maintained by mea-
suring the pressure drop (OMEGA Differential Pressure Transmitter
PX653-10D5V) across a calibrated orifice meter installed near the
tunnel exit and applying the necessary voltage to the vacuum pump
downstream of the tunnel. Temperature and relative humidity in the
tunnel and absolute pressure are measured and taken into account in
the volumetric flow rate measurements. The flow rate is calculated and
maintained using Proportional-Integral-Derivative (PID) feedback con-
trol in LabView. Data acquisition by the LabView software is facilitated
by a National Instruments USB-6001 DAQ. A HEPA filter is installed at
the exit of the tunnel to prevent contamination or release of the PRRSv
into the laboratory.

The packed bed NTP reactor was mounted in the test section of the
wind tunnel (shown in Fig. 1) and was tested at volumetric flow rates of
5 and 12 cfm. The design and schematic of the dielectric barrier dis-
charge (DBD) packed bed NTP reactor are described in detail in our
previous paper (Xia et al., 2019a). The Plexiglas tube wall serves as the
dielectric barrier which would promote microdischarge generation.
Two grounded electrodes, compressing 500 inert borosilicate glass
beads (0.25-inch diameter) in between, formed the packed bed setup
which can further enhance the microdischarge by partial discharges at
the contact points between the glass beads for more effective plasma
species-viral aerosol interactions.

An air-jet large particle generator (LPG) atomizer was installed at
the entrance of the tunnel and used to generate PRRSv challenge
aerosols. A PRRSv solution from a 65 ml syringe was feed into the LPG
atomizer using a syringe pump set (New Era Pump Systems Inc. NE-
300) at a constant liquid feed rate of 3mL/min. Dry and filtered

dispersion air at a volumetric flow rate of 1.5L per minute (LPM) was
directed into the dispersion air inlet of the atomizer to help aerosolize
the virus solution reaching the atomizer nozzle. After aerosolization,
the PRRSv aerosols were diluted and dried with lab air drawn into the
wind tunnel, and the air was mixed thoroughly using a downstream
orifice mixing plate, which generates turbulence to achieve uniform
aerosol distribution in the air flow. Isokinetic probes were installed
upstream and downstream of the packed bed NTP reactor to ex-
tractively sample from the wind tunnel flow at 2.8 LPM, and the droplet
number concentrations in the sampled air were measured by a portable
optical particle counter (OPC, TSI AeroTrak model 9306-V2). An
aerosol diluter was used to prevent coincidence errors in the OPC. Two
additional isokinetic probes were installed as well upstream and
downstream of the packed bed NTP reactor at the same locations as the
OPC probes, which extractively sampled the wind tunnel air flow at a
nominal volumetric flow rate of 9 LPM. The sampled air was drawn by a
vacuum pump through two identical liquid impingers (Ace Glass, Inc.
125 mL 24/25 Impinger), leading to collection of infectious and in-
activated PRRSv aerosols in the 20mL impinger collection fluid
(Dulbecco's Modified Eagle Medium (DMEM)). The pressure drop across
the NPT reactor was measured by another differential pressure trans-
mitter (Omega P X 653-03D5V).

2.2. Experimental procedure

2.2.1. NTP inactivation testing procedure

The tests of airborne PRRSv inactivation by the packed bed NTP
reactor took place in two phases, in May and August 2017, over the
course of four months to allow time for samples collected in the first
phase to be analyzed by the Veterinary Diagnostic Lab at Univ. of
Minnesota. The two-phase tests were designed because there was initial
concern that the sensitivity of PRRSv titration, which is limited by the
initial titer of infective PRRSv that is aerosolized, might lead to a si-
tuation where no infective virus was detected downstream of the re-
actor, resulting in uncertainty as to whether such a result represented a
100 % inactivation or evidence of reaching the lower detection limit. As
a result, Phase 1 employed the lowest voltages to make sure to the
extent possible that as little of the virus was inactivated. Test conditions
in the second phase employed higher voltages after analyses showed the
results of Phase 1 yielded partial inactivation.

In the first phase (May data), the NTP reactor was operated at
voltages of 12, 16, and 20 kV, and the highest NTP discharge power was
0.56 W achieved at 20 kV. In the second phase (August data), voltages
of 30kV were applied in the reactor using a second power supply, re-
sulting in about 2.08 W discharge power in the NTP reactor (Xia et al.,
2019a). For each voltage setting, the PRRSv inactivation by the packed
bed NTP reactor was examined under two air flow rates (5 ¢fm and 12
cfm), and all tests were conducted in triplicate. In both Phase 1 and
Phase 2 (May and August), two control tests, either with the reactor
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deactivated (no voltage supplied) or with the reactor removed from the
wind tunnel, were also conducted in duplicate. At the beginning of each
test, the vacuum pump downstream of the sampling train was turned on
to reach a constant desired flow rate though the wind tunnel, after
which the syringe pump and compressed air supplied to the air-jet
nebulizer were turned on to initiate PRRSv aerosolization. When con-
sistent mist was observed emitting from the nebulizer, the packed bed
NTP reactor was activated (for reactor-on tests only), and the sampling
pumps downstream of the impingers were turned on to start the 20-
minute impinger sampling. Only one OPC was available for this study,
which was switched between upstream and downstream sampling
probes, consecutively making a 5-minute upstream particle size dis-
tribution (PSD) measurement, a 5-minute downstream PSD measure-
ment, and then another 5-minute upstream PSD measurement during
the 20-minute testing period. The two 5-minute upstream PSD data
were averaged as an estimation of the synchronous upstream PSD when
the downstream PSD was actually measured. The OPC had six particle
size bins (set to 0.3 um, 0.5 pm, 1 pym, 3 um, 5pum and 10 pm) and was
set to report the differential particle number concentrations between
adjacent bin sizes. It was assumed that the log-average of the two ad-
jacent bin sizes was the average droplet size for the corresponding
measured differential number concentrations.

2.2.2. PRRS virus preparation, aerosolization and collection

PRRSv VR2332 reference strain was propagated in MARC-145 cells
and titrated to 10° TCIDso/mL (50 % Tissue Culture Infectious Dose per
milliliter). The virus was aliquoted and frozen at —80 °C until used. For
each test, a syringe was filled with 65 mL of PRRSv at 10° TCIDso/mL,
placed into a New Era pump system, model NE-1000 multi-phaser, and
aerosolized into the testing chamber at 3 mL/min via an air-jet nebu-
lizer for 20 min. Room temperature and relative humidity (RH) level
were measured during each test by a portable humidity/temperature
pen (Traceable 4093). During each test, air samples were collected with
twin impingers, placed upstream and downstream of NTP reactor, for
20 min. Each impinger was filled with 20 mL of DMEM supplemented
with 1.5 mg/mL of bovine serum albumin fraction V 7.5 %, 1X anti-
biotic-antimycotic, 0.0015 mg/mL of Trypsin-TPCK, and 0.05 mg/mL of
gentamicin. After 20 min sampling time, the volume of supplemented
DMEM in each impinger was measured, recorded, aliquoted into 3
tubes and frozen at —80 °C until tested. The collected impinger samples
were submitted to the Veterinary Diagnostic Lab at the University of
Minnesota for quantitative RT-PCR analysis and TCIDs, assay analysis.

2.2.3. Quantitative RT-PCR (RT-qPCR)

Samples were quantified for PRRSv using quantitative RT-PCR as
previously described (Cho et al., 2006). A standard curve based on
transcript RNA with a quantitative linear range from 1 x 10° copies/L
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to 1 X 10° copies/uL was used to determine the RNA copy number/mL.
The copy number/mL results were consecutively converted to copies/
m?® of air. The detection limit of PRRSv quantitative RT-qPCR is ap-
proximately 1000 copies/mL, which is equivalent to approximately
8 x 10* copies/m?® of air in this study.

2.2.4. Sample titration

Samples were serially diluted 5-fold. 100 uL of the serial dilution
was plated onto 96-wells plates containing MARC-145 cells in 4 re-
plicates. Plated samples were incubated for 7 days at 37 °C with 5 %
CO,. At day 7, plates were removed and cytophatic effect (CPE) was
read and recorded. TCIDso/mL was calculated using the Spearman-
Karber method and consecutively converted to TCIDso/m> of air. The
detection limit of PRRSv TCIDsq is 1.43 TCIDs5o/100 uL, which is
equivalent to approximately 1200 TCIDso/m® of air in this study.

2.2.5. Testing the effects of liquid accumulation on NTP performance
During the experiment, it was observed that compared with the
previous bacteriophage MS2 inactivation tests (Xia et al., 2019a), more
virus solution droplets (mainly DMEM in this study) reached and im-
pacted on the packed bed and accumulated in the reactor between the
glass beads, likely due to higher RH conditions of the supplied air,
shorter distance between the atomizer and the packed bed NTP reactor,
and potentially larger droplets produced by the air-jet large particle
generator. The accumulated virus solution may have promoted virus
aerosol filtration by the packed bed, but could also have led to re-
emission of viral aerosols from the reactor into the region downstream.
In addition, increase of RH and accumulation of liquid inside the
packed bed may change the NTP discharge scenario, serve as a pro-
tective reservoir for suspended viruses, and affect reactive species for-
mation by the reactor. To examine the effects of accumulated DMEM
solutions, another set of tests was conducted at the University of
Michigan using bacteriophage MS2 as the target virus. 5mL and 10 mL
DMEM solution were sprayed directly into the packed bed before each
test and the reduction of airborne infectious MS2 from upstream to
downstream of the DMEM-soaked packed bed NTP reactor were ex-
amined with the reactor powered by the 20 kV power supply at 170
LPM air flow rate. The setup of the sampling line, the methodology of
MS2 ultrasonic atomization, and the virus sample analysis methods
were described in detail in our previous paper (Xia et al., 2019a).

3. Results and discussion
3.1. Droplet size distribution

For all powered-reactor tests, particle size distributions (PSD) were
measured both upstream and downstream of the packed bed NTP
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Fig. 2. Average droplet size distributions both upstream and downstream of the reactor in each test program phase (Phase 1 and Phase 2) for wind tunnel flow rates

of (a) 12 ¢fm and (b) 5 cfm.
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reactor under two flow rates, and the results were averaged for each
phase of the test program and each flow rate (Fig. 2). From Fig. 2 it is
evident that the OPC measurements were quite consistent with small
confidence intervals, indicating that the virus solution aerosolization
process was repeatable and the packed bed had relatively consistent
filtration efficiencies regardless of the applied voltage level (which is
proved by PSD data comparison between different applied voltages in
the same test program phase with the same flow rate). The PSD plots
confirm that aerosols generated by air-jet nebulizers are polydisperse in
size with large proportions of droplets over 5um in diameter, which
agrees with other reports on aerosol PSDs generated by air-blast ato-
mization (Lorenzetto and Lefebvre, 1977; Steckel and Eskandar, 2003).
The upstream sampling probe was installed about 40” (101.6 cm)
downstream of the air-jet nebulizer, which was only about a quarter of
the distance between the ultrasonic atomizer and upstream sampling
port (144”, 365.8 cm) in our previous bacteriophage MS2 inactivation
setup (Xia et al., 2019a). The shorter distance led to more incomplete
aerosol evaporation, and as a result more coarse droplets (with droplet
diameter d,, ranging from 2.5-10 pm) would reach the reactor where
they would be filtered by the packed bed and accumulate as a bulk
liquid in the reactor. This inference was proved by experimental ob-
servations: during all PRRSv inactivation tests in both test program
phases, bulk virus solution was found accumulating between the glass
beads in the packed bed NTP reactor, while for all MS2 tests conducted
in University of Michigan, no liquid accumulation was found with an
ultrasonic atomizer expected to generate aerosols with smaller and
more uniform size distribution (Steckel and Eskandar, 2003) and using
a dry (RH typically < 10 %) compressed air supply. It should be noted
in interpreting the results that the accumulated virus solution is un-
desirable since it may cause reemission of aerosols from the packed bed,
change the NTP discharge phenomena, serve as a protective reservoir
for suspended viruses, and impact reactive species formation by the
reactor.

The two plots in Fig. 2 illustrate how virus solution aerosolization
and packed bed filtration would change with changing flow rate and
flow relative humidity. In the same test program phase, the upstream
droplet number concentration is generally higher at 5 cfm (Fig. 2b) than
that at 12 cfm flow rate (Fig. 2a), due to reduced dilution and slower
droplet evaporation at lower air flow rate. The average RH of the am-
bient room air (which was the major air source of the wind tunnel flow)
in Phase 2 was 49 %, higher than the ambient condition in Phase 1 (38
%), while the air temperature remained relatively constant (22.2 °C in
Phase 1 and 23.2 °C in Phase 2). Higher inlet RH in Phase 2 caused
slower droplet evaporation, and as a result more droplets in all sizes
were found upstream of the reactor in Phase 2 in both Fig. 2a and 2b.
Comparison between upstream and downstream PSD in both plots
provides a measure of the packed bed filtration effects on various size
droplets. Fig. 2a showed that the number concentrations of droplets
larger than 1 um reduced significantly from upstream to downstream of
the reactor, which should be mainly due to filtration by the packed bed
and size reduction through evaporation, and larger droplets had more
significant decreases in number concentration due to their low mobility
and large surface area and thus rapid evaporation. Concentrations of
submicron droplets (droplets smaller than 1pum), however, increased
from upstream to downstream of the reactor, potentially due to re-
aerosolization of virus solutions accumulated in the packed bed, and
evaporation of super micron droplets to submicron sizes. Fig. 2b
showed similar droplet number concentration changing trends, while
concentrations of droplets between 1 pm and 7 pm, especially in Phase
2, showed less reduction compared with the 12 cfm data. This should be
due to slower evaporation of droplets larger than 7 um to this size range
at 5 cfm. At 12 cfm, these droplets may evaporate faster and fall into the
submicron region before reaching the downstream sampling probe.
These observations and hypotheses are confirmed by comparing droplet
penetration (downstream concentration divided by upstream con-
centration) in the two phases at two flow rates (Fig. 3). From Fig. 3, it is
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Fig. 3. Penetration of particles (downstream number concentration / upstream
number concentration) in each OPC size bin measured at two flow rates in the
two test program phases.

evident that in Phase 1 droplets had similar penetration through the
reactor at both flow rates, and 1 pm-5 pum droplets had slightly higher
penetration at 5 cfm. In Phase 2 at 12 cfm, the penetration of droplets
smaller than 4 pym had similar values as the Phase 1 data, while droplets
larger than 4um had less penetration, likely due to the increased
amount of virus solution accumulated in the packed bed at higher RH.
At 5 cfm in Phase 2, the penetration curve was quite different from the
other three, with significantly higher droplet penetration in the range
2 um-7 um. It is likely that at this air-to-water mass flow ratio, the RH
in the wind tunnel exceeded the critical RH predicted by our previous
droplet evaporation numerical model (Xia et al., 2020), which pre-
vented rapid liquid evaporation and led to more 2 pm-7 pm droplets
reaching the downstream sampling probe. Based on the OPC data and
assuming spherical droplets, the average volumetric droplet penetra-
tion through the packed bed was 10.6 % in Phase 1 at 12 cfm, 13.7 % in
Phase 1 at 5¢fm, 6.2 % in Phase 2 at 12 c¢fm, and 22.2 % in Phase 2 at 5
cfm.

3.2. PRRSv filtration and inactivation by the packed-bed NTP

In this study, TCIDs, analysis of the twin upstream and downstream
impinger samples collected in each test provided a measure of the re-
duction in viable PRRSv for all mechanisms. qPCR analysis of the up-
stream and downstream samples was performed with TCIDs, analysis
and provided a measure of the reduction in the PRRSv genome irre-
spective of changes in viability caused by NTP exposure; in the context
of the present study, reductions in the abundance of the PRRSv genome
were interpreted as packed bed filtration. Such filtration effects could
also be inferred from TCIDs, analyses showing reductions in viable
PRRSv between the upstream and downstream impinger samples col-
lected when the reactor was not powered. The latter method, however,
were not applied in this study since it can yield greater uncertainties
with two groups of tests (reactor-on and reactor-off) conducted sepa-
rately, which might have experienced different RH conditions, varied
virus solution aerosolization and evaporation phenomena, or have
different viable PRRSv concentration in the initial solution filled into
the syringe pump. In addition, the previous bacteriophage MS2 in-
activation study used qPCR data as the indication of packed bed fil-
tration, so it is preferable to apply the same analytical method in order
to compare results between the two studies. Reductions in viable PRRSv
from TCIDs, analyses, after correcting for packed bed filtration ac-
cording to the qPCR data, yielded the inactivation of PRRSv by the
reactor solely due to NTP exposure.

Table 1 summarizes the measured abundance of PRRSv genome
copies (in RNA copies/mg) and abundance of infective PRRSv (in
TCIDso/m®) in the tunnel air flow before- (upstream, U) and after-
(downstream, D) NTP treatment. Averages of 8.1-73.5 x 10'® RNA
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Table 1
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Summary of the measured abundance of PRRSv genome copies (in RNA copies/m®) and abundance of infective PRRSv (in TCIDs,/m?) in the tunnel air flow before-

(upstream, U) and after- (downstream, D) NTP treatment.

Phase Voltage (kV) Tunnel air flow Rate (cfm) Replicates Acceptable Replicates 10'° RNA copies/m? SD 10° TCIDso/m? SD
1 20 12 3 1 U 8.10 — 167.62 —_
D 1.87 —_ 0.53 —
1 16 12 3 3 U 12.32 5.65 5.42 2.92
D 1.88 1.78 0.20 0.15
1 12 12 3 1 U 16.73 — 8.73 —_
D 5.96 — 0.88 —
1 20 5 3 2 U 73.47 69.43 108.10 146.73
D 6.19 2.70 1.27 0.59
1 16 5 3 1 U 36.90 —_ 11.48 —_
D 9.11 — 0.57 —
1 12 5 3 2 U 28.87 1.45 44.47 2.96
D 8.71 3.33 2.02 1.51
2 30 12 3 2 U 14.57 2.31 26.20 26.46
D 0.70 0.05 0.19 0.03
2 20 12 6 3 U 8.67 2.91 20.53 19.45
D 0.62 0.11 0.35 0.20
2 30 5 3 1 U 18.57 — 16.62 —
D 1.95 —_ 0.68 —
2 20 5 6 3 U 18.38 4.02 22.05 21.24
D 3.37 0.83 1.54 1.41
(SD: standard deviation; U: upstream; D: downstream).
copies/m> were detected in the air flow upstream of NTP treatment, Phae 1 [Rlayl AH = 3%
and 0.6-9.1 x 10'® RNA copies/m® were detected downstream. In 13— _
terms of infective PRRSv concentration, 5.4-167.6 x 10° TCIDso/m> .
were detected upstream of NTP and 0.2-2.0 x 10° TCIDso/m® were ¥ 100% i
detected in the downstream flow. Comparing the TCIDs, results with '5:- i
qPCR at the upstream location, there was ~ 5-log inactivation of PRRSv = o | : :
. - Do . i
in the aerosols before reaching the reactor, which is comparable with E i i
our previous research (Xia et al., 2019a) and should be due to the E iI-
evaporation of droplets and intensive air-jet nebulization (Niven et al., o
1995). Three to six replicates were conducted for each applied voltage X
and tunnel flow rate combination, however, only one to three replicates L ’ T
yielded physical results. The rejected replicates yielded unphysical re- Frukis I Chugl, H = 4K
. - . - i
sults with either the abundance of infective PRRSv or the number of - - . o .

genome copies higher at the downstream location than at the upstream
location. Degradation of the airborne PRRSv by attack from reactive
species within the non-thermal plasma would not be expected to result
in either an increase in TCIDsq or an increase in the number of PRRSv
genome copies at the downstream sampling location. The increase in
TCIDsy or PRRSv genome copies data could be due to sampling or
analysis errors or accumulation of virus solution in the packed bed and
the resulting potential re-aerosolization of PRRSv into the downstream
flow. Repeating tests may not reduce these errors with the present ex-
perimental design, since each replicated test may experience different
RH conditions, varied virus solution aerosolization and evaporation
phenomena, or have different viable PRRSv concentration in the initial
solution filled into the syringe pump. As shown in Table 1, tests with
two to three replicates may result in average values with relatively
large standard deviations and thus fail to reduce the uncertainty level.
The inherent errors and uncertainties of this study is acknowledged in
the following discussions and figures.

The PRRSv inactivation efficiency by NTP was calculated based on
the ratio of downstream to upstream abundance of viable PRRSv, nor-
malized by the ratio of downstream to upstream abundance of PRRSv
genome copies determined by qPCR. The results are plotted in Fig. 4.
For data acquired in Phase 1 (May), the figure illustrates the increasing
trend in inactivation efficiency with increasing applied voltage, as ex-
pected, and the generally lower inactivation efficiency at the higher air
flow rate (12 cfm) as compared to the lower air flow rate (5 cfm). These
trends are as expected and agree with those observed in previous results
involving inactivation of bacteriophage MS2 conducted at University of
Michigan (Xia et al., 2019a). The measured PRRSv inactivation levels
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Fig. 4. Comparison of Phase 1 (May) and Phase 2 (August) PRRSv inactivation
by NTP treatment at two air flow rates (5¢fm and 12 cfm) and four voltages (12,
16, 20, and 30 kV).

by NTP are close to the relevant NTP inactivation levels reported by
other research groups using different NTP reactor designs inactivating
different bioaerosol species (Vaze et al., 2010; Wu et al., 2015). Vaze
et al. constructed a 28 kV 600 us pulse dielectric barrier grating dis-
charge NTP reactor, which achieved 29 %-97 % inactivation (0.15-1.5
log) of aerosolized E. coli during the 10s treatment time (Vaze et al.,
2010). Wu et al. applied 14kV 10kHz AC power to a miniature wire-
cylinder DBD reactor, and the reactor achieved ~ 80 % inactivation (0.9
log) of aerosolized bacteriophage MS2 during a 0.12s treatment time
(with 20 W power) (Wu et al., 2015). Evident from the Phase 1 data
presented in Fig. 4 is the fact that under similar experimental condi-
tions, the effectiveness of the NTP in inactivating PRRSv aerosols was
somewhat higher than the demonstrated effectiveness for inactivating
MS2 with the same device at the same conditions; however, the large
uncertainty in the results as indicated by the large confidence intervals
allows only for a conclusion that the two viruses were likely inactivated
comparably. Data acquired in Phase 2 (August), however, showed re-
duced inactivation efficiency. With 20kV supplied voltage, the mea-
sured inactivation efficiency at both flow rates in Phase 2 was 30 %-50
% lower than the values acquired in Phase 1 or in the MS2 inactivation
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study (Xia et al., 2019a). When the supplied voltage was increased from
20 kV to 30kV, and the estimated discharge power was increased from
0.56 W at 20kV (237 J/m® at 5 cfm) to 2.08 W at 30kV (881 J/m® at 5
cfm), the packed bed NTP reactor showed increased PRRSv inactivation
efficiencies at both flow rates, which were still lower than the values
acquired with 20kV power supply in Phase 1 or during the MS2 in-
activation study (Xia et al., 2019a). It was found in our previous study
that the bacteriophage MS2 inactivation by the packed bed NTP reactor
with 30 kV power supply can lead to at least 2-log (99 %) viable MS2
reduction (Xia et al., 2019a), which was significantly higher than the
30 kV results presented in Fig. 4. It is likely that the reduced NTP in-
activation efficiency observed in Phase 2, as well as the large con-
fidence intervals for all PRRSv inactivation results in both phases of the
PRRSvV test program, were due to increased accumulation of bulk virus
solution (in this study DMEM) in the packed bed.

As discussed in previous paragraphs, incomplete evaporation of the
PRRSv-laden droplets of DMEM was consistent throughout both Phase 1
and Phase 2 tests, while prior tests involving MS2 inactivation achieved
complete or near complete droplet evaporation after several modifica-
tions to the experimental apparatus: lengthening the distance between
the introduction of the droplets into the airstream and the NTP reactor;
supplementing ambient air with dry compressed air (RH < 10 %), and
thereby lowering relative humidity and speeding evaporation; and
producing smaller droplets via an ultrasonic atomizer. These remedies
were not available or not possible for the current project. As a result,
the significant unanswered question regarding the present results is the
impacts, if any, of the persistent presence of liquid DMEM in fine dro-
plets exposed to the non-thermal plasma and accumulating in the NTP
reactor itself. DMEM is a solution of glucose in water. One hypothesis is
that residual DMEM on aerosols or as aerosols passing through the NTP
reactor may have the effect of protecting PRRSv from oxidation by the
reactive species generated by the plasma. Whereas H,O alone, when
dissociated, produces additional reactive species in the form of H* and
OH "~ ,hydrocarbons would act more as a sink for the plasma-generated
species, consuming them in the course of their complete oxidation.
There exists a separate branch of plasma environmental remediation
that involves using plasmas to oxidize chemical contaminants in water
supplies or wastewater. Support for this hypothesis came from pre-
liminary tests prior to Phase 1. Prior testing at University of Michigan
using MS2 phage determined that ozone (O3) produced by the NTP
reactor had the potential to accumulate in the downstream impinger
fluid, a phosphate buffered saline (PBS) consisting of small amounts of
sodium and phosphorous salts dissolved in water. The dissolved ozone
was found to continuously inactivate MS2 phage in the impinger during
and after testing, potentially leading to a high bias in inactivation ef-
ficiency results. To compensate for this, sodium sulfite was routinely
added to the PBS during MS2 testing, serving to consume Oj and pre-
vent inactivation of MS2 phage while in the impinger. However, when
similar tests were conducted exposing PRRSv in DMEM to dissolved Os,
the results showed no inactivation of PRRSv in DMEM by O3, suggesting
that O; was consumed by oxidation reactions with the hydrocarbons in
DMEM and therefore unavailable to chemically attack the PRRSv in
solution. A second potential effect of residual DMEM could be in in-
fluencing the electrical properties of the packed bed and the strength or
distribution of the plasma therein. In the packed bed, the plasma exists
in the voids between the beads where the electric field increases above
the threshold where electrical breakdown occurs in air. Accumulation
of DMEM (approximate conductivity o = 1.4 S/m (Chen et al., 2009))
in these spaces could provide a conductive electrical pathway that
prevents such electric fields from forming. This, too, would be expected
to reduce the apparent inactivation efficiency of tests involving DMEM
as compared to tests in which evaporation of the liquid phase was more
complete.

In order to test these hypotheses and the potential effects of accu-
mulated DMEM, experiments were conducted after Phase 2 in which
the packed bed NTP reactor was pre-soaked with known amounts of
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Fig. 5. Reduction (filtration + inactivation) of viable bacteriophage MS2 in
response to 5 ml and 20 ml of DMEM added to and held within the NTP packed
bed.

DMEM (5mL or 10 mL), and the inactivation of MS2 aerosols by the
“wet” reactor was measured. Fig. 5 shows the results of these tests in
the form of viable MS2 reduction, comprising both physical filtration
and NTP inactivation (with 20 kV), comparing samples collected at the
upstream pre-treatment location against those collected at the down-
stream post-treatment location. The degree of viable MS2 reduction
induced by the 20 kV reactor when dry was acquired from the previous
bacteriophage MS2 inactivation study. With 5mL DMEM sprayed into
the packed bed, the viable MS2 reduction decreased from 88 % (dry
reactor) to 79 %, and with 10 mL DMEM added, the viable MS2 re-
duction was further reduced to 46 %. The figure proves that increas-
ingly accumulated DMEM in the packed bed would reduce viable MS2
reduction from upstream to downstream locations of the packed bed
NTP reactor, potentially by quenching reactive plasma species or pre-
venting electric field build up for NTP discharge. With regard to the
electrical effects, it seemed that the residual DMEM in the packed bed
NTP reactor can increase the amplitude of transmitted current without
changing the amplitude and waveform of the applied voltage. With
20kV applied to the dry packed bed NTP reactor, the current had an
amplitude of 0.40 mA. The addition of 5ml of MEM to the packed bed
increased the current amplitude to 0.48 mA, and the addition of 10 ml
of MEM to the packed bed further increased the current amplitude to
0.56 mA. This was reasonable since the accumulation of liquid in the
packed bed could reduce the overall resistance of the reactor and thus
increasing the transmitted current. This discharge environment, how-
ever, may not be favorable for plasma generation, since more current
would pass through the conductive liquid without ionizing air in the
packed bed.

4. Conclusion

In summary, this study provides the first demonstration of NTP in-
activation of an airborne pathogen relevant to livestock. Both the non-
enveloped bacteriophage MS2, and the enveloped PRRS virus were
likely inactivated to comparable degrees. The highest PRRSv inactiva-
tion efficiency was 98.6 % achieved in Phase 1 (May) with 20kV vol-
tage supplied to the packed bed NTP reactor at the wind tunnel flow
rate of 12 cfm. However, size, composition of DMEM droplets and re-
lative humidity were all likely contributors to variability in measured
inactivation. Accumulated DMEM bulk liquid in the packed bed can
reduce the reactor’s efficiency on viable PRRSv reduction, potentially
through quenching reactive plasma species or preventing electric field
build up for NTP discharge. Future studies with improved virus aero-
solization methods and more consistent and dryer inlet air supply
should be conducted to further examine how non-enveloped and en-
veloped viruses react to NTP inactivating environment. Overall, the
results show promising results to inactivate airborne PRRSv by NTP and
offer potential alternatives to pork producers to enhance their
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biosecurity practices.
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Destruction of hydrogen sulfide using dielectric barrier discharge plasma in a coaxial cylindrical reactor
was carried out at atmospheric pressure and room temperature. Three types of DBD reactor were
compared in terms of specific energy density (SED), equivalent capacitances of the gap (Cg) and the
dielectric barrier (Cd), energy yield (EY), and H,S decomposition. In addition, byproducts during the
decomposition of H,S and destruction mechanism were also investigated. SED for all the reactors
depended almost linearly on the voltage. In general, Cg decreased with increasing voltage and with the
existence of pellet material, while Cd displayed the opposite trend. The removal efficiency of H,S
increased substantially with increasing AC frequency and applied voltage. Longer gas residence times
also contributed to higher H,S removal efficiency. The choice of pellet material was an important factor
influencing the H,S removal. The reactor filled with ceramic Raschig rings had the best H,S removal
performance, with an EY of 7.30 g/kWh. The likely main products in the outlet effluent were H;0, SO;,
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1. Introduction

There is a growing concern that malodorous pollution at sewage
and industrial wastewater treatment plants is not only a nuisance
in the ambient environment but may also produce adverse health
effects in humans. The odors are mainly caused by sulfurous
compounds such as hydrogen sulfide (H;S), which has an extremely
low odor threshold, is highly toxic and has a characteristic rotten-
egg smell [1]. Prolonged exposure to a concentration of 300 ppm of
H,S in the air has caused death, and concentrations exceeding
2000 ppm can be fatal to humans are exposed for only a few
minutes [2]. Therefore, the effective removal of these sulfur
compounds from air is highly desired.

Traditional methods to control the emissions of gaseous odor-
causing materials into the atmosphere include absorption (wet
scrubbing), adsorption, incineration (either thermal or catalytic),
masking and biofiltration [3—10]. Unfortunately, all these technol-
ogies may have limitations when removing odor-causing substances
from gas streams. Absorption and adsorption transfer odor-causing
materials from the gas phase to scrubbing liquids or solid adsor-
bents, potentially causing other forms of pollution while resolving

* Corresponding author. Tel.: +86 10 67392080.
E-mail address: liangwenj1978@hotmail.com (W.-]. Liang).

0304-3886/$ — see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.elstat.2011.03.011

the odor problems. Incineration can be effective in controlling odor-
causing substances. However, the possibility of generating other air
pollutants such as NOx, potential poisoning of the catalyst, and
relatively high cost associated with this technology should be taken
into account. The technical and economic limitations of traditional
odor control methods are particularly important for low concen-
tration odor abatement. Nowadays, some new oxidation technolo-
gies such as microwave discharge [11] and photocatalytic oxidation
[12—14] are also used to remove odor gases.

Due to some unique advantages (rapid reaction at ambient
temperature under atmospheric pressure and achievement of high
electron energies within a short residence time) as well as ease of
operation, non-thermal plasma (NTP) processing has received
considerable attention. Recent progress in applying NTP technology
to the control of polluting gases such as acidifying components (SO,
[15,16], NOx [17,18]) and volatile organic compounds [19—22] is
very encouraging. While plasma technology has been used to
remove Hj3S [18,23—26], in our opinion, the combination of plasma
and pellets in the reactor is likely to be more effective. There are
also opportunities for further work — very few studies have been
carried out using AC of 100—400 Hz, and reports on the byproducts
formed during H,S decomposition in dielectric barrier discharge
(DBD) systems are few. Many literatures reported the pollutants
removal with plasma reactor, in which the spherical ceramic pellets
were filled.
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In the present paper, we present a new DBD plasma reactor,
filled with glass beads or ceramic Raschig rings as “pellets”. The
main objective of this study is to compare the decomposition of HyS
with and without the pellets. The electrical parameters during the
discharge process and the energy efficiency for H,S removal were
investigated at the same time. The byproducts during the decom-
position of HyS were also evaluated, enabling destruction mecha-
nisms to be discussed.

2. Experimental setup
2.1. Experimental apparatus

The schematic diagram of the experimental setup for the present
study is shown in Fig. 1. The setup consisted of a DBD plasma reactor,
an AC power supply (0—100 kV, 50—500 Hz, sine wave), a contin-
uous flow gas supply system and electric and gaseous analytical
systems. H;S (99.9%, Beijing Zhaoge Special Gas Co.) was mixed with
compressed air through a mixing chamber and then introduced into
the DBD reactor. The flow rate and H,S concentration were adjusted
by mass flow controllers (MFC). The coaxial cylindrical DBD reactor
was made of PMMA with an inner diameter of 28 mm and wall
thickness of 2 mm wrapped with an iron mesh, 20 cm long, which
acted as a ground electrode. The inner discharge electrode was
a tungsten wire, 1.25 mm diameter, placed on the axis of the reactor.
The relative humidity in the reactor was controlled at 30% with
a thermohygrometer. Ceramic Raschig rings or glass pellets were
chosen as pellets and were packed randomly packed into the DBD
reactor. When a sufficiently high voltage was applied to the reactor,
micro-discharges began, initiating a series of chemical reactions.

2.2. Analyses and procedures

The concentrations of HyS before and after plasma treatment
were determined by a spectrophotometric method. H,S in the gas
stream was absorbed by a solution of N,N-dimethyl-p-phenyl-
enediamine in acid, to which FeCl; was added afterward to form
methylene blue. H,S was then determined by measuring absor-
bance at 665 nm with a spectrophotometer (UV/vis 2000, Shanghai
Precision & Scientific Instrument CO., LTD, China). A typical stan-
dard curve relating absorbance to the mass of HyS in solution is
shown in Fig. 2. A linear relationship between absorbance and mass
of H,S in solution was observed with a correlation coefficient of
0.999. The initial concentration of HoS was 30 ppm and the gas flow
rate in the reactor was 8—18 L/min.

The H,S removal efficiency is calculated as:

Thas(%) = S 100 (1)
mn
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Fig. 2. Typical standard curve for light absorbance with the mass of H,S.

where Gj;, and Cyyt denote the inlet and outlet concentrations
(mg/m?) of H,S respectively.

The products of the reaction were detected by GC—MS (Trace
DSQ, USA). Intermediate product analysis was done using EI mode,
70 eV and full scan. The byproducts were also analyzed by an ion
chromatography (IC) (Metrohm 861, Switzerland).

The surface areas of the pellets used in the experiment were
measured using gas adsorption principles (Detected by Micro-
meritics, NOVA 1000, USA).

2.3. Electrical measurements

The plasma was generated at atmospheric pressure and room
temperature. The voltage and current waves were measured by an
oscilloscope (Tektronix 2014). To investigate the electric charac-
teristics of the discharge, the voltage applied to the reactor was
sampled by a 12500:1 voltage divider. The current was determined
from the voltage drop across a shunt resistor (R3 = 10 kQ) con-
nected in series with the ground electrode. In order to obtain the
total charge and discharge power simultaneously, a capacitor
(Cm = 2 pF) was inserted between the reactor and the ground. The
electrical power provided to the discharge was measured using the
V-Q Lissajous diagram [27]. The discharge power is directly
proportional to the area of the parallelogram in the diagram, and
can be calculated according to the relation:

P=f-CnS (2)

where Gy, is the 2 uF measuring capacitance, fis the frequency and S
is the area of the parallelogram.

In addition to energy consumption, the equivalent capacitance
during the discharge process is an important parameter. The two
gradients of the parallelogram of the V-Q Lissajous diagram

- J i

Fig. 1. Schematic diagram of the experimental setup 1. Air compressor 2. H,S gas cylinder 3. Mixing chamber4. DBD reactor 5. AC power supply 6. Oscillograph 7. Spectrophotometer

8. MFC 9. Needle valve 10. Gas filtration system 11. Absorbent.
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Fig. 3. Waveforms of applied voltage and discharge current (13 kV applied voltage,
300 Hz frequency).

represent the capacitances in the equivalent circuit of the reactor. In
this paper, C, Cd, and Cg denote the total equivalent capacitance, the
equivalent capacitance of the dielectric barrier and the equivalent
capacitance of the gap, respectively. The relationship between them
can be expressed as:

_ Gdx(Cg

C_Cd—I—Cg

(3)

The specific energy density (SED) was defined as the average
power dissipated in the discharge, divided by the total gas flow
rate:

)
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Fig. 4. Typical Lissajous figures for three kinds of dielectric barrier discharge (13 kV
applied voltage, 300 Hz frequency).

_ _Pw)
SED (] /l) 4 (l/mm) x 60 (4)

where P and Q denote the discharge power (W) and gas flow rate
(I/min).

As a measure of the energy efficiency, the energy yield (EY) was
defined:
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Fig. 5. Variation of SED as a function of applied voltage.
Gin — Cout
EY(g/wh) = —egpo x 3.6 (5)

where Ciy and Coy denote the inlet and outlet concentrations
(mg/m?) of Hy,S respectively.

3. Results and discussion
3.1. Electrical discharge characteristics

Typical applied voltage and discharge current waveforms for
various reactors are shown in Fig. 3. The applied voltage was 13 kV
(300 Hz, sinusoidal waveform), and was slightly distorted by the
microdischarge current, especially when the reactor contained
pellets. These micro-discharges, which were uniformly distributed
over the surface of the dielectric, were of nanosecond duration and
generated radicals, excited atomic or molecular species that initiate
plasma chemical reactions. Obviously, the number of micro-
discharge pulses in the presence of pellets was much larger than
without pellets. The number of microdischarge is directly related to
the pollutant decomposition via non-thermal plasma. The discharge
voltage and current showed typical barrier discharge waveforms;
that is, the microdischarge current appeared when the applied
voltage passed through certain values (discharge onset voltages) to
the positive or negative maximum, which is in agreement with the
literature [27]. Typically, the voltage charge Lissajous figure of the

25
—e— no pellets
—m— glass beads
20 A —A— ceramic Raschig rings

Gap capacitance (pF)

10 13 16 19 22
Applied Voltage (kV)

Fig. 6. Variation of gap capacitance as a function of applied voltage.

322 | Scientific Dossier

900

800
700

600 4
500

400

300
—A— ceramic Raschig rings

Dielectric barrier capacitance (pF)

200 —l— glass beads
100 —&—no pellets
0 1 1 1
10 13 16 19 22

Applied Voltage (kV)

Fig. 7. Variation of dielectric barrier capacitance as a function of applied voltage.

three kinds of reactors was shaped like a parallelogram, as shown in
Fig. 4. The area of this parallelogram was equal to the energy dissi-
pated during one period of the voltage [28]. Fig. 5 shows the vari-
ation in SED as a function of applied voltage in the presence and
absence of pellets. The SED values for reactors with different pellets
were generally in the order: ceramic Raschig rings reactor > glass
beads reactor > no pellets reactor under the same experimental
conditions. When the applied voltage was below 13 kV, the SED of
the ceramic Raschig rings reactor was slightly higher than that of the
glass beads reactor and the no pellets reactor. At an applied voltage
of 13 kV, the SEDs for the three reactors were 21 ]/ (no pellets), 45 J/1
(glass beads) and 96 ]/l (ceramic Raschig rings). This order was
maintained with further increase in voltage, as the SED increased
substantially for all reactors, particularly those containing pellets. As
the applied voltage increased from 13 to 21 kV, the SED of the
reactors increased from 21 J/I to 178 J/I (no pellets), 45 J/I to 315 J/1
(glass beads), and 96 ]/l to 459 ]/l (ceramic Raschig rings). In an
electric field, materials such as ceramics and glass are able to store
energy. The relative dielectric constants of the ceramic and glass at
normal temperature and pressure were 9.16 and 4.10, which meant
that the energy storage ability of the ceramic was higher than that of
glass. At low applied voltage, there was little effect of the materials
in the electric field, and the plasma was mainly of the type referred
to as corona discharge, which occurs in regions of high electric field
near electrically stressed wire edges. When the voltage was high
enough, dielectric barrier discharge began to occur, and the pellets

H,S Removal Efficiency (%)

o
L 4
!

0 1 1 1 1
100 150 200 250 300 350 400
Frequency (Hz)

Fig. 8. H,S removal as a function of frequency under different applied voltage inlet
concentration was 30 ppm; gas flow rate was 0.25/s, and residence time was 0.8 s.
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H,S Removal Efficiency (%)

0 . . .
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Fig. 9. H,S removal as a function of SED under different gas residence time inlet
concentration was 30 ppm; and frequency was 300 Hz.

stored more energy as the electric field strength increased. More
micro-discharges appeared under these electric fields, which
resulted in initiation of chemical reactions between H,S molecules,
radicals and electrons.

For DBD plasma, the plasma reactor can be regarded as equivalent
to a capacitive load, so the equivalent capacitance of the gap (Cg) and
the equivalent capacitance of the dielectric barrier (Cd) are important
parameters. In accordance with methods in literature [29,30], Cg and
Cd for our experiments were calculated using V-Q Lissajous
diagrams. Fig. 6 shows the equivalent gap capacitance (Cg) as
a function of applied voltage for the different kinds of DBD reactor. In
general, Cg decreased gradually with increasing applied voltage. At
the same time, Cg of the DBD reactor with ceramic Raschig rings
decreased sharply when the applied voltage was 10—16 kV. For the
reactor with ceramic Raschig rings, when the applied voltage
increased from 10 to 21 kV, Cg decreased from 19 pF to 6 pF. This is
consistent with the observations reported by Takaki et al. [30].

The equivalent capacitance of the dielectric barrier (Cd, obtained
by V-Q Lissajous diagrams) as a function of applied voltage is shown
in Fig. 7. All the reactors displayed the same general trend, with Cd
increasing with higher applied voltage. Cd values for the various
reactors were in the order: no pellets reactor > glass beads
reactor > ceramic Raschig rings reactor. When the applied voltage
increased from 10 kV to 21 kV, the Cd values changes as follows: no
pellets reactor increased from 600 pF to 847 pF; ceramic Raschig rings
reactor increased from 151 pF to 441 pF; glass beads reactor increased

100
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H,S Removal Efficiency (%)

—&— no pellets
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—A— ceramic Raschig rings

10 13 16 19 22
Applied Voltage (kV)

20 4

Fig. 10. H,S removal as a function of applied voltage for different reactors inlet
concentration was 30 ppm; gas residence time was 0.8 s; and frequency was 300 Hz.
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Fig. 11. Relationship between energy yield and H,S removal Inlet concentration was
30 ppm; gas residence time was 0.8 s; and frequency was 300 Hz.

from 330 pF to 690 pF. According to the investigation by Takaki et al.
[30], a small capacitance of the reactor has some advantages: 1) the
capacity of the power supply required to drive the DBD reactor can be
reduced and 2) the dielectric loss in the barrier can be decreased. In
summary, the DBD reactor with ceramic Raschig rings had the best
discharge characteristics of the three reactors investigated.

3.2. H,S decomposition in the plasma

3.2.1. Effect of applied frequency on H,S decomposition
Experiments were conducted to determine the dependence of
H,S removal efficiency on AC frequency and applied voltage, as
shown in Fig. 8. Both the number and average energy of electrons and
active radicals apparently increased with increasing applied voltage
and AC frequency, leading to higher H,S removal efficiency. When the
frequency was lower than 300 Hz, H,S removal efficiency increased
slowly with frequency, while it increased sharply when frequency
was higher than 300 Hz. The dependence of 7,5 on applied voltage
was similar to the dependence on frequency. An increase in AC
frequency from 100 Hz to 400 Hz, resulted in an increase in HaS
removal efficiency from 6.8% to 7.8% with for an applied voltage of
10 kV, and a very significant increase from 40.4% to 82.8% was
observed when the applied voltage was 21 kV. When the amplitude
of the applied voltage is low, the voltage across the discharge gap is
not high enough to ignite the plasma. Once the voltage was high
enough to cause breakdown of the gas, the charge was phase shifted
with respect to the voltage due to resistive losses in the charge [29].

100 -
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Fig. 12. Relationship between 7 and SED and linear fits for different reactors.
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OH

Fig. 13. Dominant pathways leading to the destruction of H,S molecules.

These resistive losses arise as free electrons or radicals transfer all or
part of their kinetic energy to the target molecules through inelastic
collisions, leading to destruction of the target molecule.

According to the investigation by Xia et al. [17], when their
plasma system was operated for a long enough time, the temper-
ature of the whole plasma zone was observed to increase from
150 °C to 250 °C with peak voltage rising from 3 kV to 9 kV and
fixed frequency of 20 kHz. In our experiment, during the course of
plasma discharge, the temperature of the plasma zone was only
5—8 °C higher than room temperature.

3.2.2. Effect of gas residence time on H,S decomposition

Fig. 9 presents the influence of gas residence time and SED on H,S
decomposition. Similar trends were observed for different gas resi-
dence times. It is found that the effect of increasing the gas residence
time depends on the SED — a sharp increase in removal efficiency was
observed when the SED was lower than 87.9 ]/l while only a slight
increase resulted when the SED was higher than 87.9 J/1. Longer gas
residence times result in a larger probability of collisions between
H,S molecules and electrons and radicals, and hence enhance the
removal of H,S. Furthermore, with increasing SED, the energy
throughout the entire discharge volume was increasing, leading to
micro-discharges throughout the reactor and stimulating the
chemical reactions between H,S molecules and electrons and radi-
cals. Similar experiment results were obtained by Xia et al. [11,17].

3.2.3. Effect of pellets on H,S removal
Fig. 10 represents the H,S removal process for DBD reactors
containing different pellets as a function of applied voltage. The HyS
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removal efficiencies followed the same trend, that is, ny,s was
enhanced with increasing applied voltage. The H,S removal effi-
ciency of three reactors was in the order ceramic Raschig rings
reactor > glass beads reactor > no pellets reactor for the same
experimental conditions. For example, at 10 kV applied voltage, the
efficiency values were: 20.2% (ceramic Raschig rings reactor), 14.5%
(glass beads reactor) and 7.4% (no pellets reactor), while at 21 kV
applied voltage, the values were 93.3%, 79.7% and 69.3% respec-
tively. Durme et al. [31] indicated that packing pellets are helpful
for expanding the discharge region because the streamers (or
micro-discharges) are apt to propagate along the solid surfaces. Our
experiment results demonstrate that the packing material is an
important factor influencing H,S removal. In our experiment, the
BET surface areas of the ceramic Raschig rings and glass beads were
0.2461 m?/g and 0.0353 m?/g. This implies that more H,S mole-
cules, electrons and radicals could react with one another on the
ceramic pellet surface than on the glass pellet surface. And both
reactors with pellets had higher H,S decomposition ability than the
no pellets reactor. As mentioned above in Fig. 5, we observed that
the SED values of the different pellet reactors were in the order
ceramic Raschig rings reactor > glass beads reactor > no pellets
reactor under the same experimental conditions, which means
more energetic electrons and radicals were generated in the
ceramic Raschig rings reactor than the other reactors, which is
consistent with the observed higher H,S removal efficiency.

3.3. Energy efficiency for H,S removal

We have used the energy yield (EY) to characterize the HyS
removal ability of each plasma reactor. From Equation (5), it can be
seen that EY is inversely proportional to SED. Fig. 11 illustrates the
relationship between EY and H,S removal efficiency for the three
reactors. Obviously, as the H,S removal efficiency increased, the
energy yield decreased for all reactors. The highest EY was 7.30 g/
kWh for the ceramic Raschig rings reactor. Once the removal effi-
ciency ratio for the glass beads reactor and ceramic Raschig rings
reactor exceeded 35%, the EY stabilized at about 1.8 g/kWh, double
the energy efficiency of the no pellets reactor.

The decomposition rate of H,S molecules depends on both the
concentration of HS itself and the concentrations of the active
species generated in the reactor. The concentrations of active
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Fig. 14. Mass spectrogram of inlet and outlet products.
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species generated are proportional to the discharge power. This
leads to the important relationship between H,S removal and
discharge power, as shown in Equation (6).

n=SEDxKy+b (6)

where Kj is the reaction rate constant, and b is the intercept.

Variation in 7 as a function of SED is given in Fig. 12. The reaction
rate constants for ceramic, glass and no pellet reactors were 0.3982,
0.3453 and 0.3397, respectively. The ceramic Raschig rings reactor
had the best H,S decomposition capability of all the reactors.

3.4. Destruction mechanism for H,S and analysis for by-products

A DBD plasma generates electrons with sufficient energy to
cause the formation of gas-phase radicals, thereby driving the
reactions of decomposition and oxidation of H,S to form end
products including H,0, SO,, and SOs. The removal of H,S probably
depends on two mechanisms: (a) direct removal caused by the
collision of electrons and (b) reaction between H,S molecules and
gas-phase radicals (indirect gas-phase radical reaction). Gas-phase
radicals may consist of O, OH*, HO, and Os. Suggested reactions at
normal temperature and pressure are shown in Equations (7)—(18)
[11,14—16,25,26].

HyS + e — He + HS* (7)
H,S + OH* — HS*+H,0 (8)
H,S + O* — HS* + OHe (9)
HS* + OH* — SO, + He (10)
HS* + 0* — SO, + H* (11)
HS* + 03 — SO, + OH° (12)
HS® + HO; —>S0, + H' (13)
HS* + O* — SO3 + H* (14)
HS* + 03 — SO3 + He (15)
SOy + 0° — SO (16)
SO, + OH* — SO3 + H* (17)
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Fig. 15. Products in inlet and outlet gas.

SO, + HO3 —S05 + OH’ (18)

It can be seen from these reactions that generation of HS radicals
is a very important step resulting in further oxidation and removal
of H,S molecules. The dominant pathways for the removal of H,S
are described in Fig. 13.

In our experiments, the contents of both the inlet gas and outlet
effluent were confirmed through GC-MS. From the mass spectro-
grams of inlet and outlet gases in Fig. 14A and B, we could deter-
mine that the main components of the inlet gas were O, H,S and
CO,, while in the outlet gas, the main products were O, less H5S,
CO3, SO, and SOs. The assignment of the peaks at m/z = 39.94, 68.09
and 69.86 requires further investigation.

To confirm the products of H,S decomposition, the gas products
were sampled into distilled water and the ion chromatography (IC)
technique was employed to analyze products qualitatively. As
shown in Fig. 15, the main anions were CI-, NO3 ™, SO3~ and SO3,
and no other anions were detected in the sample using IC. The SO,
and SOs in outlet gas are the products of H,S decomposition, while
the NO3~ is assumed to result from nitrogen oxides in the effluent.
The origin of Cl~ is unclear at this stage.

4. Conclusions

The abatement of H,S with non-thermal DBD plasma was
experimentally investigated in a coaxial cylindrical reactor. The
main results are that the efficiencies (as measured by the SED) for
reactors containing different pellets were in the order: ceramic
Raschig rings reactor > glass beads reactor > no pellets reactor
under the same experimental conditions. Cg generally decreased
gradually with increasing applied voltage, but Cd increased with
higher applied voltage. Both the number and average energy of the
electrons and active radicals increased with increased applied
voltage or AC frequency, which led to higher H,S removal efficiency.
Longer gas residence times (which result in greater collision prob-
ability between H,S molecules and electrons and radicals) enhanced
the removal of H5S, as did the choice of pellet material. The highest
EY was 7.30 g/kWh for the ceramic Raschig rings reactor. The likely
major products in the outlet effluent were H,0, SO,, and SOs.
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« The treatment of 7 dilute VOCs vapors
in air using non-thermal plasma was
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« Very fast degradation rates were
obtained.

« Benzene and MEK were most difficult
to degrade while hexane was the
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« Tar-like deposits was observed when
treating ethylbenzene and toluene.
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Non-thermal plasma (NTP) is an emerging technology for the treatment of volatile organic compounds
(VOCGs) in polluted point source air streams. Here, a dielectric barrier discharge NTP was used to evaluate
the treatment efficiency of several common VOCs at constant experimental conditions (gas residence
time of 0.016 s in the plasma zone, 95-100 ppm, average inlet VOC concentration in air). When treated
as single pollutant with a specific input energy (SIE) of 350 J L', the removal efficiency of the VOC fol-
lowed the following sequence: methyl ethyl ketone (50%), benzene (58%), toluene (74%), 3-pentanone
(76%), methyl tert-butyl ether (80%), ethylbenzene (81%), and n-hexane (90%). The effects of pollutant
structure on VOC removal efficiency were investigated. The highest removal efficiencies were observed
for compounds with the highest percentage of hydrogen in their molecular structures. During treatment
of toluene and ethylbenzene vapors, a dark brown, tar-like deposit formed inside the plasma reactor. The
deposit formation rate depended on both treated VOCs as well as on experimental conditions such as VOC
concentration, and SIE.
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1. Introduction human and environmental health, and has both local and global

impacts. For example, benzene emissions have been linked to

The emission of volatile organic compounds (VOCs) from
anthropogenic sources is an important factor associated with
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childhood leukemia in Houston, TX [1], a high correlation between
VOC emissions and some types of cancer (i.e., brain, endocrine sys-
tem, and skin) has been reported [2] and many VOCs are precursors
to ozone formed by photochemical reactions leading to increased
asthma [3].

Different technologies have been used for controlling VOCs,
including adsorption, incineration, condensation and biological
treatment [4-6]. Adsorption is generally cost-effective only for
low concentrations of VOCs, whereas incineration and condensa-
tion are best used for high VOC concentrations [7]. For air streams
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with medium to low concentrations of VOCs, biological treatment
methods (e.g., biofiltration) have proven to be effective, however
biofiltration is only applicable to the treatment of biodegradable
pollutants [4].

An emerging air pollution control technology is non-thermal
plasma (NTP) which has the potential to treat high flows for both
low (<100 ppm,) to high (>1000 ppm,) concentrations of pollu-
tants [8-11]. In particular, NTP or cold plasma has been used to
treat air contaminated with elemental mercury, H,S, SO,, NO,,
odors, and VOCs such as toluene, benzene, acetone, and trichlor-
oethylene [12-19].

In NTP, electrons and their surroundings are not in thermal
equilibrium. Electric discharges in the gas heat the electrons
instead of the gas itself, and the resulting high energy electrons,
active radicals and ions promote numerous chemical reactions in
the ionized zones thus produced. While NTP is a very promising
development for a variety of applications [20,21], it also has some
drawbacks, notably low energy efficiency, incomplete oxidation of
the pollutants undergoing treatment, and the formation of unde-
sired by-products [22-24]. For example, the low selectivity of the
oxidation reactions can lead to toxic by-product formation such
as CO, NO,, and O3 [25,26] and typical values for VOC conversion
to CO, are only 30-70% [27,28]. In light of this, the original motiva-
tion for the present study was to explore and demonstrate the
feasibility of combining NTP treatment with a biotrickling filter,
as a possible means for effective treatment of low concentrations
of selected VOCs (including recalcitrant ones such as hexane) in
air. The vision was that NTP would only provide partial breakdown
of the VOC and that incompletely oxidized by-products would sub-
sequently be removed biologically in a biotrickling filter. This
would capitalize on the high efficiency of NTP for initial breakdown
of hard to biodegrade VOCs and rely on effective biotreatment for
completing treatment similar to other studies combining advanced
oxidation with biological treatment [29,30]. Thus, experiments
were conducted with a NTP operated at a very short gas residence
time and treating selected VOCs vapors. However, these experi-
ments revealed that the treated VOCs were preferably converted
to all the way to CO, without the formation of partially oxidized
volatile intermediates suggesting that the NTP as used was unsuit-
able as a pretreatment to a biotrickling filter. On the other hand, a
significant amount of solid was found to deposit inside our NTP
reactor, and thus the focus of the study was shifted toward charac-
terizing the fate of common VOCs while undergoing treatment and
understanding NTP’s critical limitations.
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2. Materials and methods
2.1. NTP reactor, conditions, and analytical

NTP was generated using a dielectric discharge barrier (DBD)
consisting of a cylindrical quartz tube (9 mm inner diameter,
266 mm length, 3.5 mm thick) fitted with an aluminum cylindrical
sleeve (5 cm long, 3.2 mm thick) serving as the external electrode.
The internal high voltage electrode was a stainless steel rod
(6.32 mm outer diameter, 40 cm long) positioned in the center of
the quartz tube running along the axial direction of the reactor.
Thus, the discharge gap was 1.34 mm, and the total volume of
the plasma zone in the reactor was 1.6 mL. Note that the plasma
reactor did not include any catalyst or packing materials. A sche-
matic of the experimental setup is shown in Fig. 1. The excitation
frequency for the DBD was kept constant at 22 kHz and the voltage
was varied ranging from 7 to 10 kV using a PVM500 dielectric
barrier corona driver (Information Unlimited, Amherst, NH).

The synthetic VOC-laden air stream (6.6 L min~') was produced
using compressed air from our central laboratory air system which
produces dry and oil-free compressed air from ambient air. A
metered stream of compressed air was passed through the
headspace of a 500 mL flask containing small vials filled with the
selected VOC. This VOC-laden stream was then diluted with
another metered stream of compressed air at room temperature
to the prescribed VOC concentration (95 ppm, or 100 ppm,). For
experiments with humid air, the main air stream was split prior
to being mixed with the VOC vapor and part of it was sparged in
a container filled with deionized water. The dry and moist air
streams were combined such that the resulting air reached the
target relative humidity of 30% at 20-22 °C.

The VOC concentrations at the inlet and outlet of the plasma
reactor were determined using a GC (Shimadzu 2014, Kyoto, Japan)
equipped with flame ionization detector (FID). The concentrations
of CO, in the reactor influent and effluent were determined using a
non-dispersive infrared portable CO, meter (Vaisala Carbon
Dioxide Meter-GMP70, Louisville, CO). Carbon monoxide effluent
concentrations were determined using Drdeger tubes (Sugarland,
TX), and the ozone concentration was measured by the iodometric
method (lodometric Method, Standardized Procedure 001/96,
International Ozone Association) after absorption of a metered
air stream into solutions of KI. Elemental analysis of the deposits
was conducted by the Duke Environmental Stable Isotope Labora-
tory using a Carlo Erba Elemental Analyzer. The temperature of the
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Fig. 1. General schematic of the experimental set up (see Figs. SM-1 and SM-2 for power monitoring setup).
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discharge zone was measured with a surface mounted K-type ther-
mocouple attached to the outer electrode. Another thermocouple
was placed in the effluent air downstream of the plasma reactor.
The thermocouples were connected to a data logger to record tem-
perature at 5-s intervals. Average temperatures were reported.

2.2. Electrical measurements

One of the most important parameters for assessing plasma
reactors for air or gas treatment is the specific input energy (SIE),
which is the power dissipated in the plasma divided by the gas
flow rate and thus has units of ] L™". The SIE was determined using
Eq. (1) [31].

Power (W)

—1 _
SEJL) = Flow Rate (Ls~1)

(M

The discharge power was determined using the charge (Q) accu-
mulated on a non-inductive capacitor (C=0.22 uF) calculated
(using V = Q/C) from the voltage measured using a high frequency
data acquisition (Nationals Instruments, NI, USB-5132) (see
Fig. SM-1 in supplementary information). Plotting Q vs. the voltage
measured across the capacitor allows calculation of the power (i.e.,
the so-called Q-V Lissajous method). The multiplication of fre-
quency with the area of the parallelogram formed by Q vs. V is
equal to the discharge power in the DBD reactor (Fig. SM-2).
Real-time calculation of the discharge power was carried out by
a custom LabView (National Instruments, Austin, TX) code using
Matlab sub-routines.

2.3. Experimental protocol

All experiments were carried out at room temperature
(20-22°C) and atmospheric pressure. The selected VOCs were
toluene, benzene, ethylbenzene, methyl ethyl ketone (MEK), methyl
tert-butyl ether (MTBE), 3-pentanone, and n-hexane. These VOCs
were selected to determine the effect of the molecular structure
(e.g., aromatics, ketones, or alkanes) on the removal of these VOCs
in the NTP reactor and because of their frequent occurrence as air
pollutants. Experiments were conducted at a constant air flow rate
(6.6 L min~! corresponding to a contact time of 0.016 s in the plasma
zone) and a constant inlet concentration of VOCs (95 ppm,). Deter-
mination of the VOC removal, effluent CO,, O3 concentrations, and

mass of deposit was performed at selected SIEs ranging from 50 to
300] L. Subsequently, VOCs that caused the formation of deposits
inside the plasma reactor were tested at a constant inlet concentra-
tion (100 ppm, ), flow rate (6.6 L min~'), and SIE (360 J L~!) in order
to determine the relationship between VOC removal, the rate of
deposit formation, and the time until reactor clogging.

3. Results and discussion
3.1. Influence of SIE on VOC removal efficiency

The effect of SIE on the removal efficiency (RE) of VOCs was inves-
tigated first. Many studies have reported that when keeping the SIE
constant, increasing the VOC concentration and/or the air flow rate
decreased the RE, and that increasing the SIE at a constant air flow
rate and inlet pollutant concentration increased pollutant removal
|7,32]. As will be discussed in more details in Section 3.4, the VOCs
were primarily converted to CO, and some unaccounted fraction
(possibly CO), and no partially degraded volatile organics were
detected by GC. The absence of partially oxidized by-products had
been explained by Nunez et al. [ 14] by the fact that once the reaction
is initiated, the heat of the reaction is generally sufficient to sustain
the completion of the oxidation to CO,. Fig. 2 shows the removal effi-
ciency of the seven VOCs tested as a function of SIE. Clearly, the RE
increased proportionally with SIE, however, both the removal of
the VOCs and the effect of the SIE depended on the specific com-
pound being treated. Selected results of this study are summarized
and compared to others in Table 1. Holzer et al. [28] investigated
the treatment of MTBE and toluene vapors; the addition of a catalyst
in their NTP system resulted in much higher removal efficiencies
(=90%) even at very high inlet concentrations (240 and 450 ppm,).
Delagrange et al. [24] reported that the oxidation of high concentra-
tions of toluene required higher SIEs in the absence of a catalyst. In
non-catalyst applications, Mista and Kacprzyk [33] focused on the
removal of toluene using a direct current (DC) back corona discharge
reactor at room temperature and found very low RE (15%), despite
using relatively high SIE (400 ] L~1). One likely reason for the lower
removal may be the additional electrode (described as a passive
electrode used for the back-ionization process), which could have
resulted in non-homogenous distribution of energetic electrons.
Differences in experimental conditions can also cause differences
in reactor performance, hence the interest in systematic studies like
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Fig. 2. Removal efficiencies (REs) of selected VOCs as a function of applied specific input energy (SIE) for a flow rate of 6.6 Lmin~! and an inlet VOCs concentration of

95 ppm,.

Scientific Dossier | 331



Table 1

0. Karatum, M.A. Deshusses / Chemical Engineering Journal 294 (2016) 308-315

Comparison of selected removal efficiencies (RE) for this and other studies (some using a catalyst). C;, = inlet concentration, RE = removal efficiency, SIE = specific input energy,
V = voltage, ND = no data.

VOCs Cin (Pppmy) RE (%) SIE(JL™) Gap (mm) V (kV) Catalyst g VOC removed/kKW h References
Toluene 95 74 360 13 7-10 None 2.6 This study
Toluene 200 15 400 ND 12 (DC) None 1.0 [33]
Toluene 50 95.9 756 8.0 30 MnO, 0.86 [34]
Toluene 450 90 2400 1.5-10 0-35 BaTiO5; and LaCoOs3 23 [28]
Toluene 240 55 172 6.0 0-40 MnO,/AC 104 [24]
MTBE 95 80 360 13 7-10 None 2.7 This study
MTBE 200 ~100 1300 1.5-10 0-35 BaTiO5; and LaCoO3 2.0 [28]
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Fig. 3. Calculated reaction rate constants of the VOCs as a function of the hydrogen weight fraction H% (w/w) for the tested VOCs for a constant inlet concentration (95 ppm,

in dry air) and SIE (360 L™").

ours for comparison purposes. Guo et al. [34] reported that higher
oxygen content in the gas stream resulted in slightly lower removal
of toluene. Overall, our removal data seem to indicate yields better
than most (but not all) of the selected NTP studies (see the column
(g VOC removed per kWh) in Table 1), although in absolute terms,
the energy demand for VOC treatment in NTP remains quite high.
One possible explanation for the lower yield is that significant
amounts of ozone were formed in our experiments as discussed
below, and that parasitic discharges occurred on the outer electrode
(in some instances, ozone could be detected in the laboratory). Both
account for some of the energy input not converted into beneficial
reactions.

3.2. Determination of the overall reaction rate constants

Knowing the overall reaction rate constant is important to com-
pare systems and to predict the removal of VOCs in NTP reactors. A
previously published first-order kinetic model was used [35,36].
This model (Egs. (2) and (3)) is semi-empirical and does not
attempt to describe the detailed chemistry occurring in the plasma
reactor. Instead, it lumps all processes into a simple equation that
often provides an adequate overall kinetic relationship. The model
has been shown to be generally applicable when the VOC removal
does not exceed 95% [37].

0 + [voC] & products 2)
VOCQ s
voc, ¢ ®
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where O represents the oxygen radicals produced in the discharge
zone of the plasma, and [VOC], is the inlet concentration of the
VOC. The g (JL™!) parameter is thus determined by regression of
the natural logarithm of VOC/VOCy vs. SIE. The slope of the straight
line (—1/p) is (minus) the reaction rate constant k (L]~'). The k and
B values obtained for the seven VOCs that were tested (for the dry
air condition) are reported in Table SM-1. Similar reaction rate con-
stants values were reported for some of the VOCs by others
([23,38]). The reaction rate values reported in Table SM-1 allow
direct comparison of the reactivity of the tested VOCs since all con-
ditions were kept the same. The results highlight that important dif-
ferences exist in the reactivity of the VOCs that were selected in our
study, allowing some examination of structure-activity
relationships.

It has been suggested that the hydrogen weight fraction of the
pollutant undergoing treatment is an important factor affecting
the reactivity of VOCs in NTP reactors [39]. This is believed to be
because molecules with a greater number of methyl groups tend
to be more reactive, with a proton lost or gained at the methyl
group [14]. In Fig. 3, the reaction rate constant for each VOC was
plotted vs. the hydrogen weight fraction. Indeed, the trend shows
that a greater hydrogen fraction generally resulted in a greater
reaction rate (in particular k for hexane far exceeded all others).
This trend and proposed mechanism might explain why simple
hydrocarbons are better removed compared to aromatics or
ketones. In addition, removal of aromatic compounds (e.g.,
ethylbenzene, toluene and benzene) seem to follow their own
trend with respect to the their hydrogen fractions. Overall, this
was not unexpected. For example, Cho et al. found that molecules
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Fig. 4. SIE impact on effluent ozone concentration at a flow rate of 6.6 L min~". Typical standard deviations for the ozone measurements were 40-60 ppm,.

with oxygen or chlorine lead to formation of volatile products in
the plasma, which in turn enhanced the decomposition of VOCs
[39]. Another correlation was attempted between k and the ioniza-
tion potentials as a measure of how easily the electrons in a mole-
cule respond to a perturbation. The results are shown in Fig. SM-3
did not lead to any obvious trend adding further evidence that
reaction mechanisms are complex. Clearly, in order to develop bet-
ter predictive models based on chemical structures, many more
VOCs should be tested in a systematic and quantitative manner.

3.3. Influence of SIE on ozone production

Ozone production was quite important, with outlet concentra-
tions ranging from 300 to 900 ppm, depending on the specific con-
ditions (Fig. 4). Production of O3 was greater in the absence of VOCs
at higher SIE (>200 J L~!) because ozone is consumed by the oxida-
tion of VOCs. Using this logic, one would expect ozone concentra-
tions to be lower when treating pollutants that are well removed,
but this was not the case, highlighting the fact that degradation of
the VOC vapor follows complex mechanisms. A similar decrease in
ozone concentration during VOC treatment was reported by Holzer
et al. [28], while Oda [23] observed that presence of VOC (i.e., TCE)
first decreased the ozone concentration (4000 ppm,-1000 ppmy),
and then remained constant. Two likely reasons for the difference
between studies are (1) the different types of high voltage rods
(bolt type or coil type) and/or (2) that a lower SIE could cause dif-
ferent trends in ozone production and consumption. These differ-
ent types of electrodes (e.g., wire, rod or a bold) in barrier
discharge reactors might change the stability of the discharge from
the electrode to the dielectric wall (barrier). Here, as expected,
ozone production increased with increasing SIE up to 200]JL™!
(Fig. 4), but at higher SIE (>200 ] L"), ozone production decreased.
This decrease may be caused by different mechanisms. One possi-
ble explanation is that the temperature in the NTP increased (by
about 10 °C; temperature in discharge zone was 40 + 6 °C) with
greater SIEs, and ozone is known to decompose faster at higher
temperatures [23]. Another possible explanation proposed by
Liang et al. [40] is that at higher SIE, a greater density of high
energy electron reacts with ozone thereby lowering its concentra-
tions. Finally, it is possible that NO, (in particular NO,) were
formed at high SIE as was described by several authors (see e.g.,
Shin and Yoon, 2013) [41]. Unfortunately, NO, were not measured
in the reactor effluent. In any case, detailed studies would be

needed to confirm and quantify the contribution of each of these
mechanisms. Obviously, both NO, and ozone are unwanted in the
effluent of an air pollution control device and their formations also
reduce the energy efficiency of the process. One approach to lower
ozone generation is to use a catalyst in situ or post plasma applica-
tions. For example, using a MnO,/SMF catalyst in-situ decreased
ozone formation from 800 ppm, to 500 ppm, [32]. Another study
also concluded that MnO, catalyst (this time post-plasma)
decreased ozone production while increasing the removal of ben-
zene vapors [15].

3.4. Formation of deposit

The treatment of toluene and ethylbenzene vapors resulted in a
deposit forming inside the plasma zone, whereas no deposit was
observed during the treatment of the other five VOCs tested.
Deposits were observed first as color changes (yellow-brown) to
solid surfaces (electrodes, outlet tubing) as well as a significant
amount of small dark brown particles accumulating at the exit port
of the plasma reactor (see Graphical Abstract, Figs. SM-4 and SM-
5). These deposits were dark brown in color and gave off a
petroleum- or tar-like odor. This came as a surprise, since the
NTP published literature is relatively silent on the formation of
such deposits. Only a few papers [34,42,43] briefly mention similar
observations, but thorough and quantitative determinations are
lacking. Guo et al. [34] reported that a yellow product was
observed after the treatment of toluene vapors in a DBD, and
described it as an aromatic polymer. A few reports exist on deposit
formation after the treatment of VOCs with non-thermal plasma
and catalyst hybrid systems [44-46]. They generally described
the deposits as polymeric substances, or carbonaceous deposits,
some were identified as benzoic acid crystals. Deposit formation
increased with decreasing flow rate or reducing the SIE. Another
study by Demidiouk et al. [42] found that solid particles formed
during the treatment of toluene vapors, but not during butyl acet-
ate. These papers only focused on the qualitative aspects of the
deposits.

Thus, an important question was to determine what percentage
of the treated pollutant was transformed into these deposits. The
carbon content in the deposit was determined to be 54 + 1% by
mass and nitrogen was 2.9 +0.1%. As shown in Fig. 5, between
1% and 3% (as carbon) of the toluene or ethylbenzene fed to the
reactor was recovered as deposit. This number still leaves a fairly
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Fig. 6. Pressure drop determined as a function of time. Experimental conditions were 360 L~! SIE, a gas flow rate of 6.6 L min~

large fraction of the carbon unaccounted; it is quite possible that
some semi- or non-volatiles left via the exhaust instead of being
deposited, and thus could be part of the carbon labeled as “unac-
counted”. It was reported that higher concentrations of treated
VOCs (i.e., 1000 ppm, styrene) produced more (60-70%) deposits
inside a plasma reactor [35]. In our experiments, the CO concentra-
tion in the exhaust was measured, but was always below our
detection limit of 20 ppm,. It is only in selected experiments (not
shown) conducted at SIE >700] L' that CO in the exhaust rose
to about 50 ppm,. Because of the relatively high detection limit
of CO, CO could well be a major fraction of the carbon unaccounted
for in Fig. 5. If this was indeed the case, it would be consistent with
the large amount of CO observed by Yu-fang et al. [47].
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1 and 100 ppm, inlet concentration.

The time required for the deposit to cause significant clogging
was determined by measuring the pressure drop over the reactor
(Fig. 6). An increase in the pressure drop across the reactor could
cause serious malfunctions, leakages, or fractures in the dielectric
tubes. As shown in Fig. 6, a greater deposit formation was observed
in humid conditions while no deposit was observed with benzene.
This contrasts with Cal et al. [48] who reported deposit formation
during benzene vapor treatment and could easily dissolve it with a
small amount of water. Here, the deposit was different in nature
from that of Cal et al.; it was not water soluble, and required an
organic solvent (ethanol or methanol) to remove it. In addition to
the greater amount of deposit yield in humid conditions, the
structure and visual aspects of the deposit in humid conditions
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was different than in dry conditions. Under humid air condition,
the deposit formed a more compact than under dry air conditions
and some (unidentified) crystals could be seen (see Fig. SM5). The
results of Fig. 6 show that when deposits occur, they can cause
reactor malfunction if not managed properly. Solutions can include
special reactor designs and/or specific operating procedures. For
example, Zhang et al. [49] demonstrated that increasing the vol-
ume of the discharge zone and placing additional dielectric tube
(i.e., double tube dielectric barrier discharge reactor) could over-
come the solid deposit accumulation inside the plasma zone.

4. Conclusions

In this study, the treatment of selected volatile organic vapors
in a DBD-type non-thermal plasma reactor was evaluated. Experi-
ments conducted at the same operating conditions for all VOCs
allowed to determine how the treatment performance was affected
by the nature of the pollutant and by the SIE.

The main findings can be summarized as follows:

(i) Removal of 95 ppm, of the tested VOCs at 350 ] L™! followed
the following sequence: methyl ethyl ketone (50%), benzene
(58%), toluene (74%), 3-pentanone (76%), methyl tert-butyl
ether (80%), ethylbenzene (81%), and n-hexane (90%). The
treated VOCs were primarily oxidized to CO,.

(ii) The solid deposits that formed when treating toluene and
ethylbenzene vapors can be problematic. About 1-3% of
the total inlet carbon was recovered as a deposit for the
treatment of 100 ppm, ethylbenzene and toluene at
360J L. When humid air was treated, a greater fraction
of the treated pollutant was recovered as deposit and reactor
clogging happened sooner. However, deposits from treating
benzene were minor and did not clog the reactor within the
duration of the experiments.

(iii) Deposits also accumulated downstream the dielectric tube.
They did not change the reactor’s removal efficiency, but
caused clogging problems over time.

(iv) The hydrogen content of the molecules undergoing treat-
ment was a reasonable predictor for the trends in VOC reac-
tion rate constants (k). Molecules with a greater hydrogen
content were more reactive and better removed.

(v) As a by-product, effluent ozone concentrations increased
with the SIE, but leveled off or decreased at high SIEs
(>200]L1"). The high outlet ozone concentrations (200-
900 ppmy) decrease the process’s energy efficiency and need
further consideration.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2016.03.002.
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ABSTRACT

Total oxidation of mixture of dilute volatile organic compounds was carried out in a dielectric barrier
discharge reactor with various transition metal oxide catalysts integrated in-plasma. The experimental
results indicated the best removal efficiencies in the presence of metal oxide catalysts, especially MnOy,
whose activity was further improved with AgO, deposition. It was confirmed water vapor improves the
efficiency of the plasma reactor, probably due to the formation of hydroxyl species, whereas, in situ
decomposition of ozone on the catalyst surface may lead to nascent oxygen. It may be concluded
that non-thermal plasma approach is beneficial for the removal of mixture of volatile organic com-
pounds than individual VOCs, probably due to the formation of reactive intermediates like aldehydes,
peroxides, etc.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

industries. Exposure to VOCs has implications in a number of
human diseases, including cancer, cardiovascular and several

Volatile organic compounds (VOCs) are one of the major con-
tributors to the atmospheric pollution and may have adverse
effects on human health [1]. Technical VOC mixtures of differ-
ent chemical character such as aromatic hydrocarbons, alkanes,
alcohols, acetates and ketones are utilized for commercial and
industrial applications such as paints, chemical plants, and printing

* Corresponding author. Tel.: +91 40 23016050; fax: +91 40 23016032.
E-mail address: csubbu@iith.ac.in (Ch. Subrahmanyam).

0304-3894/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jhazmat.2012.08.040

insusceptible diseases [2]. As some of the VOCs are carcinogenic
more rigorous environmental regulations have to be followed
in order to reduce the VOCs emission [1-3]. There are many
conventional methods for VOCs reduction including adsorption,
absorption, catalytic oxidation and thermal incineration. These
techniques are not effective, especially for dilute concentrations
(<1000 ppmv), where non-thermal plasma (NTP) generated at
atmospheric pressure may be energy saving due to fast ignition
response and generation of highly energetic electrons that may
contribute to plasma chemistry reactions [2-6]. Further, a synergy
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between NTP and catalytic action is expected with suitable catalyst
integration with plasma in order to overcome the low selectivity
problems of NTP [4-6]. As the typical industrial emissions com-
prise a blend of VOCs, an effective technology for the oxidative
decomposition of VOCs is desirable [7,8]. Catalytic NTP technique
has often been tested for the removal of various single component
VOCs, but reports on VOCs mixture are limited [9,10]. During the
present study, a mixture of VOCs of different nature was tested with
NTP combined with MnOy and AgOx/MnOy catalysts and results
were compared with NTP alone. Influence of various parameters
like design of the reactor, catalyst, presence of water vapor, con-
centration of VOCs, nature of the by-products formed and ozone
formation inside the NTP reactor has been studied.

2. Experimental set-up
2.1. Materials

Toluene (TOL), benzene (BZ) chlorobenzene (CB), manganese
acetate tetrahydrate and silver nitrate were also purchased from

Conversion of CB (%)= [CBlin — [CBlout , 400y,
[CB]in
: [TOL]in - [TOL]DUt
Conversion of TOL (%)= —2 ——°%
(%) [TOL;,
Conversion of BZ (%)= [BZlin — [BZlout 1005
[BZ]in

discharge gap was fixed at 2.5 mm during the destruction of VOCs.
V-Q Lissajous method was used to determine the discharge power
(W) from which specific input energy (SIE) was calculated by divid-
ing power (W) with flow rate (I/s). SIE in the present study was
varied in between 60 and 650 ]/1 by changing the amplitude of AC
high voltage (14-22 kV/50 Hz). The VOCs BZ, CB and TOL were intro-
duced with a motor driven syringe pump and were mixed with air
at a flow rate of 250 ml/min at standard temperature and pressure
and were fed into the plasma reactor with a Teflon tube. Conver-
sion at each voltage was measured after 30 min. The concentration
of VOCs at the outlet of reactor was measured with a gas chromato-
graph (Varian 450) equipped with a flame ionization detector and
a VF1 capillary column (50 m length, 0.25 mm thickness), whereas
an on-line GC-MS (Thermo Fisher Scientific) was used to identify
the by-products formed. The formation of CO, and CO was simulta-
neously monitored with an online infrared gas analyser (Analyser
Instruments Company, India), whereas ozone formed in the plasma
reactor was measured with UV absorption ozone monitor (API-450
NEMA). As the volume change due to chemical reactions is neg-
ligible, global selectivity of CO, and COx was defined as follows:

x 100%

[COJout

Global selectivity of COSco =

Global selectivity of CO,Sco, =

x 100%

6 x ([BZ]in — [BZ]oyt) + 7 x ([TOL]j — [TOL]gy) + 6 x ([CBlin — [CBoyt)

[COZ]OUt % 100%

Scox = Sco + Sco,

Merck (Germany). All the solutions were prepared with deionized
water. Sintered metal fiber (SMF) filters made of stainless steel con-
sisting of thin uniform metal fibers of diameter 30 um, wetness
capacity of ~30 wt% and porosity of ~80% were acquired, Southwest
Screens and Filters SA, Belgium.

2.2. Catalyst supported SMF preparation

Manganese oxide and silver supported manganese oxide on SMF
were prepared by wet chemical route. The SMF was first oxidized
at 873 K for 3 h, followed by impregnation with manganese acetate
aqueous solutions of desired concentration. Then it was dried at
room temperature followed by calcination in air at 773K for 5h
to obtain MnOyx/SMF, whereas, AgOx/MnOyx/SMF were prepared by
deposition of AgNO3 and drying at room temperature followed by
calcination at 773 K for 5 h. Finally, SMF filters were subjected to an
electrical hot press to shape them into cylindrical form giving the
desired discharge gap of 2.5 mm.

2.3. Experimental procedure

A detailed description of the reactor has been given elsewhere
[11]. Briefly, the dielectric discharge was generated in a cylindri-
cal quartz tube with an inner diameter of 18.5 mm. One end of the
SMF electrode was connected through a stainless steel rod to AC
high voltage, whereas the other end was connected to the inlet
gas stream through a Teflon tube. The gas after passing the dis-
charge zone diffuses through the SMF and was analyzed with a gas
chromatograph at the outlet. The discharge length was 10 cm and
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6 x ([BZ]in - [Bz]out) +7 x ([TOL]in - [TOL]out) +6 x ([CB]in - [CB]out)

where all concentrations are in ppmv.

3. Results and discussion

The present study has been aimed at the removal of mix-
ture of VOCs of different nature. However, in order to understand
the oxidation behavior of VOCs in a mixture, initial experiments
were carried out with single component VOCs over MnO/SMF,
AgOx/MnOy/SMF and SMF and the results are presented in Fig. 1.
As seen in Fig. 1a, SMF showed least conversion compared to mod-
ified catalysts. At 60]/l, MnOx/SMF showed conversion of 30, 50
and 60%, respectively for CB, BZ and TOL and with increasing SIE to
650]/1, conversion increased up to 90, 90 and 100%, respectively.
Interestingly, AgOx/MnOy/SMF catalyst showed higher conversion
compared to MnOx/SMF in the entire SIE range. Even at 60]/l,
AgOx/MnOy/SMF showed 45, 60 and 75% for CB, BZ and TOL.
Even though, during the decomposition of VOCs total oxidation is
desired, in general, NTP leads to the formation of undesired prod-
ucts and the selectivity to CO, may not be 100%. As seen in Fig. 1b,
selectivity to COx (CO +CO, ) was never 100%, indicating the forma-
tion of by products along with carbonaceous deposits on the walls of
the reactor. For the VOCs tested in the present study, the selectivity
to CO, followed the order SMF < MnOy < AgOx/MnOy/SMF.

3.1. Plasma-catalytic oxidation of mixture of VOCs

The performance of various catalytic electrodes during the
destruction of 200 ppm of mixture of VOCs (50 ppm CB, 100 ppm BZ
and 50 ppm TOL) in the SIE range of 60-650 ]/l was tested. As seen in
Fig. 2a, SMF without any modification showed ~100% conversion
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Fig. 1. Influence of SIE and SMF modification during the destruction of VOCs. (a) Conversion and (b) selectivity (SIE 60-650]/1 and 100 ppm of VOCs).

of TOL even at 60]/l, whereas, under the same input energy
conversion of BZ and CB was only around 65%. Nearly the same
results were observed for MnOx/SMF, whereas, AgOx/MnOx/SMF
showed better performance than SMF and MnOx/SMF, where the
conversion of BZ and CB increased to 70 and 80%, respectively. SMF
showed complete conversion of BZ and CB only at 530]/1, whereas,
with AgOx/MnOy/SMF the same result was obtained even at 400 /1.
AgOx/MnOy/SMF showed better activity over SMF and MnOy/SMF
throughout the range of the present study. Among all electrodes,
AgOx/MnOx/SMF under dry condition showed the high activity
for all the VOCs. Interesting observation is that AgOx/MnOx/SMF
under humid conditions showed 100% conversion of the mixture
of VOCs at 300]/1, whereas, relatively high energy (420]/1) was
needed with unmodified SMF.

Fig. 2b presents the global selectivity of CO, (CO +CO,) for var-
ious catalysts during the destruction of 200 ppm of VOCs mixture.
As seen in Fig. 2b, increasing SIE leads to higher COx selectivity
and among the catalysts studied, AgOx/MnOy electrodes showed
best selectivity (up to ~85-95%), whereas, SMF showed only 65%
even at 650 /1. Fig. 2b also presents the CO, selectivity that also fol-
lowed a similar trend to that of conversion, where AgOx/MnOx/SMF
showed the highest selectivity of close to 80% under dry condition.
Hence, for the mixture of VOCs, SMF showed poor carbon balance
for VOCs mixture. During the present study trace amounts of by
products (aldehyde, aromatic acids, alcohol etc.) were detected at

and CO, selectivity was always high under humid conditions over
AgOx/MnOy/SMF. For example at 650 ]/1, AgOx/MnOx/SMF showed
~95% selectivity to CO, under humid conditions, whereas for dry
mixture, it was around 80%. A similar trend was earlier reported by
Gerasimov and Kim during the destruction of VOCs, where on addi-
tion of water vapor conversion increased due to in situ formation
of OH radicals [5,12].

3.2. Decomposition of ozone on metal oxide catalysts

During the present study, SMF electrode modified by transition
metal oxides shifted the product distribution toward total oxida-
tion. It was generally believed that ozone decomposition on the
metal oxide surface may lead to the formation of a strong oxidant
atomic oxygen that may improves the selectivity to total oxidation
[11,14-19]. In order to understand the role of ozone during the
oxidation of mixture of VOCs, its concentration at the outlet was
measured. It has been observed that 850,450 and 350 ppm of ozone
formed at 260]/1 (Fig. 3) with SMF, MnO/SMF and AgOx/MnOy/SMF,
respectively, whereas under humid conditions ozone concentration
with AgOx/MnOy/SMF catalyst was zero. This decrease in the ozone
concentration under humid air suggests the formation of atomic
oxygen [Egs. (3) and (4)] on the catalyst surface that may improve
the CO, selectivity [12,20].

the reactor outle.rt. . o H20£>H20* — H* + HO® 1)
Most of the industrial oxidation processes produce flue gases

containing water vapor, thus the effect of water vapor on VOC H* + O3 — HO* + O, (2)

oxidation process always needs careful investigation [12,13]. The

effect of water vapor on oxidation of VOCs mixture has been exam- HO* + O3 — HO,* + O (3)

ined by employing a feed gas containing 50-100 ppm of each VOC HO,* + O3 — HO* + 20, (4)

in 2% of water vapor (20,000 ppmv). Fig. 2a and b shows the con-
version and selectivity to COx as a function of SIE. As seen from
Fig. 2, AgOx/MnOy/SMF under humid conditions showed ~85-90%
conversion even at 60]/1, especially for CB and BZ, against 70 and
80% conversion under dry conditions. The complete conversion
was achieved with AgOx/MnOx/SMF/humid air at SIE of 280]/1. COx

Also, even in dry conditions, MnOx and AgOx/MnOx/SMF
decreased ozone conversion, which is in agreement with the bet-
ter performance over SMF, which changed the product distribution
toward the total oxidation of mixture (Fig. 3). Even though MnOx
facilitates the ozone decomposition leading to formation of atomic
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oxygen, AgOx/MnOy on humid conditions destroyed ozone com-
pletely and showed the best performance.

Some transition-metal oxides may deactivate in NTP due to
the poisoning effect of carbonaceous deposit, whereas, during the
present study, the reactivity of AgO was stable. The oxygen species
produced on Ag may be remarkably active in the oxidative process
compared with other transition-metal oxides. Reactions (5) and (6)
are envisaged to proceed via the dissociative adsorption of O3 on
AgO, which decomposes to atomic oxygen [21,22]:

2Ag + O3 — Agr0 + Oy (5)
Ag0 + 03 — Ag'Agh0, + 0, (6)
O3 — 03 + 0,45 (7)

The distribution of oxygen atom on Ag surface followed by the
formation of chemisorbed oxygen is thermodynamically favored
over bulk oxide [22]. The heat of adsorption of oxygen on Ag
(AH=-177.2Kkmol~! 0,) is larger than the enthalpy of forma-
tion of silver oxides (AH=—60.6 k] mol~1 0,)[21]. Once the surface
is completely covered, the formation of silver oxides from ozone
decomposition becomes thermodynamically favored as shown in
Eq.(6). Exposure of oxide catalysts to water vapor results in adsorp-
tion of H,O molecules that may then dissociates into OH~ and H*,
forming surface hydroxyl group.

3.3. Performance of the reactor on individual and mixture of
VOCs decomposition

In order to understand the nature of individual VOCs (100 ppm)
and its presence in the mixture (100 ppm each) was tested in the SIE
range 60 and 650 J/1 with SMF electrode modified with AgOx/MnOy
and the results are presented in Fig. 4a and b. The experiment was
performed under dry conditions. Interesting observation is that
conversion of any individual VOC is less than that in the mixture.
For example conversion of TOL was 75% at 60]/1, whereas it was
close to 100% in the mixture at the same input energy. A similar
trend was observed for BZ and CB where higher conversion was
observed in the mixture. At 60]/1, the removal efficiencies for the
mixture was 100, 60 and 50%, whereas, for individual VOCs it was
only 75, 60 and 40%, respectively for TOL, BZ and CB. Selectivity to
the COx was shown in Fig. 4b. As seen from Fig. 4b, selectivity to
COy for individual VOC was around 80% at 650]/1, against ~95% for
the mixture. Hence, during the destruction of individual and mix-
ture of VOCs, individual VOC demands high energy than mixture. A
single component VOC may generate reactive intermediates. How-
ever, number of such reactive species generated in a mixture may
be more, hence a higher probability to form reaction intermedi-
ates/radicals. As seen from the data presented in the manuscript;
conversion of any VOC was higher in a mixture when compared to
individual one. Hence, it may be concluded that treatment of VOCs
mixture may enhance the utilization efficiency of active species
generated in NTP like high energy electrons and or radicals. This
may be due to the possible reactions taking place with excited
and/or partially decomposed molecules in the mixture.

In order to understand the observed phenomena, two funda-
mental types of chemisorption processes on the catalyst surface
can be proposed namely, molecular or associative chemisorption, in
which all bonds of the adsorbate molecules are retained. Whereas,
dissociative chemisorption proceeds via cleavage of adsorbate
molecules and fragmented species will be adsorbed on the catalyst
surface. As the dissociative chemisorption is always exothermic,
the reaction enthalpy is large and positive. Similar observation was
made by some authors that the VOCs can be easily activated in a
mixture [23-25]. Piotrowska and Syczewska found that the oxi-
dation of n-butyl acetate was high in a mixture of aromatics and
alcohols [25]. These activations are probably due to the exothermic
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character of the complete oxidation reaction, which would raise
locally the surface temperature of the catalyst [24]. Conversion at
each voltage was recorded only after 30 min and the surface area
of 5wt% of catalyst on SMF was less than 10 m?/g, hence the acti-
vation of VOCs in NTP is due to exothermic nature of the oxidation
reactions.

3.4. Performance of the reactor for conversion of VOCs at higher
initial concentrations

During the present study, concentration of VOCs mixture
was changed from 200 to 400ppm in order to understand
the performance of the reactor at higher concentration
of VOCs. The experiment was performed under dry con-
ditions. Fig. 5a presents the activity of various catalytic
electrodes during the conversion of 400ppm of VOCs
mixture in the SIE range 60-650]/1. As seen in Figs. 2a and 5a,
with increasing the mixture of VOCs concentration from 200 to
400 ppm, the conversion of CB decreased from 80 to 60% at SIE
of 60]/1 with AgOx/MnOx/SMF. However, as seen from Fig. 5a
SMF modification with MnOyx and AgOx/MnOy showed slightly
better conversion than unmodified SMF. For 400 ppm of VOCs
mixture the activity of the studied catalysts followed the trend
AgOx/MnOx/SMF > MnOx/SMF > SMF. Selectivity to the COx was
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Fig. 5. Activity of SMF electrodes for higher VOC concentrations. (a) Conversion and
(b) selectivity to CO, and CO,.

shown in Fig. 5b. As seen from Figs. 2b and 5b, for 400 ppm of
VOC mixture ~40% selectivity to COx was observed at 260]/1,
whereas under the same conditions, for 200 ppm of VOCs mixture,
selectivity to COyx was around 70% for AgOx/MnOyx/SMF. Hence,
during the destruction of 200 ppm of VOC mixture, at any SIE,
selectivity to COx and CO, was high. For 400 ppm of VOCs mix-
ture, SMF showed ~35% selectivity to CO, at 260]/l, whereas
AgOx/MnOy/SMF showed around 40% CO, selectivity even at
260]/1 and reached 65% at 650]/1. A similar trend was observed
on MnOy/SMF. Hence, selectivity toward total oxidation of VOCs
mixture increases with metal oxide integrated NTP reactor and
among the catalysts, AgOx/MnOx/SMF under humid conditions
showed improved performance toward total oxidation.

3.5. Reaction products and mechanism of mixture of VOCs
decomposition

The chromatogram and GC-MS spectra for the identification of
intermediate products during the degradation of mixture of VOCs
are given in the supporting information. All detected compounds
were identified using the NIST98 library database with fit values
higher than 35-95% probability (Table S1 in the supporting infor-
mation).
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Catalytic oxidation of mixture of VOCs was studied over modi-
fied SMF catalysts and it was observed that carbon balance was not
100%. High removal efficiencies not always accompanied by high
COy or CO, selectivity and formation of by-products like NOy, ozone,
partially fragmented products (benzaldehyde, ethyl benzene, aro-
matic or higher aliphatic hydrocarbons, aliphatic acids, aromatic
acids and alcohols) were observed by GC-MS. Little amounts of
polymeric deposits are formed on the walls of the plasma reactor
and on the inner electrode, however, they were not analyzed. MnOy
and AgOx/MnOy catalysts integration to plasma not only increased
the selectivity to CO,, but also decreased the by-products like aro-
matic and aliphatic acids and alcohols. Besides these by-products,
the formation of HCI and Cl, is also expected from chlorobenzene
[26,27]. Close to 60 ppm of NO was detected under dry condi-
tions at SIE of 260]/1, whereas, under humid conditions it increased
to ~150 ppm. With increasing SIE to >400]/I, NO concentration
approached zero, probably due to chemical reactions of NO with
active species like O, OH radicals and O3 that may lead to the for-
mation of HNOs. Nitric acid formation was confirmed by acid-base
titration of the water after bubbling gas stream for 4 h. It has been
reported thatin NTP process, NO molecules may be oxidized to NO,
and finally to HNO3 [14,28].

Concerning the reaction mechanism responsible for the removal
of VOCs mixture in plasma, decomposition by direct electron
impact is unlikely, due to the low concentration of mixture of
VOCs in air. Urashima and Chang, and Vandenbroucke et al. sug-
gested that VOCs oxidation takes place by either radicals, negative
or positive ions [2,29]. It is proposed that the initial steps of VOCs
decomposition differ depending on the plasma regime applied,
however, itis generally accepted that ionic reaction may be favored
in both dry and humid conditions. The presence of mixture has a
beneficial effect on the amount and type of undesired side products,
notably ozone and NOy. Thus, VOC mixture reduces the formation
of ozone and promotes the conversion of NOy to HNOs3. The forma-
tion of nitric acid, a desirable side product which is more readily
disposed than the NOy is favored. NO, is formed from oxidation
of NO coupled to the conversion of organic peroxyradicals (ROO*)
to the corresponding oxy radicals (RO*) and may promote the VOC
oxidation to CO, [2,29,30].

In the same context, MnOy and AgOy facilitate the formation
of atomic oxygen by ozone decomposition. As observed from the
data presented, AgOx/MnOy on humid conditions destroyed ozone
completely and showed the best performance. Hence, a possible
decomposition mechanism expected to be VOC derived radicals
such organic radicals (R*) generated during plasma reactions are
trapped by molecular oxygen (via ozone decomposition on cat-
alytic oxide surface) to form a peroxy radical (ROO*) and oxyradical
(RO*) [31-36]. The reactions of such radicals either via hydrogen
abstraction by molecular oxygen and/or fragmentation lead to car-
bonyl derivatives, notably aldehydes and ketones. These carbonyl
intermediates may form the ultimate oxidation products, CO, and
water [37,38]. Earlier studies found that the catalytic oxidation and
degree of destruction for a compound may also depend on VOCs
mixture [38-41].

4. Conclusions

In this work, the enhanced removal of mixture of VOCs in air
using a DBD reactor operating at ambient conditions was reported.
The present study reveals that NTP is an energy-efficient technol-
ogy for complete diminution of dilute VOCs of different nature.
It also reveals that plasma catalytic approach not only enhances
the conversion of mixture of VOCs, but also improves the product
selectivity to total oxidation. The experimental results during
the oxidation of dilute VOCs mixture indicated that the removal
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efficiencies of mixture of VOCs enhanced significantly in the
presence of metal oxide catalysts, especially MnOy, whose activity
was further improved with AgOx deposition. Water vapor may
facilitate the formation of strong oxidant hydroxyl radical on the
catalyst surface. It may be concluded that NTP assisted removal of
VOCs from a mixture appeared to be beneficial than the individual
VOCs, probably due to the formation of reactive intermediates
like aldehydes, peroxides, etc. However, the selectivity to total
oxidation needs further improvement. These findings implied that
NTP is a promising technique for the removal of mixture of VOCs
with MnOy and AgO,/MnOy catalysts integration.
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This papss aRsCussas e wock and resulls o Gats mading
10 the demonstraton of the cofona desiruchon process a1
A scale. The rmmaﬁmwmln COTONE BP0 mﬂ
alike DR NS 8] arsd B bowics has
skynifcant Tor proviceng & valuabée contribution 1o
< U .5, Environmermtal Protecton Agency and national
ponta of raducing the heatth effects aagocinted with axpo-
ures fo hazaroous alr pollutants. The Corona desTruction
TechrHogy coetd b mapecinlly voafol in hture yeads m Fp-
vy Incuestiy rrmed 1 resaduald risk requinsments of Tha Claan
Alr Act Amerdmandts of 1990,

Singe 1888, LPA has conducted neseaich in tme areg of
corand destruction o YOG4 and air inxges. EPA's misrast in
mﬂnmucm nﬂmmﬁm‘u started with o
Tomling of A pnnc-plane reactor iy destoying Kkic oanic
compunds. EPAS qodl |3 o develad & achiology capabie
of conToing how cORCANTANDN SreAME At knw capdal and
operaling costs The puposa of i wark i3 [0 develop an
Industial scake corond reaclor capaiibe of eificlenty and cost-
oftectrvedy deatroving YOGS e Blr Toxkes &t k-
pacature and presgure. Reguits show thal conona destructon
i 3 peiwTReing control techodogy for mamy W -Contami-
naled & srsamd, sapecially &b bw concentations. Gosl
COMPANSONS Ard praberied e Corona destnichon e con
warisnal controd Sevices, carion adeorption, catahtc ouin-
eration g hemmal incnesation.

The eesearch effon in corona destrucdion of wolalle or-
ganic compownds {YOCs) and air boxies bas shown sigmil-
icanl peoenise o providing o valuabde cowcribution o cntical
LEFA aml naticnzl goals of refucing the health effecis as-
soctated wilh cxposures to hazardous eic pollusamg, The
CoHona desLrueted] 18shnology could be especially wiefal in
futwre vears in helping industy moe! the residual risk re-
quirements of the Clean Adr Act Amendments of 190

Since FORR, EPA’s Air and ancgy Enﬁmi.rh:-:riﬂg Rescarch
Laboralory kas conducted research i 4 2rea of corond
destruction of YOO s and air oxics. EPA™s interes! it oon-
ond destroctios of molecular specyes sterled with modeling
of 2 point-plane reacior or destroviog Toxsc organic som-
pounds.! The emerging coneera for excessive conoentra-
tions af amibiemd ozone. Jor which mamy Y0Cs are precursors,

_— = — e

the necd o develop 1echoo to cotlrel bow concenieation
slreamis, and e ecommic sdvantages of anbrenr eetper-
i aperation provided fmpetus for the work on high in-
IEARITY SOEONE PERCION Sevices,

The purpese of this work is o devebop an indusirial scale
copana reagtor capable of ¢Mficienthy and pogi-cFetively
desirnping YWOs and wir tuxics at ambient temperature aod
ee£ssUrE

The work and resules to dare Jeading ovhe demopsrrafion
of the comni destruclion process at pibul sotle are preserded

in this paper.

Backgroumd

The inilial work al EPA invadvesd imeestigating the via-
biliey of corana destruction as an efective device for WOOs,
The initial 1218 were run with toleene and wers ey sue-
cessful. The next phase of the research program invabeed
developing 1he desiruction mechanisen and predicnos che-
ory for destructlion of other ke ns. Even Ibough cor-
ol destramion wad able 10 GEsiry tnlvene, an ordkersianding
of the rezition mechanisms, bath chemically and electn-
cally, is necessary before lasger sysiems can be successfully
designed. Thus, 5 serss of
10 commperunds. and the destruction efiiciency and foniza-
lion potential of each compound #as examined o delermine
the possible existepce of & staListpeal coreelation, The oxm-
pauods tested were benzene, ovelohexane, ethanol, bexanoe,
hexene, methane, methylene chlande, methyl ethyl kelone,
styrene ard tolutos, Prelimindcy resules iodesale thag a re-
Iationship exisls betwesn jonization polendial aod ease of
destruction for WWOHTs, the Bmwes rhe omizalion posemial,
the casier Lhe compaunds are destroyved,

Corona desiruceion ke several advaniages over oomven-
Liona! eontmal devicks as shwown in Table | The compounds
that we have tested bave been oxidized 10 earbon decoide,
carbon monoxide, and water, plus, in the case of chiori-
pated compounds, chkorine and hydrochlode acid, 11 ex-
hausl sifeams have been analyzed thorow I;Iwnh B gA%
chramatographyflame kwnizatinn detecior (A F1D) and gas
chromarographimass spect (CCWEY, and pox dnteq-

mediale compounds have been found. Stnce the contami-

Crprrgie 1994 - Ap b Wele ML pgarnra Aot i

—— e e —

wkenls wad eosducied bsing
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Tuhdg 1. Pepefiia af wornnn dealfoidszm kg coneeg 0 bl 1ech- Tabir 1. Pomenusl 5ource Ceiegorees bor she applicetion of car-
malopLse 5. ora desireetion,
4 Perfvems effectively 2nd seoenmicelly a8 very lwa concendre- [ndualrial

Fins Painiing ael coming opsraiwins

* {Jptraler &l ambtnl lempemiue

® Eliminarss diypossl or dealmenl problems gssociabed wilh £2r-
hap Hll:u,:-rplilm

® Eliminales sensiljivity ke paisening by salfur ar halosgen co-
|anneng :nmpul.lml:.

® Foguires me guxiliany feel

* Fequircs b maintcnance

nans ace dedroved, the problom of disposmg ol collecied
i0xins i awvoided.

Tor corona desroclion processes hive been dvaluate:d
for their potential in desiroviog WiOCs end air toxdcs. One
of the gozona desrugtion proceases wses high dictecinic Far
jum Lisanale pellets io 2 packed-bed Tesctor 2omess which a
high voblpge sleeraaling cwrrent (AC) is applied, The mricro-
glecrre Felds vevelopal in the imarstiial spaces beivnsen
the pelleds form 2 multiplicity of corona ciles which gen-
erate alecieons. TRese clecuons initkace [he resaclions ehae
teaxd o desiruction ol the chullenge gas. species. The seoond
progess comgisls of a wire-in-Llube reaclor which 15 eneegized
by high voliege nanescoond pulsas, These lechnigues have
the powencial of generating wery energetic lectrons withou
wisting power by accelerating 1065,

The coona processes operale at ambien! omperatre,
The corona is geaetated in the packed-bed of Bacium Litan-
erc pellees ar glong Lhe wire io the pulsed reaccor. The
neessity of bEaning the conmeminacd air streams o e
temperature required for w catalys or for thermal iianer-
Aricd 1o wark 55 avoided.

The corond deatruciios processes were al30 cvilvated s
a mecaos 1a control very low concenlmalions of contaminaots
0 air sweams. Expenmvears with conlaminant scrcams neing
10 ppmy¥ single companenl YOUs in air demanstezied the
ahility e descray the coneminent beyand the doection limi
oA oo anulytizal squipment (= U ppbee], Cospong sbrslr e
o may be an allernalive conlrol lechnology Tor low con-
centralion sireams whese conventional conieed devices such
as catalylic incineratton and cachon adsorplion have dis-
hrantagess, enhee ceomewmicah of lechiical . Preliminany power
cutimates For the comna prwess ipdicane thay (he poser
requirement for YO deslruction is approximaiely 3 Wt
(106 Msecfoe®). As shown in Figoee L, 1he snnooal operating
rosts of coromd desimction fall belirw the onfis of Gualyts
incicratieon and thermal incineration, ™ The annual operal-

13: ' . .-.. — -

10 |
i
L w |
&
T |
5 |
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a |

Fgerd 1. ESTuned confs o Gie(ed [RnE and (omariiona’ WO contm kel
pity
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ing oosls for 1hese iechoologiss are hased on a contaminelcd
ai7 stream ar ambicn eondiljnns wach 2 flesvrale of 30
#im and an organic condeniration of (235 than 100 ppetiv,
For these reasans, corong destpuction mey be woell suited to
destpory VOUOCs and air toxics 10 the outler aeeae from op-
erations such as the ones shawm in Table N,

Owe ol cur currend program ohjectives s bo test the oor-
URd meacior on oa larger scale, ]:Jﬁzrim:n:s are curtently
uoderwey [a prave the feacibility of the packed-bed rexctor
on a 20 e 50 ofm (0057 10 1,42 mmin) stresm. A this
slage, the resctor design £an be oplimized as [o dimensions

perwer requirements, Diber program eijectives ineclvde
dérmoostration of this techoology oo 20 iodustrial stale and
cowmmercialization of comong desinsciion s e YOO conlend
altermative.

The purpgse oF this work i[5 io determine if ViIOs can
be deicoved in these high intensity corona ractors, I sar-
Ling up the onigirel feasibiliby-ol-copospt experiments, an
agbernpr was medy o refate the wark co the greancs] exoent
postible o corrent problems thrzeiening the envinmmenl,
For thess experiments bath non-halogenaled and halogen-
ared componds were evpluaied.

Toaory o Corom Degtiuction

Although several theoretical coneepts are slll being eval-
wated to describe the desirwction pathways for severel fam-
s of hwdmacarbung, e follrming dscnssign o ides
sime of the ovost likely mechanisms for YOO destrsction
i & QOrana Process.

Electruns undurga bolh elustie amd inelasic collizions as
they Lravel throogh encrgy Neids. [n an claslic collision,
The elegeran revdins the majorine of jes kinciie energy. Undes
the coffusnce of the stcony checinic Tiehd, (ree ¢lectrons arc
acceterated. They uoderpo an clastic oolliskon at te end of
cach free path length, The slecinens conliape 1x inckgase in
eneroy unlil ihe energy becomes high enaugh 1o alkow she
elecirons by undergo an inelastic ollision. Docing an tee-
lasti collisiog the ebtciron \@mosfers all o panl of s kingic
ene Lo the panicle wilh which i1 has eollided. Inelastic
coollisioms. result io a change to the largel particle or mols-
cule such as ionization, dissociation or excitation* In en
iclasng gollisbon, sigaefsant anwents of cntrﬂ are WeMns-
ferced From an clectoon to the targot Specics, Examples of
these inslastic collisions are:

® Eleceron atlachment by electronegative gases bo form
nEgAtRL 10N,

» Dissocizlion of molecular species inlo smalter fag-
mens inciwding formargan of free radicals.

# Excinalivn of molecular aml elemenial species,

& lonizatkon to formn positive dons and adkfittonel free
clectrons (& Townsend avalamche develops under fa-
voreblke circumsiunces, genereting mamy additional free
Elecroansy,
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® Hreaking down of molecular species into heit ele-
mig ital Loempanents.

The axtownr of ¢necgy reguined for The abive evans var-
fes by bype of event and molecularfelemenlal species. Ln-
eigy requiremenss For defferent ppes of evems are Jess than
5 eV lor eleciron attachment and 5 1o 25 &% to form pusitive
Pors by electron remonal,? Ao elscicon voll {ev) s defaned
a5 the energy that an electron aoquires [oF Joses) in passing
theough a 1V change in porcanal, The sleciron wolt is a
pacticularly wseEul unil of measurement for this work be-
cause it allows an easy comparisap of elegicical tn:{g}'
imput reuaired for destrection of 1he targer mobecules, The
probability of one of the atove evenls oocuming is ex-
Fm:iscd by the callisjon oross section which & maioky a

et Of concenrranon. The probabiline that the evenc
will oorwr is dependent on the ekectron’s hawing achicwed
the energy level necded o the event.

Al atmiosphens pressare end ambienl semperalures, an
elecieon’s energy leue] can ancoease by a fiscebon of 1 W
it one meean Irée path bength, if the meao free path length
is parsllel to an elecieic Digld of ) o H) kViom. Ar al-

- muxphenc pressare and ambient temperature @ mean e

path lenglh is abouwt 1 x 107 m.
In itwan 1o Ahe above elfects of teelastn lectma ol

© lisions, there are also photoelectric effeots (ioniealion, dis-

— e e e ”

sociavion, excitereon, ¢1c,] which are cinber activaled by o
sy in he eission of @ phaton, The evenis Lat can oocue
are very much indgrelated.

In summnary, (he pictuee that is presenied s one of high
compkexicy when the possibiline ol eféctimn collisions and
the effects of pholons ere considered. The energy distni-
Puriva in @ sweom of eneogenc electrons ranges fod vary
how to very high, with the majority condered snownd some
medign walue, Therelione, elecirons having a wide range of
energies will vadergs vanous 1yvpes of inclastic collisions
wch as gitachmend, excitalion &nd isnization. For a misdure

ﬁiﬁ thet picaure Deodrbes even mot ormplex.

& ponwdr g o Abe bench-scale packed-bed readtor
way measured, allowing the celewlation of the eoergy in-
wpduced for 2 wnil of tewiee, Fow 3 typacal toleens oancen-
seation of about 205 ppmy e £neogy imcduced peratusne
mokecule was sbout &} eV (9300 keal/g-mole}. The carbon
hﬁjmdzu::u wete COG wid CO- The moie of CO; eo D0 weas

I

A number of peaciion mechamsms are possahle in fhe
corona &srection of armmatic hydrocarbons. Three of 1he
reaclians are prescmied and discussed, The first reaction
mechamsm mvodves initial avtack of the hydmcarbon mel:
ecule with an energized oxygen melscule. The ather two
reaction mechanisms, which ot breaking a OO bond
in fhe fing r remensng a hydrogen from une af The carbans
in the ring, have a kower probakiliny?

A mechanism ik ety 10oogour in Lt destruction of toluene
15 the omidanon of the methy! growp of the molecule, Tol-
uene bas a resopance slructure whers a profon is lost or
gaincd at the methyd groop which showld resull in B mare
reaciive sike. The methyl group serves as en electoon duooc
o the phenyl group. An exciled oxygen modecole would
attack the mechy| group and the fdbrwing resction would
proceed:

LH,

@

CH;

Q o
— —

B o

The CHO radical rapidly reacts o form & CHO radical
which goes 10 CQ, The beorene radical readts as fidkomws:
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O=0 F £ =C- C=C-C=0

ey or
OuC=Cr ~ L=C-C=C

The O=Cor O=C = radical reacs with akypen o fom
C03,. The odier radical oxidizes tapidhy 1 CHO aod then
1 COL 2 Adthough 1he reaction w foom CO rather chan OC,
is favored 3l bow dempersiunes, high iemperalunes may be
ograted a1 the pelleis, which would explain the favored
%‘ alio of CO,, & OO, molecule i5 formed when the ap
breaks, by tine OO0 reaction is favored io the remaindet
Yo desustieon eeachivns, This acoounls Tor ibe apooui-
mataky 1.T:1 ratkn of OO0 to CO observed experimentally.
The energics of bond fommation/destruction ares?

L VeV
= 3 eV
C=C fin ting) 5.5 sV
C-H 43V
C- 37 eV
L T TeV
C =0 (in €0y B3 eV
L 3.5 oV

Druring the destruction of & toluene molscube, snegey is
reguaresh wr beeak a O-H bond by an clecceon or by reaction
with oxygen. The rdical formed will react with an exciced
nxygen mofecule, e g, singlel ooovgen (% and 'A ) W
(o a a0 bondd ® The onergy released when the C-0 Bond
forms is mase dhan ewough 12 break tbe adjacent C-C bonds,
Therefore, the ¢ocrgy fior whe reaclion onee past the initia-
tioan #neney muss come from the omidalion of the olusns
ilself.” Because M peroent of the gas is oxygen and ince
the ooygen molccube is one of e casient b Skl the
cxcidation of the uxygen mokecule is consayuenthy the mos!
bikeby mechanism ooquering in the peocess. The potential
cnergies for the d state aod the firw Fogr ¢lectronrally
excited slabes 3 oxypen are shown in Table .

The additbon of encrgy grealer chem 7 £V cabres disso-
ciaizon of the oxygen meeletabe 1 one aiem in e ground
lale ard one in the 181 excitation state.® Mamy Mber exciled
suaes of axygen Bre poasible ansidd vhe comna destruction
remtior,

The benzene molecule skould reack similacdy 1o the bol-
vene mokcule, bul shghlly mote eoergy 'uw:mnl\:i}r be required
13 ioflizte the benzens reaction. Insiead af the excited oxy-
gen auncking the methyl growp of (he wluene molecule, e
paint of atack in tBe benzene malecute would have bo be
the ring structiere ar & C-H bond. The bond engrgies wonkd
favor an aiack of the ©-H bond (4.3 e¥% lor the C-H bond
compared 12 5.5 e¥ for the C-=C bood]. This s slightly

Table U The pocerial crergres forbe exceicd sene of oxygen.

Eawrgy

Sceie of Choygen Beqniced

Medecule eV Croammeents

Crourd slate ]

st cxcitalion 0935 Forbidden trunsition

Iml excitwivan §.83 Albovwed; half-life of aboul I3
socnedy, llisonslly relax-
ing 1n 15 pxcltion siave

Jad excilalion 425 Thearelklly forbididen

Ach sawitwiion b0 Alkrwsd: crearss o GXNgtE

Booens in he ground sinle yin
a o n-:lul:rv: IO
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Righer thun Lkt C-C0 b SecOEy which wiould be pihe pont
of ameck ar tbe 1ol mobecole (3.6 6% for the C-C bonud ],
Thereioee, since a higher energy is required 4o initiate the
resctian of the benzene molecule, desitectoon of banzens
vhesld e lowweer Lhan i0duene under similar condilions. This
was confirred by our baboeaary resulrs,

The second pussible 7eaction is the breaking of a C-C
bond inwhe chzn by 2 soffamen:ly cnergene 2leetren. This
reachion is of the wwpe

AB b e~ +|AB| + -

in which [AB] i5 a radzcal, For the boluens moleegle, the
ring s'ructure has a greater affinity for an clecton than does
the methyl geaup. The cnergy required serbreak a C-C lbond
iri the neuene ring 15 5.3 ¢V [ 123 koal’e-mole]. Fur leluene,
Cleawage of an arbilracy C-C bomd woold be:

CH,

1 33ctY a0 -0 -C=(n
& ;
I""-\-\_.-" 1

The fragmwet on th righi hand sade af ive above reaciaon
eyuzlion is o radical. The energy requaced for the iooizatian
of doduene is B.5 oV (195 kealfg-mode). Consequendly, Lhe
vodlizaoe epimg seetian for the CaC o Cleadige 8 cons
siderably less tham Ihat Nor the ionizalion,

Oinge 5 -8 bond is broken and 1he fres radicat is foomed,
the foee radical is zble 1o react with vxygen, The heat of
axidation of toluerne is 39 % (A kealfg-male) shen goin
(¢ L0 and 22 eV (497 kcalimoke) when going to C0.
Einker FIBIIEIWE.]IH will supply sufficienr entegy 13 sussain the
exidainon of alk carbon mobecules ormce the Teaclion slarts.

For this second reaction b occue, clectrons would keve
10 acheeve 5.3 e 60 sever o O0C bond, Many ¢lecirons do
achecve the higher cnergy lewels, but oat all.

A Tinal reaction possehiliny is cenewving a hpdragen from
fhe cng struclure by electron ollision, The eneney requirsd
to break a C-11 bond & abawd 4.3 . Cnee the C-H band
i% broken thy reacaon well pooceed by the samie mechemsn
as the primacy reaction suggested afowe. This mechanism
wisuld alse eccourl for lne COMThw Tormation.

The imenmedivie sleps in the oxidation regquire the as-
rachnueni of an cxygen 1o a sewered carbon bond or o2
sile where a hydrogen was removed. The energy roleased
by amwachment of dhe oovgen is sofficient 10 beeak an ad-
Jacent C-C bl wehich prosides e sige Eoe the nexe oxy-
gen atlachmens. The most likeby inlermediate meproduc is
tht radical CHO which is favercd at low semperaiuees. The
CHO nedical Jeads v (b forpacn f €05 higher cemper.
afurs eeacikons faver the Sormation of OO, Kole thal once
a C-C bond in che ring is severed, che radical dhat is fermed
has e acree ends Tor actachment of a0 oxygen,

In all the suggesied mechanisme, once Lhe reaction of Lhe
ind ivadeal mealeeule 13 iniceated, the destraciean of the mal-
cowle proceeds W complelion since ne ofher bower molec-
ulor weiglhl specis are found during anahes, [Fibe modecubs
were nol commciely oxmlized, oibier hyd rocarban bypaod-
s wodld appear in the exhawsc siream. The absence of
olher hydrocarbons has begn Sonfimned e GOMS. For
aperaling eooditions jo which kess than HW percenl destruc-
e 15 delibsraely achieved, the opreacied 1duene mole.
cules zemain inlaol, which 15 evidenl in GCAMS

Resuits and Discesion

The packed-bed corona Teadtor mikes use of 3 bed of
ferroglectric pellers aceoss which an AC eleciric field is
impiessed. A kgl of 1} hwdrocabomg (bengene, cyelo-
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herane, ethamol, hexane, hexenc, methans, methylene
chfortde, methyl echyl ketone, soyTene and toleene) were
1esied in Lthe benchescale packed-bud mactor, The benen-
scale packed-bed cescior s depicaed in ijl.ll't 2.

The pellacs must be wade O 4 ovaterial with a bigh di-
ebeciric canslant. Io this £ase the malarks] is bartum tilanete
with 2 dielecitic conuam raogiog fom 15 w 12000." The
dielectric constend for berbum ilanee veries due bo tem-
Teramn:, bead sige and impurites, The bariuts Tiganate pel-
¢1s are coergized by an AC voltege applied through porcus
steinless sweel plates. Corgna appedrs 41 the costact pois
of the pebles when an AC eleciric Reld »s peserated 25 Tow
as atrcud | kKWiem, Sparking across the bed occurs for Relds
of 5w & WWiem, depending vpon (he sipe of the peliers.
The reactor vhviously uses more energy during sparking;
however, the rezctor pecformance is ngd improsved -
teonally 1o the increased amoumt of pewer applied durdng
sparking. The most effciem operating paine will be belaw
sparking wooditions,

The werk required [0 merpeg 2 given leciron from s
ancwnee ookt aed place U al rest 4l do infinite distance, is
called the ionizeteon potcneeel ® Since ell ibe compounds
evaluaed oy Lhe babomtony were oot desimoved equally in
Lhe packed-bed corome reacior, the firsl melbiod atbempted
to predicl the destrucon cEciensy was bascd of sonizawn

lencial (see Table IV). Ouher paramelers sviluaed were

1 of combusiion, size of molecule, molecule booding
encrgy, Gibbs feee energy and snthalpy. Foom the param-
cters cvaluated to estimate the destruct ioo of compounds in
the packed-hed corona reactor, 1he ionizaton peoredial was
the value (hat best comelated wath destouction efficicocy,
e., the higher the ionizacem potciial, the Jower e de-
slouclion al constant operatiog conditions. As shoeam in Fig-
ure 1, faclors other than konezation pocenceal may explzin
the Jevrations from e predicred dessnicion efficiencics,
In addition 1o the great ionezation power af electrons, they
also hawe the procermy of aitaching o many molecular and
BIOANICE spesies o form aegatie was ions, Eleciwon anach-
mend is greatest ot stome in dhe upper righi-hand region
of the perindic tabte. For example, methyless chigride has

|

_—

Fper 1. Gocch-Kad pashiHes] GNOed deanchan (.

Tabde 1Y. Idnizalxn :n!:gi:x of wlecled medecubia, el
Sl n 134 Foorma | detrpde w9
Hysrogen 1%.4 Methanal LLkL
Curbon Monoxide 14.d Hixane [ L1 8
Cawan Dioeide 13.4 Nicrogen Leowide 2B
hizibane: 140 Methyl Exhyl Kelons 0.5
MAmws Oagde 129 Hexens o4
{lane 115 [ ychbionane 3.4
Waler 1t.4 Benecne 9.3
Oy jen 1.1 Ml {hride 9.3
Meihylene Chloowde 1L Taluene 4
Maphchabene 2.1
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a higher innizalion potentiel than hexane; Bewever, (be de-
| sirocteon eMciency o5 higher. This s probably due o the

bigh ctecironegativiey of the chlonine eiom which will in-
| crease the chanee of eleoiron attachmenl o the chlonine

aiorm.
| A teat wawix consising of three sons of #ight uns for a
tetal of 24 uos was perfomoed using toluene io the beneh
scale corond reactar, This test mattix was dasigned 1 sup.
port the caloulation of matenal and snecay batances, char-
eoigrire wall effeqts, and determine the magnritsge of
sememane ane randon senors. Twid 130000 vioes (diametems
of 2.23 and 3.18 co), two face velocities (1.8 and 5.3 cmy/
se0), g residenge fimes (0048 and 1,43 seoonds), and reo
Ideene concEniropans (S0 xmd IS0 ppmvy were usad for
1he test mateix. The reactor Jnng;lh was 2.5 cm. The reacions
were paged in Bnooven At S0 °C o maincean & coRGldt
temperature. Before rach block of eight runs was initiated,
whe reacwors were deassembled, che pellels were replaced
by an equal weight of uoused peliets, and the reactoes wers
reassembled. Figures 4 and 5 show Lhe outlel coneenteation
of tobrene, OF and OO0 pddained during these expériments
i (o loluene inlet concentrations of 500 and 2% ppoyw, re-

spectively. Each rescror performanes was cores|led by che
gus flowrate [Tave wedocity amd resddence timae), 1T prndo
of Tace velocity and residence lime was mainfained at about
2.5 om Tor hath seactors (B, and R} The carbon batenoe
Tor 1he test mannx varsed Trooe 102 o 105 percznL.

In Figure &, the effeci of voltage on reaclor pecformance
fior she large reacaar (Ho) end o & toluene goneeniTarion of
0 ppowy 1y showen, For wvoltages over 15 kY complete de-
siruction of tolwene was ohdained.

The checiric; poewer for hess experimsns was measured
using a digital oscilkescope cannected 1o the conone reactor.
The circuitry psed w0 measore bodh wollape and amperags
it depicted in Figure 7. Sints the currént signal s el of 2
sinusaidial foren, £ o5 B was ol wsed to estimals paweE
consumpasn. Fower was caloulaled by im-:glrcali the reu
undér the puwer dunve using Simpson's nale. 'rl.%vc pOWED
curye is the resull of muliiplying cach dala painc of the
cureenl curve with the porresponding daca poart of e vode-
age curve, The vwoliage apd amperge For ooe cyche {167
me] was analyzed usjnf & cuslomized spreadsheet pHOZTRm.
Figure 8 is ar exarople of the graphssl owipot frorm the
porrer curee analysis,

Conchusiony

| The packed-bed carona destruction process shows sig-
mifccamn prodmise a5 an alieraanve eonerol mebod far re-
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Fgre b Igayes, {0, 0 CO oufiet conomiration 13 3 wnchon of ke

duciog VO aod air Soxics emissions fom iodusmial and
cammercial cperstbons. Preliminary dats show shat this
Technobogy i3 technwally and sxomomically Teasible. When
the corona destruction process is comparsd bo coovendionel
conlol technalogies such a5 cared ddsoiplion, catalytic
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incimerackon, aod thermel incineration, the copone process

demonsrraies several sigpificans advantages ower The con-
~entional coatrol methods. Thess adwaniages are lisled in
Tahl: L

Conventionu] control echnologies wsually Fabl either
lechmically or economically in effectively concrolling Wik
and air woXee Bt very low congeartanons. oo the conona
desinmtien prosess, Lhe lower 1he concentizlion the lower
the power cequired io achieve exoelleot performance. Based
owl the durability of the hed pocking maenal, sage of age
sembly, and simplicigy of Lthe hardware required, packed-
bed corona destruction requires wery lictle mainlepance.

Tn calabytic and therm I:II incineTatsn systems, relatbrely
high temperatres are cequired (0 odwain the desired per-
foranes, This vswelly ceanslaes 19 a high €08 of opera-
tion. In addition, when Lhe inbct organic concentraiion is
Jowe, auxiliary Tuel is needed b Mgt proper rneste
of the pollutents, lemmver, the Soropa destrudion process

races al embient lemperadure, thus substenteelly reducing
opsrating cos1s. Unlike K RYSIACNG, (e <omma pricess
. % oot sensithve G0 poasading Ty sulfor ar kabogen conlaining

CHTIpOWndis.
| {orona destruction also climinaies the prohlem assoc-
uted with the treztmict and dispanal of 1he adsorbeent wsed
in carbon adsarplion. Although the wse of carbon inn
in reqorering WO may be coscaffecrive 21 high adsodbale
concenirations, its pedomoance dramatically declines shen
the adsorhie concentrakon & lpw. The applicaton of e
ton adsorplioo & Lew coscenimLions Lheo booomes prohib-
itive.

Cora desiruction 15 an eifearve altermative control
method For avanety of ViIOCs and air 1oxics. s destruction
cfﬂcwnci foar WO stich a5 bepreme, cychlobexan, eihanod,

exene, methaoe, methytene chiorde, methyl ethyl
ketone, styreoe and 1uene may be predicied from the ion-
izatjgn perientizl and rypes of boads in the malecubes,

Thuring \be 1esis of destrsction of ViOCs and air toxics
by the corong process, A0 products of icdenplere reacion
art foooed, Wheo (he compounds were treaied with he
covons, molerules cilther were conmene by Sersred or passed
through the macior upaffected. Muore complex compounds
gnd mixtures will heve 1o be bested o deterpuine if these
promising fesalis bold e in practical applications, The
percentuge of modecules destroyed cam be predicted and
caotralled by appropriate reacior design and dpecifcalion
of operational pafacensrs,

perfonmence of the comna descruction system can
be enhamced by etther jncreasing (he poser ingut of al-
Justing the redidence time o the neactor 1o echieve a high
depree of dectnectsnn [ VWOHCs.
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HIGHLIGHTS GRAPHICAL ABSTRACT

® The history, microdischarge formation I
and application of DBD were pre- 1 i, Bt Ll el 8 ot e
sented.
® The effect of reactor structure, power T T T ; Bt
supplies, packing materials and gas iy
properties on VOCs removal were de- o A
scribed. Jar Frr—" s
® The discussion of the above factors PR VO sty PSS
was based on discharge behaviors, 1 | —
VOCs removal and mineralization Fraans "I P il gun
rate, and by-products. Badisis :I':‘;'I:h_'“l' I...:.::-.-. i
® The practical implementation of DBD Fuumd e capyt TS F— o AR
in VOCs abatement were examined.
® Future trends on DBD for VOCs treat-
ment were given.

ARTICLE INFO ABSTRACT

Keywords: This review describes the history and current status of dielectric barrier discharge (DBD) non-thermal plasma
Dielectric barrier discharge (NTP) for volatile organic compounds (VOCs) abatement. Firstly, the history of DBD, the formation of micro-
Volatile organic compounds discharge and its environmental applications were presented. Next, the status quo of DBD for VOCs removal was
Reactor structure discussed in detail from four aspects: reactor structure (include electrode material and configuration, discharge
EZZ\]’S;;“IEiZSiaI gap and length, dielectric material and thickness, and number of dielectrics), power supplies (include applied
Gas properties voltage, frequency and pulsed power supply), packing materials (include packed position, properties of packing
Practical application material, loaded catalyst on support and synergy of plasma and catalysis) and gas properties (include target
reactants, gas flow rate, initial concentration, oxygen content and humidity level). The description of these
factors is mainly based on their effects on discharge characteristics and VOCs decomposition in DBD.
Subsequently, a number of aspects related to the practical implementation of DBD for VOCs treatment were
described. Finally, future trends were suggested based on the existing research works.

1. Introduction researchers and environmentalist. Most VOCs have high photochemical
reactivity and react easily with NOx to form ozone [1,2]. Meanwhile

As the pollution of particulate matter, SOx and NOx gradually de- VOCs are key precursor of secondary organic aerosols, which are sig-
creases, the abatement of volatile organic compounds (VOCs) emitted nificant components of fine particulate matter [3-5]. In addition to the
from various industries is becoming a matter of wider concern for adverse effects on the environment, VOCs also have hazards for human
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health. Many VOCs are carcinogenic, affecting the central nervous
system, causing respiratory diseases [6-8], etc.

In order to reduce the emission of VOCs, three techniques have been
developed, namely source, process and terminal control. Although the
first two techniques can decrease the production or emission of VOCs,
end-of-pipe solution is still essential. End-of-pipe techniques include the
recovery and destruction of VOCs. The former refers to the transfer or
concentration of VOCs from exhaust gas, including adsorption [9,10],
condensation [11], absorption [12] and membrane separation [13].
The latter means decomposing VOCs into harmless substances such as
CO, and H,0, including thermal oxidation [14], biological treatment
[15,16], catalytic oxidation [17-19], photocatalysis [20-22], thermal
plasma [23] and non-thermal plasma [24,25]. Recent reviews have
highlighted the benefits and drawbacks of different techniques avail-
able for VOCs removal [26-29]. Among these techniques, adsorption
and thermal oxidation are the most widely applied ones in the in-
dustrial sector. However, for the adsorption, the saturated adsorbents
need to be desorbed and the desorbed gas requires further treatment,
and thermal oxidation is high in energy consumption by heating a large
amount of gas [30]. Alternatively, non-thermal plasma (NTP) is widely
deemed to have the following merits: (1) Its energy efficiency is higher
than that of thermal oxidation. (2) It operates at atmospheric pressure
and room temperature. (3) It can be easily integrated with various
packing materials. (4) It can be quickly switched on/off [31-33].

Although Francis Hauksbee created the first gas discharge in 1705
and Siemens invented the first silent discharge (also referred to as di-
electric barrier discharge) device for producing ozone in 1857 [34],
until 1928, the term ‘plasma’ was proposed by Irving Langmuir to de-
scribe a ‘region containing balanced charges of ions and electrons [35].
In other words, plasma is a partially or fully ionized gas consisting of
electrons, atoms, ions and ground state, metastable and excited mole-
cules. It is worth noting that not all balanced charges of ionized gas are
plasma. In plasma, the spatial scale of the ‘region’ should be much
larger than Debye length (Ap) and the density of charged species should
be sufficiently large. The term of temperature is commonly used to
quantitatively describe plasma. In thermal plasma, the temperature of
heavy particles (ions, atoms, molecules and radicals) and electrons is
similar, indicating that almost all its species are at thermal equilibrium.
In non-thermal plasma, the temperature is beyond thermal equilibrium,
and the temperature of electrons (10*-10° K) is much higher than heavy
particles (300-1000 K) due to the differences in their mass [36]. For
environmental pollution control, thermal plasma processes are used for
the decontamination of solids like sludge, filter ash, municipal waste
and hospital waste [37], while non-thermal plasma is mainly applied to
the control of gaseous pollutants like SOx, NOx and VOCs [38].

Accelerated in an electric field, electrons in NTP reach a tempera-
ture of 10000 K to 250000 K (1-20 eV) due to their light mass [39].
Bombarded by these high-energy electrons, the ground state molecules
(e.g. Ny, O,) become metastable (N,™, O,™) or excited (Ny*, O5%).
These metastable and excited state particles collide with each other and
with ground state molecules or are again bombarded by electrons, and
processes such as ionization, dissociation and Penning dissociation
occur in the electric field. Through these multi-step physical and che-
mical reactions, free radicals and ions are formed. These free radicals
(e.g. ‘O, ‘OH) are ideal oxidants that react with gaseous contaminants
and intermediates generated from the collision of electrons and pre-
cursors to form harmless products like CO, and H,0. These chemical

Lo mudind. frvse.
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changes can be realized in NTP at low temperature, while they are only
possible in combustion systems and thermal discharge at much higher
temperature (> 1000 K) [36]. NTP can be produced through various
ways, including dielectric barrier discharge [40-42], pulsed/AC/DC
corona discharge [43,44], electron-beam [45,46], gliding arc discharge
[47,48], microwave plasma [49,50], etc. Among them, DBD (include
silent, surface and dielectric packed bed discharge) reactor is con-
sidered to have the following advantages: (1) Its geometrical config-
uration is very simple; (2) It can be scaled up for industrial application
without additional difficulties; (3) It is available to get reliable, efficient
and affordable power supplies; (4) It requires no vacuum chambers
with delicate windows like electron beam; (5) The plasma conditions in
DBD are stable and reproducible [51,52]. Theoretically, DBD plasma
has lower energy efficiency compared to other types of plasma such as
gliding arc. However, this demerit can be compensated by optimizing
reactor configuration and packing the reactor with suitable catalysts. In
addition, most of the current researchers on VOCs removal by NTP use
DBD reactors, especially in the presence of catalysts. However, there are
few reviews focusing on the application of DBD in VOCs abatement.
Therefore, it is necessary to pay special attention to DBD rather than
various discharge types to gain insight into VOCs removal by NTP.

This review presents an overview of the applications of dielectric
barrier discharge NTP in VOCs abatement. In the first part, an in-
troduction of DBD is given, including the history, microdischarge for-
mation and environmental applications of DBD. In the next four parts,
the influence of reactor structure (including electrode material and
configuration, discharge gap and length, dielectric material and thick-
ness, and number of dielectrics), power supplies (including applied
voltage, frequency and pulsed power supply), packing materials (in-
cluding packed position, properties of packing material, loaded catalyst
on support and synergy of plasma and catalysis) and gas properties
(including target reactants, gas flow rate, initial concentration, oxygen
content and humidity level) on discharge characteristics and VOCs re-
moval in DBD reactor are discussed. Subsequently, a number of aspects
associated to the practical application of DBD for VOCs abatement are
discussed. In the last part, conclusions and future trends for this pro-
mising technique are described.

2. What is dielectric barrier discharge?
2.1. History

It has been over 150 years since the invention of dielectric barrier
discharge by W. Siemens in 1857 [53]. The first DBD device focused on
the ozone generation and it was the earliest environmental application
of an NTP. As presented in Fig. 1, the device consists of two coaxial
cylindrical glass tubes and high voltage and ground electrodes, which
were attached on the inner surface of the inner tube and the outer
surface of the outer tube, respectively. Air or oxygen passed through a
narrow annular gap between two glass tubes, where discharge hap-
pened. Since then, DBD was primarily applied to generate ozone for
water disinfection. In addition to industrial application, the processes of
ozone and nitrogen oxide formation in DBD became a significant re-
search area for many decades [54]. An important work was made by K.
Buss (1932), who photographed the traces of current filaments on di-
electric plates (as depicted in Fig. 2) and pointed out that air break-
down occurs in these filaments [55]. Then, a lot of works on these

Fig. 1. Historic ozonator of W. Siemens, 1857 [53].
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current filaments was documented. Another considerable step was
taken in 1943 by T. C. Manley, who proposed a method for determining
the dissipated power in DBD by measuring closed Lissajous figures [56].
Around 1970, extensive studies were conducted to better understand
the physical and chemical processes in DBD. These research efforts not
only improved the performance of ozone generator, but also promoted
the application of DBD in other fields, including surface modification,
excimer UV lamps, CO, lasers, plasma display panels, contamination
control and greenhouse gas recycling and utilization [57]. The abate-
ment of VOCs with DBD began around 1990. More details about the
history of DBD can be found in Kogelschatz’s reviews [51,57-60].

2.2. Micro-discharge formation

Dielectric barrier discharge is characterized by inserting one or
more dielectrics between the high voltage and the ground electrode. As
illustrated in Fig. 3, there are two common DBD reactor configurations,
namely panel and cylinder. Since DC cannot pass through insulating
dielectric, the power applied to a DBD should be AC or pulsed high
voltage power. The gas discharge characteristics between the two
electrodes will change due the presence of the dielectric. An intact di-
electric can limit the amount of accumulated charge and avoid spark or
arc in the discharge gap. The material commonly used as a dielectric
barrier is glass or silica glass, and in some special cases ceramics or
polymer layers are also used.

When the electric field strength of the discharge gap is large enough
to cause breakdown, the electron density at certain regions reaches a
critical value, and a large number of independent short-lived current
filaments (i.e. micro-discharge) are produced. The common appearance
of micro-discharges in a DBD at atmospheric pressure is shown in Fig. 4.
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Fig. 3. Illustrations of various DBD reactors.
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Fig. 4. End-on view of microdischarges in atmospheric-pressure air [51].

Each micro-discharge has an approximately cylindrical plasma channel
with a radius about 100 um. A single micro-discharge develops rapidly
in few nanoseconds to tens of nanoseconds and propagates at the di-
electric surface to form a surface discharge, which has a larger radius
than the original current filaments channel. As a result, the transferred
charge accumulates on the surface and decreases the electric field
strength. As the electric field is further weakened, the micro-discharge
extinguished when the attachment of electrons exceeded ionization.
Every time the polarity of the AC voltage changes, a new micro-dis-
charge is created at the original position. Fig. 5 depicts the model of an
individual micro-discharge. The charges transported by a single micro-

electrode

Fig. 5. The shape of a single microdischarge [64] .
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discharge are in the order of 100 pC and the energies are in order of pJ
[61].

It is noteworthy that filamentary discharge is not the only form of
discharge in DBD. There are various discharge types such as filamen-
tary, regularly patterned or diffuse, laterally homogeneous discharges
that can exist in DBD [62]. In the study by Starostin et al. [63], different
types of DBD were observed, including stationary filaments, Townsend
discharge, non-stationary microdischarges and glow. They investigated
the pathways of formation and temporal evolution of the diffuse glow-
like DBD at atmosphere pressure by means of optical (fast imaging
camera) and electrical diagnostics.

2.3. Environmental application

Ogzone production: Since 1857, ozonizer has been the most widely
used application of DBD. The formation of ozone involves two steps.
First, the oxygen was bombarded by electrons and dissociated into
oxygen atoms, and then oxygen reacts with these atoms to form ozone.
Usually, a third collision partner like O,, N, will participate in the latter
reaction. The time scale for ozone formation during atmospheric dis-
charge is about 10 ps in oxygen and 100 ps in air. The yield of ozone is
affected by the feed gas composition, supply voltage, gas temperature,
dielectric thickness and electrode configuration [65,66]. Since the low
stability of ozone requires operation at low temperatures, an effective
cooling system is necessary in an ozonizer. The development of power
supply units and process control has greatly contributed to the im-
provement of ozonizer performance. For example, at a fixed input
power, the use of high frequency power makes it possible to operate at a
lower voltage. Recently, a substantial progress in an effective ozone
generation was achieved by a pulse discharge usage [67,68]. As the
fundamental physical and chemical processes of DBD are similar, some
research results on ozonizer can inspire other environmental applica-
tions.

Air pollution control: The application of DBD on air pollution control
primarily involves the abatement of gaseous contaminants like NOx,
SO,, H,S and VOCs. Depending on the chemical process, there are two
strategies for removing NOx: oxidation and reduction. Whether it is a
stationary source (e.g. coal-fired fuel gas) or a mobile source (e.g. diesel
and gasoline exhaust), the most widely used technique of removing
NOx at present is selective catalyst reduction (SCR). However, activa-
tion of the SCR catalyst requires high temperature conditions (about
300°C). Instead, DBD can be operated at room temperature without
heating bulk gas. In addition, the possibility of ammonia leakage, cat-
alyst poisoning or blockage and the construction of solution stations
will affect the use of SCR [69-71]. For a stationary source like coal-fired
power plants, the SCR and wet flue gas desulfurization (WFGD) could
effectively eliminate NOx and SOx. However, the separate treatment
system has the demerit of complicated treatment process, large con-
struction space and high investment cost [72]. Non-thermal plasma is a
promising technique for simultaneous removal of SO, and NOx. Recent
studies have shown that DBD can effectively remove SO, and NOx si-
multaneously at low energy consumption [73-75]. DBD can also be
applied to remove H,S, which emit from sewage industrial wastewater
treatment plants [76,77].

Unlike SO,, NOx and H,S, VOCs involve many kinds of organic
substances and their molecular structure are usually more complex.
Using DBD for VOCs abatement starts from around 1990, because the
concern for the pollution of VOCs was realized later than SO, and NOx.
Table 1 gives an overview of researches on the degradation of VOCs by
DBD in past 30 years. In the early years, packed bed reactor meant
packing a dielectric material in an AC corona discharge reactor and it
can be considered as a special dielectric barrier discharge. Before 2000,
most of the experiments on DBD degradation of VOCs were without
packing materials or catalyst, and the removal efficiency was used as
the main evaluation index of reactor performance. Subsequently,
combining the catalyst with DBD opened a new window for the
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research of VOCs abatement. In the past two decades, extensive re-
search on catalysts in DBD has been carried out, such as different
packing materials and metal supported catalysts, the location of the
catalyst, and the like. In addition to its combination with catalysts,
some researchers have focused their attention on configuration im-
provements in DBD reactor and the destruction of mixture of various
VOCs. Since organic by-products are unavoidable in the degradation
process of VOCs, it is necessary to use mineralization rate (also refers to
as COx selectivity) and CO, selectivity rather than just removal effi-
ciency as evaluation index. The type of organic by-products generated
during VOCs degradation has not been discussed detailly in this review,
as it is mainly used to speculate about the VOCs decomposition path-
ways. It is also worth noting that some pilot scale experiments have
been carried with gas flow rates of several hundred m®/h, which is of
great significance for the practical application of DBD.

2.4. Summary

Dielectric barrier discharge was invented some 150 years ago, i.e.,
over a century earilier than its application in VOCs abatement. In the
past 100 years, the physical characteristics and chemical processes of
DBD have been extensively investigated, and tremendous achievements
were obtained. The chemical reaction channels in DBD are provided by
a large number of current filaments (micro-discharges) and their for-
mation process and physical characteristics have been clarified.
However, filamentary discharge is not the only discharge mode in DBD.
In fact, DBD can be operated in the form of filamentary, regularly
patterned or diffuse, laterally homogeneous discharges. Studying how
VOCs are degraded in discharge forms other than filamentary discharge
may provide a new window for VOCs removal in DBD. Although VOCs
abatement is an emerging field in DBD application, there are a large
number of experimental and theoretical studies on DBD itself or on
ozone generation, which are available in history for reference.
Therefore, while focusing on the status quo and looking into the future,
we should also review history, and there may be some serendipity can
be found. On the other hand, there is also a lot of research on SOx and
NOx removal as well as energy applications (e.g. CO, conversion [78],
dry reforming of methane [79,80] and ammonia synthesis [81,82]) in
DBD, which may provide inspiration for VOCs abatement.

3. 3. Effect of reactor structure
3.1. Electrode material and configuration

The material and structure of the high voltage and ground elec-
trodes directly affect the discharge characteristics of DBD reactor,
thereby affecting the degradation performance of VOCs. The high vol-
tage electrode can be made of stainless steel [115], tungsten [116],
molybdenum [94], copper [117], nickel [118], brass [119], iron, me-
tallic oxide [120], sintered metal fiber [121] or MWNTSs (Multi-walled
carbon nanotubes)/sponge [122] with a structure of wire [123], rod
[124], bolt [125] and coil [126]. The discharge current and electrical
field distribution of plasma reactor is directly affected by work function
and secondary electron emission of the cathode [127]. Jin et al. [128]
used a plasma reactor with different high voltage electrodes (tungsten,
copper and steel) to degrade toluene and xylene, indicating that the
removal efficiency of VOCs is positively correlated with the secondary
electron emission coefficient of electrodes. Jahanmiri et al. [119] in-
vestigated the influence of electrode material on naphtha cracking
through a pulsed DBD plasma reactor and found that process energy
efficiency was in the order of: steel > Al >brass > Fe > Cu. Yao
et al. [120] observed a remarkable discharge currents increase in the
reactor with MgO/NiO/Ni cathode and NiO/Ni cathode than the one
with Ni cathode and discharges with oxide cathodes displayed better
toluene decomposition performance than the one with Ni cathode. The
geometry of inner electrode affects the formation of micro-discharge
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Year
2019

[114]

Ref.

MR/Sco2
96.83

RE
100

Target pollutant (ppm)
Toluene (61.35 pmol)

Packing materials
Ag/ZSM-5

Flow rate /residence time
0.5 L/min (ad), 0.5-1.2 L/

min (de)

Power supply

10 kHz

sequential

RE: removal efficiency, MR: mineralization rate, Scoo: selectivity of CO,

Table 1 (continued)
Reactor type
Packed bed DBD,
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and the discharge gap. For example, the sharp edge of bolt electrode
can distort the surrounding electric field, resulting in more high-energy
electrons than the rod and wire one [129]. The coil electrode exhibits
lower gap capacitance than rod and bolt electrodes, indicating that the
dielectric loss in the barrier can be decreased by coil electrode [130]. As
the diameter of inner electrode increases, the discharge gap reduces,
thereby increasing the average electric filed strength, resulting in more
active species. Also, a large diameter means a large surface area, re-
sulting in more secondary electron emission [131].

The materials that make up the ground electrodes are similar to the
high voltage electrodes, but the structure is different, especially for
cylindrical reactors. Typically, the ground electrode is a wire, tape,
sheet or mesh that wrapped around the surface of dielectric. Some re-
searchers also used silver paste as a ground electrode [132,133]. Bahri
et al. [134] investigated the effect of ground electrode configuration on
ozone production. The results showed that Agyase has higher energy
yield than Alg,; and stainless-steel,esh. There is no secondary electron
emission at ground electrode, so the difference between various elec-
trodes is mainly due to its structure rather than material. When a foil or
mesh used as ground electrode, streamers or corona discharges are
formed in the void between electrode and dielectric [97]. The energy
used to ionize air in the outer of dielectric can be considered as “wasted
energy”, meaning that it does not contribute to the degradation of VOCs
or the production of ozone. Using sliver paste as ground electrode, the
gap between electrode and dielectric barrier can be eliminated
[133,135]. Thereby more energy is used to ionize the gas inside reactor,
resulting in higher energy yield and better degradation of VOCs.

3.2. Discharge gap and length

A suitable discharge gap is significant for VOCs abatement in DBD.
On the one hand, increasing the discharge gap increases the gas re-
sidence time, which facilitates the removal of VOCs. On the other hand,
increasing the discharge gap reduces the average electric field strength,
which is detrimental to the abatement of VOCs. In addition, if the
discharge gap is changed by changing the diameter of cathode, the
secondary electron emission of the cathode also affects the degradation
of VOCs. The discharge gap of DBD reactor in laboratory usually ranges
from 1 to about 15 mm. Magureanu et al. [136] compared the removal
efficiency of trichloroethylene (TCE) for various discharge gap in the
range of 1-5 mm. The results showed that shorter gap (1-3 mm) is more
favorable for the conversion of TCE. However, in the dry reforming of
methane experiments conducted by Khoja et al [137], the conversion of
methane and CO, increased first and then decreased with the increase
of discharge gap (1-5 mm). A higher power density can be achieved at a
constant discharge power, and current filaments are more likely to
cover the entire discharge volume with a small gap [138]. But if the gap
is too short, arc or spark discharge may occur, and the interaction be-
tween target contamination molecule and active species might be lim-
ited due to a short residence time. Therefore, to obtain a good perfor-
mance of DBD for VOCs abatement, both discharge gap and the
residence time should be considered.

The discharge length also plays a significant role in DBD degrada-
tion of VOCs. By increasing the effective discharge length, lower vol-
tage is required to achieve the plasma ignition. An increase of the
discharge length leads to a higher effective electrode surface, resulting
in more micro-discharge inside the reactor, which increases the prob-
ability of gas breakdown [134]. In addition, increasing the discharge
length will increase the residence time of VOCs in the plasma zone,
which is advantageous for the decomposition of VOCs due to the in-
creased chance of collision between VOCs molecule and energetic
electrons and other reactive species. Chang et al. [139] investigated the
degradation of styrene with various discharge length (10, 20, 30, 40,
50, 60 cm) and found that the input power increased linearly with
discharge lengths. The selectivity of CO, also improved with the in-
crease of discharge length. The same experimental results were
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obtained by Zhang et al. [140]. However, at a fixed input power, a long
discharge length means a smaller power density due to the enlarged
plasma region. Moreover, increasing the discharge length results in
higher energy loss due to heat dissipation of dielectric barrier [141]. As
a result, increasing the discharge length may reduce energy efficiency.

3.3. Dielectric material and thickness

The insulating dielectric material in DBD reactor can be glass [142],
quartz [143], plexiglas [144], pyrex [145], alumina [146], mullite
[147], ceramics [148], polytef [149], polyethylene therephtalate [150],
teflon and epoxy resin [151]. Among these materials, quartz is the most
widely used due to its moderate price and commercial availability. The
dielectric permittivity affects the discharge characteristics of DBD,
which affects the degradation of VOCs. Since the dielectric capacitance
and the gas gap capacitance are connected in series in the circuit, in-
creasing the dielectric capacitance increases the electric field strength
of the discharge gap which results in more micro-discharge. Zhu et al.
[152] investigated the influence of dielectric material on toluene re-
moval and found that the discharge current and toluene removal rate of
the 99-ceramic reactor were higher than that of quartz reactor. They
attributed this difference to the higher relative permittivity of 99-
ceramic (5-10) than quartz (3.5-4.5). In the study of Khoja et al. [137],
it was observed that the conversion of methane and CO, of aluminum
dielectric reactor were slightly higher than that of quartz. They believe
this is because the surface of aluminum reactor is porous and rough,
which increases the gas residence time. Therefore, the longer residence
time in aluminum reactor allowed more collision between gas mole-
cules and energetic electrons due to its porous peculiarity. Moreover,
Meiners et al. [153] found that the reactor with MgO dielectric has
higher electron densities than that of aluminum reactor at the same
input energy. They attributed this to the higher secondary electron
emission of MgO (0.11) than that of alumina (0.099).

The performance of the DBD reactor is also affected by the thickness
of dielectric barrier, which typically ranges from 1 to 3 mm. As the
thickness of the dielectric barrier increases, the required plasma igni-
tion voltage increases and the current pulses reduces [153]. Mei et al.
[138] investigated the influence of dielectric material thickness on CO,
conversion and they pointed out that increasing the thickness of the
quartz dielectric reduced the conversion of CO at a fixed specific en-
ergy input due to a decreased transferred charge. Interestingly, Ozkan
et al. [147] observed the opposite results. In their study, a thick di-
electric is more conducive to CO, conversion due to the formation of
more micro-discharge. Therefore, the influence of dielectric thickness
on the performance of DBD reactor is not certain, but it is related to
other conditions of the system. In addition, the thickness of the di-
electric barrier cannot be chosen at will. Because most dielectric ma-
terial are fragile, electrical breakdown may occur if it is too thin.

3.4. Number of dielectrics

Although most of the current DBD reactors contain only one di-
electric, the first DBD reactor created by Siemens consisted of two di-
electrics. An important reason why double dielectric barrier discharge
(DDBD) is less of concern is that its structure is more complicated than
single dielectric barrier discharge (SDBD). The electric field strength of
discharge gap is uniform in planar DBD, whereas in cylindrical DBD it is
related with the distance to high voltage electrode. As a result, the
difference between DDBD and SDBD is more remarkable for cylindrical
reactor than for planar reactor. Therefore, the DDBD discussed later is
mainly used for cylindrical reactors. As depicted in Fig. 6, there are two
different configurations of DDBD reactors, one of which is that the high
voltage electrode is separated from inner dielectric barrier and the
other is closely attached. For latter, both electrodes are not in contact
with plasma, so the electrodes can be protected from plasma corrosion
and etching. However, the former contains two different discharge
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regions, which may be more advantageous for the decomposition of
VOCs. In the study by Jiang et al. [130], it was demonstrated that
benzene could be degraded in both discharge regions and the highest
benzene removal efficiency could be obtained while utilizing two re-
gions simultaneously.

Some studies have shown that VOCs can be efficiently removed in
DDBD [154,155], but there are not many studies comparing DDBD with
traditional SDBD. Fig. 7 presented the current and voltage waveforms of
DDBD and SDBD. Obviously, the current pulses in SDBD are more than
DDBD, which means more micro-discharges are formed in SDBD. Since
micro-discharge is developed from the cathode, the inner dielectric
barrier of DDBD will prevent the advancement of micro-discharge to
the inner surface of the outer dielectric. As a result, SDBD consumes
much more power than DDBD (Fig. 8). However, a large input power
does not mean that the removal efficiency of VOCs is destined to be
higher. Because there is a lot of energy that is dissipated in the form of
heat, which heats the gas and dielectric barrier. Zhang et al. [156] used
DBD to degrade styrene and found that DDBD has higher mineralization
rate and energy utilization efficiency than SDBD. In fact, since DDBD
has a strong and a weak discharge zone with one power supply, it can
be considered as a special two-stage reactor that achieves high miner-
alization of VOCs and inhibits the generation of by-product like ozone
and NOx. Much of the information about VOCs removal in DDBD is still
not clear enough and further research is needed.

3.5. Summary

Although the geometry of DBD reactor is simple, its specific struc-
ture is diverse. Various structural features, such as electrode material
and configuration, discharge gap and length, dielectric material and
thickness, and number of dielectrics will affect the discharge char-
acteristic of DBD, and thus influence VOCs removal performance. In
most case, optimization of these structures will result in enhanced
electric field or increased discharge current, which will increase the
removal and mineralization rate of VOCs. However, by-products such as
residual O3 and NOx will also increase without a suitable catalyst.
Exceptionally, in double dielectric barrier discharge (DDBD) reactor,
the discharge current will be significantly reduced compared with a
single barrier reactor, but the VOCs removal efficiency may be in-
creased. This could be due to a change in discharge type in DDBD re-
actor. Actually, in the area of VOCs abatement by DBD, there is not
much research on the optimization of reactor structure compared with
plasma-catalysis. Moreover, most of these existing studies do not ex-
plain explicitly how the discharge characteristics are altered by these
factors. This is largely due to the lack of electrical diagnostics for dis-
charge behaviors and the complexity of gas discharges. In the near
future, the application of advanced plasma diagnostics (such as in-
tensified charge coupled device (ICCD) imaging) and fluid modeling
will provide new opportunities for investigating how these reactor
structures affect VOCs removal.
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4. Effect of power supplies
4.1. Applied voltage

The applied voltage is one of the most significant parameters for
DBD removal of VOCs. The voltage applied to DBD reactor is in the
range of few kV to around 30 kV. At a fixed discharge gap, a high ap-
plied voltage means a strong electric field strength. Therefore, an in-
crease in voltage causes an increase in the kinetic energy of free elec-
trons, causing an increase in the collision cross section of electrons with
other particles, meaning that the gaseous molecule or atom is more
susceptible to ionization and dissociation. As depicted in Fig. 7, both
the number and intensity of current pluses increase with rising voltage,
which means more micro-discharges are formed at a high voltage.
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Therefore, VOCs are more easily removed at high voltages. Because the
chemical bonds of VOCs molecules are more easily destroyed by higher
energy electrons, and a large number of actives species means that
VOCs can be more fully decomposed. Although enhancing the applied
voltage can increase the removal efficiency and mineralization rate of
VOCs, however, it is not the case that the higher the voltage the better.
Firstly, a high voltage means more ozone and nitrogen oxides
[157,158], which are considered as undesirable by-products in the
exhaust. Secondly, if the voltage is too high, arc or spark discharge may
occur [159], and the dielectric barrier may be broken down. Finally, a
high voltage causes more energy to be dissipated as thermal energy by
heating a large amount of gas and dielectric barrier, which may result
in reduced energy efficiency of VOCs removal [160-162]. Hence,
choosing a suitable voltage is significant for the abatement of VOCs in
DBD.

4.2. Frequency

The frequency of AC applied to DBD for removing VOCs ranges from
several tens of Hz to several tens of kHz. The same number of identical
micro-discharges is produced in each period. Therefore, a higher fre-
quency means that more micro-discharges are generated in a fixed time
[51]. Therefore, a higher frequency means that more micro-discharges
are generated in a fixed time, which is beneficial to the decomposition
of VOCs. At a frequency of 200 to 450 Hz, Subrahmanyam et al. [163]
found that the COx selectivity of toluene destruction increased with
elevating frequency. In the study by Liang et al. [131], the removal
efficiency of toluene raised with increasing frequency from 10 to
35 kHz, but the energy yield decreased. However, Ozkan et al. [164]
used DBD to split carbon dioxide and observed that the conversion of
CO, decreased slightly with increasing frequency (16.2-28.6 kHz).
They thought this may be due to a drop in the electron density involved
in CO, splitting. In each half-cycle, the number of current pulses at low
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Fig. 9. Typical voltage and current waveforms of (a) nanosecond pulsed dis-
charge and (b) AC discharge [173].

frequency is more than higher frequency [164-166]. At high fre-
quencies, multiple breakdowns do not occur during discharge due to
insufficient time in between the voltage cycles [166]. Moreover, the
formation of micro-discharge may be choked if the electron transit time
is longer than voltage cycle. Therefore, the input power is positively
correlated with frequency but not proportional. In addition, the energy
efficiency of VOCs abatement reduces with elevating frequency [131].
Another notable feature of high frequencies is that it can reduce the
breakdown voltage at a fixed input power. Because by operating at high
frequencies, the DBD discharge exhibits a high memory voltage due to
the accumulation of charge on the surface of dielectric [167]. In sum-
mary, the choice of a suitable frequency is important and it may also
refer to the applied voltage.

4.3. Pulsed power supply

In addition to sinusoidal alternating current, pulsed high voltage
power can also be applied in DBD reactors to generate non-thermal
plasma at atmospheric pressure. The typical voltage and current wa-
veform of AC and pulse discharges is significantly different (Fig. 9). For
AC discharge, many comb-like filaments (also known as localized
micro-discharge) appear on the edge of the voltage polarity reversal,
indicating that AC discharge is filamentary mode. The discharges
mainly occur at the first peaks of both positive and negative pulse
voltage, this means that only the first peaks are effective for discharge.
However, the peak current of pulsed discharge is much higher than that
of AC discharge at the same applied voltage. As a result, the deposition
power of pulse discharge is much higher than that of AC discharge at
the same repetition rates and applied voltage [168]. Although the
threshold voltage of discharge is relatively low for AC DBD, but its
discharges are inhomogeneous and consist of some bright spots [169].
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In contrast, for pulsed DBD, the discharge is homogeneous and without
any bright spot or irregular distribution mode. In [170], Yuan et al.
reported that both ‘OH formation and energy efficiency of bipolar pulse
power were superior than those driven by AC power. Wang et al. [171]
investigated the effect of power supply mode on removal of benzene
and found that at the same input power, the removal efficiency and CO,
selectivity of benzene of bipolar pulsed power were higher than those of
AC power. For pulsed discharge DBD, in addition to applied voltage and
frequency, pulse rise time, pulse-forming capacitance and pulsed modes
also affect its discharge characteristics. Chirumamilla et al. [172] in-
vestigated the influence of microsecond (ms) and nanosecond (ns) pulse
on NO abatement and observed that the nanosecond is more efficient
for NO conversion. The energy transfer efficiency is closed related with
the pulse-forming capacitor (Cp). In [149], Jiang et al. reported that the
toluene decomposition efficiency increases and the energy yield re-
duces with the increase of Cp. Jiang et al. [110] also researched the
effect of pulsed modes on toluene destruction, indicating that the re-
moval efficiency and energy yield decrease is in the order of: =
pulse > +pulse > — pulse. Although pulsed DBD seems to be su-
perior to AC DBD in VOCs abatement, AC power supply is widely ap-
plied due to economic reasons.

4.4. Summary

The power supply has a significant effect on VOCs removal in a
given DBD reactor. Generally, increasing the applied voltage amplitude
will increase the removal and mineralization rate of VOCs, but more by-
products (O3 and N,0) will be generated. In addition, a high voltage
amplitude can also lead to low energy efficiency. Increasing the fre-
quency will result in more micro-discharges in a fixed time, leading an
increase in removal and mineralization rate of VOCs, but also a raise in
residual O; and NOx formation and a decrease in energy efficiency.
Therefore, it is imperative to choose a proper applied voltage amplitude
and frequency to trade off removal efficiency, mineralization rate, by-
products formation, and energy yield. Compared with AC power, a
much higher pulsed current can be obtained in a short time for pulsed
power at the same applied voltage. In addition, the discharge is more
homogeneous in pulsed DBD than AC DBD. Although pulsed DBD ex-
hibits good VOCs abatement performance, it is not widely used for
economic reasons. In the future, using DBD to remove VOCs may
benefit from the development of new power supplies.

5. Effect of packing materials

In order to improve the removal efficiency of VOCs by DBD, several
approaches have been developed, such as optimizing the reactor con-
figuration, electrode or power supplies. However, most of these ap-
proaches increase VOCs removal efficiency at the expense of producing
more undesired by-products (O3 and NOx), which hinder the industrial
application of DBD. In addition to the above approaches, packed bed
DBD has also been extensively investigated and it is considered to be
the most promising method because it can simultaneously increase re-
moval efficiency of VOCs and suppress by-products at low energy
consumption. In packed bed DBD reactors, a packing material is posi-
tioned in plasma zone or downstream of plasma zone. In the former
case, there are synergistic effects between plasma and packing material,
which promotes the degradation of VOCs. The electrical and morpho-
logical properties and the loaded catalyst of packing material all in-
fluence the characteristics of plasma and thus affect VOCs removal ef-
ficiency as well as by-product production.

5.1. Packed position
As illustrated in Fig. 10, the common types of packed bed DBD re-

actor include one- and two-stage configurations. In one-stage system (a)
(also referred to as in plasma catalysis-IPC), the packing material is
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Fig. 10. Types of packed bed DBD reactors according to packing material po-
sition.

positioned in the plasma region of DBD reactor. In contrast, packing
material is located in the downstream of plasma zone in two-stage
system (b) (also referred to as post plasma catalysis-PPC). In PPC con-
figuration, only long-lived species like O3 and metastable particles can
reach the packing region, while short-lived species such as electrons
and radicals are quenched before interacting with packing material.
Conversely, for an IPC system, both short-lived and long-lived species
will interact with the packing material and, more importantly, the
packing material will influence the discharge characteristic of DBD
reactor. As a result, there is the chance of contributions from electron-
and photon-induced processes, surface discharge, radicals and excited
species [174], which are significant for VOCs degradation. There is no
doubt that the PPC system has an advantage in ozone suppression for
VOCs abatement. However, as concerned for the removal efficiency of
VOGs, it is difficult to assert which configuration is better. Although in
most cases, IPC configuration is superior to PPC in VOCs removal
[100,157,175-180], some studies have shown that PPC system is better
than IPC [102,181]. Moreover, in the research by Durme et al. [182],
IPC or PPC system is better related to the type of catalyst.

Besides the location of packing material, operational process is an-
other important basis for packed bed DBD reactor classification.
According to whether the plasma is turned on when VOCs-containing
gas enters the reactor, there are continuous and sequential processes. In
a sequential operating system, VOCs are first adsorbed onto the packing
material and then plasma is switched on to degrade adsorbed VOCs. A
significant advantage of sequential process is that its energy efficiency
is higher than for continuous operation [183]. A fact that cannot be
ignored is that both IPC and PPC configuration can be operated con-
tinuously or sequentially. Therefore, the packed bed DBD reactor in-
cludes four systems, namely continuous IPC (CIPC), continuous PPC
(CPPC), sequential IPC (SIPC) and sequential PPC (SPPC). In a CPPC
system, VOCs are partially decomposed and then reach the downstream
packing region if the VOCs-containing gas stream passes through dis-
charge zone. For the SPPC system, VOCs are only degraded in the
packed area since VOCs have been adsorbed before plasma is turned on.
In some studies of CPPC system [102,181], the VOCs-containing gas
stream is in parallel with the gas stream through DBD reactor, and the
two gas streams were mixed and then passed through packed zone.
Hence, in CPPC system and SPPC system with parallel gas flow, the DBD
reactor acts as an ozone generator.

Anyhow, the combination of plasma and catalyst exhibits multiple
advantages in terms of removal efficiency, mineralization rate and en-
ergy efficiency of VOCs abatement. In an IPC configuration, a better
understanding of the interaction between plasma and catalyst is sig-
nificantly important for further optimization of a given system.
Therefore, the discussion of the next few sections is based on the IPC
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Fig. 11. Waveforms of voltage and current for various dielectric constant of
sphere pellet at 14 kVpp applied voltage [190].

system.

5.2. Properties of packing material

Usually the materials packed in DBD reactor include ferroelectrics
(BaTiOs, CaTiO3, SrTiO3), metal oxides (CeOs, y-Al,03, MnOx), semi-
conductors (TiO5, WO5) and zeolites (ZSM, HY, 13X, SBA, MCM). These
materials can be filled alone in the reactor or after loading with metal
catalyst. The electrical, surface and morphological properties of these
materials significantly affect the discharge characteristics of DBD and
the performance of VOCs decomposition.

Dielectric constant: DBD reactor is actually a capacitor in which the
capacitance of the dielectric and the gas are connected in series in an
equivalent circuit. The introduction of a packing material means that a
new capacitor is added to the series circuit. Since the packing material
generally has a dielectric constant greater than that of air, a packed bed
reactor can store more energy than DBD alone during a single dis-
charge. At the same applied voltage, there is a greater discharge current
when DBD is packed with a material with a high permittivity, as illu-
strated in Fig. 11. In addition, material with high permittivity reduce
breakdown voltage and enhance local electric field strength, thereby
increasing VOCs removal efficiency [184]. In [185], benzene conver-
sion increased with increasing dielectric constant (20 to 1100), but the
conversion is not obviously affected when the permittivity is in the
range of 1600-15000. Gallon et al. [186] pointed out that the effect of
permittivity in the range of less than 100 plays a very minor role in the
reduction of breakdown voltage in DBD. Therefore, dielectric constant
of packing material will only have a significant effect on the perfor-
mance of DBD under a certain range. Recently, some fluid model studies
have provided more information for understanding the discharge
characteristics of packed bed DBD. In a fluid model investigation by
Laer et al. [187], the results indicated that the enhancement of per-
mittivity on electric is limited to a certain value of permittivity, being 9
for a micro-gap and 100 for a mm-gap. Also, the enhanced electric field
results in a higher electron temperature, but a lower electron density. In
[188], Zhang et al. reported that smaller pore sizes only yield enhanced
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ionization for smaller dielectric constants (i.e., up to e, = 200, 150, and
50 for pore sizes of 50, 30, and 10 pm). This means that plasma is more
easily formed inside pores of low permittivity materials. Hence, the
porosity of packing material cannot be neglected when investigating
the influence of permittivity on VOCs removal. Moreover, the dielectric
constant of packing material is affected by temperature and humidity,
both of which are variable in DBD. As the temperature increases, the
packing material becomes more resistive rather than capacitive [189],
which is confirmed by the fact that the shape of V-Q Lissajous figure
changes from a parallelogram to an ellipse [51]. Therefore, an increase
in temperature lowers dielectric constant, which may result in a de-
crease of VOCs removal efficiency.

Surface properties: DBD reactor packed with porous material is more
favorable for the decomposition of VOCs than with non-porous mate-
rials because porous material has a strong adsorption capacity, and
micro-discharge may be formed in its inner pores. Gandhi et al. [191]
examined the performance of porous and nonporous a-alumina (a-
Al,03) for the degradation of ethylene in a DBD reactor and the results
indicated that the decomposition efficiency obtained with the porous a-
alumina was higher than that with the nonporous one. For porous
packing materials, their surface properties such as specific surface area
and pore size play a significant role in VOCs decomposition by DBD.
The surface area of material is directly related to its adsorption capacity
for VOCs, which affects the residence time of VOCs in reactor and the
probability of collision between VOCs and active species. As the Sggr of
flake-like HZSM-5 decreased from 366 to 341 m?/g, the carbon balance
of toluene removal reduced significantly from 81.9% to 65.8% [118]. In
study by Wang et al. [109], the highest removal efficiency of toluene
and CO, selectivity were obtained in a catalyst (CelMnl) with the
largest surface area (84.1 m?/g). However, a high surface area does not
necessarily mean a high VOCs removal performance. For example, ZSM-
5 (306.6 mz/g) has a larger surface area than y-Al,03 (175.1 mz/g), but
y-Al;03 has a higher toluene mineralization rate than ZSM-5 [192].
This is because y-Al,03 has a higher dielectric constant than ZSM-5 and
thus has a better discharge performance. Moreover, the surface area is
reduced after metal is loaded on the support, but VOCs removal effi-
ciency is improved [193,194]. Wang et al. [195] investigated toluene
degradation over different MnO, polymorphs and found that a-MnO,
showed the best toluene conversion, but its surface area is lower than y-
MnO, and 3-MnO,. Therefore, in addition to surface area, the dielectric
constant and crystal structure of packing material and the presence of
metal catalyst all significantly affect the degradation of VOCs.

Porous material is more susceptible to adsorbing molecules that are
smaller in size than its pore size. Compared to ferrierite, benzene is
more easily assimilated into the micropore in HY [132]. Because the
molecular size of benzene is 5.9 A, which is smaller than the pore size of
HY (7.4 10\) but greater than ferrierite (4.3-5.3 A). As the pore size of
HZSM-5 decreased from 0.533 to 0.522 nm, the equilibrium adsorption
capacity of toluene decreased from 39.70 to 30.32 mg/g, and removal
efficiency decreased from 84.9% to 79.8% [118]. In contrast, the pore
size of y-Al,O3 is larger than that of 13X zeolite, but the adsorption
capacity of y-Al,Os is poor [143]. Therefore, the pore size of packing
material should not be too large nor too small, and pore size slightly
larger than the target molecular size is preferable. Considering that
both discharge enhancement and adsorption capacity are important for
VOCs removal, combining materials with different properties may give
a better performance. After mechanically mixing ZSM-5 and y-Al,O3,
TiO, or BaTiOs, the mineralization of toluene is significantly improved
compared to ZSM-5 alone [115]. In addition, the shape of pores will
also influence the electric field enhancement and thus the plasma
properties. In the study by Zhang et al. [196], the strongest electric field
enhancement occurs at the opening and bottom corners of the conical
pore with small opening, at the bottom of the conical pore with large
opening and at the bottom corners of cylindrical pore.

Size and shape: Since the micro-discharge mainly occurs near the
contact point of packing material, increasing the size of packing
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material decreases the number of contact points and causes a decrease
in the number of micro-discharges. However, the amount of charge
transferred by a single micro-discharge will be intensified [197]. Ogata
et al. [185] studied the influence of BaTiO3 pellets size on benzene
degradation and the result indicated that the benzene decomposition
efficiency was: 1 mm = 2 mm > 3 mm. For a given pellet size, the
total contact points between packing material will be affected by the
reactor size. Therefore, the optimum packing material size may vary for
different reactors. In addition, it should be noted that these low particle
sizes may be optimal at lab scale conditions but not adequate to pilot or
industrial scaled system due to the higher gas velocities.

Although spherical particles are the most widely used packing ma-
terials, they are not morphologically advantageous for enhancing dis-
charge. Because a strong local electric field is more likely to appear near
sharp edges. In the study by Chang et al. [198], three different shapes
were tested for BaTiO3. The discharge current has a relationship of the
order: small hollow > large hollow > cylinder > sphere, which
indicates that reactor filled with hollow BaTiO; may be more efficient
for VOCs removal. Takaki et al. [190] researched the influence of
BaTiO3 shapes on C,Fg degradation. The sequence of discharge current
was as follows: hollow cylinder > cylinder > sphere. As a result, the
energy efficiency for C,F¢ abatement in the reactor with hollow cy-
linder and sphere were 3.7 and 2.5 g/kWh, respectively. Furthermore,
the pressure drops of the reactor with hollow cylindrical is lower than
that with sphere [198], which is advantageous for industrial applica-
tions.

5.3. Loaded catalyst on support

Although most packing material can improve the removal of VOCs
by discharge enhancement and/or adsorption, metal catalysts are still
necessary to obtain desired performance, such as suppressing residual
ozone. An important part of plasma catalyzed removal of VOCs is to
find a suitable combination of metal (e.g.: Ag, Co, Ni, Fe, Mn, Ce and
Cu) and support. Fig. 12 illustrated a plausible pathway of VOCs de-
gradation in a plasma-driven catalysts system. According to Kim [126],
the VOCs decomposition process occurs primarily on the surface of
packing material rather than on the loaded metal catalyst. However, the
supported metal catalyst facilitates further oxidation of CO and carbon
balance.

The type, loading amount, shape and size of supported metal cata-
lyst will affect VOCs abatement. Although there has been a lot of re-
search on plasma catalytic abatement of VOCs, it has not been con-
cluded so far which catalyst is the best for a given target pollutant.
Table 2 gives an overview of VOCs removal by different catalysts in
plasma. It is clear that the sequence of catalyst for VOCs degradation is
not consistent in different studies. For example, for the decomposition
of benzene, Ag is superior to Cu in [144] but the opposite result was
obtained in [178]. This means that the performance of catalyst in
plasma in not only related to the target pollutant, but also to the reactor
configuration, packing position, type of support and the like. The dif-
ference between various metal catalysts at a given condition depends
primarily on their ability to decompose ozone in to oxygen radicals
(0%, 0,27, 07), which are indispensable in the degradation of VOCs.
Ozone molecules are adsorbed and decomposed in oxygen vacancies,
which are electron-deficient as Lewis acid sites [199].

The loading amount of metal catalyst has an optimum value. Below
this value, the increase in the amount is beneficial to VOCs degradation,
and greater than this value is unfavorable. This is because a large
loading amount can provide more active sites, however, an amount
above a certain value will reduce the surface area of the catalyst. In
[144], the benzene removal efficiency increased with the increase of Ag
loading in the range of 4-15 wt%, and then decreased at higher loading
amount. Wu et al. [201] investigated the effect of Ni loading of NiO/y-
Al,O3 on toluene abatement and the result indicated that 5 wt% is the
optimum value. When the loading of Ni exceeded a certain value,
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Fig. 12. Plausible mechanism for the plasma-driven catalysis of VOCs [126].

multilayer or bulk NiO may occur, resulting in a decrease of active
component area exposed to air.

In the study by Peng et al. [203], the shape effect of Pt/CeO, cat-
alysts on catalytic oxidation of toluene was elucidated. The im-
mobilized Pt particles on nanorods, nanoparticles, and nanocubes CeO,.
Pt/CeO,-rods achieved the best catalytic performance due to its best
reducibility and highest concentration of surface oxygen vacancies.
Further, they found the size effect of Pt nanoparticles in the range of 1.3
to 2.5 nm [204]. Due to the optimum balance of Pt dispersion and
concentration of oxygen vacancy in CeO,, Pt/CeO,-1.8 exhibited the
best catalytic activity. Although the two studies applied catalytic oxi-
dation, the results are useful for plasma-catalytic process.

Recently, some studies have shown that more effective degradation
of VOCs can be obtained by combining two different metal catalysts
such as Mn-Co [160,205], Ag-Mn [117,123,193], Mn—Ce
[109,193,202,205,206], Mn-Cu [202], Ag-Ce [207], Cu-Ce [208]. The
molar ratio of two metals will significantly affect the activity of catalyst.
The optimum molar ration of Ag-Mn was 1:2 for xylene abatement in
[117], which is due to the higher proportion of surface-adsorbed O and
better reducibility through the synergy between Ag and Mn. In [109],
the best ratio of Ce-Mn was 1:1 for toluene destruction. This is because
CelMnl catalyst has higher surface area, more oxygen vacancies and
higher mobility of oxygen species. In addition to mixing ratio, the im-
pregnation sequence of different metals will also affect the degradation
of VOCs if catalyst is prepared by impregnation method. For example,
when Mn is first impregnated [Ag-Mn(F)/ y-Al,Os], a longer break-
through time and better mineralization rate of toluene was observed
compared to first Ag impregnation and co-impregnation [209]. This is
attributed to the larger amount of Ag* on catalyst surface and the

Table 2
VOCs removal by different type of catalyst.

better promotion of surface-active oxygen migration in Ag-Mn(F)/ y-
A1203.

5.4. Synergy of plasma and catalysis

Effect of catalyst on plasma. The discharge characteristics of DBD
reactor are obviously changed after the introduction of catalytic/non-
catalytic packing materials in plasma region. In a fully packed bed DBD,
the discharge mode partially changes from bulk streamers to more in-
tense surface streams that is distributed along the surface of packing
material. This phenomenon has been confirmed by Kim et al.
[210-212] through ICCD imaging and several numerical investigations
[213,214]. The formation of micro-discharge will also be affected. The
propagation of micro-discharge will be limited between the voids of
packing material particles rather than the entire discharge gap. As a
result, the number and intensity of micro-discharges increase, which
leads to an elevation in the average energy of electrons and thus pro-
moting the degradation of VOCs. Since most packing materials are
porous, it is possible for micro-discharges to form in these pores. Holzer
et al. [95] demonstrated the formation of short-lived active species in
intra-particle volume by comparing the degradation of VOCs in porous
and non-porous alumina. Moreover, Zhang et al. [215] investigated
micro-discharge formation inside catalyst pore by a fluid model and
believed that plasma species can be formed in micron-sized pores.
Packing material also reduces the breakdown voltage, thereby in-
creasing energy efficiency. In was observed that the breakdown voltage
decreased from 3.3 to 0.75 kV with the addition of Ni/Al,O3 catalyst in
a DBD reactor [216]. In addition to physical properties, the chemical
characteristics of plasma are also altered by the presence of catalyst. For

Reactor Target pollutant Support Catalyst performance Reference
CIPC Ethyl acetate LaCoO3; > LaMnO; > LaFeOs; (MR) [113]
CPPC Benzene v-Al,03 AgOx > MnOx > CuOx > FeOx (RE) [144]
CIPC Acetone v-Al,O3 CuOx > MnOx = CoOx > NiOx > CeOx (RE) [200]
SPPC Toluene HZSM-5 Ag-Mn > Ce-Mn > Mn > Ag > Ce (MR) [193]
CIPC Toluene v-Al,03 NiO > MnO, > CeO, > Fe,O; > CuO (RE) [201]
CIPC/CPPC Toluene Al,O3 Au > Ag > Cu > Co (RE) [177]
SIPC/SPPC Benzene HZ Ce > Cu > Zn > Ag > Fe > Mn > Ni > Co (MR) [178]
CPPC Methanol v-Al,03 Mn-Cu > Mn-Ce > Mn > Cu = Ce (RE) [202]

Here MR and RE refer to mineralization rate and removal efficiency, respectively.
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instance, ozone is easily decomposed by catalysts to produce oxyge-
nated radicals, which have higher oxidation activity, thus enhancing
the decomposition of VOCs [109,217].

Effect of plasma on catalyst: Since NTP can be applied as a material
surface modification technique, in can also be used for catalyst pre-
paration. When the catalyst is exposed to plasma, active sites will be
more uniform and particle size will be decreased, thereby increasing the
activity and stability of catalyst [39,218]. Smaller Pt particle size and
higher dispersion of nanoparticles were observed on Pt/CeO, after
plasma treatment [219]. In addition, a change in the concentration of
oxygen vacancies and Ce®>* in Pt/CeO, indicates that the oxidation
state of catalyst can be changed by plasma. After 8 h of plasma process,
parent Ti-O bonds in TiO, was reduced [174]. The energy of the
Pd-support bond increases during plasma treatment, causing a rise in
the degree of dispersion and sintering resistance of Pd, thereby a higher
stability [220]. The adsorption behavior of catalyst in plasma is dif-
ferent from conventional thermal catalytic process. Compared to mo-
lecules, atoms and radicals are more susceptible to adsorption by cat-
alysts due to their lower energy barriers. For thermal catalysis, atoms
and radicals can only be produced by dissociative chemisorption of
stable precursors. However, in plasma catalyst, a large amount of ra-
dicals and atoms around the boundary layer can be directly adsorbed
with a low energy [36]. Therefore, plasma catalysis will provide new
reaction pathways, which leads to reduced activation energy and higher
reaction rate [189]. In addition to affecting the process of adsorption
and surface reactions, plasma also promotes the desorption of products
by electron and ion bombardment. The gas temperature in NTP is ty-
pically less than 400 K, which generally does not result in thermo-
catalytic activation. However, hotspots can be created between corners
of adjacent pellets and sharp edges due to local intense electric fields
[39]. Furthermore, the metal particles dispersed on the support have a
high electrical conductivity, and Joule heating is generated as discharge
spreads along the surface [221]. Hence, VOCs may be degraded par-
tially through thermal catalysis.

5.5. VOCs decomposition mechanisms

In order to verify the degradation pathway of VOCs in packed-bed
DBD, various surface analysis techniques such as gas chromatography-
mass spectrometry (GC-MS), X-ray photoelectron spectroscopy (XPS),
Raman and infrared were used to identify the species that are present
on catalytic surface during plasma processing. However, these analyses
were performed when the catalyst was removed from the DBD reactor.
Therefore, some weakly adsorbed intermediates may have been lost
before detection, so that only limited information on the catalyst sur-
face can be obtained. The application of in-situ detection technique will
provide more real and detailed information about the intermediates. Xu
et al. [222] used an in-situ FT-IR spectroscopy to evaluate toluene
abatement process in continuous and sequential systems with NiO/
Al,O3 packed. The results indicated that toluene was gradually removed
and organic intermediates were mostly destructed after 90 min reaction
in sequential system, while the types of organic by-products accumu-
lated on catalyst surface in continuous system, and eventually impeded
the further steps of toluene decomposition. In order to investigate the
difference in degradation of adsorbed toluene in IPC and PPC systems,
Jia et al. [175] used two complementary in situ diagnostics (diffuse
reflectance infrared fourier transform spectroscopy (DRIFTS) and
transmission fourier transform infrared spectroscopy using Sorbent
track (ST) device) to dynamically probing toluene surface coverage and
adsorbed intermediates on CeO,. As depicted in Fig. 13 (a), for PPC
system, the toluene surface coverage decreased as soon as the plasma
was turned on and the surface concentrations of benzyl alcohol and
benzaldehyde gradually increased until plateau was reached. Different
from benzyl alcohol and benzaldehyde, the production of surface ben-
zoic acid started beyond 500 s. Compared to PPC system, some similar
trends were observed in IPC configuration (Fig. 13 (b)). However, the
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Fig. 13. Evolution of toluene and adsorbed intermediates surface coverage on
CeO, as a function of post situ (a) and in situ (b) NTP exposure time [175].

concentration of benzyl alcohol in IPC increased faster than that in PPC
and the formation of nitrobenzene in IPC was observed. In addition, IPC
showed a higher reaction rate of toluene decomposition than PPC
system. This was attributed to the fact that the toluene on catalytic
surface is simultaneously exposed to long- and short-lived species in
IPC, while only long-lived species contributed to toluene degradation.

Although in situ detection can provide more reliable and detailed
information about the intermediates on catalyst surface, it is still hard
to sketch the real map of VOCs degradation. Based on these experi-
mental results, using computational chemistry to obtain the reaction
pathways can lead to a better understanding of reaction dynamics in
plasma-catalysis systems. To our best knowledge, there is currently no
research on the application of computational chemistry to plasma-cat-
alyzed oxidation of VOCs. However, in other fields of plasma catalysis,
some studies can be referenced. Shirazi et al. [223] conducted a density
functional theory (DFT) study of Ni-catalyzed plasma dry for methane
reforming. They inspected many activation barriers, from the early
stage of adsorption of major chemical fragments derived from CH, and
CO, molecules up to the formation of value-added chemicals at the
surface. The results indicated that the hydrogenation of a chemical
fragment on the hydrogenated crystalline surface is energetically fa-
vored compared to the simple hydrogenation of the chemical fragment
at the bare Ni (1 1 1) surface. The surface-bound H atoms and the re-
maining chemical fragments at the crystalline surface will facilitate the
catalytic conversion of the fragments generated from CH, and CO,.
They believed that the retention of methane fragments, especially CHs,
in the presence of surface bound H atoms can be regarded as an iden-
tifier for the choice of a suitable catalyst.

5.6. Summary

Plasma catalysis is considered as the most promising way to im-
prove the performance of DBD in VOCs abatement due to its excellent
capability in the enhancement of mineralization rate and energy
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efficiency as well as the suppression of by-products. There are four
types of packed-bed DBD system according to the catalyst packing po-
sition and operation process, namely CIPC, CPPC, SIPC and SPPC. For
an IPC system, the properties of packing material (such as dielectric
constant, surface properties, size and shape) will directly affect the
discharge characteristics of DBD and VOCs decomposition performance.
These effects can be partially confirmed by measuring the discharge
characteristics, represented by the current-voltage waveforms and
Lissajous figures obtained by an oscilloscope. Recently, the application
of ICCD imaging and fluid modeling has made it possible to gain a
deeper insight of discharge characteristics. It is foreseeable that effects
such as packing material shape on discharge characteristics will be
explored by these advanced methods. Since temperature plays a sig-
nificant role in plasma catalyst system, investigating the change and
distribution of temperature in packed-bed DBD through fluid modeling
may yield some vital findings. The loading of metal catalyst on packing
material will further improve VOCs removal performance, which is
affected by the type, loading amount, shape and size of supported metal
catalyst. In a plasma catalysis system, there are synergistic effects be-
tween the catalyst and plasma. However, the fundamental physical and
chemical processes of the interactions between plasma and catalyst are
still not well understood. As a result, the selection of catalyst and op-
erating conditions in plasma process is still based on trial and error
approach. The dynamically monitoring of intermediates on catalyst
surface through in situ detection technique can provide a deeper un-
derstanding about VOCs decomposition mechanism in plasma catalysis
system. Combined with the results from in situ analysis, computational
chemistry makes it possible to tailor the catalyst for a specific chemical
reaction process. More details about the synergy of plasma and catalyst
can be accessed in recent reviews [34,36,39,61,79,189,218,224-230].

6. Effect of gas properties
6.1. Target pollutants

There are > 100 kinds of VOCs emitted from various industrial
processes, which is a major difficulty in VOCs abatement. Table 3
summarizes the abatement of different common VOCs as well as odors
(such as dimethylamine, dimethyl sulfide, acetaldehyde) by DBD re-
actor. According to the difference in chemical structure, these VOCs
include aromatics, ketones, aldehydes, alcohols, esters, alkanes, alkenes
and halocarbons. The degree of difficulty for various VOCs decom-
position in DBD may be related to its chemical structure, ionization
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potential and hydrogen content (mass percentage). Karatum et al. [107]
chose methyl ethyl ketone, benzene, toluene, 3-pentanone, methyl tert-
butyl ether, ethylbenzene, and n-hexane as target reactants to degrade
in a DBD reactor. The results showed that the molecule (n-hexane) with
the highest hydrogen content has the highest removal efficiency (90%).
The reaction rate constants of different VOCs are significantly positively
correlated with their hydrogen weight fraction. Moreover, aromatic
compounds follow their own trend with respect to their hydrogen
content. In [231], a higher hydrogen content results in higher removal
efficiency for aromatic hydrocarbons (benzene, toluene and xylene),
ketones (propanone, 2-butanone and 2-pentanone) and esters (ethyl
acetate, ethyl propionate and ethyl butyrate) but the results were in the
reverses order for alkanes (n-pentane, n-hexane and cyclohexane).
However, there is no obvious relationship between removal efficiency
and hydrogen content when considering all four types of VOCs. Hence,
the relationship between hydrogen content and removal efficiency may
only be applicable to different VOCs with similar chemical structures.
Further, the lower the ionization potential, the higher the reactivity of
VOCs and radicals, which gives rise to the higher degradation efficiency
of VOCs. In addition, the three alkanes deviate from the main trend due
to their inclusion of more single bonds, which are more easily des-
tructed in NTP. In the study by Kim et al. [232], no correlation between
the ionization potential and VOCs degradation was observed in plasma
driven catalyst reactor, which indicates that the decomposition me-
chanism of VOCs in packed bed reactor is different from NTP alone.
Moreover, the effect of chemical structure on removal rate is not neg-
ligible, e.g., the presence of double or triple bonds of CC are beneficial
for initial activation during VOCs destruction [233]. In terms of total
energy demand, single bonds are cracked more easily than double
bonds. However, the second bond of a double bond needs low energy
levels to be activated and, afterwards, transformation of the activated
single bonded compounds is preferred in comparison to the non-acti-
vated single bond compound. Hill et al. found that at an input energy of
100 J/ L, the removal rates were 16% and 68% for propane and pro-
pene, respectively [234]. This is due to the limited number of available
pathways to initiate propane removal. The influence of functional
groups is also noteworthy. For example, the reason why the toluene
removal rate is greater than that of benzene is more likely due to the
presence of methyl group in toluene than its higher hydrogen content.

6.2. Gas flow rate

The gas flow rate significantly affects the performance of VOCs

Table 3
Overview of various VOCs degraded by DBD.

Classification VOCs Reference

Aromatics Toluene [33,109,114,118,143,149,157,161,235-239]
Benzene [101,129,178,207,240-243]
Styrene [116,139,140,156,232,244]
Xylene [96,117,232,245-247]

Ketones Acetone [41,200,248-250]

Aldehydes Formaldehyde [86,179,208,251,252]
Acetaldehyde [94,145,253]

Alcohols Methanol [42,202,206,254]
Ethanol [255,256]

Esters Ethyl acetate [113,154,231]

Alkanes Methane [155,180,257,258]
Propane [234,259-264]

Alkenes Ethylene [176,191,265]
Propene [234,258,259,266]

Halocarbons Dichloromethane [267-271]
Tetrachloromethane [272-274]
Chlorobenzene [103,106,133,205,275,276]
Trifluoromethane [148,277-279]

Trichloroethylene (TCE)

Odors Dimethylamine, dimethyl sulfide, acetaldehyde, ammonia, dimethyl sulphide, thiols, hydrothion

[136,272,280-285]
[112,233,286-290]
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degradation in DBD reactor. A higher gas flow rate means that more
VOCs molecules pass through the reaction zone per unit time, resulting
in a reduction in the number of active species available for each mo-
lecule. In addition, a higher gas flow rate results in a shorter residence
time, which reduces the probability of collision between VOCs mole-
cules and active particles. As a result, increasing the gas flow rate leads
to a decrease in VOCs removal efficiency and CO, selectivity. For ex-
ample, in [109], when the gas flow rate varies from 0.13 to 0.4 L/ min,
the residence time is reduced from 4.3 s to 1.4 s, the toluene decom-
position efficiency is reduced from 93.39% to 80.84%, and the CO,
selectivity is lowered from to 92.53% to 72.18%. However, increasing
the gas flow rate significantly enhances the energy efficiency for a given
system [206], as the active species can be more fully utilized at a high
gas flow rate. If VOCs are decomposed by a sequential processing, the
effect of gas flow rate will be different from continuous processing. In
sequential treatment, VOCs are first adsorbed on packing material and
then degraded by plasma. On the one hand, if the discharge gas flow
rate is too low, there may be insufficient oxygen active species to react
with the adsorbed VOCs, resulting in a decrease in mineralization rate
and CO, selectivity. On the other hand, as the discharge gas flow rate
increases, the specific input energy and residence time are reduced,
which is detrimental to the degradation of VOCs. In [114], the toluene
mineralization rate and CO, selectivity with discharge gas flow rate of
1.0 L/min are higher than that of 0.5 and 1.2 L/min. Interestingly, in
[291], as the discharge gas flow rate (0.025, 0.05, 0.1 and 0.2 L/min)
increases, the CO, selectivity increases while the CO selectivity de-
creases, and the mineralization rate (or COx selectivity) remains con-
stant. Therefore, the effect of gas flow rate on VOCs degradation in
sequential treatment is dependent on the specific experimental condi-
tions.

6.3. Initial concentration

DBD is primarily applied to treat low concentration VOCs, typically
less than 1000 ppm. Under a given operating condition, the amount of
active species such as high-energy electrons and radicals generated in
the DBD reactor is constant. Therefore, increasing the initial con-
centration of VOCs leads to a decrease in the number of active species
that react with each molecule, resulting in a decrease in removal effi-
ciency and mineralization rate of VOCs. In [161], the initial toluene
concentration increased from 25 to 125 ppm, the removal efficiency
and mineralization rate decreased from 70.58% to 39.32% and from
19.60% to 6.68%, respectively. However, increasing the initial con-
centration will increase the amount of VOCs removed [106], thereby
increasing energy efficiency. This is because the probability of collision
between VOCs active species is higher when a higher number of VOCs
are introduced into the reactor per unit time. In [248], the energy ef-
ficiency increased from 0.56 to 1.18 g/kWh when the initial con-
centration of acetone increased from 100 to 300 ppm. For sequential
processing, the performance of VOCs removal is related to the amount
of stored VOCs rather than the initial concentration. In [114], as the
toluene storage increased from 53.17 to 65.44 umol, the carbon balance
decreased from 98.26% to 92.36%, and the energy efficiency increased
from 1.925 to 2.369 g/kWh. The reason for this result is similar to the
influence of initial concentration on VOCs decomposition in continuous
treatment. In addition, increasing the concentration or adsorbed
amount of VOCs will cause more active species to contribute to VOCs
decomposition. As a result, the formation of O3 and NOx is suppressed.

6.4. Oxygen content

Since oxygen plays a significant role in the degradation of VOCs in
DBD, the oxygen content in the discharge gas significantly affects the
performance of VOCs abatement. For DBD process alone, the degrada-
tion efficiency of VOCs generally increases first and then decreases with
the increase of oxygen content. In pure nitrogen, VOCs are removed by
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collision with electrons and active metastable nitrogen atoms and mo-
lecules. After adding oxygen, the active oxygen atoms and molecules as
well as OH radicals participate in the decomposition of VOCs, thereby
enhancing the removal efficiency of VOCs [268]. However, when the
oxygen content exceeds a certain value, the formation of NOx and O3
begins to prevail, which consumes a large amount of active species
derived from oxygen and nitrogen, resulting in less degradation of
VOCs. In addition, the reaction rate of O; towards VOCs is too small to
contribute to VOCs degradation.

Several studies have reported the dependence of VOCs decomposi-
tion on oxygen content in DBD and the maximum efficiency was ob-
tained at 5% O, for toluene [292], 4% for dichloromethane [268], 2%
for trifluoromethane [148], 3-5% for benzene [126], 5% for p-xylene
[96]. The influence of oxygen content on COx selectivity is different
from VOCs removal efficiency. In [293], the selectivity of CO5 and COx
increased with the increase of oxygen concentration, but according to
Kim [126], the selectivities of CO and CO, were much less affected by
the partial pressure of O, compared with decomposition efficiency.
Unlike DBD alone, a high oxygen content enhances VOCs decomposi-
tion in packed bed reactor. After introducing catalyst, reactive oxygen
species (such as -O, 0% and O) can be produced from lattice oxygen
and interaction with ozone. As the oxygen concentration increases, a
large amount of ozone is formed, most of which is decomposed into
active oxygen species on the surface of catalyst, thereby increasing the
decomposition efficiency and COx selectivity of VOCs. In [126], the
increase of O, concentration elevated both the degradation efficiency of
benzene and CO, selectivity regardless of the type of catalysts (TiO,, y-
Al,O3, zeolites). If the target reactant contains oxygen atoms, the effect
of oxygen content on VOCs decomposition may differ from the above
results. In [249], the removal efficiency of acetone is decreased with
increasing oxygen concentration with or without packing materials (y-
Al,03, a-Al,05 and glass beads). This is because acetone is less reactive
with oxygen species than other VOCs such as toluene and benzene.

6.5. Humidity level

Since industrial VOCs containing exhaust gases usually contain
water vapors, the effect of humidity on the degradation of VOCs in DBD
is not negligible. The presence of water vapor cannot be neglected in
VOCs removal by NTP since it can be decomposed into ‘OH , which has
a stronger oxidation power than other active species such as oxygen
atoms and metastable nitrogen molecules and atoms. In a DBD reactor
with photo-catalytic electrode (SMF/TiO5), the concentration of -OH at
a relative humidity (RH) of 80% is approximately three times than that
at 10% RH [294]. The discharge characteristics of DBD are affected by
the presence of water. Water vapor may cover the surface of the di-
electric, resulting in reduced surface resistance and increased dielectric
capacitance, which leads to decline of total transferred discharge [295].

Similar to oxygen, the addition of suitable water may facilitate the
decomposition of VOCs due to the high oxidizing power of -OH.
However, if too much water is introduced, the high-energy electrons
will be quenched by the electronegative water molecules, so that the
density and average energy of electrons are lowered, resulting in a
decrease in the number of active species. Many studies have reported
that the highest VOCs removal efficiency can be obtained at a suitable
humidity level. For example, at 20% RH for toluene [296], at 30% for
benzene [207], at 70% for ethanethiol [297]. In other studies
[93,181,201,298,299], the decomposition of VOCs is decreased with
the increase of humidity level. The difference in these findings may be
due to the variety of VOCs and experimental conditions. Fan et al.
[300], found that different VOCs have different sensitivity to water
vapor. Humidity suppressed benzene removal, while toluene decom-
position was slightly enhanced by increasing RH from 30% to 50-80%
and p-xylene conversion was insensitive to water vapor. In packed bed
DBD reactor, the presence of water vapor may poison the catalyst by
covering a portion of active sites, which are available for VOCs and O5
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adsorption [299]. Therefore, the resistance to water should be con-
sidered when choosing a catalyst.

As for the influence of water vapor on COx selectivity, the results
reported by various studies are also different. In [161] and [207], the
highest COx yield and CO, selectivity were obtained at 30% RH, which
is consistent with the effect of humidity on decomposition efficiency. In
other studies [93,240,296], increasing humidity enhances CO, se-
lectivity due to the further oxidation of intermediates by -OH. The
presence of catalyst affects the influence of humidity on CO, selectivity.
In [300], the CO, selectivity by DBD alone increased while that by
packed bed DBD decreased with the increase of RH. The humidity level
also affects the formation of O3 and NOx. Generally, an increase in
humidity results in a decrease in O3 concentration due to the quench of
high energy electrons by water molecular, which led to the decrease of
atomic oxygen, and then decreased the amount of ozone in the plasma
[201]. Intriguingly, Jiang et al. observed a reverse trend in a PPC
system and they attributed it to the competitive adsorption between
H,0 and O3 molecules on the catalyst [207]. For NO,, its concentration
decreases with increasing humidity level in both NTP alone and PPC
systems [207]. This was because high water vapor in discharge plasma
tends to induce electron attachment reaction and thereby reduce the
energetic electron density and mean electron energy, resulting in a
decreased total production of active species.

Reference
301
290
303
305
302
[233]

RE
40.5-59.2
57-90
~25-90
~26-71
65,55,75,25
~95

6.6. Summary

In a given DBD reactor, VOCs removal performance is affected by
various gas properties, such as the type of target pollutants, gas flow
rate, initial concentration, oxygen content and humidity level. The
degree of difficulty for different VOCs decomposition in DBD may be
related to its chemical structure, functional groups, ionization potential
and hydrogen content. In continuous systems, an increase in gas flow
rate will reduce the gas retention time, which lead to a reduction in
VOCs removal and mineralization rates, but will increase energy effi-
ciency. In sequential systems, the influence of gas flow rate on VOCs
removal is dependent on specific experimental conditions. Similarly,
increasing the initial concentration leads to a decrease in removal and
mineralization rate of VOCs, but an increase in energy efficiency. For
sequential processing, what matters is the amount of stored VOCs rather
than the initial concentration. A appropriate level of oxygen content
and water vapor will facilitate the decomposition of VOCs due to the
formation of highly oxidizing species (such as -O and ‘OH). An increase
in oxygen content will lead to an increase in ozone, which is hard to
oxidize VOCs but is easily decomposed into strong oxidizing species by
catalyst. In contrast, too much water vapor will cover the active sites of
the catalyst, thereby poising the catalyst. These results about the effect
of gas properties on VOCs abatement are of great significance for the
practical application of DBD. However, most of these results were ob-
tained from laboratory-scale experiments. In the future, more efforts
should focus on using DBD to remove VOCs-containing gases which are
close to industrial conditions.

Animal quartering centers: isobutyraldehyde, isovaleraldehyde,2-methylbutyraldehyde,and dimethyl disulfide,

30 mg /m°(total)
25-80 Emissions of sludge centrifugation(odor 200-1400 OU/m>)

Benzene (2050.8-3243 mg/m>)

Emissions of water treatment plants(odor 96300-265100 OU/m>)
Toluene 100 mg/m3

Oil shale processing plant:butyl acetate (30-110 ppm)

Pollutant

5
40
5

Flow rate m®/ RH

509
196
100
2.5-!
350
1000

7. Practical application

7-8 kV, 350-400 Hz,0.3-0.6 kW

25-100 kV,1 kHz
11 kV, 520 Hz, 1.5-1.6 kW

3-10.5 kv, 1.12-3.4 kW
10 kV, 1 kHz, 150 W

Power supply
0-30 kV, 50 Hz

Although DBD exhibits various merits for VOCs abatement, its
commercial implementation is still scarce. There are barriers that need
to be addressed, such as the formation of stable organic by-products,
residual O3 and NOx, and the sensibility to humidity. Theoretically, the
presence of suitable catalysts can alleviate these problems, which has
been confirmed in many laboratory experiments. However, the per-
formance of plasma catalysis for the treatment of industrial VOCs-
containing exhaust gas is still uncertain. Therefore, before the industrial
application of DBD (with or without catalyst) for VOCs removal, a large
number of pilot experiments should be performed. Table 4 presents
some scale-up experiments on DBD removal of VOCs. In these experi-
ments, VOCs-containing exhaust gas come from industrial processes or

DBD + zeolite + Biotrickling filter

DBD + post catalyst
DBD (40 tubes)
DBD + photocatalyst

DBD (10 tubes)
DBD

Equipment

Scaled-up experiments of DBD system for VOCs abatement.

Table 4
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laboratories, and in most cases the gas flow rate is about several hun-
dred cubic meters. These industrial waste gases are emitted from water
treatment plants, oil shale processing plant, animal quartering centers
and sludge centrifugation. Most of these experiments were conducted in
the bypass of the emission duct during the industrial process. Unlike
laboratory, the conditions of the process gases to be treated were
varying (fluctuation of pollutants concentration, humidity and flow
rate). As a result, the performance of DBD may be poorer than the re-
sults obtained from laboratory, in which the gas conditions are carefully
controlled and are generally single-component. Nevertheless, it is not
difficult to meet the local legislative limitations since the inlet gas
concentration is usually relatively low. In addition, multiple DBD sys-
tems can be arranged in series to improve VOCs removal efficiency. In
the study by Ye et al. [301], the removal rates of benzene increased
from 58.2% with one DBD system to 92.7% with three DBD system in
series at 10.5 kV. Surely, this was achieved at the expense of increasing
constructional and operational costs.

Upon inspection of these scale-up experiments, DBD system ap-
peared to exhibit high potential for odor elimination. Over 90% of odor
abatement were achieved in several studies [233,290], in which DBD
system was combined with other techniques such as catalyst, adsorber
and biotrickling filter. At the same time, the destruction of methane
[233] and dimethyl disulfide (DMDS) [302] was unsatisfactory, which
is consistent with the results obtained from laboratory experiments. For
the degradation of different VOCs in laboratory and in the case of real
gases, the degree of difficulty should be the same. In other words, the
results gained in laboratory are significant for the treatment of in-
dustrial VOCs despite the different gas conditions.

During the scale-up experiment, some unpredictable situations may
occur due to the changes in operating conditions. Therefore, the com-
parison of lab-scale and pilot-scale test is imperative. Liang et al. [303]
evaluated the performance of toluene decomposition in two DBD re-
actors with different scale. They found that the toluene removal rate in
lab-scale reactor was higher than that in pilot-scale reactor at the same
applied voltage. This was due to the fact that the discharge gap of pilot-
scale reactor (6 mm) is larger than that of lab-scale reactor (2.5 mm).
However, the pilot-scale reactor exhibited a higher energy efficiency
than lab-scale reactor at the same amount of exhaust gas. They attrib-
uted this to the much weaker wall effect in pilot-scale reactor compared
to lab-scale reactor. Assadi et al. [108] investigated the capacities of
isovaleraldehyde (3-methylbutanal) removal in laboratory scale (planar
and cylindrical reactor) and pilot scale reactors and they believed that
the plasma reactor scale-up for pollutant removal can be feasible.

The feasibility of industrial application for DBD to remove VOCs is
not only relates to pollutants degradation performance, but also de-
pends on its construction and operational costs. Ye et al. [301] calcu-
lated the treatment cost of benzene destruction in DBD (509 m®/h,
RH = 50%) and concluded that the cost ranged from 0.24 to 0.52 $/10°
m? at the voltage of 6-10.5 kV. Dobslaw et al. [233] estimated the
construction and operational costs of using the combined NTP-mineral
adsorber — biotrickling filter process to treat waste gas from sludge
centrifugation in a waste water treatment plan. For treatment of
20,000 m>/h of waste gas at an annual operation time of 8000 h, the
construction and operational costs were 11.17 $/ (m3/h) and 0.53 $,/10°
m3, respectively. Martini et al. [304] have made hypotheses on fixed
and variable costs for a Q = 50,000 m®/h BDB system and concluded
that the DBD fixed cost and the annual variable cost were 33.99 $/(m°/
h) and 0.0112 $/10° m>, respectively. The costs in the above two stu-
dies were calculated based on original data and the exchange rate of €
and $ (1€ =1.11759%). It should be pointed out that Dobslaw’s research
included the construction and operational costs of adsorber and bio-
trickling filter, which was not considered in Martini’s economic ana-
lysis. Even if the two costs are added in Martini’s study, the results of
the two economic analyses are still very different, which may be cor-
related to the balance between fixed and variable costs. Currently,
economic data on the application of DBD for VOCs abatement is scarce.
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Therefore, more research is needed to illustrate the economic viability
of DBD.

Based on the above-mentioned pilot scale studies, the prospects for
the application of DBD in VOCs abatement are clearer. There are a
number of aspects which are correlated to the practical use and targets
for DBD systems can be discussed.

Adaptability to gas conditions The real gas conditions are more
complicated than those in laboratories. Since many industrial waste
gases contain fine particles or aerosols, so a filter for dust retention is
necessary before the gas enters DBD reactors. In the industrial process,
the pollutant concentration, moisture and flow rate of the exhaust gas
fluctuate randomly. Hence, the DBD equipment’s capability for pollu-
tants treatment should be able to adjust as the gas conditions change.
This can be achieved by adjusting the applied voltage. Specifically,
when the pollutant load is at a low level, the DBD can work at a lower
voltage to save energy and prevent over oxidation, which results in a
large amount of O3 and NOx formation. Similarly, the voltage should be
raised with the increase of pollutant load to ensure removal rate.
Various industrial processes such as printing and painting are operated
intermittently, which means that the waste gas is not continuously
generated. Therefore, VOCs treating equipment should be able to be
turned on and off at any time. For DBD, this requirement is easily met
because there is no warm-up stage.

Acceptable construction and operational cost Construction costs
mainly include pipes, DBD casing, DBD stacks, DBD power supply and
ventilator. Among these fixed costs, DBD stacks and power supply ac-
count for the majority. The operational cost will be dictated pre-
dominately by electricity cost, which consists of power supply and
ventilator consumption. For plasma catalysis systems, the cost of cata-
lyst purchase and disposal needs to be considered. The price of com-
mercially viable catalysts ranges from several $ to hundreds $ per kg.
Therefore, in practical applications, there should be a compromise be-
tween the cost and efficiency of the catalyst. In addition, the disposal of
deactivated catalyst after a long period of use cannot be ignored. For
commercial applications, with or without a catalyst, the total cost of
DBD for VOCs abatement should be comparable to thermal oxidation
technique.

By-products formation The formation of undesired by-products is
inevitable during the degradation of VOCs in DBD. The mineralization
rate of VOCs in DBD is generally less than 50% in the absence of cat-
alysts. This means that more than half of initial pollutants are converted
into organic by-products. Some of these by-products are emitted in a
gaseous form, and the rest are deposited in the form of aerosols on
dielectric barrier surface or electrodes. The long-term accumulation of
these aerosols will inevitably affect the normal operation of DBD and
may even cause accidents. Hence, these deposited by-products should
be cleaned in due course of time. The presence of catalysts can reduce
but cannot eliminate the formation of organic by-products. As a result,
the catalyst may be deactivated by the gradual deposition of by-pro-
ducts. Currently, there are few studies related to the deactivation of
catalysts during VOCs removal in DBD. Although ozone is an oxidant, it
hardly reacts with VOCs in the absence of catalysts. This is why a large
amount of ozone can be detected in the exhaust gas while the miner-
alization rate is low. Depending on the reactor configuration and ap-
plied voltage, the residual ozone concentration ranges from tens to
thousands of ppm. Nevertheless, the residual ozone can be easily de-
composed if a suitable catalyst is located downstream of the discharge
zone in both IPC and PPC systems. As for nitrogen oxides, they can also
be reduced by appropriate catalysts.

Safety The security risks in the operation of DBD equipment cannot
be ignored. Firstly, the concentration of VOCs to be treated should be
below the explosion limit. Secondly, fine particles such as oil or paint
mist should be effectively filtered before the exhaust gas enters DBD.
These particles can be deposited on the electrode or the dielectric
surface and may cause accidents during discharge. Thirdly, insulators
on the high-voltage input should be protected from contamination and
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condensation to avoid creepage and creeping discharge. Lastly, the
organic by-products deposited in the equipment should be cleaned in
due course of time. These deposits may be ignited by local high tem-
perature during discharge and cause accidents. Most of these deposits
can be cleaned by alcohol. Therefore, maintenance and cleaning of the
DBD equipment during VOCs treatment are significant for its safe op-
eration.

Modularity DBD reactor can be easily scaled up based on actual
demands. In order to treat high gas flows, several modules can be used
in series or in parallel, which provides a high degree of flexibility. The
number of modules required depends on the gas volume and the
treatment capacity of single modules. The connection mode of each
module can be determined according to the space of the site. Other
benefits of modularity include the flexibility of transportation and high
utilization of space.

These benefits, requirements and associated issues are helpful in
identifying the applicability of DBD for VOCs abatement and smooth
operation of DBD equipment in industrial setting.

8. Conclusions and perspectives

The application of dielectric barrier discharge non-thermal plasma
in VOCs abatement was discussed along with the history, micro-dis-
charge formation and environmental application of DBD. Subsequently,
the effect of reactor configuration, power supplies, packing materials
and gas properties on discharge characteristics and VOCs degradation
in DBD were presented. A desirable DBD reactor should have high VOCs
removal efficiency and mineralization rate, as well as low by-products.
In order to achieve this goal, various aspects, such as optimization of
reactor structure, application of advanced power supply and the in-
troduction of catalysts need to be considered. In addition, investigating
the influence of gas properties such as initial concentration, flow rate
and humidity level on VOCs abatement can provide an important re-
ference for the industrial applications of DBD. Based on several pilot
scale experiments, a number of aspects associated to the practical im-
plementation and targets for DBD systems were discussed.

In the past three decades, a huge number of researches have been
implemented and great achievements have been made, which paved for
the practical application of DBD in VOCs abatement. However, the
mechanisms behind these experimental results are still veiled, and
commercial applications of DBD on VOCs removal are still scarce.
Therefore, future work should be carried out from both theoretical and
practical aspects.

In terms of theory, it mainly lies in the understanding of the dis-
charge process and the degradation pathways of VOCs in the presence
or absence of a catalyst. In the early days, the discharge process in-
formation such as consumed power was mainly obtained through os-
cilloscopes. Recently, the application of fast imaging technique has
made it possible to directly observe the discharge behavior such as the
propagation of streamers on catalyst surface. Further, the information
about variation and distribution of the temperature and density of
electrons during discharge can be gained through fluid modeling.
Through these advanced means, a better insight into the discharge
behavior could be obtained, such as electric field enhancement in
packed bed DBD reactors, plasma streamer propagation in packed bed
DBD reactors and plasma streamer penetration in catalyst pores. In the
near future, the discharge mechanism of packed bed DBD will be more
fully understood. Unexpectedly, few researchers have focused on the
impact of reactor structure on discharge behavior through these ad-
vanced means and methods.

About VOCs decomposition mechanisms, most of them were
speculated from the information obtained by ex situ detection techni-
ques. To date, the underlying physical and chemical processes of VOCs
degradation with or without catalyst are still not clear enough. This is
mainly because the survival time of reactive species such as radicals and
electrons in plasma and the intermediates generated from VOCs are too
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short to be detected. Recently, the application of direct in situ detection
has provided more information for understanding the mechanism for
VOCs decomposition. Further, the results obtained by in situ measure-
ments can be used in conjunction with computational chemistry such as
DFT (Density Functional Theory) to gain a better insight into the re-
action pathways of packed-bed DBD systems.

Although a deep insight into the mechanisms of discharge and VOCs
degradation can provide theoretical guidance for reactor optimization
and catalyst tailoring, it is a difficult task to unveil these mechanisms
due to the complexity of plasma behavior, especially in the presence of
catalysts. Therefore, in addition to theoretical research, we can also
focus on practical aspects to promote the industrial application of DBD
in VOCs abatement through process improvement and scale-up ex-
periments. The possible research areas that needs to be explored are as
follows:

1) Since real exhaust gas contains many types of VOGs, it is useful to
investigate the performance of DBD on mixed VOCs removal.

2) Many studies have shown that sequential DBD process (adsorp-
tion with plasma off and oxidation with plasma on) exhibits high en-
ergy efficiency. Therefore, it is necessary to undertake research work in
this field to testify the practical performance of this operation process.

3) It is promising to combine DBD with other waste air treatment
techniques to develop more energy efficient systems. For instance, DBD
can be operated as a pre-treatment stage to decompose VOCs into hy-
drophilic substances, which can be effectively removed by a subsequent
biological treatment. More research efforts are needed to identify the
potential of these combined systems.

4) In most case, high mineralization rates can be obtained in IPC
systems, while PPC system is effective for the suppression of residual
ozone. The addition of a downstream catalyst to an IPC system may
provide a pragmatic solution to treat VOCs efficiently while ensuring a
low residual ozone level. On the other hand, it may be difficult for a
single catalyst to effectively remove various types of VOCs simulta-
neously. A multistage arrangement with different catalysts may be a
valid option to address this issue. Therefore, the investigation of mul-
tistage catalytic systems is crucial in terms of both residual ozone
elimination and complex VOCs mixtures treatment.

5) At present, pilot-scale experiments on industrial VOCs removal
by DBD are scarce, which has led to insufficient information and gui-
dance for its practical implementation. In order to promote the com-
mercial application of DBD in VOCs abatement, more scale-up experi-
ments and economic analysis need to be performed in the future.
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Abstract
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Outbreaks of airborne infectious diseases such as measles or severe acute respiratory syndrome
can cause significant public alarm. Where ventilation systems facilitate disease transmission to
humans or animals, there exists a need for control measures that provide effective protection
while imposing minimal pressure differential. In the present study, viral aerosols in an airstream
were subjected to non-thermal plasma (NTP) exposure within a packed-bed dielectric barrier
discharge reactor. Comparisons of plaque assays before and after NTP treatment found
exponentially increasing inactivation of aerosolized MS2 phage with increasing applied voltage.
At 30kV and an air flow rate of 170 standard liters per minute, a greater than 2.3 log reduction
of infective virus was achieved across the reactor. This reduction represented ~2 log of the MS2
inactivated and ~0.35 log physically removed in the packed bed. Increasing the air flow rate
from 170 to 330 liters per minute did not significantly impact virus inactivation effectiveness.
Activated carbon-based ozone filters greatly reduced residual ozone, in some cases down to
background levels, while adding less than 20 Pa pressure differential to the 45 Pa differential
pressure across the packed bed at the flow rate of 170 standard liters per minute.

Keywords: non-thermal plasma, bioaerosol inactivation, bacteriophage MS2, ozone, plaque

assay, qgPCR
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Introduction

Airborne infectious disease outbreaks such as measles, tubercu-
losis, and severe acute respiratory syndrome (SARS) can cause
risk of infection by the essential and involuntary action of respi-
ration. Airborne disease transmission, the processes governing
it, and the development of protective measures against it, are
less understood than transmission via water, food, arthropod
vectors, and direct contact with infected individuals. Disease
transmission among humans and animals often involves either
direct contact with an infected individual or transport across

3 Author to whom any correspondence should be addressed.

1361-6463/19/255201+12$33.00
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very short distances; however, pathogen transmission over
longer distances can also occur. The SARS outbreak within the
Amoy Gardens housing complex in Hong Kong [1] was spread
between apartments by sewer main gases drawn in by improp-
erly sized ventilation fans and poorly maintained drains.
Livestock diseases such as Newcastle disease, avian influ-
enza, hoof-and-mouth disease, porcine reproductive and res-
piratory syndrome (PRRS), and African swine flu are potential
threats to global food security. In pork and poultry production,
biosecurity measures for preventing the introduction of path-
ogens into animal confinement buildings primarily protect
against disease spread through direct contact between animals
and from pathogen-contaminated surfaces. PRRS and avian
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and porcine influenza are two examples of high impact dis-
eases for which biosecurity measures have been implemented
to prevent airborne transmission. The virus that causes PRRS
is understood to survive transmission through the atmosphere
in greater numbers when atmospheric conditions are cool,
damp, or cloudy [2]. Long-term changes in climate and their
influences on infectious disease outbreaks vary by route of
transmission and are highly uncertain [3]. While increasing
vector populations with increasing annual average temper-
ature and precipitation could increase vector-borne transmis-
sion, the influences of changing meteorological conditions on
airborne transmission of pathogens are unclear.

In contexts where humans or animals move freely, the poten-
tial for disease transmission through direct contact is greater,
reducing the importance of airborne transmission and greatly
limiting the utility of airborne pathogen inactivation. However,
where airborne transmission is or is suspected of being an
important transmission route, few mitigation technologies exist.
Disinfection by UV irradiation requires UV doses involving a
combination of radiative fluxes and exposure times that have
been established [4], which are difficult to implement in air.
Upper-room UV irradiation relies on natural air circulation
patterns within a room to transport airborne pathogens into
the illumination zone of a wall-mounted, upward facing UV
fixture near the ceiling. Upper room UV was proven effective
in reducing TB transmission in hospital wards [5] and rubella
transmission within army barracks [6]. UV germicidal irradia-
tion (UVGI) directs UV radiation onto conventional particu-
late filters within ventilation systems to inactivate bacteria and
viruses captured on the filter surfaces [7]; however, viruses and
bacteria that migrate into the filter media or that are shielded
from the UV source as subsequent particles are collected,
are inactivated with lower efficiencies [7]. The US EPA con-
cludes that there is insufficient evidence, and no standard test
procedures, for assessing UVGI performance and that UVGI
provides virtually no additional protection over the use of con-
ventional HEPA filtration alone [8]. Conventional filtration pre-
sents several drawbacks, including the low fluid permeability
needed for high particle collection efficiency, which inherently
increases the differential pressure across the filter and promotes
infiltration of untreated air into indoor spaces at partial vacuum.
In buildings not constructed to an air-tight standard, this can
lead to high costs of building reconstruction and retrofit.

Two factors govern the potential for disease transmission
of airborne pathogens such as viruses and bacteria: aerosol
transport and aerosol infectivity [9]. UV radiation alone
only addresses aerosol infectivity and particle filtration only
addresses aerosol transport. Unlike filtration and UV irra-
diation, non-thermal plasmas (NTPs) can address both trans-
port (by charge-driven filtration) and infectivity (by reaction
with reactive plasma species) of airborne pathogens. NTP is
a result of electrical discharges within a neutral gas under
atmospheric conditions and mainly consists of electrons, ions,
and radicals. Unlike thermal plasma, where all constituents
are in thermal equilibrium, a NTP in comparison is always
in a state of non-equilibrium because the electrons with very
light masses can reach higher temperatures (10*-2.5 x 10° K)
and attain higher kinetic energy (1-20eV) than the rest of

the NTP constituents, which are heavier and at lower temper-
atures [10]. On these bases, an NTP is also known as non-
equilibrium plasma or cold plasma. A commonly applied NTP
reactor type is the dielectric barrier discharge (DBD) reactor.
DBD or silent discharge refers to the electrical discharge
through a dielectric barrier, such as glass, quartz, or alumina.
A high voltage AC source is commonly used in a DBD reactor,
because the changing polarity of AC is essential to sustain the
electrical discharge in a DBD reactor. The dominant electrical
discharge mode in a DBD reactor is microdischarge, which
is in a form of filaments with nanosecond lifespan. When the
microdischarge reaches a dielectric barrier, the dielectric sur-
face allows for the spreading and accumulation of the charges
and thus reduces the electric field until the field is completely
quenched. The use of an AC source repeats the cycle by gen-
erating microdischarge with a different electrical polarity. In
studying the effectiveness of removing air pollutants such as
methyl tert-butyl ether (MTBE) by NTP, Holzer et al [11]
utilized a gaseous plasma generated by a DBD reactor using
different dielectric barriers including glass, Al,Os, and TiO,.
Kuwahara et al [12] developed a DBD reactor using polyester-
laminated electrodes to evaluate the removal characteristics
of odorous compounds, including NH3 and NH3 mixed with
CH;CHO, by NTP. In studying oil mist-to-gas conversion,
Park et al [13] developed a DBD reactor using thin copper
electrodes (0.05mm thickness) where each electrode was
sandwiched in between by two dielectric plates made of alu-
mina (1 mm thickness).

A packed-bed reactor provides a more efficient way of
treating trace air pollutants by adding pellets between the
electrodes in a corona reactor or a DBD reactor. A typical air
pollutant has a concentration in the range of parts per million
by volume (ppmv), so direct interactions between the elec-
trons and air pollutants are usually negligible under ambient
conditions [10]. In a packed-bed reactor, the electron-impact
reactions serve as the main plasma chemistry for air pollutant
decomposition [14]. By packing the pellets, electron genera-
tion takes place through partial discharges at the pellet con-
tact points within a packed-bed reactor. More specifically,
an external electric field applied between the pellets and the
electrodes enables polarization, which in turn induces partial
discharges and subsequently the electron-impact reactions.
While a packed-bed arrangement can provide evenly distrib-
uted flows, it can also lead to a higher pressure drop across
the packed-bed. Perovskite pellets, such as BaTiO3 and Al,O3
are commonly used dielectric materials for packed-bed reac-
tors. The addition of catalytically active materials can fur-
ther improve the selectivity of a packed-bed reactor. Mizuno
et al [15, 16] discovered that a ferroelectric pellet packed-
bed reactor was not only capable of collecting particles, but
also destroying yeast cells. In studying organic solvents (e.g.
MTBE, toluene, and acetone), Holzer et al [11] evaluated
three packed-bed materials (i.e. glass beads, BaTiOs, and
PbZrO3;-PbTiO3) and one catalyst (i.e. LaCoO3) using various
cylindrical DBD reactors designs, which showed that the fer-
roelectric packed-bed reactor using BaTiO; pellets signifi-
cantly increased the conversion of MTBE and toluene to CO,.
Kuwahara et al [12] used a ferroelectric packed-bed reactor
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to study the decomposition of odorous compounds (i.e.
NH3;) by adding BaTiO; pellets to the previously developed
DBD reactor, which used polyester-laminated electrodes.
The results showed that the DBD reactor with ferroelectric
packed-bed pellets could decompose NH3 at a much faster
rate than the DBD reactor alone.

Researchers [17, 18] have reported reductions in infective
airborne pathogen concentrations as a result of NTP treat-
ment, results that included confounding effects of extended
exposure of viral aerosols to ozone [17] or loss of viral aero-
sols by charge-driven filtration [18]. In one study, a DBD NTP
reactor with 10s plasma exposure and a very high air flow rate
(25 1 s71 resulted in 97% Escherichia coli inactivation
[17]. The research group found that the synergetic action of
short-living plasma agents, such as hydroxyl radicals, and
plasma-generated ozone, achieved the previously meas-
ured 97% in-flight inactivation of aerosolized E. coli [19].
Another research group constructed a 12mm diameter DBD
NTP device and reported >95% inactivation of bacteria and
85%—-98% inactivation of fungal species with a 24 W reactor
energy output and a flow rate of 28.3 LPM (liters per minute)
[20]. That same team examined NTP inactivation of MS2 and
reported over 95% MS2 airstream inactivation with a 28 W
reactor energy output at 12.5 LPM flow rate [18]. None of
these research, however, examined the airstream inactivation
performance of a reactor with a pack-bed feature.

In this study, we describe the development and perfor-
mance of a packed-bed NTP in-flight airstream disinfection
process. A DBD NTP reactor was constructed to treat an
air stream seeded with viral aerosols. Aerosols of bacterio-
phage MS2 were generated by the evaporation of fine mists
produced by ultrasonic atomization. Plaque assay and quanti-
tative polymerase chain reaction (qPCR) analyses were
conducted to determine the abundance of infective and total
MS2 aerosols, respectively, in the pre- and post-treatment
samples. Ultimately, the ability to remove residual ozone with
carbon filters was assessed. A maximum of 2.3 log reduction
of infective MS2 virus was achieved by the reactor, demon-
strating NTP is a viable technology for in-flight disinfection
and the prevention of airborne virus transmission.

Materials and methods

Experimental setup

The experimental apparatus (figure 1) for NTP inactivation
of viral aerosols includes: (1) an induced draft (ID) fan, (2)
a DBD reactor, (3) an aerosol generator, (4) a digital oscil-
loscope, (5) a high voltage amplifier, and (6) a digital function
generator. The aerosol generator is a modified consumer-
grade cool-mist humidifier (Vicks V5100-N) that piezo-
electrically atomizes virus buffer solution containing MS2,
a single-stranded RNA bacteriophage. A 10.2cm (4-inch) ID
fan at the end of the apparatus draws ambient air (25%-36%
RH) into a flexible duct (8.9 cm (3.5-inch) ID and 4 m (13-ft)
length), where mixing occurs between the air and the droplets,
allowing for droplet evaporation and thus bioaerosol genera-
tion. The droplet evaporation process is further enhanced by
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the addition of a facility-supplied stream of dry compressed
air (<10% RH; figure 1). The DBD reactor is powered by
one of the two AC voltage amplifiers, namely a variable O to
20kV (peak-to-peak) high voltage amplifier (Trek Model-
610E) and a 30kV neon transformer (France 15030 P5G-2UE
ServiceMaster). The variable 0 to 20kV high voltage ampli-
fier is coupled with a digital function generator (BK Precision
Model-4052), which outputs 60 Hz sinusoidal AC voltage. The
amplifier can output applied voltage (U) signals at 1 V/1000 V
and two current (/) signals, total current and return current,
at 1 V/200 pA, which can be monitored directly by a digital
oscilloscope (BK Precision Model-2190D). For the 30kV
neon transformer, a high voltage probe (Cal Test Electronics
CT2700, 1 V/1000 V) and a Pearson current coil (Model
6585, 1V/1A) are connected to one of the power supply’s high
voltage electrodes (the schematic is illustrated in figure S1 in
the supplementary information, available online (stacks.iop.
org/JPhysD/52/255201/mmedia)), whose output signals are
monitored by the digital oscilloscope. The power (P) of the
reactor was therefore calculated according to the equation:

1
P=— [ UxlId
T/T x Idi (1)

where T is the period of the AC voltage. A honeycomb-struc-
tured ozone filter (figure 1; Burnett Process Inc. BP-4810) is
located downstream of the reactor to remove ozone from the
exhaust. Two impingers installed upstream and downstream
(figure 1) of the reactor enabled the quantification of virus
inactivation by the NTP reactor.

NTP and reactor design

The NTP reactor developed in the present study utilizes the
characteristics of DBD and packed-bed discharge for the
application of viral aerosol inactivation. Figure 2 is a close-
up schematic of the DBD packed-bed reactor. The reactor
is composed of one larger Plexiglas tube (10.2cm (4-inch)
OD, 9.5cm (3.75-inch) ID, 20.3 cm (8-inch) length) and two
smaller tubes (8.9cm (3.5-inch) OD, 7.6cm (3-inch) ID,
30.5cm (12-inch) length). The smaller tubes slide freely rela-
tive to the larger tube due to a clearance of 0.3 cm (0.125-inch).
Two rubber O-rings, which sit in the grooves on the OD of the
smaller tube permit an air-tight sliding mechanism. As indi-
cated in figure 2, a circular perforated brass plate is installed
at the end of each sliding tube to serve as the ground electrode
and to evenly distribute the inlet and outlet flow of the reactor.
The design of the sliding electrode allows for packed bed
depth adjustment ranging between 0.6 and 12.7cm (0.25 and
6 inches). A brass ring (0.9 mm (0.035-inch) thickness, 2.5 cm
(1-inch) width) adhered to the OD of the larger Plexiglas tube
serves as the high voltage electrode for the AC high voltage
supply. Two flow plugs made of styrofoam (6.35 cm (2.5-inch)
OD) are positioned at the center of the reactor to direct the
airflow with viral aerosols through an annular region in which
the plasma is concentrated (figure 2). The DBD reactor uti-
lizes the microdischarge generated through a dielectric barrier
made of Plexiglas. The packed-bed, consisting of 500 inert
borosilicate glass beads (0.6 cm (0.25-inch) diameter), further
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Figure 1. Experimental setup for the inactivation of viral aerosols with the 0-20kV variable amplifier.
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Figure 2. Schematic of the DBD packed-bed reactor.

enhances the microdischarge by partial discharges at the con-
tact points between the glass beads for effective electron-viral
aerosol collisions and inactivation process.

Experimental procedure

During the virus inactivation tests, a consumer-grade ultra-
sonic humidifier was used to generate MS2 viral aerosols from

the original virus solution. Each inactivation test involved
adding 300ml (for a 60min test) or 200ml (for a 30 min
test) of MS2 solution consisting of ~1 x 10® pfu ml~! in
phosphate-buffered saline (PBS; 0.78 g NaH,PO./L, 0.58¢g
NaCl/L, pH of 7.5) into the ultrasonic humidifier reservoir.
The humidifier was set to built-in power level 2 (labeled as H2)
and the atomization rate was approximately 117ml h™! over
a 30min experimental period [21]. The air flow rate through
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the sampling train was maintained by the ID fan with a viable
transformer (Staco Energy 3PN221B). In each test, the ID fan
and humidifier were turned on for five minutes until reaching
steady state. Then the packed-bed NTP reactor was activated
by the selected high voltage supply. An electric vacuum pump
(McMaster—Carr model #4176K11) was turned on to draw
samples from the air stream near the inner wall of the pipe
through the impingers (ACE Glass 7533-13) upstream and
downstream of the reactor at 1 LPM, leading to collection of

MS?2 aerosols in the 20 ml impinger collection fluid (PBS).
For inactivation tests with the reactor powered by the
0-20kV variable amplifier, the sampling time was 30min. For
tests with the 30kV transformer, the sampling time was 60 min
in order to collect a higher number of viable viruses within
the impinger installed downstream of the reactor (figure 1).
Virus samples were also collected directly from the ultra-
sonic humidifier reservoir before each trial. Plaque assays and
reverse transcriptase quantitative polymerase chain reaction
(RT-gPCR) assays, both described in detail below, were per-
formed on each sample to determine the concentration of infec-
tious MS2 plaque forming units (pfu/ml) and the concentration
of MS2 genome copies (gc/ml) in the PBS collecting solution.
To compare the humidifier reservoir samples with impinger
samples, all of the acquired infectious MS2 concentrations in
aqueous PBS solutions were converted to concentrations in the

air stream using the following two mass balance equations:
Csair = V X S )

o VimpingerCIO . o Vimpingercll
Cioair= = Cllgr = —— ——

sample tsample Qsample tsample (3 )
where V is the average ultrasonic atomization rate (117mlh™!), C;
is the measured infective MS2 concentrations in samples acquired
from the humidifier reservoir (position 3 in figure 1) immediately
before each test. Cyo and C; are the infective MS2 concentrations
in the impingers (positions 10 and 11 in figure 1 respectively).
Cs ir, C10.4ir and Cyy 4 are converted infectious MS2 concentra-
tions in the airstream at the humidifier outlet and at the upstream
and downstream sampling points, respectively. Q- is the air flow
rate through the apparatus, Viypinger is the volume of PBS in each
of the impingers (20ml), and Qmmplg and fygmpe are, respectively,
air flow rates through the impingers (1 LPM) and the standard
elapsed time allowed for sampling (30 or 60min). It should be
noted that the MS2 inactivation in the reservoir during atomiza-
tion is not considered in the calculation of Cg ., so the calculated
results should be good approximations rather than true values.
According to our previous study, there may be a 0.3 log reduction
of viable MS2 concentration in the humidifier reservoir during
the 30min test, but this inactivation would not affect the estima-
tion of the NTP reactor inactivation efficiency as long as viable
MS?2 are measured in the upstream impinger [21]. Similarly, total
virus genome concentrations (both infective and inactivated) were
assessed with gPCR and measured as genome copies per milli-
liter of solution (gc/ml), corrected with equations (2) and (3), and
reported as genome copies per liter of air.
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MS2 propagation and enumeration. Bacteriophage MS2
(ATCC 15597-B1) and its corresponding E. coli host ATCC
15597 was purchased from American Type Culture Collection
(ATCC). MS2 was propagated and assayed in its E. coli host
using previously published methods [22, 23]. The virus stocks
were purified using an Econo Fast Protein Liquid Chromatog-
raphy system (Bio-Rad, USA) with a HiPrep Sephacryl S-400
HR column (GE, USA). The purified virus fractions were con-
centrated with 100kDa Amicon ultracentrifugal filters (Mil-
lipore, USA), and finally filter-sterilized with 0.22 pm PES
membrane filters. The final MS2 stocks (~10'!" pfu ml~! were
stored in phosphate buffer (5 mM NaH,PO4 and 10 mM NaCl,
pH 7.5) at 4 °C. In the experiments, the detection limit was
10 pfu m1~! since only 100 pl of a sample was used for each
plate.

RT-gPCR. Viral RNA was extracted from 200 p1 MS2 virus
samples using Maxwell 16 Viral Total Nucleic Acid Purifica-
tion Kits (Promega, Madison, WI) according to the manufac-
turer’s instructions. Extracted RNA was eluted using 50 ul of
nuclease-free water. The forward primer (5-CCGCTACCTT-
GCCCTAAAC-3") and reverse primer (5-GACGACAAC-
CATGCCAAAC-3") were designed with the Primer3free
software (http://primer3.sourceforge.net/) and purchased from
ThermoFisher Scientific (Grand Island, NY). Extracted MS2
RNA samples and RNA standards were reverse transcribed and
amplified in parallel in an Eppendorf Mastercycler ep realplex
Real-time PCR System (Eppendorf, Hauppauge, NY). Each
reverse transcription-qPCR reaction was run in 20 pul of total
volume comprising 10 ul of GoTaq 1-Step Master Mix, 0.4 ul
of RT mix, 0.6 pul each of 10 uM forward and reverse primers,
6.4 pl of nuclease-free water and 2 pl of RNA sample (Pro-
mega, Madison, WI). The following thermocycling conditions
were used: 15 min at 40 °C; 10min at 95 °C; and 45 cycles of
95 °C for 155, 60 °C for 30s and 72 °C for 40s, followed by a
melting ramp from 68 to 95 °C, with the temperature held for
45s at 60 °C and for 5 at all subsequent temperatures.

Measurements of system performance. During the experi-
ment, a portable humidity/temperature pen (Traceable 4093)
measured the temperature and relative humidity (RH) inside
the sampling train upstream of the reactor. An insertable
anemometer (Extech 407123) measured the air stream radial
velocity profile ~30.5 cm (12-inch) downstream of the reactor.
The pressure drops across the packed-bed NTP reactor and
the ozone filter were measured by a low-pressure differential
gauge (Magnehelic 2300-0). When the reactor was powered
by the 0-20kV variable amplifier, an oscilloscope (BK Preci-
sion Model-2190D) monitored the applied voltage and cur-
rent to the packed-bed NTP reactor, from which the input
and discharge power can be calculated. When the reactor was
powered by the fixed 30kV transformer, the total input power
consumption of the transformer was measured by an electric-
ity power meter (P3 International P4460), and the discharge
power was measured by a high voltage probe and a Pearson
coil, as discussed in the experimental setup section. To ensure
that collected MS2 would not be inactivated in the impinger
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(b) estimated discharge power showed a strong exponential correlation with the applied voltage with both high voltage power supplies.

liquid during sampling, 20ml of 1 x 10° pfu ml~! MS2-PBS
solution was added into the downstream impinger, which was
then connected to the downstream sampling port. The packed-
bed NTP reactor was either inactivated or activated by the
20kV voltage supply, and the effluent gas from the reactor was
bubbled through the impinger liquid for 15, 30 and 45 min,
after which the infectious MS2 concentrations in the impinger
were assayed. Ozone generated by the packed-bed NTP reac-
tor when energized had the potential to dissolve into sampling
liquid in the downstream impinger and inactivate MS2 during
and after sample collection. To quench the ozone in solution,
50mM of anhydrous sodium sulfite (Na,;SOs3, Fisher Scientific
BP355-500) was added into the downstream 20ml impinger
collection liquid. An ozone sensor (EcoSensors A-217ZX)
measured the ozone concentration either upstream of the
ozone filter (downstream of the reactor) or downstream of the
filter to determine the amount of ozone generated by the pack-
bed NTP reactor at various power and flow rate levels and to
examine the removal efficiency of ozone by the ozone filter.

Results and discussion

Operating conditions

In this study, the overall air flow rate through the sampling
train was estimated to be 170 LPM at 30% voltage setting

of the ID fan and 330 LPM at 60% voltage setting, by inte-
grating the measured air velocity profile along the pipe radius.
The pressure difference upstream and downstream of the NTP
DBD packed bed measured at the 170 LPM flow rate was
45 Pa, a reasonably low difference due to the high porosity of
the packed bed. The ozone filter was also quite porous, with a
honeycomb structure that produced a pressure drop of 20 Pa
at the flow rate of 170 LPM. The total pressure drop across
the system was about 65 Pa at the flow rate of 170 LPM, or
0.38 Pa/LPM. It was estimated that at 170 LPM, the virus
exposure time to NTP species was about 0.25s.

Typical applied voltage and current waveforms measured
by the oscilloscope are presented in figure 3, and all voltage
and current waveforms at all voltage setups (12kV, 16kV,
20kV and 30kV) can be found in the supporting information.
Two current waveforms were measured: the total current rep-
resented the current supplied into the system and was used to
calculate input power; the return current represented the cur-
rent returned to the supply from the ground electrode, and was
used to calculate NTP discharge power. When applied voltage
increased from 12kV to 20kV, the input power increased
from 0.5 W to 1.5 W and the discharge power increased
from 0.2 W to 0.6 W, 31%-36% of the input power (figure
4(a)). Kuwahara et al [12] reported similar differences (76%)
between input and discharge power, and two other research
reported that 20%—-27% of the input power was converted to

Scientific Dossier | 383



J. Phys. D: Appl. Phys. 52 (2019) 255201

T Xia et al

— LE+D8
E
5
£ LESDS |
e -
= LE«D4 |
[
o
=
Y 1es03 [
k
@ LEe02
E -
3
r LE+CE b
5

T ]

H a5

sampling Time [min)

B NTP Off |pfu/mL)

B NTE O (pfummL)

Figure 5. Change of infectious MS2 concentration in the downstream impinger with either ozone-free air (reactor off) or ozone-loaded air

(reactor activated by 20kV) bubbling through the impinger liquid.

plasma discharge power in their NTP reactor [24, 25]. With
the 0-20kV variable amplifier, the maximum discharge power
in the reactor was 0.56 W (198 J m—3 at 170 LPM) at 20kV.
With the fixed 30kV neon transformer, the actual peak-to-
peak voltage applied to the reactor was 28kV and the total
input power consumption was ~21 W measured by the com-
mercial power meter. The estimated discharge power was
2.08 W (734 J m~2 at 170 LPM), 10% of the input power,
according to the high voltage probe and Pearson coil meas-
urements. The estimated discharge power showed a strong
exponential correlation with the applied peak-to-peak voltage,
no matter which power supply is used (figure 4(b)). In future,
the V-Q Lissajous method can be applied to more accurately
estimate the discharge power with both the 0-20kV variable
amplifier and the 30kV neon transformer.

When ambient air was supplemented with dry compressed
air, the initial temperature and RH of the air stream inside the
sampling train were 20 °C and 30%, respectively. The addi-
tion of water mist from the humidifier into the air stream
can induce evaporative cooling, in which the air temperature
would be reduced, and the RH would be increased. According
to the measurement data, at 170 LPM air flow rate and the
humidifier power level 2 (H2; atomization rate of 117mlh™1),
both the temperature and RH reached steady state values of
16.5 °C and 60%, respectively, after 30 min.

Control tests were conducted during which 20ml of an
MS?2 solution (1 x 10° pfu ml~! in PBS) was added into the
downstream impinger and the effluent gas from the reactor
was bubbled through the impinger liquid. The concentration
of infective viruses when the NTP reactor was off proved
that bubbling ozone-free air through the impinger for 45 min
did not inactivate the MS2 (figure 5). When the reactor was
on, a 3 log reduction in the infective MS2 concentration was
observed in the impinger solution over the first 15 min. This
indicated that when the reactor was activated by 20kV, the
generated ozone dissolved in the impinger liquid and inacti-
vated the sampled MS2. As the goal of these experiments was
to inactivate viruses within the reactor and not in the sampling
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liquid downstream of the reactor, the ozone that dissolved in
the downstream impinger liquid was quenched with 50 mM of
anhydrous sodium sulfite. According to the measured ozone
concentration and the calculated equilibrium dissolved ozone
concentration in the impinger liquid (based on Henry’s Law),
the added sodium sulfite should be sufficient to quench all of
the dissolved ozone during the packed-bed NTP inactivation
tests. Control experiments proved that the sodium sulfite did
not inactivate MS2 within the experimental timeframe.

MS2 Inactivation

The decrease in infective MS2 particles and total MS2 par-
ticles across the reactor were assayed by taking samples from
the atomizer reservoir and samples from impingers both
upstream and downstream of the NTP treatment. Although
plaque assay results are normally reported in pfu per ml of
solution and qPCR results are reported as gene copies (gc) per
ml of solution, our reported concentrations are in pfu or gc per
liter of air, which correspond to the overall air flow rate for the
case of gross concentrations entering the sampling train, and
to the 1 LPM air sampling rate through the impingers.

When the volumetric air flow rate was maintained at
170 LPM and the reactor was off, a ~2.6 log decrease in
infective MS2 concentrations from the humidifier outlet
to the upstream impinger was observed, as was a ~0.35 log
decrease between the upstream and downstream impingers
(figure 6). The qPCR results, which reflect the total number of
viruses, suggested a decrease of ~1 log between the humidi-
fier outlet and the upstream impinger and a decrease of ~0.35
log between the upstream and downstream impingers (figure
6). The ~1 log decrease in gene copy concentrations from the
humidifier outlet (position 8) to the upstream impinger (posi-
tion 10), which indicates the loss of total (infectious and inac-
tivated) viruses during atomization, may have several causes,
including wall losses along the four-meter-long duct. These
impacts are discussed in greater detail in Xia et al [21]. The
additional 1.6 log reduction in infectious MS2 concentrations
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was most likely caused by inactivation during the evapora-
tion process of the atomized MS2-PBS droplets. Based on
the qPCR results, the 0.35 log decrease of infectious viruses
through the packed bed when the reactor was off was not due
to inactivation of viruses in the aerosols and was likely due to
physical filtration of the virus by the packed bed.

When the reactor was powered with the 30kV neon trans-
former, samples collected post-NTP treatment contained
infective virus concentrations below our plaque assay limit of
quantification (10 pfu ml~!). Consequently, the reactor caused
a decrease of more than 2.3 log infective MS2 (2 log inac-
tivation if excluding the 0.35 log filtration discussed above)
(figure 6). In contrast, the nearly constant reduction in gene
copy concentrations with and without power to the reactor

suggests that the virus was inactivated, and not removed
physically (figure 6). In Xia ef al [21], we discuss the likely
mechanisms responsible for the nearly three log reduction in
infective MS2 concentration between the introduction of the
aerosol at position 8 to the upstream impinger at position 10
(figure 1).

MS2 inactivation was measured over a range of lower volt-
ages (12, 16, and 20kV) and two air flow rates (170 LPM
and 330 LPM). Increasing the voltage resulted in an expo-
nential increase in MS2 inactivation by the reactor (figure 7),
when the packed-bed filtration effect (an average of 0.14 log)
was subtracted. At an air flow rate of 170 LPM and 12kV, an
infective virus inactivation reduction across the reactor of 0.23
log was observed. This increased to a 0.78 log reduction at
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20kV. Inactivation of infectious agents by chemical oxidants
generally follows a Chick—Watson model, as illustrated by the
equation below [26, 27]:

(&)
In{—) =
Cy

where Cp and Cy are downstream and upstream infectious
virus concentrations respectively, Ciu,; 1S the concentration
of the inactivating agent generated by NTP, n is the coeffi-
cient of dilution (usually assumed to be 1), 7 is duration of
treatment, and & is a kinetic constant. When the NTP reactor
is operating at steady state under steady applied AC voltage,
Cinacr and treatment time t should remain constant. Increasing
applied voltage to the NTP reactor increases the concentra-
tion of reactive ions and electrons (Cj,,,) in the plasma, and
according to figure 7 and equation (4), Cin. should increase
exponentially with increasing applied voltage. This assertion,
however, needs to be justified in future plasma species mea-
surements and analysis. Increasing the flow rate to 330 LPM,
and consequently reducing the treatment time by approxi-
mately 50%, had a small impact on inactivation (figure 7),
which indicates that the amount of treated air by the reactor
can be increased without having a major impact on inactivation
efficiency. This may be because that the predominant species
inactivating aerosolized MS2 in this study were short-lived
radicals rather than long-lived ozone, whose lifetime is at the
scale of nanoseconds [28] and would not be affected by the
change of second-scale exposure time. Wu et al [18] reported
similar limited impact of treatment time on NTP inactiva-
tion efficiency. Specifically, the study showed that doubling
the treatment time would only cause a 2%—4% further inac-
tivation of waterborne MS2 by plasma gas. Extrapolating the
results obtained at 12-20kV and 170 LPM to 30kV according
to the trendline would yield an estimated 3.5 log reduction, in
agreement with the greater than 2 log reduction obtained with
the fixed 30kV neon transformer.

In this study, at the flow rate of 170 LPM, the virus expo-
sure time to NTP species was about 0.25s, and the steady state
ozone concentration downstream of the reactor was meas-
ured as 0.21 ppm at 20kV and 2.08ppm at 30kV. The ozone

— kClhet @

inact
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dose received by aerosolized MS2 was thereby estimated as
0.0017min mg m~> at 20kV and 0.017min mg m~> at 30kV
(assuming room temperature and pressure). According to Tseng
and Li [29], 90% (1 log) inactivation of airborne MS2 required
an ozone dose of 1.28 min mg m—3, which is 75-750 times of
the ozone dose provided in this study. It was therefore concluded
that ozone acted as a secondary inactivating reagent in this study
and that aerosolized MS2 was predominantly inactivated by rad-
icals and other reactive oxygen species (ROS) generated by the
packed-bed NTP reactor over the short exposure time.

Our MS2 inactivation results (figures 6 and 7) are compa-
rable with the previous studies. For example, Vaze et al applied
28kV 600 us pulse discharges to generate NTP, and the reactor
achieved 97% inactivation of E. coli (1.5 log reduction) during
the 10s treatment time [17]. When the plasma generation area
was reduced by 25%, the reactor’s E. coli inactivation effi-
ciency reduced significantly to 29% (0.16 log reduction) [19].
Wu et al applied a 14kV 10kHz AC power supply, and at
20 W power level, the reactor achieved ~80% MS?2 inactiva-
tion (0.9 log reduction) in room air during a 0.12s treatment
time [18]. Both of these studies, however, only reported the
reductions of viable bioaerosol concentration after the NTP
treatment, and did not separate the inactivation effect of the
active plasma species from the physical electrostatic precipi-
tation or filtering effect of the reactor.

Ozone generation by the NTP reactor

One major concern for NTP-based airstream disinfection is
the production of ozone in ventilation air, which can have
detrimental impacts on human and animal health [30]. In
California, state environmental regulations [31] require that
indoor air cleaning devices intended for use in occupied
spaces should not produce ozone concentrations greater than
0.05ppm in treated air streams. We therefore adapted con-
sumer-grade activated carbon honeycomb filters, normally
installed over exhaust vents of photocopiers and laser printers,
for use as a post-NTP treatment ozone filter.

The ozone concentrations were measured in the airstream
upstream of the ozone filter (downstream of the packed bed
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Figure 9. Measured ozone concentration upstream and downstream of the single layer ozone filter with either 20kV or 30kV power supply
at varied air flow rates. The dashed line represents the ozone standard for indoor air cleaners set by the state of California [31].

section of the reactor), as a function of peak-to-peak voltage
(Vpp) applied by the Trek high voltage power supply (figure
8). The baseline ozone concentration in the room air was
0.03 ppm. Results suggest that plasma was not established in
the reactor and no ozone was produced until the applied Vj,
exceeded 10kV (figure 8). Above 10kV, the ozone concentra-
tion downstream of the packed bed and upstream of the ozone
filter increased with increasing V,, and decreased due to
reduction of NTP discharge energy density (discharge energy
per unit volume of the air flow) with increasing air flow rate,
as set by the ID fan. When 20kV AC voltage was applied to
the packed-bed NTP reactor and at the 170 LPM flow rate, the
highest ozone concentration downstream of the reactor was
0.21 ppm.

Ozone concentrations were measured upstream and
downstream of a single, centimeter-thick ozone filter under
reactor-on conditions at 20kV (discharge power of 0.56 W)
and 30kV (discharge power of 2.08 W) over a range of air
flow rates (figure 9). Increasing air flow rates corresponded
with decreasing upstream ozone concentrations due to reduc-
tion of NTP discharge energy density, and increasing down-
stream ozone concentrations, likely due to increasing space
velocity (defined as volumetric flow rate normalized by filter
volume) and thus decreasing filter performance. The much
higher supplied power of the 30kV power supply, as com-
pared to the 20kV power supply, also produced more ozone,
approximately ten times higher at all three flow rate condi-
tions (figure 9). This was likely a result of greater oxygen
atom radical (O) production at the higher power, which
reacted with the available O, to form more O3 [32, 33]. At
170 LPM and 30kV, the single layer of the activated carbon
filter reduced upstream ozone concentrations by 96%; how-
ever, the downstream O3z concentration (0.09ppm) still
exceeded the 0.05ppm California standard. The addition of

a second filter would very likely reduce concentrations below
the California standard, with little increase in the pressure
drop across the filter (20 Pa at the flow rate of 170 LPM).

Conclusion

In this study, we successfully designed and constructed a
packed-bed DBD NTP reactor that was effective at inacti-
vating bacteriophage MS2 in aerosols with minimal pressure
drop across the reactor. Ozone generated by the active plasma
was effectively reduced to meet regulation standards by the
insertion of commercial ozone filters without significant pres-
sure drop. In future applications, the packed-bed depth, the
dielectric material, and the air flow rate through the sampling
train can be modified to achieve improved performance at
various flow conditions.
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