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Abstract

It is generally accepted that the reduction of life quality is largely due to an-
thropic effects, mainly due to pollutant agents, and possible solutions need to
be addressed. An important class pollutants are the so-called Volatile Organic
Compounds (VOCs). Many of these compounds are classified as carcinogenic,
or possibly carcinogenic, for humans and, in addition, they can cause long
term environmental damage. Despite these drawbacks, they are suitable for
wall and/or furniture painting, for the textile treatments, and are widely used
in a variety of industrial processes. Unfortunately, they are released into the
environment as waste products. As of today, it is not possible to replace VOCs
with other compounds, but one can attempt to modify them just before they
get disseminated in the atmosphere. The easiest way to achieve that goal is
by using combustion reactors. However, they are bulky, require a lot of energy
and need to reach high temperatures up to 300°C, or more, to be effective.
Atmospheric pressure cold plasmas, in particular Surface Dielectric Barrier
Discharge (SDBD), can largely improve the abatement process of VOCs. In-
deed, SDBD require much less energy than typical combustion reactors, they
occupy much smaller volumes (less than a cubic meter) and the global gas
temperature gets down to the order of room temperature.

Chemical pollution is not the only problem affecting our living environ-
ment, for instance antimicrobial resistance is also becoming an important issue.
The antimicrobial and antibacterial drugs have improved our health conditions
since they were discovered, but they are becoming less and less effective as a
result of their improper use during the last decades. A way to reduce the use
of antibiotic can be obtained by eliminating or hindering microbial diffusion in
air, such as using particulate filters in ventilation systems. However, the bio-
logical agents collected in the filters are not just passive, but get accumulated
on the filter surface, thus proliferating during long periods of high relative hu-
midity (> 80%), causing infections at distant places after dissemination. Part
of this thesis is devoted to this problem. An innovative use of the SDBD was
developed for the abatement of bacteria in air. Its limited volume permits
to place the SDBD in contact with the air circulating system of a building,
within which one can proceed to the denaturation of the diffusing bacteria by
the reactive species produced in the plasma.

Finally, the last part of this thesis is devoted to polymeric surfaces modifi-

cations through a capacitive coupled low pressure cold plasma. Surface mod-




ifications of materials by plasma treatments and depositions have attracted a
great deal of interest in the last decades. We can create a nanostructurization
over the polymeric treated surfaces that can have different applications, from

antifouling in water to antibacterial in air.
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Part 1

Introduction






# Aim and motivation

This thesis can be placed in the context of ‘One Health” approach. According
to the World Health Organization (WHO) [1]

‘One Health’ is an integrated, unifying approach to balance and

optimize the health of people, animals and the environment. |...|

The approach mobilizes multiple sectors, disciplines and commu-
nities at varying levels of society to work together. This way, new
and better ideas are developed that address root causes and create

long-term, sustainable solutions.

One Health involves the public health, veterinary, public health and
environmental sectors. The One Health approach is particularly
relevant for food and water safety, nutrition, the control of zoonoses
(diseases that can spread between animals and humans, such as flu,
rabies and Rift Valley fever), pollution management, and combat-
ting antimicrobial resistance (the emergence of microbes that are

resistant to antibiotic therapy) [1].

In this optic, we are trying to develop physical systems able to reduce chemical
and biological pollutants, with low energetic request and low environmental
impact.

The anthropic origin of climate change is an accepted status that human-
ity must try to solve. One of the causes is the pollutants that are reducing
the human life quality on our only planet. A class of these pollutants is the
Volatile Organic Compounds (VOCs) [2]. A lot of these compounds are clas-
sified as carcinogenic or possibly carcinogenic for humans, and they can cause
long-term environmental damages [3]. Thanks to their chemical-physical prop-
erties, they have suitable characteristics for wall or furniture painting, and for
textile treatments, they are widely used for industrial processes, and are dif-
fused in the environment as waste products. As of today, it is not possible to
replace VOCs with other compounds, but we can try to reduce their diffusion

right after their emission. There are different methods tested on pilot plants for
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Part I: Introduction

VOC depletion. Some of them are already in use in industries, such as thermal
decomposition [4], absorption [5], adsorption [6], bio-filtration [7], membrane
separation [8] and catalytic oxidation |9]. However, several economic and ef-
ficiency limitations are present in most of these technologies when treating
effluents with low VOC concentrations, high airflow rate or with compounds
that have low solubility in water [10]. An alternative can be served by plasmas.
Non-equilibrium and equilibrium plasma reactors are investigated and their se-
lective efficiencies in VOC abatement are reported in literature reviews [11,12].
Equilibrium plasmas are thermal, since neutrals and charges are produced at
high temperatures of the order of 10* K. Thermal plasmas (TP), such as arches
and torches, are employed for different purposes, e.g. in waste gas decomposi-
tion of hard-to-convert components, i.e. Perfluorocarbons PFCs [13], or in the
gasification of coal [14]. These plasmas have the advantage of fast and high
dissociation rates and rather good efficiency, but most of them are character-
ized by high energetic consumption, which is required to sustain the discharge
itself, and high maintenance and equipment costs [15]. Even if they can be
used for the abatement of harmful toxic gases, they are economically unsus-
tainable for the abatement of VOCs at low concentrations. Non-equilibrium
plasmas, also known as Non-Thermal Plasmas (NTPs), can be sustained with
lower energy than Thermal Plasmas. NTPs are very weakly ionized and are
not in thermodynamic equilibrium because electrons absorb most of the elec-
tromagnetic energy, reaching temperatures of several eV, while neutral and
ionic species kinetic energies remain at room temperature. For this reason,
they are also called cold plasmas. NTPs are generated by using different types
of devices such as microwave plasma [16], dielectric barrier discharge [11], glid-
ing arc discharge [17] and plasma jets [18,19]. Most of the NTP sources work
at atmospheric pressure. They are dominated by kinetic effects, where elec-
trons are the primary source of molecular dissociation and radical formation.
The resulting chemical reactions between radicals promote their degradation
and oxidation in the presence of oxygen species. Compared to TP, they are
characterized by lower dissociation rates, but not by lower efficiency [10]. One
of the most employed cold plasma devices is the Dielectric Barrier Discharge
(DBD), which has the advantage of requiring very low energy. DBDs have the
drawback of processing only small gas volumes. In the DBD configuration, the
gas is physically confined to pass between the two electrodes, the plasma state

is mostly confined to a volume of a few mL, and gas air flows between a few
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Chapter 1: Aim and motivation

mL/min and some L/min [10,19]. The scale-up factors and operating costs
need to be investigated in order to evaluate their real economic sustainability
in view of the most interesting applications. One of the ways to overcome this
problem could be through the employment of a particular DBD: the surface
DBD (SDBD) [20]. In SDBDs, the plasma is produced on a surface without
being confined between two electrodes. In this configuration, the gas can move
on the surface and rapidly diffuse into larger volumes. Moreover, the waste
air remediation applications of these devices has not been investigated as for
the DBD configuration. Only a few research papers have been devoted to the
application of SDBDs in VOC abatement [21,22]. Part of this thesis can be
inserted in the investigation of VOCs depletion using SDBDs [23-25].

Chemical pollution is not the only problem for good life environment: an-
timicrobial resistance is an increasingly worrying issue. The antimicrobial and
antibacterial drugs improved our health since their discovery, but they are be-
coming less and less effective due to the improper use in the last decades [26].
A way to reduce the use of antibiotics, is the reduction of microbial diffusion
in air, such as using particulate filters in ventilation systems. However, bi-
ological agents collected in the filters are not killed but are accumulated on
the surface, proliferating during long periods of high relative humidity (>80%)
and causing infections at distant places after their dissemination. There is the
need of a technology that can inactivate microbes in a very short exposure
time. Many technologies are being investigated for this purpose, including
electrostatic fields [27], UV radiation [28|, carbon nanotubes [29], microwave
and heat treatment [30] and afterglow plasma [31]. The use of non-thermal
plasma technology for disinfection and sterilization is growing [32-36| since it
seems to be a technique that does not cause antimicrobial resistance [37]. In
this context is framed a part of this thesis. An innovative use of the SDBD
was developed for the abatement of bacteria in air. Its little volume permits
to place the SDBD system in the air circulating system and inactivate the

bacteria thanks to the reactive species produced by the plasma.

In addition, the last part of this thesis is devoted to the polymeric sur-
faces nanometric modification through capacitive coupled low pressure cold
plasma [38]. Nanotechnology contributes in the development of improved ma-
terials with advanced properties for different applications. Nanoparticles em-
bedded in material matrices, nanostructured metamaterials are of great inter-

est in applications, such as energy [39,40], antibacterial coatings [41,42], textile
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Part I: Introduction

sectors [43], manufacturing [44| environment and catalysis [45]. Synthetic and
natural polymer substrates and fibers have been studied for improving surface
performances and different functionalities [46] through nanoscale processing,
i.e. incorporation of nanoparticles [47|, nano-structuring [48], or nanocoat-
ings [49]. Different nanotechnologies are employed, like sol-gel [50], plasma
deposition [42], plasma etching [51], grafting of specific chemical groups [52],
or wet treatments [53|. Plasma-enabled synthesis, assembly and modification
of materials at the nanoscale, due to its strong potential and versatility, is one
of the fastest growing fields in basic material science research, in technology
and engineering applications. The resulting nanostructured surfaces can be
designed to have new characteristic properties unachievable with traditional
methods, such as extreme hydrophilic properties [54]. We create a nanostruc-
turization using low pressure cold plasma over the polymeric surfaces that can
have different applications. Polymers modified with plasma are suitable for
the application as antifouling material, since the nanostructures can slow the
growth of the aquatic organism and facilitate their detachment from the hull
and so improve the performance and durability vessel. Following a similar
principle, these materials can be used for the realization of antibacterial sur-
faces for hospitals, schools, supermarkets, or more in general places where a lot
of people interact each other and with the objects around, limiting the growth

of the bacteria and so their transmission in the community.

This thesis is divided in four main parts with different chapters each, di-

vided as following.

Part I is devoted to the introduction and includes Chapters from 1 (this
one) to 4. In Chapter 2 we make an introduction of cold plasma sources, and
we linger over the sources we used, that are the Surface Dielectric Barrier
Discharge and the Capacitive Coupled Plasma. In Chapter 3 we introduce
the air pollution issue, focusing on the VOC and bacteria contamination. In

Chapter 4 we present the surface plasma treatments application.

Part II, that includes Chapters from 5 to 7, we present the Volatile Or-
ganic Compounds experiments. In Chapter 5 we outline the experimental
setup, showing which sources, experimental configurations and diagnostics we
used for studying the VOC depletion. Chapter 6 is for the presentation of our
experimental results and their analysis: electrical characterization, lamps char-

acterization, measurements of O3 and NO, produced by the SDBD, pentane
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and propane depletion with plasma, and propane depletion with photocataly-
sis. The conclusion of this part is in Chapter 7.

Part III is divided in Chapters from 8 to 10 and presents our work on bac-
teria depletion. In Chapter 8 we describe the equipment setup (plasma sources
and experimental configurations) used in this part. In Chapter 9 we present
the results and analysis: O3 production and temperature measurements, and
bacteria abatement with the induced contamination system. The bacteria
we consider are Escherichia coli and Staphylococcus epidermidis. Chapter 10
summarizes our results.

The last part, Part IV, is about the plasma surface treatments and includes
Chapters from 11 to 13. In Chapter 11 we describe the equipment setup used
for the polymeric surface modification. The results and analysis are presented
in Chapter 12: polypropylene and polytetrafluoroethylene nanostructurization.
Chapter 13 contains the conclusions of this part.

In addition, Part V is the appendix that includes the Bibliography and in
Chapter A the peer reviewed papers that I published with my collaborators
during the PhD.

15






# Cold plasma sources

Plasma is an ionized gas containing electrons and ionized atoms or molecules,
which exhibit collective behavior due to the long-range Coulomb forces [55].
Etymologically, the word plasma has a Greek origin and means formed or
molded. Tts usage to identify a state of matter was proposed by Irvin Langmuir
in 1922 in analogy to blood plasma, which is the fluid medium left after the
removal of all the corpuscular material. The word has been accepted in the
scientific community even if it has been discovered some time later that there
is actually no fluid medium entraining the electrons, ions, and neutrals in an
ionized gas [56]. Electrons, positive and negative ions, and neutrals are the
species which identify a plasma.

It is difficult to give a unique classification of all natural and laboratory
plasmas, because of all the parameters involved in their formation. However,
they can be divided in two main groups: Thermal (TPs) and Non-Thermal
Plasmas (NTPs). TPs are in local thermal equilibrium state; the temperature
of electrons is equal or very similar to the temperature of heavy particles. In
contrast, NTPs have different temperatures for neutrals, ions and electrons.

The plasmas we use in our experiments are atmospheric or low pressure cold
NTPs.

The study of plasma physics starts in the 1920s and 1930s with few iso-
lated researchers willing to investigate the effects of ionospheric plasma on
long-distance short-wave radio propagation and gaseous electron tubes used
for rectification, switching and voltage regulation in the pre-semiconductor
era of electronics. Hannes Alfvén developed in the 1940s a theory of hy-
dromagnetic waves. In the early 1950s, during the Cold War, USA, Britain
and Soviet Union started independently to promote researches on large-scale
plasma physics, mainly based on magnetic fusion energy. This work was ini-
tially classified but in 1958 all three countries declassified their efforts and have
co-operated since. Many other countries now participate in fusion research. At
the end of the 1960s the empirically developed Russian tokamak configuration

began producing plasmas with parameters far better than the lackluster results
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Part I: Introduction

of the previous two decades. Fusion break-even had nearly been achieved in
tokamaks at the end of twentieth century. In the early twenty-first century, an
international agreement was reached to build the International Thermonuclear
Experimental Reactor (ITER), a break-even tokamak designed to produce 500
megawatts of fusion output power. Non-tokamak approaches to fusion have
also been pursued with varying degrees of success. Simultaneously with the
fusion effort, there has been an equally important and extensive study of space
plasmas. Space plasmas often behave in a manner qualitatively similar to labo-
ratory plasmas but have larger scale. Since the 1960s significant effort has been
directed towards using plasmas for space propulsion. Plasma thrusters are now
in use on some spacecraft and could be used for interplanetary missions. Since
the late 1980s plasma processing has become crucial for the fabrication of the
tiny, complex integrated circuits used in modern electronic devices. In the
same years, investigations began on non-neutral plasmas. These mimic the
equation of incompressible hydrodynamics and so provide a compelling analog
computer for problems in incompressible hydrodynamics. Another application
of non-neutral plasmas is the storage of large quantities of positrons. In the
1990s studies began on dusty plasmas. Dust grains immersed in a plasma
can become electrically charged and then act as an additional charged particle
species. Both non-neutral and dusty plasmas can also form bizarre, strongly
coupled collective states where the plasma resembles a solid, e.g. forms quasi-
crystalline structures. In addition, there have been continuing investigations
of industrially relevant plasmas such as arcs, plasma torches and laser plasmas.
Plasma displays are used for flat-panel televisions and there are naturally oc-
curring terrestrial plasmas such as lightnings. Between the late 2000s and the
2010s plasma medicine and environmental plasma application have been devel-
oped. Nowadays, plasmas can be used in disinfection, sterilization, cleaning,

surgery plasma blades, air pollution control [56].

2.1 DBD and SDBD plasma discharge

Dielectric Barrier Discharge (DBD) and Surface Dielectric Barrier Discharge
(SDBD) generate NTP. Both DBD and SDBD generally work in atmospheric
pressure condition and have simple design. Some DBD and SDBD configu-
rations are shown respectively in Figure 2.1 and 2.2. They have two metal

electrodes, divided by one or more dielectric barriers which obstruct the direct
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Chapter 2: Cold plasma sources

passage of charge between them. The presence of dielectric barriers precludes
DC operation, so one electrode is typically grounded, and the other is feed by
a time varying high voltage condition (the simplest is the harmonic alternating
voltage) with frequency between 500 Hz and 500 kHz and amplitude ~10kV.
In the DBD configuration there is an air gap between electrodes and dielectric
that has a typical width ranging from less than 0.1 mm to several cm, depend-
ing on the application [57-60]. In the SDBD configuration this gap is zero and
so the gas discharge occurs above and close to the surface of the dielectric or
electrode material.

It is possible to ignite plasma in dielectric barrier discharge using almost

any kind of gas.

High Voltage Electrode High Voltage Electrode

Dielectric Barrier >Dielectric Barrier

Discharge Gap Discharge Gap

Ground Electrode Ground Electrode

(a) (b)

High Voltage Electrode ‘ Discharge Gap
Dielectric Barrier e ' Dielectric Barrier

Discharge Gap

'Ground Electrode
Ground Electrode
— High Voltage Electrode

(c) (d)

Figure 2.1: Some of the main DBD configuration.

DBDs have been known for more than a century and their first application
was ozone generator by Siemens in 1857, who observed a glow between two
coaxial glass tubes with external electrodes while generating ozone [58].

In 1937 Klemenc and others made important steps in understanding the
physical nature of the DBD. In their work they found that this discharge occurs
in a number of individual tiny breakdown channels, now called microdischarges
[61]. These microdischarges have temporal scale of about 10 ns and spatial scale
of about 100 pum.

DBDs have different of industrial applications because they operate at
strongly non-equilibrium conditions at atmospheric pressure and at reasonably

high power levels, without using sophisticated pulsed power supplies. This us-
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High Voltage Electrode

Dielectric Barrier

P _ High Voltage Electrode
- Dielectric Barrier
\ Ground Electrode

L

— N Discharge Area — Discharge Area

(a) (b)

Ground Electrode

High Voltage Electrode High Voltage Electrode

Dielectric Barrier Dielectric Barrier

Ground Electrode Ground Electrode

Discharge Area Discharge Area

(c) (d)

Figure 2.2: Some of the main SDBD configuration.

age goes from ozone generation, CO, lasers, UV-sources in excimer lamps,
surface treatment in order to promote wettability, printability and adhesion to

pollution control, which is the main target of this analysis.

2.2 Capacitive Coupled Plasma

Capacitive Coupled Plasma Radio-Frequency (CCP-RF) is a plasma source
that employs an alternated voltage in order to ionize a low-pressure gas be-
tween two metal electrodes. The AC voltage has a frequency in the range of
the radio waves, typically 13.56 MHz, to ionize the low pressure gas. One of
the two electrodes (the antenna) is connected to the phase wire of the power
supply. The other electrode, as the vacuum chamber itself, is grounded [38,62].
The system is known as Capacitive Coupled because of a capacitive match-
ing box of variable capacitance is used to adapt the RF wave to the plasma
load, to minimize the power of the reflected wave that comes back to the gener-
ator. The generator allows setting (manually or automatically) the RF power
and the capacitance. A scheme of CCP-RF setup is sketched in Figure 2.3.
The plasma production is due to the free electrons of the gas that are
accelerated by the RF field and can ionize other atoms and produce secondary
electrons. If the electric field is strong enough, the secondary electrons can
ionize again and produce an electron avalanche. This is known as breakdown.
After the breakdown, RF signal between the electrodes acquires a negative

DC bias caused by ambipolar electric field, due to the different diffusivity of

20



Chapter 2: Cold plasma sources

RF electrode

\,

@

Ground electrode
N

Figure 2.3: Capacitively Coupled Plasma scheme.

negative (light electrons) and positive (heavy ions) charges in the plasma [38].
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# Air contamination

Air pollution is really noxious for the environment and the human healthy. In
Europe, the emissions of a lot of the atmospheric pollutant are decreasing in
the last decades. However, the pollutants concentrations are still too high, and
the problems concerned to air quality are not disappeared. Air pollution is a
global issue because the emissions in a place can be moved in the atmosphere
and give a bad air quality elsewhere.

NO,, SO, H,S, particulate matter (PM), ..., and volatile organic com-
pounds are a large and important group of pollutants. They can cause var-
ious effect, depending on their chemical structure and concentration. Some
of these environment effects are creation of photochemical smog, secondary
aerosols, tropospheric ozone, intensification of global warming deterioration of
stratospheric ozone layer [3]. In addition, some of these compounds have an
impact on human healthy that goes from impairing the respiratory system to
premature death caused by their toxicity or carcinogenic effects.

The Italian legislation (Art.268 del DLgs152/2006) defines as VOCs all the
organic compounds with a vapor pressure higher than 0.01kPa at 293.15 K
(20° C).

In the words of Hans Bruyninckx, EEA (Europe Environment Agency)

Executive Director,

Air pollution is causing damage to human health and ecosystems.
Large parts of the population do not live in a healthy environment,
according to current standards. To get on to a sustainable path,
Europe will have to be ambitious and go beyond current legislation
[63].

The EU’s air quality directives (2008/50/EC Directive on Ambient Air
Quality and Cleaner Air for Europe and 2004/107/EC Directive on heavy
metals and polycyclic aromatic hydrocarbons in ambient air) set pollutant con-
centrations thresholds that shall not be exceeded in a given period of time [2],
but this classification doesn’t include VOC. In fact the current situation of

the legislation in the different Member States of the European Union for what
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Part I: Introduction

concerns the VOC emissions is very different and this causes a gap in health,
hygiene and environmental protection between the various countries due to
the lack of regulations and related controls. To resolve this gap, a process
of harmonization was carried out, prescribing the monitoring strategies and
methods and the parameters that must be considered for the control of pol-
lutants in the domestic environment. This process led to the publication by
the European Collaborative Action - urban air, indoor environment and hu-
man exposure of Report n.29 [64] which lists a series of chemical compounds,
including VOC and formaldehyde and the relative values of Minimum Concen-
tration of Interest (LCI, Lowest Concentration of Interest) for the evaluation
of the emissions produced by building products [65]. The LCI is the lowest
concentration above which, according to the best professional judgement, the
pollutant may have some effect on people in the indoor environment. EU-LCI
values are health-based reference concentrations for inhalation exposure used
to assess emissions after 28 days from a single product during a laboratory test
chamber procedure. EU-LCI values are applied in product safety assessment
with the ultimate goal to avoid health risks from long-term exposure of the
general population, and they are usually expressed as ug/m? [64].

The 2016/2284 EU Directive on the reduction of national emissions of cer-

tain atmospheric pollutants

In order to move towards achieving levels of air quality that do
not give rise to significant negative impacts on and risks to human
health and the environment, |[...| establishes the emission reduction
commitments for the Member States’ anthropogenic atmospheric
emissions of sulphur dioxide (SO;), nitrogen oxides (NO,), non-
methane volatile organic compounds (NM-VOC), ammonia (NHjz)
and fine particulate matter (PMy5) and requires that national air
pollution control programmes be drawn up, adopted and imple-
mented and that emissions of those pollutants and the other pol-

lutants [...| be monitored and reported (Article 1 [66]).

Every member state has different rate of reduction depending on different
parameters. Italy decreasing of the non-methane VOC (that are all the VOC
except for methane) is set at least at 35% of NM-VOC concentration in the
2005 for any year from 2020 to 2029 in order to reach the 46% for any year
from 2030 (Annex II Table A [66]).
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Chapter 3: Air contamination

For what concerns the indoor total volatile organic compounds (T-VOC)
concentration there is not a community or local legislation. The Italian Diret-
tiwa 2004/42/CE - Decreto Legislativo 27 marzo 2006 n.161 su: Limitazione
delle emissioni di VOCs dovuti all’uso di solventi organici in alcune vernici e
pitture (2006), for examples, sets only the maximum concentration of VOC in
every selling paintings and in the building coatings, and also obliges the ap-
plication of a specific label which says the chemical nature of the product and
the VOC concentration. On the contrary, the German Federal Environmental
Agency gives a guideline in these terms, as explained in Table 3.1, where sets
the exposure time limits of T-VOC indoor concentrations [67]. These T-VOCs
limits are expressed in ppb, that means parts per billion and indicates how
many particles of the substance under examination are in a billion (10°) of

particles of mixture(®.

Level Hygienic rating Recommendation Limits T-VOC (ppb)
Situation Use only if unavoidable
Unhealthy o hours 2200-5500
not acceptable Intense ventilation
Major Airing necessary
Poor . < 1 month 660-2200
objections Search for sources
Some Airing recommended
Moderate L < 12 months 220-660
objection Search for sources
No relevant Ventilation
Good L . no limits 65-220
objections Airing recommended
No Target o
Excellent L no limits 0-65
objections value

Table 3.1: T-VOC guidelines issued by the German Federal Environmental Agency [67].

In the last decades there was an increasing of poor indoor air quality ill-
nesses, such as asthma, irritation, allergies or sick building syndrome. This
syndrome causes symptoms like general discomfort, headache, irritation of the
nose, eyes or mouth, dry cough, dry or itchy skin, dizziness, nausea, difficulty
concentrating, fatigue and sensitivity to odors and to feel better you need to
change place or ventilate the room [68]. In indoor area constant sources of
VOC pollutant are cosmetics products, deodorants, cleaning materials, dry-
cleaned dresses, smock, printer and copy machine. Other sources are furniture
and walls painting, but their VOC emission is higher in the early stages of the
products life and tends to decrease over time. A conspicuous penetration of

VOCs from the outside could happen if the air intakes are placed near polluted

(1) Later we will also use the unit ppm (parts per millions) that indicates how many par-

ticles of the substance under examination are in a million (10°) of particles of mixture.
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area, such as busy streets or garages.

In our society we have already some methods to control VOC emission, like
adsorption, thermal and catalytic oxidation, membrane separation, bioreaction
and photocatalysis. However, these methods become cost-inefficient and dif-
ficult to operate when low concentration of VOC need to be treated. In this
panorama, treatment with non-thermal plasma can help. The non-equilibrium
plasma state makes unnecessary to heat the entire treated gas flow. The pri-
mary electrons collide with background molecules (N,, O,, H,0, ...) producing
secondary electrons, photons, ions and radicals. These latter species are re-
sponsible for the oxidation of VOC molecules, even if ionic reaction are also
possible. This process is highly non-selective, creating chemical reactive envi-

ronment in which harmful substances are readily decomposed [3,69-71].

In this thesis we investigated the Volatile Organic Compounds depletion by
atmospheric pressure Surface Dielectric Barrier Discharge plasma and catalytic

systems in static condition. As a VOC we used pentane and propane.

Pentane [72] is an organic saturated hydrocarbon with formula CsHy. Tt
has three structural isomers: the n-pentane, the isopentane (or 2-methylbutane)
and the neopentane (or 2,2-dimethylpropane). In our work we used n-pentane
and from now on we will simply refer to it as pentane.

It is a volatile and colorless liquid. Its molar mass is 72.15 g/mol; at stan-
dard conditions its boiling point is 36.1° C and its density 0.63g/cm3. Tt is
hydrophobic and flammable. Its vapor pressure is 57.9 kPa at 20° C.

The combustion of pentane happens according to the following reaction
C5H12 + 802 — 5C02 + 6HQO (31)

For its properties, according to different classifications it is a volatile organic
compound or very volatile organic compound.

We chose pentane as a working VOC because it has a standard alkane
behavior with quite a long chain, and it is relatively safe for health with respect
to other compounds, even if we reduced the exposure time of the operator to

the compound, placing it in a closed bottle.

Propane [73] is an aliphatic hydrocarbon with formula C3Hg. At atmo-

spheric standard pressure and room temperature, it is colorless and odorless
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gas, that can be liquefied by compression. Its molar mass is 44.097 g/mol and
its vapor pressure is 853.16 kPa at 20° C.

The combustion of propane happens according to the following reaction

We selected propane as a working VOC because it is a common gas with an
easy availability that does not induce problems to the operators if they work

in safe conditions.

Another important component of the air contamination are the biologi-
cal aerosols, also known as bioaerosols. They are environmental aerosols that
contain microorganisms (bacteria, fungi, and viruses), allergens, plant debris,
endotoxin, glucans, and skin scales in them. The scientific community is in-
creasing it interest in the characterizing the bioaerosol also for their effects
over the human health, since they can transmit infections, asthma, allergies
and other respiratory diseases. Nowadays, there is not a European legislation
about safe limits exposure of the bioaerosol, due to the lack of standardized
methods of bioaerosol sampling and the unknown dose-answer [74].

For the Italian legislation the prevention and protection from biological
agents are detailed in the X title of the Decreto Legislativo 81/08 - Testo unico
in materia di tutela della salute e della sicurezza nei luoghi di lavoro® | without
set a value for a biological good air quality in works spaces [75|. However, it
is reported a classification of the biological agents in four groups according to

the infection risks:

e group 1 - biological agent with low probability in causing diseases in

humans;

e group 2 - biological agent that can cause diseases in humans and can be
a risk for workers; there is low probability in community propagation;

generally there are effective prophylactic measures and therapies;

e group 3 - biological agent that can cause serious diseases in humans
and can be a risk for workers; it can propagate in community; however

generally there are effective prophylactic measures and therapies;

(2) https://www.ispettorato.gov.it/it-it /strumenti-e-servizi/Documents/TU-81-08-Ed.-
Agosto-2022.pdf
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e group 4 - biological agent that can cause serious diseases in humans and
can be a risk for workers; it can highly propagate in community; generally

there are no effective prophylactic measures and therapies.

The predominant method of controlling microbes in most heating, ven-
tilation and air conditioning systems (HVAC) is through particulate filters.
However, the biological agents collected in the filters are not inactivated but
are accumulated on the surface, proliferate during long periods of high relative
humidity (>80%) and cause infection at distant places after dissemination [76].
There is a need of a technology which can inactivate microbes in a very short
exposure time. Many technologies are being investigated for this purpose,
including electrostatic fields [27], UV radiation [28|, carbon nanotubes [29],
microwave and heat treatment [30] and afterglow plasma [31].

Non-thermal plasma technology has been increasing for disinfection and
sterilization [32-36] since seems it is a technique that not cause antimicrobial
resistance [37|. In fact, antimicrobial resistance (AMR) is a global threat for
health and development. It occurs when bacteria, viruses, fungi and parasites
change over time and no longer respond to medicines making infections harder
to treat and increasing the risk of disease spread, severe illness and death [26].

The number of people for whom treatment is failing or who die of infections
will increase due to the lack of effective tools for the prevention and adequate
treatment of drug-resistant infections and improved access to existing and new
quality-assured antimicrobials. Medical procedures, such as surgery, including
cesarean sections or hip replacements, cancer chemotherapy, and organ trans-

plantation, will become more risky [26]. According to WHO [26]

AMR occurs naturally over time, usually through genetic changes.
Antimicrobial resistant organisms are found in people, animals,
food, plants and the environment (in water, soil and air). They
can spread from person to person or between people and animals,
including from food of animal origin. The main drivers of antimi-
crobial resistance include the misuse and overuse of antimicrobials;
lack of access to clean water, sanitation and hygiene (WASH) for
both humans and animals; poor infection and disease prevention
and control in health-care facilities and farms; poor access to qual-
ity, affordable medicines, vaccines and diagnostics; lack of aware-

ness and knowledge; and lack of enforcement of legislation [26].
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The actual situation of AMR is alarming. For common bacterial infections,
such as urinary tract infections, sepsis, sexually transmitted infections, or di-
arrhea, world-wide high rates of resistance against antibiotics have been ob-
served, indicating that we are running out of effective antibiotics. For example,
the rate of resistance to ciprofloxacin, an antibiotic commonly used to treat
urinary tract infections, varied from 8.4% to 92.9% for Escherichia coli and
from 4.1% to 79.4% for Klebsiella pneumoniae in countries reporting to the
Global Antimicrobial Resistance and Use Surveillance System (GLASS) [26].
Specific antibiotic resistance genes are widespread in Staphylococcus epider-
madis. Most notably, resistance to methicillin as an antibiotic of first choice
against staphylococcal infections is at 75-90% among hospital isolates of S.
epidermidis, which is even higher than the corresponding rate for S. aureus
(40-60%) [77].

For these reasons it is important to continue the development of alternative
systems in order to prevent humans and animals infection without the use of

antibiotic or antimicrobial drugs, such as cold plasmas.

In this thesis, we used atmospheric pressure Surface Dielectric Barrier Dis-
charge plasma for abate Escherichia coli (E. coli) and Staphylococcus epider-

midis (S. epidermidis) aerosol vapor that flow over the plasma.

E. coli is a Gram-negative bacterium largely used for microbiological stud-
ies since most of its strains are harmless and its growth in laboratory is well
standardized. According to WHO [78|, however, some strains, such as Shiga
toxin-producing E. coli (STEC), can cause severe foodborne disease. It is
transmitted to humans primarily through consumption of contaminated foods,
such as raw or undercooked ground meat products, raw milk, and contami-
nated raw vegetables and sprouts. Symptoms of the diseases caused by STEC
include abdominal cramps and diarrhea that may in some cases progress to
bloody diarrhea (hemorrhagic colitis). Fever and vomiting may also occur.
The incubation period can range from 3 to 8 days, with a median of 3 to 4
days. Most patients recover within 10 days, but in a small proportion of pa-
tients (particularly young children and the elderly), the infection may lead to
a life-threatening disease, such as hemolytic uremic syndrome (HUS). HUS is
characterized by acute renal failure, hemolytic anemia and thrombocytopenia
(low blood platelets). It is estimated that up to 10% of patients with STEC

infection may develop HUS, with a case-fatality rate ranging from 3 to 5%.
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Overall, HUS is the most common cause of acute renal failure in young children.
It can cause neurological complications (such as seizure, stroke and coma) in
25% of HUS patients and chronic renal sequela, usually mild, in around 50%

of survivors [78|.

S. epidermidis is a Gram-positive bacterium in the family of the Staphy-
lococci. It is a colonizer of the skin and mucous membranes of humans and
other mammals. It is the most frequently isolated species from human epithe-
lia, and it colonizes predominantly the axillae, head and nares [77]. Even if it is
a bacterium that commonly lives on the human skins, hospital-acquired infec-
tions associated at S. epidermidis are increasingly, such as due to intravascular
catheters and other foreign bodies insertion because S. epidermidis cells can
form biofilms on these materials. Staphylococcal bacteremia is an important
cause of morbidity (especially prolongation of hospitalization) and mortality
in debilitated patients |79].
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# Plasma surface treatments

Surface modification of materials by plasma treatments and depositions have
gained popularity in the last decades [80-83], since can be applied for differ-
ent purpose, such as controlled release of active agents in drugs [84-86] or
creation of hierarchical surface structures [87-89] that can be used for sen-
sors [90-92], photocatalysts [93], bio-electronic interface devices [94], water re-
pelling and self-cleaning materials [95], various nanoelectronics devices [96,97],
space technology applications such as photon-active diamond films for space
propulsion [98,99] and nanostructured emitters for plasma propulsion sys-

tems [100, 101] that are critical for miniaturized space assets [102,103].

The fabrication of the complex hierarchical structures relies on the use of
sophisticated processes and complex environments such as, for exemplum, low-
temperature plasma [89] and the highly-reactive oxygen plasma [104]. If the
fluxes of highly energetic ions and electrons are well-balanced, it is possible to
introduce desired physical and/or chemical changes without affecting material
bulk [105-109]. These changes can be induced across several length scales,
opening up new applications in energy and environmental devices [52,110,111],
in antibacterial coatings [41,42], in textiles [112,113], and enabling the creation
of nanostructured surfaces that mimic the ones produced by nature for its
needs [114,115].

Creation of these surfaces remains a technological challenge, also using
plasmas where competitive processes can control the different parameters chal-
lenging. At larger length scales the study of the role between macro and
micro-metric properties are still important issues both in applied and in basic

sciences [116].

Plasma-enabled synthesis, assembly and modification of materials at the
nanoscale, due to its strong potential and versatility, is one of the fastest
growing fields in basic material science research, in technology and engineer-
ing applications. The resulting nanostructured surfaces can be designed to
have new characteristic properties not achievable with more traditional meth-

ods, such as extreme hydrophilic properties [54]. These nanostructured surface,
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despite having very small dimensions, introduce desirable variations in macro-
scopic functional properties without altering the intrinsic bulk properties of the
material. These nanostructures often take form of nanorods, nanowires, and
nanotubes, with chemical vapor deposition (CVD) and its more advanced vari-
ations, e.g., Plasma Assisted Supersonic Jet Deposition (PA-SJD), frequently
used to produce such thin nanostructured films [44,117-119].

The aim of the work done in this thesis is to study the micro and macroscop-
ical properties of different polymers, such as polypropylene and polytetraflu-
oroethylene treated for different time in a low pressure Capacitive Coupled
Plasma RF system filled with gases, such as oxygen, hydrogen, carbon dioxide
and argon. This is a preliminary study, and so we do not tested the antifouling

and antibacterial application, yet.

Polypropylene (PP) [120] is a thermoplastic polymer used in different ranges
of applications. It is produced via chain-growth polymerization from the
monomer propylene. The chemical formula is (C3Hg), (Figure 4.1). It is
partially crystalline and non-polar, it has a high chemical resistance and in
general it is hydrophilic. Furthermore, it is commonly used in different appli-
cations ranging from packaging for consumer products, to plastic parts used
in automotive industry, in special devices such as living hinges, and also in

textiles.

Figure 4.1: Polypropylene structure. Black bullets are the carbon atoms; white bullets
are the hydrogen atoms. From Benjah-bmm?27 (contributed discussion) - Own work, Public

domain, https://commons.wikimedia.org/w/index.php?curid=1806716.

Polytetrafluoroethylene (PTFE) [121] is a synthetic fluoropolymer of tetraflu-

oroethylene. It is also known with its commercial name that is Teflon. PTFE is
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a fluorocarbon solid, as it is a high-molecular-weight polymer consisting wholly
of carbon and fluorine. The chemical formula is (CyFy), and its structure is
shown in Figure 4.2. It is a hydrophobic material. It is used, for example, as a
non-stick coating for pans and other cookware, as a graft material in surgery

and as a coating on catheters.

Figure 4.2: Polytetrafluoroethylene structure. Gray bullets are the carbon atoms; yellow
bullets are the fluorine atoms. By Ben Mills - Own work, Public Domain, https://commons.

wikimedia.org/w/index.php?curid=17821816.
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# Equipment setups

In this Chapter we are going to present all the equipment setup and the in-
strumentation we used in the experiment for Volatile Organic Compounds
depletion. Additional data can be found in our papers in Refs. [20,23,24,122].

5.1 Sources

For the VOC depletion experiments we used different configurations of SDBD
plasmas and light sources coupled with catalytic surfaces, in order to compare

the different effects and efficiency.

5.1.1 SDBD plasmas

All the plasma we present here are atmospheric pressure Surface Dielectric
Barrier Discharge plasmas, but they are realized with different materials and

assume different configurations in the different experiments we developed.

Teflon and vetronite SDBD This configuration has been suggested by
the simpler version of SDBD used in plasma aerodynamics applications, called
plasma actuators [123]. It consists of two conductive electrodes attached to
opposite sides of a flat dielectric panel, in the asymmetric arrangement in
Figure 5.1a.

The lower electrode is completely coated with an insulating material, while
the upper electrode remains completely exposed to air. In this way, the plasma
generation region is confined above the dielectric plate. It is a DC voltage
supply and a signal generator that feeds the primary windings of an HV trans-
former whose secondary windings are connected to the electrode. As a dielec-
tric barrier we used a sheet of Teflon or a sheet of vetronite.

The Teflon SDBD (Figure 5.1b) consists of tin clad copper adhesive tapes
(60 um thick, 4cm wide and 12cm long) attached to a Teflon sheet (3 mm
thick) and laterally shifted from each other by about 0.5 cm.
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The vetronite SDBD (Figure 5.1c¢) consists of deposed copper (35 um thick,
4cm wide and 12cm long) attached to a vetronite sheet (1.5mm thick) and

laterally shifted from each other by about 0.5cm.

PLASMA

INSULATING TAPE ROGOWSKI COIL

-

TO HV TRANSFORMER | HV PROBE

TO OSCILLOSCOPE
TO OSCILLOSCOPE

(a)

(b) (c)

Figure 5.1: Photo of the plasma produced by (a) Teflon SDBD and (b) vetronite SDBD.

(c) Plasma device scheme.

In these configurations, the exposed electrode is grounded, while the cov-
ered one is powered by a high voltage power supply line. The plasma is lit up
by an HV power supply working in a power range of 7-50 W and a frequency
in the order of tens of kHz [20,124-127].

Alumina SDBD This SDBDs consist of two conducting electrodes attached
at the opposite sides of a flat dielectric panel, sketched in Figure 5.2a.

The plasma configurations for the exposed electrode:
e bidirectional fingers electrode (Figure 5.2b);

e monodirectional fingers electrode (Figure 5.2¢);
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HV ELECTRODE PLASMA
il

\ \

INSULATING TAPE E\' HV
GROUND ELECTRODE

HV PROBE

TO OSCILLOSCOPE e —

(a)

(b) (c) (d)

Figure 5.2: (a) Plasma device scheme. Plasma device configuration (b) bidirectional

fingers electrode, (c) monodirectional fingers electrode, (d) honeycomb electrode.

e honeycomb electrode (Figure 5.2d).

The buried electrode is a plain plate. The bidirectional and monodirectional
SDBD are constituted by 9x 5 cm? alumina dielectric surface, 1 mm thickness,
with 9 metal fingers 7cm long, 1 mm large and 4 mm apart. The monodirec-
tional configuration is made burying one side of the finger with kapton adhesive
tape. The honeycomb SDBD is made by 9.5x4 cm? alumina dielectric surface,
1 mm thickness, 70 hexagons with external radius of about 8 mm. The plasma
is lit up by an HV power supply working in a power range of 8-120 W and a
frequency between 4 and 12kHz |20, 124].

5.1.2 Lamps

We used different light sources for the catalysis illumination in order to find
the best frequency range for its activation. In general, UV lamps are used for
the VOC and bacteria abatements. The lamps we used are (these are also the

name we are going to use for the identification of the different lamps):

e UV-C lamp (UV Lawtronics centered in 253.7 nm);
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e UV-A lamp (UV Philips Lighting centered in 370 nm);

e visible bulb (GLS Osram at 4000 K LED lamp).

All the lamps are powered by 4 W. The UV-A and UV-C lamps shape is
a cylinder with a length of about 11 cm (Figure 5.3a), while the visible is the
classical spherical LED bulb (Figure 5.3b).

(a) (b)

Figure 5.3: (a) UV-A and UV-C lamps shape. (b) Visible bulb shape.

5.2 Experimental configurations

In this Section we present the setup we assembled for our experiments.

5.2.1 Treatment box

In our experiments we mainly used two different treatment box that can be

coupled with a contamination system (described in Subsection 5.2.3).

Parallelepiped chamber reactor This reactor (Figure 5.4a) is made by a
parallelepiped of size (1.8x20x 18) cm?®, made by Delrin and a cover in Plex-
iglas, inside which VOC depletion takes place. The volume of the free space
used for the air treatment is about 0.51. It has two open-close valves to per-
form static experiments. The SDBD that can be placed inside are the Teflon

or the vetronite configuration.

Cross chamber reactor This treatment box (Figure 5.4b) is made using a
vacuum cross chamber (20 cm x 20 cm length and 10 cm diameter) with four cir-
cular openings that can be closed by glass windows or vacuum enclosure. The
volume inside is about 1.51. This reactor is used for lamps and plasma optical
characterization, for the O3 and NO, detection and for the VOC depletion,

making some changes from a configuration and another.
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Figure 5.4: Image of (a) the parallelepiped and (b) the cross chamber reactor.

During the intensity light measurements, we placed the radiometric probe
(or alternatively during the spectra analysis, the optical fiber) in the middle
of a semi-closed box aligned with the light source, as shown in Figure 5.5.
To obscure the ambient light, we covered the device with a blanket. The
radiometric probes were placed exactly where we will place the photo-catalytic
support (see Chapter 6.5). We varied the distance between the lamp and the

probe about between 8 and 80 cm.

20 cm
Air out

Probes Catalyst

Lamp

cm 10/cm

Quartz window

Airin
10 cm

(b)

Figure 5.5: Lamps equipment setup (a) photo and (b) scheme.

For the characterization of the plasma emission, we placed the plasma
source inside the chamber and the probe in front of it (Figure 5.6) at a
proper distance (about 3.5cm) to avoid electromagnetic interference between
the plasma and the probe. As plasma sources, we used the bidirectional alu-
mina SDBD.

For the detection of O3 and NO,, we placed together two cross chambers

(Figure 5.7a) in order to have a larger volume, that is about 31. We placed
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20cm

>

Probes

Quartz window

Air out

Plasma
device

10/cm

(b)

Figure 5.6: Plasma equipment setup (a) photo and (b) scheme.

the SDBD device (bidirectional alumina) inside the box. Two opposite sides

are closed by quartz windows and at the other ends by open-close valves or

a vacuum closing, as shown in Figure 5.7. In front of one quartz window we

placed the lamps, while at the opposite side the radiometric detectors. The

lamps and radiometric probes details are in [122]. As we are also interested

in measuring the temperature, we placed a temperature probe in contact with

the ground side of the SDBD (contact temperature), and a second inside the

chamber (gas temperature). Finally, to ensure uniformity of the gas, a vent

has been placed inside the chamber. In each experiment, we filled the box with

pure air then we close the box before lighting the plasma.

cm

Detectors
e

20 cm

-

, Air out

Lamps

10[cm

Quartz windows

Airin

10cm

(b)

Figure 5.7: (a) Photo and (b) scheme of the equipment setup for the O3 and NO, detection.

For VOC depletion experiments we closed the two opposite enclosures with

open-close valves connected with the contamination system, one with a vacuum
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enclosure and the last one with a quartz glass windows. We performed both
depletion with plasma and photo-catalytic devices. For plasma depletion, we
placed inside the box one or two of the alumina SDBD. For the photo-catalytic
experiments (Figure 5.8), the catalytic support is placed in the chamber and
the lamps are placed facing towards the catalytic support inside the chamber
or outside the chamber in front of a quartz window. In the box we also placed

a vent to recirculate the air.

20 cm

Gas chromatograph inlet
Air out

Catalyst
. . ) »
Y N wl 20fcm K<—Vvent 10/cm
. -
L) — e
e — Lamp R i
e |:
P— i :
4 | Quartz window : Vs
Airin
10cm
(a) (b)

Figure 5.8: (a) Photo and (b) scheme of the reactor setup for VOC depletion by photo-

catalytic system.

5.2.2 Photocatalysts

As a catalyst we used a different percentage of TiOy and WO3; supported by
CaO, deposited on plane rectangular tile surfaces. The ratio between CaO and
the catalyst is about 5 to 2 while the deposited amount of product and the

catalyst composition is

e A: 34.5 mg/cm? deposited over 7.6x7.3 cm? tile constituted by 100%
TiO, catalyst;

e B:40.9 mg/cm? deposited over 7.7x7.5 cm? tile constituted by 50% TiO,
+ 50% WOj5 catalysts;

e C: 38.2 mg/cm? deposited over 7.4x7.3 cm? tile constituted by 100%
WO; catalyst.

In the description of the results we are going to identify the catalysts according

to that classification.
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5.2.3 VOC injection system

To perform the VOC depletion we had to contaminate the treatment box with
a known amount of the desired VOC. We used both liquid and gas VOC, so

we used to different systems for the contamination.

Liquid injection system The liquid VOC injection setup is shown in Fig-
ure 5.9. The black bold lines represent the tube connections through the whole
system and the green arrows indicate the direction of the flow. In the diagram,
Pure air represents a gas cylinder from Sapio S.R.L. containing 79 % of N, and
21 % of O,, meaning that the concentrations of CO,, CO, hydrocarbons, wa-
ter and other pollutants are negligible. The red crosses are the symbol the
open-close valves. The liquid VOC is placed in a bubbler bottle and let it
circulate through the flow meter by the action of the air pressure. We used
two gas flow meters and one liquid flow meter, all produced by Bronkhorst
factory. The controlled evaporator and mixer (CEM) let the liquid, coming
from the liquid flow meter, to evaporate, and mixes it with a line of pure air,
coming from the gas flow meter 1, making the first dilution of the VOC. A
second dilution is done after the CEM, by adding the pure air coming from the
gas flow meter 2. We operated with two different dilution due to the working
range of the flow meters. This whole system allows the control of the chamber

VOC concentration before the experiments.

Gas Gas

| flow meter 1 . HLE chromatograph
Pure Liquid Liquid Treatment ”
air o VOC i flow meter box
Gas
flow meter 2 >

Figure 5.9: Liquid VOC injection setup.

Gas injection system The gas VOC injection setup is shown in Figure 5.10.
The black bold lines represent the tube connections through the entire system
and the green arrows indicates the direction of the flow. Pure air represents a
gas cylinder from Sapio S.R.L. containing 79 % of Ny and 21 % of O,, meaning

that the concentrations of CO,, CO, hydrocarbons, water and other pollutants
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are negligible. The red crosses are the symbol of open-close valves. The VOC
is in a cylinder and its flow is regulated by the flow meter 1, while the pure
air cylinder flow is regulated by the flow meter 2. As a flow meter we used gas

and liquid flow meter produced by Bronkhorst factory.

Gas

VOocC Gas
> flow meter 1 ™= chromatograph

gas

“ Treatment ”
box

Pure :: Gas o
flow meter 2

air

Figure 5.10: Gas VOC injection setup.

5.3 Diagnostics

We used different diagnostics for the sources characterization and for the VOC

detection.

Rogowski coil Rogowski coil (Figure 5.11) is a probe that can be used to
measure the instantaneous value of the current flowing between the electrodes
[126,128]. It consists of a conductor winding around a toroidal support. To use
a Rogowski coil as a probe, the current-carrying cable must pass through the
toroid. Then the current flowing in the cable generates a voltage change at the
output of the coil proportional to the speed of the current change, dI/dt. This
voltage signal should be passed through an integration circuit, which could
simply be a resistor, to measure I(t). Using a small resistor for the integration
system, the probe operates in the so-called self-integration mode in a wide
range of frequencies [126].

We used NiZn ferrite N30 with p;~ 4300, with 50 €2 integration resistance
and 3.5 windings, and a 50cm long RG-59 BNC coaxial cable with a 502
resistance, which have been calibrated with our Rogowski coil. The data was
digitized by an Agilent Infinium MSO8104A oscilloscope with a bandwidth of
1 GHz and a maximum acquisition speed of 4 GSamples/s, which was consid-

ered suitable for the applications we investigated.
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Figure 5.11: Photo of our Rogowski coil.

The sampling of the electric current signal by the Rogowski coil produces
two main components: the microdischarges due to the plasma state and the
displacement current within the insulated electrode as a result of the HV ap-
plied voltage. For a time dependent applied voltage, a displacement current
(mainly determined by the capacitance behavior of the electrode system) is
always added to the actual discharge current flow. In the case of an oscillating
voltage supply, the applied bias of the displacement current has a sinusoidal
trend.

The electric field ignites the plasma when it is reached a voltage threshold.
This is generally observable as a pulsed current signal, consisting of several
fast spikes (bursts), that overlaps the displacement current one, assuming two
well separated half cycle patterns within the HV cycle. We are only interested
in the plasma contribution, so we have chosen the self-integrating range of the
probe, that it suppresses the low frequency capacitive component by itself.

A detailed calibration of this Rogowski coil is in [20].

A typical one-cycle signal acquisition when plasma is light on is plotted in
Figure 5.12a, where the black line (left axis) is the applied voltage and the red
line (right axis) is the current measured by the Rogowski coil.

When the applied voltage is greater than zero (V> 0), the electrons go from
the exposed electrode to the dielectric, and the current is defined as negative.
The discharges that occur in this case are denoted as a forward stroke (FS).
The discharges that occur in the opposite condition (V< 0) are denoted as a
backward stroke (BS), and the associated current is defined as positive. This
is why that if a spike is positive (negative) in a forward (backward) stroke,
it is classified as noise. We also consider as noise a peak that both, develops

within 25ns after a burst and its height is lower than 75% of the previous
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Figure 5.12: (a) Example of a temporal acquisition (FS when V>0, and BS when V<0).
The left axis refers to the applied voltage (black line), and the right axis to the current
measured by the Rogowski coil (blue line). (b) Definition of the burst (peak) properties:

Charge (peak area), maximum current (peak height) and temporal duration (peak width).
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burst. These spurious signals are due to the finite system bandwidth.

We performed a fit of the HV signal with a sine function to determine its
amplitude, frequency and argument at each point. From the current signal
we can notice the presence of a constant baseline and a series of spikes that
occur at specific HV phases. These spikes are the current signal caused by
the plasma microdischarges. A detail of a microdischarge (called burst) is
shown in Figure 5.12b. We characterize a burst by its charge (area of the
peak), maximum current intensity (height), time duration (width) and HV
phase position.

Since we are interested only in the plasma current, carried by the bursts, we
have to determine a background threshold above which a peak can be defined
a burst. We choose as background threshold 20, that is twice the standard
deviation over the whole Rogowski coil data. We identify a peak as a burst if
its height overcomes the value of 40. The peak duration is given by the peak
width at 20.

Optical emission spectroscopy device The used spectrometer is Ocean
Optic PS2000. The spectrometer is equipped with a diffraction grating dividing
the incoming radiation and disperses it to the CCD (Charged Couple Device)
pixel matrix. The CCS is a device capable of accumulating electrical charge
proportionally to the number of photons from which it is struck. An analog-
to-digital converter finally translates the electric charge into discrete values,
the counts, which are then associated with each pixel. The spectrometer is
designed to acquire a range of wavelengths between about 180 nm and 870 nm
with a resolution of about 0.3nm, it divides the spectrum into 2047 bins and
has a maximum number of counts equal to 4096 [125,129]. The fiber slit is
10 um. Data are collected by the software SpectraWin. We do not calibrate
the spectrometer since we were just interested in knowing the emitted species

and not their amount.

Radiometric device As aradiometric device, we used the HD 31 datalogger
from DeltaOhm coupled with three radiometric probes (Figure 5.13), that
collect the irradiated power per surface unit (uW/cm?) in specified spectra
range. The probes are LP47-RAD for visible spectra (400-1050 nm range),
LP471-P-A for UV-A spectra (315-400 nm) and LP471-UVC for UV-C spectra
(220-280 nm).
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Each probe was employed to collect the intensity per surface unit in the

specific spectrum range of the light sources.

Figure 5.13: Photo of the HD 31 datalogger and the radiometric probes.

Absorption spectroscopy Absorption spectroscopy is a spectroscopic tech-
nique that measure the intensity of a desired light that passes through a liquid
or a gas [130]. Every element has a different absorption rate for different
wavelengths. Thanks to these properties, modeled with the Lambert-Beer
equation [131], it is possible to estimate the density of some species in the
analyzed gases.

We used absorption spectroscopy for the evaluation of the ozone (O3) and
the nitrogen dioxide (NO,) densities in a closed box when the plasma is on.
The absorption coefficients of O3 and NO, are shown in Figure 5.14, where
we can identify the better region for the species detection: Oz in yellow [132],
NO in blue [133], NOy in green [134], NOj in red [135]. From that absorption
coefficients and our experimental setup we can see that there is no region
where it is possible to record the NO concentration, since there is always a
predominance of Os. Also, NOj is difficult to evaluate since between 550 and
600 nm there are two order of magnitude between NO, and NOj absorption
coefficients, but we expect that the concentration of NO, produced by the
plasma would be two order greater than NO,. For these reasons, we can only
safely evaluate the concentrations on O3 and NO,.

We used the UV-C lamp for the O3 detection coupled with the UV-C radio-
metric probe, while the UV-A lamp and respective probe for the NOy. Since

we used a radiometer, that gives us an integrated value of the light intensity
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Figure 5.14: Absorption coefficients of O3 and NO, [132-135].

within a certain wavelength range, therefore, the absorption coefficients o,
had to be averaged taking into account the sensitivity of the sensor and the
emission shape of the lamp, obtaining oums0, = 1.127 x 10717 cm? /molecules
for O3 and oaps N0, = 5.66 x 107! cm? /molecules.

Using the Lambert-Beer, we can derive the number density n of O3 and

NO, as follows
IOg <Inolpfltzzsma)

5.1
Lgabs ( )

n(t) =

where n is the number density expressed in molecules/cm?, I(¢) is the intensity
at time ¢, I, plasma 15 the intensity before lighting the plasma, L is the distance

between the lamps and the probe, and o, is the absorption coefficient.

Temperature For temperature recording we used RS PRO 1316 Dual Data-
logger Thermometer (Figure 5.15) coupled with two type K (chromel™-alumel®)
thermocouples. The sensitivity is of 0.1°C, and it samples every second.

One thermocouple is placed in contact with the ground side of the SDBD

measuring the contact temperature and the other one in the volume measuring

(1) alloy made of approximately 90% nickel and 10% chromium.
(2) alloy consisting of approximately 95% nickel, 2% aluminium, 2% manganese, and 1%

silicon.
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the gas temperature.
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Figure 5.15: Photo of the RS PRO 1316 Dual Datalogger Thermometer.

Gas chromatography Gas chromatography is a term used to describe the
group of analytical separation techniques used to analyze volatile substances
in the gas phase. In gas chromatography, the components of a sample are
dissolved in a solvent and vaporized in order to separate the analytes by dis-
tributing the sample between two phases, a stationary phase and a mobile one.
The mobile phase is a chemically inert gas that serves to carry the molecules
of the analyte through the heated column. The stationary phase is either a
solid adsorbant or a liquid on an inert support. Gas chromatography is one
of the sole forms of chromatography that does not utilize the mobile phase for
interacting with the analyte.

We used the micro gas chromatograph Agilent 3000 (Figure 5.16) coupled
with an analysis poraPLOT U column able to detect organic compounds in a
range of different specific conditions.

The gas chromatograph (GC) output reports a signal composed of peaks
of intensity proportional to the concentration of specific species. The area of
each peak is strongly dependent on the setting parameters during the sam-
pling conditions. For a precise evaluation of concentration, it is necessary to
perform first a specific calibration. Usually, the calibration is carried out us-
ing a cylinder containing a known concentration of the desired gas (one point

calibration).

As VOC, we used pentane and propane. Since pentane is liquid, we cannot
use a calibrating cylinder, and we adopted a different calibration way (multi-

point calibration), that we also used for the propane calibration.
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Figure 5.16: Photo of the micro gas chromatograph Agilent 3000.

To let pentane flow in the treatment chamber we used the liquid VOC
contamination system (Figure 5.9). The pentane concentration relative to the

total input flow, denoted as ¢, typically expressed in ppm, is given by

_ (I)CsHm
Py + Dy + Peypry,

where ®; and ®, are the air flows and ®c,p,, is the pentane flow, given in

c (5.2)

liters/sec. The values of air flows are measured by the gas flow meters, and
the pentane flow by the liquid flow meter (Figure 5.9). These three values
determine the initial conditions of the experiment before plasma treatment.
The relative pentane flow, Eq. (5.2), can be used to determine the actual
pentane concentration (in ppm), present in the air-pentane mix system, with
the help of a GC, connected to the reactor chamber.

A typical pentane chromatogram trace is shown in Figure 5.17a, as a func-
tion of retention time. We are interested in the area, denoted as Agc, between
the red continuous line (pentane trace) and the blue dashed line (baseline)
plotted in Figure 5.17a.

A set of ten measurements of the Agc versus the corresponding relative
pentane flow c is displayed in blue in Figure 5.17b. We obtained the interpo-
lation (plotted in red)

Age =0.72¢ — 3. (5.3)

where Agc is express in counts and ¢ in ppm. Inverting the Eq. (5.3), knowing
Agc, we can estimate the pentane concentration even if it is not obtained from

a known flow. For that reason, we are denoted this quantity as ps, that is

_Agc+3

ps(ppm) = — = —. (5.4)
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Figure 5.17: (a) Example of a pentane chromatogram peak: GC flow (counts/s) vs reten-
tion time (s), obtained from the gas mixture in the reactor chamber. (b) Calibration plot

for determining pentane concentration (Eq.5.2).

This relation is actually used also in the measurements to determine the in-
coming air and pentane flows in order to have the desired initial pentane con-
centration. The errors have been estimated as the standard deviation obtained
from several preliminary measurements at for the same starting concentration
(Figure 5.18a) and after the same treatment condition (Figure 5.18b). Thanks
to these measurements, we estimated the error in pentane concentration to be
in the order of 10 % with respect to the value given in Eq. (5.4). We notice
that we are not able to detect concentrations lower than about 15 ppm, due to

not detectable pentane peak, so that is our instrumental limit.
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Figure 5.18: Repeated measurements for (a) starting concentration and (b) evaluation of

concentration after the same treatment condition.

A similar procedure, considering Figure 5.10 for the contamination system,

we adopted for the propane the calibration [25], obtaining

ps (ppm) = 12.4(Agc — 8.65). (5.5)

We notice that we are not able to detect concentrations lower than about

5 ppm, due to not detectable propane peak, so that is our instrumental limit.
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# Results and analysis

In this Chapter we present the experimental results we obtained about the

characterization of the sources and about the depletion of VOCs.

6.1 Electric characterization

In this Section we are going to present the electrical characterization we have
done over different SDBD devices.

Current analysis For this analysis we used the Teflon SDBD. Starting from
the data collected by the Rogowski coil and the HV probe (Section 5.3), we
analyzed the properties the microdischarges produced by a plasma lit on at
different voltages. We carried this kind of analysis in order to understand the
distribution and the shape of the microdischarges produced by a SDBD. A
complete analysis is reported in [20]. In particular, we looked at the current
carried by the plasma microdischarges, that is the height of the peaks reported
in Figure 5.12, and its statistical distribution. The burst current distributions,
P(I), display an exponential shape. For the backward stroke at 5.48kV HV,
the current distribution is shown as an example in Figure 6.1.

To describe the current distributions for BS, we assume an exponential
shape for P([)

P(I) = ]l—oexp <—Iio) (6.1)
where [ is a characteristic current. The values of the characteristic currents
I are reported in Figure 6.2a. A plateau above about 5.4KkV is observed for
the characteristic current I;.

The mean values of the current, <I >, are displayed in Figure 6.2b, where
one can see that for BS (in red) the mean (absolute value) currents are much

larger than for FS (in black). For example, at HV=5.5kV, <I> ~ 35mA for
BS, while (I) ~ (—)20mA for FS.
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Figure 6.1: The BS current distribution, P(I) vs I, for HV at 5.48kV.
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Figure 6.2: (a) Iy vs HV. (b) Mean current (I).

Lissajous analysis Lissajous curves are widely used for the estimation of
the power transferred to the plasma [127], and it is obtained by plotting the
charge flowing into the circuit @ as a function of the voltage difference HV

between the electrodes. The charge is measured through a capacitor in series
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with the SDBD (capacitive probe). The area of the current-voltage plot is the
power transferred to the plasma. We measured the Lissajous curves of one
input power of the vetronite SDBD and for two different input power of the
alumina bidirectional finger SDBD.

For the vetronite SDBD measurements we placed a 4.3nF capacitor in
series with the SDBD, and we collected three series of data at about 17W of
input power (Figure 6.3), considering a plasma in air. The area of the Lissajous

curves, and so the power transferred at the plasma, is
Wy =(9.6 £ 0.3) W,

meaning that only the 56% of the power is responsible for the plasma ignition.

300
200F

100 F

-100

200F

_300 [ 1 7‘ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Figure 6.3: Lissajous curves for vetronite SDBD air plasma light on at 17 W input power.

We evaluated if there are differences in power transmission if we ignite
plasma in a mixture of air and low amount of pentane and at different time
of this ignition. In Figure 6.4 we can notice that there is no difference in the
Lissajous curves, so we can assume that there is no difference in the ignition
of only air plasma and mixture plasma.

We used 6.5nF capacitor for the estimation of the transferred power to
the plasma generated by the alumina bidirectional finger SDBD. The analyzed
input power are 16 W and 35W, obtaining that the transferred power are,
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Figure 6.4: Lissajous curves for vetronite SDBD air+pentane plasma light on at 17W

input power at different time after ignition.

respectively,
Woe = (7.48 £ 0.01) W and Wiys = (20.1 + 0.2) W,
and so only the 50% and the 57% of the power is transferred to the plasma.

Thanks to this electrical analysis we verified that the SDBD plasma is made
by a series of following microdischarges. With the Lissajous curves we figure
out that there is not a variation of the transferred power due to the VOCs
depletion but also that not all the input power is transferred to the plasma.
For simplicity, in the following experiments we are going to classify the plasma
with the input power, always remembering that the transferred power is about

the (50-55)% respect to the input.
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(a) 16 W and (b) 35 W.
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6.2 Lamps characterization

The Section we are going to present the characterization of three lamps that are
used for our experiment and its comparison with the plasma. The completed
results were published in [122].

The lamps were presented in Subsection 5.1.2 and for the plasma we used
the bidirectional alumina SDBD (Subsection 5.1.1 Alumina SDBD). The ex-
perimental setup used for this analysis was presented in Section 5.2 Cross
chamber reactor. For every light sources we measured the optical emission

spectra and the radiometric intensity by means of the probe.

We used optical emission spectroscopy to characterize the light sources
spectra. We show the emission spectra of the lamps in Figure 6.6a, while the
plasma one in Figure 6.6b.

The UV-C lamp is characterized by the line spectrum of the low pressure
Hg: the main peak is at 253.7nm in the UV-C region, while there are other
minor peaks in the visible, UV-A and IR regions. The UV-A lamp has only
a peak at 370 nm produced by the low pressure Hg vapors while all the other
lines are suppressed by the lamp glass. The visible bulb has a continuous
spectrum in the visible range from about 450 nm to 700 nm, that is exactly
in the visible range. The plasma emission is characterized by line spectrum,
mainly in the UV-A region but also with a part in visible range, due to the
principal, rotational and vibrational emission of Ny species. The observed N,
lines are at 315.93 nm, 337.13nm, 357.69 nm, 380.49 nm and 405.94 nm.

For each light sources we collected the intensities at different distances
between the source itself and the probe. We fitted the UV-A and UV-C data
considering the emission source as a uniform limited cylinder (L = 11 cm),
considering d in cm, E in pW, and the result of atan in rad, so its intensity is

given by

E(d) = zg {atan (%2)] + B, (6.2)

while for the visible bulb a spherical symmetry, giving an intensity by
A
E(d) = 7 + B, (6.3)

where d is the lamp-probe distance.

60



Chapter 6: Results and analysis

x10%
——

3.5

—UV-A lamp |]
—UV-C lamp H
— Visibile bulbf]

3 - uv-d UV-B UV-A Visibile IR

N

N (6]
————————

1 1

e
()]

T T T
1

Intensity (au)

0.5F ;

051 " JL Lh A . ! Al A Lo 0o A.AAL. alk, __.E

200 300 400 500 600 700 800
A (nm)

(a)

18000 [————————————————— :
UV-C  UV-B UV-A Visibile IR

16000

14000

12000

—_

o

o

o

o
T

Intensity (au)

8000

6000

4000

2000

R

L i -l L
200 300 400 500 600 700 800
A (hm)

(b)

AN Nt o b b L PRI o L

Figure 6.6: Spectra emission (in arbitrary units) of the used light sources: (a) lamps and

(b) plasma.

In Eq. (6.2) and Eq. (6.3) the additive parameter B is due to a functional
approximation. The errors occurring in the distance measurements are pre-

dominant on the intensity ones, to get a better fit we fitted the inverse function

61



Part II: VOC depletion by atmospheric cold plasma and catalyst

of Eq. (6.2) and Eq. (6.3). However, in Figure 6.7 we plotted the intensity (in
W /cm?) in function of the distance (in cm). The experimental data are shown
in red, while the fitting curve in black. From the fitting we obtained that the
UV-C lamps intensity, expressed in W, in the UV-C region, in function of

the distance, expressed in cm, follows the curve

26400 [ 5]
E(d) = 26400 atan 25 +7, (6.4)
d | d )|
the UV-A lamps intensity, in the UV-A region, is
10800 [ 5.5\ |
E(d) = —— |atan [ — | | + 3, (6.5)
d | d )|
and the visible bulb intensity, in the visible range, is
131200
E(d) = 2 + 7. (6.6)

The data obtained by the fit are shown in Figure 6.7, denoting a good

agreement between experiments and theory.
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Figure 6.7: Fit and experimental data of intensity vs distance for the three different light
sources: (a) UV-C; (b) UV-A; (c) visible.

The intensity of the light sources in the other spectrum regions can be sum-

marized in Table 6.1 (central columns), where we show the relative intensities
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of the other components respect to the respectively main light component.
With these measurements we confirmed what we found in the emission spec-
troscopy analysis (Figure 6.6a), so that the UV-C lamp emission is mainly in
the UV-C region, with minor components in the visible and UV-A regions; the
UV-A lamp emits in the UV-A region with a little amount in the visible; the
visible bulb emits only in the visible range.

Since we are interested in using the catalyst support inside the chamber
and the lamps can be placed outside in front of a quartz window, we measured
the intensity transmission factor due to the quartz window. The results are
shown in Table 6.1 (last column). That means that the intensity reduction is
the same using UV-A and visible region, while is much higher in UV-C one.

However, the main component of each lamp does not change.

Table 6.1: Comparison of the intensity emission of the light sources in the different spec-

trum region (central columns) and transmission factor due to the quartz window filter (last

column).
Probe .. ..
UV-C UV-A Visible | Transmission factor
Source
UV-C lamp 1 002  0.14 55%
UV-A lamp 0 1 0.08 80%
Visible bulb 0 0 1 80%

We are also interested in comparing the emission of the lamps with the
plasma one. As we showed in Figure 6.6b, the plasma does not emit in the
UV-C region, but only in the UV-A and in the visible ones. For that reason,
we measured the radiant power per surface unit (simply identified as Intensity
in this text) at different ignition power at fixed distance (about 3.5 cm), using
the UV-A and visible probe (Figure 6.8 in black and in red, respectively). The
light emission is strictly dependent of the applied ignition power and the UV-A
component is about two times the visible component. The plasma intensity is
much lower than the UV-A and visible lamps. In order to have the same UV-A
intensity the plasma produced at 3.5 cm, we have to place the UV-A lamp at
200 cm from the target, while for the visible at about 300 cm.

We made these measurements in order to have an overview of the lighting

devices we used in the abatement experiments. It figures out that the plasma
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Figure 6.8: Intensity vs plasma ignition power for (black dots) UV-A probe and (red dots)

visible probe. The distance between the source and the detector is about 3.5 cm.

light emission is orders of magnitude lower than the lamps, however, for the
following experiments, we have to take in account that the plasma activity is
not only due to the light emission but also reactive species production, charged

particles and electromagnetic fields.
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6.3 Measurements of O; and NO, production by
SDBD

In this Chapter we are going to present the results of the measurements by
means of the absorption spectroscopy of the O3 and NO, production by the
bidirectional alumina SDBD using the setup explained in the Sections 5.1.1
and 5.2.3.

For this experiments we proceeded in the following way:
1. fill the cross chamber box with pure air;
2. close the box;

3. start the acquisition of the (contact and gas) temperature and the UV-A
and UV-C light emissions;

4. power on the plasma at a fixed input power;
5. wait for the desired time, i.e. approximately 500s;
6. switch the plasma off;
7. wait until the contact temperature is lower than 30°C;
8. power on the plasma at a fixed input power again;
9. wait for the desired time;
10. switch the plasma and the sensors off;
11. open the box.

In that way, we can investigate the differences occurring in the O3 and NO,
production during the two cycles. Such test is crucial when thinking of a
sterilizing device operating in closed systems.

Different O; and NO, regimes are identified at different input powers. In
Figure 6.9 are shown the time traces of the O3 (blue) and NO, (black) on left
axis and contact (dashed) and gas (pointed) temperature on right axis. We
evaluated increasing power levels from 12W (a) to 120 W (d). Yellow bands
identity time regions when plasma is on, while white ones when plasma is off.

The horizontal gray dashed line indicate the upper limit for O3 detection.
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Figure 6.9: (left axis) O3 (blue) and NOy (black) concentrations, (right axis) temperature
of the SDBD (dash) and of the gas (pointed) for different input power: (a) 12W, (b) 35 W,
(c) 100 W and (d) 120 W. The yellow background is when plasma is on, while the white one

when the plasma is off.

Looking at the first plasma cycle, shown in Figure 6.10, the O3 slope at
the ignition is steeper for increasing power levels. In that figure (Figure 6.10)
we plotted the first ignition cycle for the four different input power: in green
Py, =12W . inred P, = 35 W, in blue P;,, = 100 W and in yellow P, = 120 W.
The maximum O3 concentration decreases with the input power. Also, the
decrease happens at lower treatment times for higher power levels. This trend
is similar to the results obtained by Park et al. [136]. For low input power,
we reach an instrumental saturation due to the high O3 concentration that
absorbs all the light emitted by the sources. This saturation corresponds to a
bit less than 1500 ppm, meaning that we are not able to detect the maximum
O3 production at 12W of input power. For higher input powers, numerical

simulations supported our trends [137]. In general, the main reaction involved
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in the system are (where M is a generic molecule that it is essential for the

reaction due to energy conservation, but it does not change its status):

Oy+e” =-0+0+e, (6.7)
Ny(v) + O — NO + N, (6.8)
O;+0+M — O3+ M, (6.9)
O+NOy;+M — NO3z + M, (6.10)
NO, + O3 — NO; + O, (6.11)
O3+ NO — NO, + O,. (6.12)

According to those reactions and thanks to related simulations, we can say that
the O3 decreasing followed by the increase of the NO,, is due to the reaction
between Oz and NO (that we can not measure from our experiments) that
produces NO, and O,, i.e. Reaction (6.12).
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Figure 6.10: Oj production during the first cycle of plasma powering on for the different

input power.

In the second plasma cycle, the O3 behavior mimics the first cycle for
P, =35 W, stays over the threshold for P, =12 W for the entire experiments.
Instead, for P;, =100 and P;, =120W, the O3 concentration remains below
the detection threshold due to the dominant presence of NO, in the system,
where NO, concentration is about 500 ppm inhibits the generation of high
amount of O, since at that levels of NO, Reaction (6.10) has more probability
of happening then Reaction (6.9). When plasma is on in the second cycle, the
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NO, continue to slowly increase if O3 is high, while it decreases if the Oj is
low. For that reason we have still investigated which processes, that probably
include the temperature, induce the NO, depletion during the plasma on phase.
In particular the maximum contact temperature it is strictly dependent on the
power, while the air temperature slightly increases from the initial value and

stabilizes in a short time.

These different amounts of the O3 and NO, when the plasma is on in a
closed box are important since it means that the air inside the chamber varies
during the treatment time, producing transient behaviors that can affect the

depletion efficiency.
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6.4 Depletion with plasma

In this Chapter we are going to present the VOC depletion obtained using
SDBD plasma. In Section 6.4.1 we present analysis we have done using pen-

tane, while in Section 6.4.2 using propane.

6.4.1 Pentane depletion

We performed experiments using both the parallelepiped and the cross cham-
ber reactor. The description of the plasma devices is in Section 5.1.1 and the

experimental configuration in Section 5.2.

Treatments in parallelepiped chamber reactor We compared the pen-
tane decomposition that occurs with Teflon and vetronite SDBD in the 0.5 par-
allelepiped chamber reactor. The starting concentration of pentane is about
300 ppm, while plasma is lit up at about 45 W of input power. We evaluated
the normalized concentrations p(¢)/p(0) in function of the treatment time t.
In Figure 6.11a we plotted the experimental data in semi-log scale in order to
understand if the data are compatible with an exponential decay [138] in the
form of

& x e T
2(0) , (6.13)

where p(0) is the initial pentane concentration before plasma treatment, p(t)
the concentration at time ¢, 7 is a parameter representing the characteristic
time scale for depletion (for that reason we are going to call it as depletion
rate), which is related to the decomposition mean lifetime, t; /2, according to
t1/2 = 7log(2).

From Figure 6.11a we can notice that for the Teflon SDBD the complete
depletion occurs after 4 min, while for vetronite only after 2min. The 7 are
1.28 and 0.65 min, respectively. Note that the aligned points are due to the
gas chromatograph instrumental limit.

Another estimator of the goodness of the depletion is the efficiency, Eff
(expressed in g/kWh), evaluated as the ratio of the grams amount of depleted
VOC, Ay, and the supplied energy in kWh, Ejyp,, that is

= (6.14)

EAf [g/kWh] = -
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where

Appm * M * 1073

A —
g 24.45

«V, M = 172.15, V =0.5x 10" m?,

60
We evaluated the efficiency after 1 min of treatment founding that it is about
0.30g/kWh for Teflon and about 0.40 for vetronite. Since from this data

we obtained that the vetronite SDBD works better than the Teflon one, our

EkWh = POWGIkW X

following analysis focused on the vetronite SDBD.

We evaluated the depletion rate that occurs when we pulse the plasma,
and we compare with the continuous mode (Figure 6.11b). The duty cycle we
applied is DC = 15% with a T,z = 100ms. The starting concentration is about
300 ppm and the input power is about 45 W. However, since we applied a duty
cycle, the effective applied power is 45x0.15, that is 6.75 W. The depletion
rate is clearly higher than the continuous mode, that is 10 min compared to
0.65 min, but the efficiency after 1min is about 0.60 g/kWh respect to 0.40.
This is due to the fact that even if we need more time to have a complete
depletion, the applied power is less and the reactive species produced by the
plasma can interact with the pentane to continue the depletion.

In Figure 6.11c we also compared the depletion rate and the efficiency for
two input power: 17 W and 45 W [23]. We found that 7 is 2.48 min respect to
0.65, while the efficiency is about 0.30 respect to 0.40 g/kWh. Additional data
and analysis we performed using the vetronite SDBD for pentane depletion

were published in [23].

Treatments in cross chamber For these experiments we use two bidirec-
tional alumina SDBD placed inside the cross chamber. The starting concen-
tration is about 300 ppm, and we worked at two different input power: 55 and
30 W (Figure 6.11d). We found that the depletion rate are 0.96 and 2.75 min,
respectively, and the efficiency (evaluated considering V' = 1.5 x 1073 m?) is
0.70 and 0.80g/kWh. Even if the effective depletion ratio p(t)/p(0) of the
treatment made by the alumina SDBDs is lower than the treatment made
by the vetronite SDBD (Figure 6.11a), we have to consider the volume of the
treatment chamber that is three times bigger than the other and so the number

of treated particle is higher.

To summarize we found that pentane can be well decomposed in short
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Figure 6.11: Normalized concentration p(t)/p(0) of pentane vs treatment time for different
conditions. (a) For different SDBD: (blue) teflon and (red) vetronite. (b) For vetronite
SDBD and different duty cycle: (blue) 100% and (red) 15%. (c) For vetronite SDBD and
different input power: (blue) 17W and (red) 45 W. (d) For bidirectional alumina SDBD and
different input power in the cross chamber: (blue) 55 W and (red) 30 W.

time (less than 5min) by SDBD plasma in closed chamber. The depletion

efficiencies in our experiments vary between 0.30 and 0.40 g/kWh.

This is a starting point for the study of the depletion in flow situations.

However, we were not able to do that since the injection system cannot produce

a sufficiently constant flow, detectable by the gas chromatograph, that we can

associate a decreasing to a plasma effect over the injected pentane.
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6.4.2 Propane depletion

We performed experiments using both the parallelepiped and the cross cham-
ber reactor. The description of the plasma devices is in Section 5.1.1 and
the experimental configuration in Section 5.2. As already discussed in Sec-
tion 6.4.1, we evaluated the depletion rate and the efficiency after 1min of

treatment also for the propane depletion.

Treatments in parallelepiped chamber reactor The SDBD used in
these experiments is the vetronite one. The starting propane concentration
is about 5000 ppm, and we worked at two different input power: 17 and 45 W
(Figure 6.12a). We have to notice that the starting concentration of propane
we used is higher than we used for pentane; this is due to the different injection
system that allows us to work in different concentration range.

The depletion rate is about 6.9 min for input power at 17 W and 1.15 min for
45 W. The efficiency (considering the molar mass M = 44.1 of the propane) is
about 4.0 and 2.4 g/kWh, respectively. Also in this case we notice that having

higher depletion rate do not means have a better efficiency.

Treatments in cross chamber For the analysis in the cross chamber we
compared all the alumina SDBD, with and without the use of a vent that stir
the air (Figure 6.12b and Figure 6.12c). The starting concentration is about
5000 ppm and the input power about 14 W. We found that there is no differ-
ence in the use or not of the vent, since the 7 is about the same. The depletion
rate is almost the same for the bidirectional and the monodirectional fingers
(1 ~ 13.5min), and it is a bit lower (7 ~ 11min) for the honeycomb one.
In the monodirectional and bidirectional conditions the gas flow is parallel to
the surface, while in the honeycomb configuration gas flow is perpendicular,
favoring a mixing of the gas species in the entire volume and avoiding the ad-
sorption of the molecular species from the surface. This favors the production
of reactive oxygen at the SDBD, necessary to oxide the propane [24]. The
efficiency after 1 min of treatment in all of these cases is about 5g/kWh. A

complete discussion of propane treatments is in our paper [24].

The depletion of propane using SDBD plasma has efficiencies that span
between 2.4 and 5.0 g/kWh. The higher efficiency respect to the pentane is

due to the different properties of the two components and the concentrations
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Figure 6.12: Normalized concentration p(t)/p(0) of propane vs treatment time for different
conditions. (a) For vetronite SDBD and different input power: (blue) 17W and (red)
45W. (b-c) For different SDBD: (blue) bidirectional finger, (red) monodirectional finger
and (black) honeycomb; (b) with vent and (c) without vent.

we are treating. However, higher efficiency does not mean quick depletion, in
fact the depletion rate 7 for propane is greater than the pentane one. Also, the
propane flow is not so stable to perform flow measurements, but we think that
these results are promising for a good propane, and other VOCs, depletion

also in flow situations.
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6.5 Depletion with catalysts

In this part we are going to present the depletion of propane using photocat-
alysts. The treatment box is the cross chamber, the catalysts were presented
in Section 5.2.2 and the lamps in Section 5.1.2.

TiO, activation occurs when illuminated with wavelength lower than 388 nm,
so in the UV-A range [139]. A way to move the activation form UV to visible
light is to have a combination of WOj3 and TiO, [140]. In this research we are
interested in investigate the depletion rate, evaluated from (6.13), of the three
catalysts illuminated with UV-A and visible light. In Figures 6.13a, 6.13b and
6.13c are reported the y-log scale normalized concentrations that occur after
a treatment with catalyst A, B and C, respectively. We can notice that the
depletion rate in that cases are larger than the ones we obtain with plasma
depletion. However, the catalysts are a sort of passive methods for depletion,
for instance incorporated in wall paints, working with sunlight or in common
interior lamps if sufficient visible light is available for activation.

In Table 6.2 we report the depletion rate for the different catalysts and
lamps. We can notice that, for catalyst A, the most efficient light, as expected,
is the UV-A. In catalyst B, the visible light does not induce any depletion. For
catalyst C, on the other hand, the visible is the most effective and the UV-A
does not induce depletion. A more exhaustive and complete discussion about

depletion with catalyst can be found in Ref. [25].

Table 6.2: Summary of the depletion rate for the different catalysts and lamps.

SOWICe | A Visible
Catalyst
A 220 1100
B 510 oo
C o 630

Since the propane catalyst depletion time scale is much larger than the
plasma one, it is not suitable for being used in flow situations, but only in
quasi-static ones. This is not a problem because catalysts are passive methods
which can be embedded, for example, in wall paintings. For that reason, it

is important to study further the issue of visible light catalysts to be used
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Figure 6.13: Normalized concentration p(t)/p(0) of propane vs treatment time using dif-
ferent catalysts and lamps. (a) Catalyst A, (b) catalyst B, (c) catalyst C illuminated with
different lamps: (blue) UV-A and (red) visible.

indoors. In any case, it would be useful to develop a coupled system of a
catalyst and a plasma to exploit the advantages from both systems, that is,
the fast depletion action by the plasma combined with the long-time scale

behavior of the catalyst.
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# Conclusions

These experimental campaign were carried out to outline some methods for
the VOCs depletion. All the experiments were done in a closed box with high

VOC concentrations to have a good sensitivity in the measurements.

The results for the active depletion with plasma, but also the passive one
with catalysts, are promising, even if it is necessary to perform some improve-

ment and scale up for the actual application in real open places.

The preliminary measurements outlined the discharges properties such as
the carried current or the transferred power from the electrical power supply to
the plasma. It figures out that only the (50-55)% of that power is transferred

to the plasma.

When we light on the plasma there is a production of O3 and NO, that
we measured with absorption spectroscopy. These species are not directly
responsible for the VOC depletion, and so its reduction can also improve the
depletion efficiency. For what concerns the scalability of the system, we have
to consider that our analysis were carried in a closed small box and so the Oz

and NOy behavior in a bigger or open room may be different.

In Table 7.1 are summarized the depletion rate, the efficiency after one
minute and the depleted percentage after one minute for all the plasma de-
pletion devices mode we tested. The fact that efficiency is power dependent
suggests that plasma energy was either not well-distributed in the reactor or
that the plasma produced a larger amount of by-products such as ozone, thus
limiting other chemical reactions.

A more complete analysis of the depletion processes of propane and pentane
with plasma and catalysts were carried out in our papers Pentane Depletion
by a Surface DBD and Catalysis Processing [23|, A study on propane depletion
by Surface Dielectric Barrier Discharges [24] and High concentration propane
depletion with photocatalysis |25].

In [23| we compared the differences in the depletion of pentane using both
SDBD and TiO, catalyst, investigating the pentane depletion and also the by-

products formations. The analysis of the temporal evolution of pentane and
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Table 7.1: Summary of the depletion rate, the efficiency after one minute and the depleted

percentage after one minute for all the plasma depletion devices mode we tested.

Start. | Box Input Eff. Depletion
VOC | conc. | vol. Device power T @ 1min | @ 1min
(opm) | (L) (W) (g/kWh) | (%)
Teflon 45 1.28 0.30 45%
05 45 0.65 0.40 70%
| Vetronite | 45 DC 15% | 10 0.60 25%
17 2.48 0.30 20%
r Bidir. 55 0.96 0.70 55%
' alumina 30 2.75 0.80 30%
45 1.15 2.4 50%
0.5 Vetronite
17 6.9 4.0 35%
C3Hg | 5000 Bid. al. 14 13.7 5.0 10%
1.5 | Monod. al. 14 13.1 5.0 10%
Honey. al. 14 10.6 5.0 10%

the associated concentrations of the intermediate reaction products allowed us
to quantitatively describe the kinetics of VOC depletion in the plasma hybrid
system. In an SDBD-catalyst reactor, the plasma primarily acts to decom-
pose pentane, while the catalyst mostly concerns the intermediate reaction
products. During the first minutes of treatment in a single experiment, gas
processing is dominated by plasma decomposition of pentane, followed by the
generation of the intermediate products, which are progressively depleted by
the catalytic processes acting on longer time scales. The plasma dynamics
depends on both the pentane concentration and applied power. It is faster at
higher power and lower concentrations, where pentane is abated in less than 1
min. The typical time scale varies between 0.7 and 1.7 min for 300 ppm and

1200 ppm initial pentane concentrations, respectively.

In [24] we analyzed the temporal evolution of propane provided in a wide
range of VOC concentrations, between about 1000 and 10000 ppm, permitted
to evaluate depletion time rates decreasing as a function of plasma power and
concentration. The efficiency evaluated as quantity of propane per unit of
energy takes values between 2 and 7.5 g/kWh and depends strongly on the

propane concentration.
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In [25] we demonstrated the ability of TiO, catalysts to deplete high propane
concentrations using UV-A lamp. The abatement rate for the initial propane
concentration between 1200 and 5000 ppm is of the order of 10% after 22 min,
and the time scale of depletion is of the order of hours. We found that the
TiO, photo-catalytic activity slowly depends on the initial concentration. The
TiO, catalyst suffers from aging effects since after two months, its depletion

action is greatly reduced.
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# Equipment setup

In this Chapter we are going to present all the equipment setup we used for
the air purification from biological pollutants. These experiments are done in
collaboration with a group from Department of Pharmacological and Biomolec-
ular Sciences at University of Milano and a group from Department of Medicine

and Surgery, experimental neurology unit at University of Milano-Bicocca.

8.1 Plasma sources

To perform the abatement we used the bidirectional alumina SDBD, detailed
in Subsection 5.1.1. The input powers we worked with are about 16 and 35 W,
that corresponds at about 7.5 and 20 W of transferred power to the plasma,

respectively, as shown in Section 6.1.

8.2 Experimental setup and diagnostics

Treatment box The treatment box is a homemade 3D printed case with
the SDBD place at the bottom (Figure 8.1a). At about the same level of the
SDBD, bacteria are vaporized using an aerosol machine and collected by two
different sampling methods that are going to be presented below: DUO SAS
air sampler (Figure 8.1b) and Coriolis liquid sampler (Figure 8.1¢). The input

opening has also a fan that can be switch on or not during the experiments.

Bacteria preparation and vaporization Bacterial cells were cultivated in
LB broth (supplied from DIFCO) at 37°C. Stationary phase bacterial cultures
were diluted in LB broth to an OD600 (Optical Density) of 0.05 and growth
was monitored by measuring OD600 over time. At OD600 = 0.5 bacteria were
collected by centrifugation (5000 rpm for 15 min) and re-suspended in an equal
volume of 0.9% NaCl or 0.1M phosphate buffer solution at pH 7.00. Bacteria
were then appropriately concentrated or diluted to obtain the desired concen-

tration CFU/ml (Colony Forming Unit/ml) to be vaporized. The bacteria we
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Figure 8.1: (a) Sketch of the setup. Photo of the experimental setup using (b) Duo SAS

air sampler and (c) Coriolis liquid sampler.

used are the non-pathogenic Gram-negative Escherichia coli and the Gram-
positive Staphylococcus epidermidis species. For the bacteria vaporization we
used (Figure 8.2) Master Aid Dynamic aerosol coupled with Med-+s Medical
Solution aerosol ampule. The medium vaporization flow is 0.2 ml/min.

The bacteria growth and the evaluation of the abatement was done at Uni-
versity of Milano - Department of Pharmacological and Biomolecular Sciences

(microbiology laboratory).

Bacteria collection Sampling of the bacteria was carried out using the Duo
SAS and Coriolis systems.

The air sampler SAS Super 180 Duo (Figure 8.3a) has a speed of 180
L/min and the sampled air is directly convoyed to a Petri dish with Difco Nu-
trient Broth agar medium (NA). Petri dishes are incubated for 18-24 h at 30°C
and then colonies enumerated to calculate bacterial concentration expressed
as CFU/m?.

The liquid sampler is Coriolis (Figure 8.3b). It has a maximum speed of
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Figure 8.2: Photo of the Master Aid Dynamic aerosol coupled with Med+s Mediacal

Solution aerosol ampoule.

300 L/min and a maximum sampling time of 10 min. For the experiments we
set the speed at 200 L /min and the time at 10 min. The sampling is done in a
0.1 M phosphate buffer solution at pH 7.00. Bacterial concentration is calcu-
lated by plating appropriate dilution of the liquid on a Petri dish. Petri dishes
are incubated for 18-24 h at 30°C and then colonies enumerated to calculate
bacterial concentration expressed as CFU/ml. Note that the minimum con-
centration we can detect with this setup is 1 x 10! CFU/ml. In the histograms
concentrations below 1 x 10! CFU/ml are plotted as 1 x 10 CFU/ml without
error since we cannot have a better esteem, meaning that the abatement esti-

mation is below the detection limit in that cases.

FITC analysis Fluorescein isothiocyanate (FITC) [141] is a fluorescent mo-
lecule that is unable to cross membranes and bacterial walls when they are in-
tact. However, if membranes and walls are damaged, FITC enters the bacteria
and therefore these bacteria are defined as FITC positive. The percentage of
the FITC positive bacteria respect to the total number of bacteria is an esteem
of the amount of the damaged bacteria.

For this analysis, it is necessary to add the FITC (Merk) at the bacteria
solution and after an opportune preparation the bacteria are deposed over a
Petri dish. Using a fluorescence microscope (Cell Observer from Zeiss) and
a 60x immersion lens, a series of images are acquired. The total number of
bacteria and the FITC positive ones are manually estimated with the support
of ImageJ software. This analysis were done in collaboration with the Depart-

ment of Medicine and Surgery, experimental neurology unit at University of
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(a)

Figure 8.3: Photo of (a) the air sampler SAS Super 180 Duo and (b) the liquid sampler

is Coriolis.

Milano-Bicocca.

O; and temperature measurements We measured the O3 produced by
the plasma with the absorption spectroscopy as described in 5.3 - Absorption
spectroscopy section. The temperature collection is described in 5.3 - Tempera-
ture. For these measurements we cannot use the treatment box we used for the
bacteria, since we need quartz windows for the absorption spectroscopy record-
ing. We placed the SDBD inside one cross chamber reactor with two opposite
enclosure with quartz window, one with the connection for the Coriolis and
the last one for the air and vaporizer incoming. The data collection consists
in recording the lamp light intensity and the temperature for the desired time
(about 30 s), switching on the plasma and let the Coriolis and vaporizer start
after about 20s. When the Coriolis treatment ends (about after 10 min) we

switch off the vaporizer and the plasma.
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# Results and analysis

In this Chapter we present the results of the characterization of the source and

the abatement of the bacteria.

9.1 Ojproduction and temperature measurements

In this Section we are going to present the O3 and temperature trends while
Coriolis moves the air.

In Figure 9.1 we show the O3 produced by the plasma at two different input
power: about 16 (in red) and about 35 W (in blue). The yellow bar represents
the time when only plasma is on, while the green one is when both plasma and
Coriolis are on. The box inside is a zoom of the Oz between 100 and 645 s.
We operated similarly as we do for the bacteria treatments, we light on plasma
and when is well powered, that is about 20s later, we switch on the Coriolis
and simultaneously the vaporizer. The Coriolis treatment is for about 10 min
with automatic stop. After that we switch off the vaporizer and the plasma.
From Figure 9.1 we can see two separated regimes for the two different input
power. Higher is the power, higher is the O3 production. The O3 concentration
is quite stable when the Coriolis is on at about 10 ppm for 16 W input power
and about 23 ppm for 35 W.

In Figure 9.2 we show the contact temperature (dashed line) of the SDBD
and the gas temperature (dotted line) that there is around the plasma. The
latter is the temperature the majority of bacteria feel when they flow over the
treatment box. We can see that the contact temperature reaches about 70°C for
35 W input plasma power and 45° for 16 W. These are not safe temperatures
for bacteria, however the gas temperatures are lower than 30°, thus we can
exclude that the bacteria abatement is due to temperature effects during the

treatment, as shown in the next paragraphs.
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9.2 Bacteria abatement

In this Section we are going to present the results of bacteria abatement by
plasma treatment. The bacteria we chose for these experiments are the Gram-
negative Escherichia coli (E. coli) and Gram-positive Staphylococcus epider-
midis (S. epidermidis).

To analyze that data, for every couple x, and x; (untreated and treated

mean concentrations), we evaluated the Log reduction

Ao = logyo (x) — logyg (x4) (9.1)

in order to know how good the abatement is. The Ay is linked to the abate-

ment percentage by the relation
% abatement = 100 x (1 — 1072, (9.2)

meaning that highest Ay corresponds to a better abatement.

To compare the two samples, we made the compatibility test

. |xu - xt|

= ——, (9.3)

Vol +of
where o; is the mean standard deviation of the variable x;. We can assume,
with a confidence level of 5%, that the two values x,, and x; are compatibles if
t < 2 and incompatible if ¢ > 2. For that reason we can say that a treatment
is effective (there is a real reduction of the bacterial concentration) if ¢ > 2,
otherwise the treated and the untreated samples are statistically compatible

and there is no abatement.

9.2.1 FEscherichta colr

To evaluate Escherichia coli abatement we used both bacteria collection sys-

tems, Duo Sas and Coriolis.

Duo Sas bacteria collection For this experimental campaign we compared
the E. coli abatement that occurs when the bacteria are suspended in NaCl
0.9% or in phosphate buffer solution 0.1 M at pH 7.00. The plasma works at
about 16 W of input power.

In Figure 9.3 we report the bacterial concentration expressed as CFU/m?

under different conditions:
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1. without plasma: vaporized bacteria are collected in 2 minutes over a

Petri dish (NA) without generating plasma (condition blue in figure),

2. bacteria aerosol after having plasma treated the Petri dish: vaporized
bacteria are collected in 2 minutes over the Petri dish (NA) after having
plasma treated the Petri dish for 2 minutes (condition orange in figure),
in order to investigate if plasma could be responsible for a Petri dish

poisoning, affecting the bacteria growth,

3. plasma treatment of bacteria aerosol: vaporized bacteria are collected in
2 minutes over a Petri dish (NA) while plasma is on (condition yellow in

figure).

The concentration expressed as CFU/m? is evaluated dividing the number
of CFU counted over the Petri dish by the amount of air sampled by Duo Sas
in 2 min, that is 0.360 m?3.

T T

10° £ | Without plasma 3
- | Bacteria aerosol after having plasma treated the Petri dish
[ |1 Plasma treatment of bacteria aerosol

104 _ - _
R E Am_ 0.06 A10_0.01
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E 107 ¢
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07 ; .

NaCl 0.9% suspension Phosphate buffer suspension

Figure 9.3: Concentration of bacteria collected over a Petri dish with bacteria vaporization
without plasma (condition blue), with plasma and following bacteria vaporization (condition
orange), with bacteria vaporization and with simultaneously plasma (condition yellow), using
bacteria in NaCl 0.9% (left) and in phosphate buffer (right) solution.

Data exploit the bacteria abatement during the bacteria vaporization and
plasma treatment. The abatement is therefore not generated by an eventual
Petri dish poisoning by plasma as we can see that the concentration of bac-

teria vaporized after having plasma treated the Petri dish is the same of the
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concentration of the bacteria vaporized without plasma (¢t =0.53 and 0.65 and
Ajq close to zero). This means that the abatement occurs during the very low
time that the bacteria flow over the plasma and interact with the treated air
while reaching the Petri dish.

The suspension medium plays a role in the abatement: bacteria suspended
in phosphate buffer solution before vaporization are less vulnerable. We found
that Aqg is 1.40 £ 0.07 for the bacteria suspended in buffer and 2.90 4+ 0.30 for
the ones suspended in Nacl 0.9%; both ¢ values are greater than 2. However,
the bacteria in the environment are in a condition that is much more simi-
lar to the NaCl 0.9% than the phosphate buffer solution with a stable pH,
meaning that this system is effective for the reduction of bacteria in the order
of 103 CFU/m?3=1073 CFU/ml that flow over the plasma with a 180 L/min
speed.

Coriolis bacteria collection The bacteria cells in this experimental cam-
paign are always suspended in NaCl 0.9%, while the liquid medium for the
collection after treatment is phosphate buffer solution at pH 7.00. We chose
that liquid medium in order to reduce the possibility of the bacteria abatement
occurs in the liquid instead of in the air.

The concentration range for the starting concentration that we can exploit
with this collection sampling is about between 10° and 10° CFU/ml (that
correspond to 10° and 10> CFU/m?), so it is larger and higher than the one
we explored during the Duo Sas collection.

We evaluated the abatement of the E. coli starting from vaporized solutions
at different concentrations using plasma at 16 W of input power (Figure 9.4).

The Log reduction and the compatibility factor are shown in Table 9.1.

Table 9.1: Log reduction and the compatibility factor of the E. coli treatment at 16 W of

plasma input power.

Starting concentration
Aqg t Abatement
(CFU /ml)
3.5 x 107 0.514+0.40 | 0.92 No
5.5 x 10° 0.614+0.15 | 2.40 75%
3.5 x 104 1.08+0.12 | 4.96 92%
1.5 x 103 > 2.23 > 298 | > 99.4%
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A Log reduction plot in function of the starting concentration is reported
in Figure 9.5. Red dot means that Ay, is greater than the reported value.

From Figure 9.4 and Figure 9.5, we can notice that the Log reduction,
and so the order of abatement, is dependent of the starting bacteria con-
centration and goes from 0.5 for about 107 CFU/ml, where we cannot see
that there is abatement (Ajp=0.51£0.40 and ¢ =0.92) to more than 2 order
for 10° CFU/ml (Ao >2.23 and t >2.98) where the abatement is more than
99.4%.
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Figure 9.4: Abatement of E. coli cells at different starting concentrations at 16 W input

power of plasma. (blue bars) Not treated samples, (orange bars) plasma treated samples.

Working with the highest concentration, where there is not the abate-
ment for 16 W input plasma, we evaluated what happens if we increase the
plasma at about 35 W (Figure 9.6). We notice that the plasma power plays
a role, since higher plasma power made a quite good abatement, obtaining
A1p=0.9140.10, t = 10.18 and abatement of 87%, compared to the no abate-
ment of the low power situation. We are also interested to verify that the
abatement happens while the bacteria flow over the plasma and interact with
air and not in the collecting liquid medium. From Figure 9.6 right columns
we show that there is no abatement in the liquid medium since the concentra-
tion of the bacteria added after a coriolis treatment with plasma is the same of
without plasma (A9 =0.044+0.10 and ¢ = 0.37). Note that there is a difference

in the bacteria concentration of the vaporized bacteria and in the added after
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Figure 9.5: Log reduction in function of starting concentration. Red dot means that Ajg

is greater than the reported value.

the treatment ones since during the vaporization there is a loosing of bacteria
along the path that do not happen when we added 2mL of bacteria directly
in the treated liquid.

These last two studied conditions (center and right columns in Figure 9.6)
were also tested by FITC test, figuring out, as can be seen in Figure 9.7
and Table 9.2, that there is a significant increasing of the positivity in the
vaporized bacteria 35 W treated respect to the untreated, while there is not in
the bacteria added after the treatment. The amount of FITC positive bacteria
in the untreated vaporized condition are significantly (t = 5.8) higher than the
ones are added after the Coriolis treatment, meaning that there is damage
while the bacteria are vaporized, pass through the system and are collected
by the Coriolis. However, the higher damaging is due to the plasma, since
the FITC positive bacteria go from about 23% in the untreated to about 70%
in the treated condition. The bacteria damaging induces bacteria killing or a
reduction in their reproduction, confirmed by the reduction of concentration

(Figure 9.6 central columns).

We are interested in knowing if the reactive species produced by the plasma

play a role in the bacteria abatement. We placed the whole device (vaporizer,

93



Part III: Bacteria removal by atmospheric cold plasma

I Without plasma A, =0.04 ]
I With plasma 10
10%F t=0.37 3
2 A10 =0.51
Sq0fr =092 Ao =091 :
Q t=10.18
c
9
©
= 7
< 10
@
o
c
o
(@]
10°
10°%°
Vaporized bacteria Vaporized bacteria Bacteria added
16 W plasma 35 W plasma after treatment
35 W plasma

Figure 9.6: Abatement of E. coli cells at different plasma conditions: (left columns)
16 W input power of plasma and (center columns) 35W input power of plasma. (right
columns) Bacteria added after coriolis treatment with plasma at 35 W input power and

without plasma. (blue bars) Not treated samples, (orange bars) plasma treated samples.

Table 9.2: Percentage of FITC positivity bacteria over total number of counted bacteria.

The percentage is evaluated over at least 5 images for each condition.

Bacteria Positivity (%) | t
) Not treated 23+3
Vaporized 8
35 W plasma treated 70+5
Added Not treated 25+1.8 05
after 35 W plasma treated 1.4+1.3 '

plasma box, Coriolis) in a glow box filled with argon, we collected with the
Coriolis the bacteria sampled without and with the argon plasma, and we
compared with the same concentration abatement in air (Figure 9.8). The
plasma input power is about 16 W in both cases. We found that there is no
abatement when the plasma is lit up argon (A;9=-0.07+£0.15 and t =0.44).
That means that the reactive species produced by the air plasma play a direct

role in the bacteria abatement.
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(b)

(c) (d)

Figure 9.7: E. coli FITC images for vaporized (a) untreated and (b) 35 W plasma treated

bacteria; bacteria added after (c) only coriolis treatment and (d) coriolis and 35 W plasma
treatment.
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Figure 9.8: Abatement of E. coli cells in different atmosphere: (left columns) air and (right

columns) argon. (blue bars) Not treated samples, (orange bars) plasma treated samples.
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9.2.2 Staphylococcus epidermidis

We investigated the Staphylococcus epidermidis abatement using only Coriolis
collection system.

As we have done for E. coli, the bacteria in this experimental campaign are
always suspended in NaCl 0.9% and the liquid medium for the collection after
treatment is phosphate buffer solution at pH 7.00.

We analyzed the conditions with about 5 x 10° CFU/ml starting concen-
tration and plasma input power at about 16 W; about 1 x 108 CFU /ml starting
concentration for plasma input power at about 35 W. The results are shown
in Figure 9.9. We can see that in both cases there is an abatement higher
than 90% (Table 9.3). The last condition was also tested at FITC. The results
are shown in Table 9.4 and Figure 9.10, where we can see that also in the S.
epidermidis bacteria have a significant increasing of FITC test positivity after
plasma treatment.

Comparing the abatement of S. epidermidis with the corresponding situa-
tion of E. coli (Figure 9.4 first two columns block for 16 W plasma power that
is less the 75% and Figure 9.6 central block for 35 W plasma power that is 88%)

we can notice that the effectiveness of abatement is higher for S. epidermidis.

Table 9.3: Log reduction and the compatibility factor of the S. epidermidis treatment.

Starting concentration | Plasma power
Ao t | Abatement
(CFU /ml) (W)
5 x 10° 16 1.154+0.11 | 8.0 92.9%
1 x 108 35 1.20+£0.17 | 44 93.6%

Table 9.4: Percentage of FITC positivity bacteria over total number of counted bacteria.

The percentage is evaluated over at least 5 images for each condition.

Bacteria Positivity (%) | t
) Not treated 30£3
Vaporized 17
35 W plasma treated 83+1
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Figure 9.9: Abatement of S. epidermidis cells at different plasma conditions and start-
ing concentration: (left columns) 16 W input power of plasma and 5 x 10° CFU/ml (right
columns) 35 W input power of plasma and 1 x 103 CFU/ml. (blue bars) Not treated samples,
(orange bars) plasma treated samples.

(b)
Figure 9.10: S. epidermidis FITC images for vaporized (a) untreated and (b) 35 W plasma
treated bacteria.
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m Conclusions

We investigated how SDBD (bidirectional alumina) abate bacteria that are
vaporized over there. The bacteria we used are Escherichia coli and Staphylo-
coccus epidermidis, since the first one is Gram-negative and the latter Gram-
positive. We used the non-pathogenic strain of both the bacteria species. This
system was designed in order to simulate a very contaminated air volume. In
general, the room contamination (considering our work office) is in the order
of 107> CFU/ml. We increased the contamination to have a bigger range of
investigation and well identify if there is an abatement or not.

The E. coli experimental campaign reaches an abatement close to 99.9%
starting from the low concentration of about 1073 CFU/ml (of sampled air)
collected by the Duo Sas.

The results of the Coriolis sampling of E. coli and S. epidermidis investi-
gated conditions are summarized in Table 10.1, where the bacteria concentra-

tion is expressed in CFU/ml (of liquid).

Table 10.1: Summary of the effectiveness of the E. coli and S. epidermidis air treatments.

. Plasma Starting conc.
Bacteria A1p t Abatement
power (W) (CFU/ml)
3.5 x 107 0.51+0.40 | 0.92 No
16 5.5 x 105 0.61+0.15 | 2.40 75%
E. coli 3.5 x 104 1.08+0.12 | 4.96 92%
1.5 x 103 > 2.23 > 2.98 > 99.4%
35 3.5 x 107 0.91+0.10 | 10.18 88%
‘ o 16 5 x 108 1.1540.11 8.0 92.9%
S. epidermidis
35 1x 108 1.204+0.17 4.4 93.6%

We can notice that the F. coli abatement increase with the decreasing of
the starting concentration or with the increasing of the plasma power. The
S. epidermidis abatement is more effective compared with the respective con-
dition of E. coli, meaning that S. epidermidis is less resistant to the plasma

treatment. Using FE. coli we also investigate when the abatement happens,
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obtaining that it is while the bacteria flow over the plasma and not for a liquid
contamination with the reactive species produced by the plasma. The reactive
species in the air are responsible for the bacteria abatement since in argon
gas plasma we do not see any abatement. In addition, FITC test confirmed
that there are bacteria damaging that induces bacteria killing or a reduction
in their reproduction.

Thanks to the preliminary measurements we have done registering the con-
tact and gas temperature, we can exclude that the abatement is caused by the

temperature increasing, since the air temperature is always between 18 and

25°C.
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# Equipment setup

In this Chapter we present the equipment setup we used for surface treatments.

The vacuum chamber (Figure 11.1) was designed at the University of
Milano-Bicocca by the Plasma Prometeo Center and commissioned to a MORI
MECCANICA mechanical workshop (Parma Italy).

The system is made by a vacuum cylinder and two closures, equipped with
vacuum feed-throughs for RF power supply, vacuum sensors, gas dispenser,
opening for pumping systems, and inspection window made of quartz.

The capacitive antenna was designed and built by the mechanical workshop
at the University of Milano-Bicocca. It is made up of two parallel aluminum
plates of diameter 190 mm. The distance between the plates can be varied
between 3 and 20 cm. The working gas was uniformly distributed in the reac-
tor by the upper shower-head electrode with pinholes of 2mm diameter (Fig-
ure 11.1c). This electrode was connected to a 13.56 MHz RF power supplier
(Advanced Energy RFX-600) which provided an RF voltage to the grounded
chamber. On the second plate, connected to ground we placed the samples.
The maximum working power is 500 W, that correspond to a maximum power
density of about 1.8 W /cm?.

S'

RF electrode

Treatment

/ chamber
»

\Ground electrode

Plasma
region ==

-

Sample

(a) (b)

Figure 11.1: (a) Scheme and (b) photo of the experimental setup. (c) Photo of upper

shower-head electrode of the capacitive antenna.

The chamber is connected to the pumping system, which allowed to evac-

uate the reactor up to a residual pressure lower than 10~¢ mbar. After evacu-
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ation, the vacuum chamber is filled with the working gas and the pressure is
kept constant inside the reactor.

As a diagnostic we used contact angle, SEM (Scanning Electron Microscopy)
and AFM (Atomic Force Microscopy) imaging. The contact angle 0 (Fig-
ure 11.2) is the angle between a fluid and a solid interface, in the presence of
a surrounding gas or different liquid. In our experiments we used water as a
fluid and the surrounding gas was air. If 6 is greater than 90° (Figure 11.2a)
the surface is hydrophobic, if it is smaller (Figure 11.2b) the surface is hy-
drophilic. For that measurement we used DataPhysics OCA 20 instrument,
that allow us to place a defined volume (3 uL) of water over the desired surface

and automatically compute the contact angle with the device software SCA20.

a )
(a) (b)

Figure 11.2: Contact angle scheme in case of (a) hydrophobic and (b) hydrophilic surface.

For the SEM analysis we used the FEG microscopy (SEM-FEG) Gemini
500 Zeiss [142]. This microscopy can work with acceleration power in the range
of 0.5 and 30kV, beam currents of 3 pA-20nA, and it has a nominal resolution
of 0.6nm at 15kV. As in-camera detectors it has the secondary electrons (SE)
and the back-scattered electrons (BSE), but also it has the in-lens (BSE/SE)
detector for high resolution images and the STEM detector for the transmission
observations for the thick and the biological samples.

For AFM, we used the Nanosurf CoreAFM [143|. It has electronics with
24-bit ADC and DAC that ensure high-resolution XYZ and allow the low-
noise force detection limited only by the cantilever. Thirty-two standard and
optional modes with fully compatible add-ons make the CoreAFM the tool
of choice for applications ranging from materials research to life science and

electrochemistry.

In this work we used polypropylene polymers that we treated with oxygen,
argon, carbon dioxide and hydrogen for different times, and polytetrafluo-
roethylene that we treated with oxygen for different times. The description of

the used polymers is in Chapter 4.
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In this Chapter we are going to present the results of the treatments made

using different substrate, gases, and time.

12.1 Polypropylene

We treated 5x5cm? and 20 um thick PP film using different gases and treat-
ment time. The power used for these treatments is about 75 W for O,, CO,
and Ar gases, while 115 W for H,. These power were chosen as a compromise
of a well diffused switch on plasma and not overheating the sample. The well
diffused switch on plasma allowed us to increase the power for the H, treat-
ments. In addition, we made an O, treatment increasing the power at about
115W for 5min. For the different studied condition we evaluated the water
contact angle in air, and we watched the SEM images of the sample.

The untreated sample has a contact angle of (87.0 £0.4)°, the SEM image
reveals a plain surface (Figure 12.1a), with a maximum height, reveled by the
AFM (Figure 12.1b), lower than 40 nm.

— 1pm ﬁ

(a) (b)

Figure 12.1: (a) SEM image of the untreated PP sample. Images correspond to a 24k
magnitude. (b) AFM image of the untreated PP sample. Sample dimension 2 x 2 m?.

In Figure 12.2 we report the SEM images of the different sample treated
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with oxygen. In the SEM images we can identify pillars that with the in-
creasing of the treatment times seems to clustering. That process is due to
the chemical etching of the surface by oxygen. The PP treatment seems to be
different from what we observed in the PET (polyethylene terephthalate) sam-
ples discussed in our previous work Hydrophilicity and Hydrophobicity Control
of Plasma-Treated Surfaces via Fractal Parameters |144], where we can iden-
tify two competitive processes that produce the nanostructurization: polymer
chemical etching by oxygen, that produces hollow of the order of 200 nm, and
low weight molecular polymer clusters deposition with size of 10-100 nm. These
different behaviors are mainly due to the different chemistry of the polymers,
in fact PP is composed of an aliphatic chain of carbon and hydrogen, while
PET has both aromatic and linear components made by carbon, hydrogen and

oxygen.
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Figure 12.2: SEM images of the Oy 75 W treated sample for different treatment times.

Images correspond to a 50k magnitude.

The increase of the power (Figure 12.3) produces the formation of the
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pillars arranged in a cauliflower like structure. Over this sample we made also
the AFM, and we studied its fractality. From Figure 12.3b we can see that the
maximum height of the pillars is about five times higher than the untreated
one. For the study of the fractality we used a similar method as the described
in [20]. The AFM image has 512x 512 pixels and can be visualized as a matrix

of indices (7, k), where each element (i, k) has an associated height z.

167 nm

140
120

100

Hzoo nm — ‘

(a)

Figure 12.3: O, treatment at 115W for 5min. (a) SEM images at magnitude 50k. (b)

AFM images with sample dimension 2x 2 ym?.

To study the profile we can fix the column k& (in Figure 12.4a is shown an

example for both untreated and treated sample) and define the signal as

S(1) = z(1), at fixed k, (12.1)

S(k) = zi(k), at fixed 1, (12.2)

where 1< i,k < N and N =512 is the number of pixels. The mean roughness of
the samples are (20 +5) nm for the untreated and (70=+ 30) nm for the treated
one.

In order to determine the degree of auto-correlation in the signal, we rely on
the calculation of the Hurst exponent [145-147|. At ‘distance scale’ 1< ¢ < N,
we evaluate the mth (1< m < |N/{|) mean random walk profile given by,

¢
1
ZZ —1)0 +n), (12.3)
and we studied the fluctuation between neighboring boxes according to

F(£) = ([Busa(£) — B (02", (12.4)
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Figure 12.4: Examples of untreated and treated profiles for: (a) fixed column, and (b)
fixed row. Here, a is the pixel size.
which is expected to display a power-law behavior

F(l) ~ 17, (12.5)

where 0 < H <1. This relation can be express in terms of real distances

considering that ¢ = R/a (R is the distance and a is the pixel dimension in

F(R) ~ (E)H. (12.6)

a

um),

It is convenient to average F(¢) over all the columns and rows to reduce the
statistical errors. We found that, for both the analyzed length scales, the Hurst
exponent for the treated sample is H =0.75 (Figure 12.5). This suggests the
presence of persistent (positive) correlations of height-height fluctuations up
to R ~40 nm for L =2 pum. This fractal regime extends further for L =1 um,
reaching R ~70nm. The thus obtained values of H provide an estimate of the
actual surface fractal dimension (within the same length scales) of d; =3—H ~
2.25 > 2. A similar fractal dimension (d; ~ 2.2) was found in [144] over PET

treatments.

The CO, treatment (Figure 12.6) does not seem to induce any nanostruc-
turization of the PP samples, apart for the creation of little holes from the
chemical etching due to COs,.

Argon treatments (Figure 12.7) induced a low nanostructurization and a

deposition of about 200 nm or less diameter carbon sphere that are due to the
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Figure 12.5: Fluctuation analysis of surface height variations vs length scale R (nm). The

curves have been vertically shifted for clarity and F(R) is expressed in arbitrary unit.
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Figure 12.6: SEM images of the CO, treated sample for different treatment times. Images

correspond to a 50k magnitude.

argon plasma carbonization. This behavior is typical of Ar plasmas over the
surfaces since argon can not oxidize the evaporated broken carbon chain, as it
happens with oxygen plasma.

The H, treatments (Figure 12.8) induced a very dense nanostructurization
with different deepness according to the film region. Similar behavior was

observed with the atmospheric pressure plasma treatment over PP [49].
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(a) 2min (b) 8min

Figure 12.7: SEM images of the Ar treated sample for different treatment times. Images

correspond to a 50k magnitude.

(c) 10min

Figure 12.8: SEM images of the H, treated sample for different treatment times. Images

correspond to a 100k magnitude.
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The contact angle 6 trends for the different gases are shown in Figure 12.9.
For Oy, CO5 and Ar treatments, we found a decreasing of the contact angle
which depends on the type of gas used, while for O, there is a saturation after
4 min of treatment. On the other hand, the Hy treatment induces an increasing
of the contact angle, meaning that the modified surface becomes hydrophobic.
The O, results confirm the data in [148|, where they attribute the reduction
in contact angle values by the formation of oxygen functional groups on the

polypropylene surfaces.
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Figure 12.9: Contact angle as a function of time for the different treatment gases.
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12.2 Polytetrafluoroethylene

We treated 5x5cm? and 4mm thick PTFE samples using different treatment
times. The power used for these treatments is about 150 W and the used gas is
O,. We chose a higher power than for PP, since PTFE is much more resistant
and requires more power for its modification.

By looking at the SEM images in Figure 12.10 the nanometrical structure
of the treated polymers compared with the untreated one, we can identify
two competitive processes: etching and low weight molecular polymer clusters

deposition, similar to what happens in PET treatments [20].

l—llum ﬁ . - ) ﬁ

(c) 30min

Figure 12.10: SEM images of the untreated and O, treated PTFE sample for different

treatment times. Images correspond to 24k and 50k magnitude.

In Figure 12.11 we can see that the O, plasma treatment induces an in-
creasing of the contact angle, obtaining a condition of super-hydrophobicity,
from about # = 105° for the untreated sample to about 6 = 140° for the 30 min
treated one. This is the opposite behavior to the PET samples [144], where
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starting from 6 =90° of the untreated sample, it reaches a super-hydrophilic
condition after 30 min of treatment with 6 < 10°. These results confirm that
low pressure oxygen plasma over PTFE is able to sculpture nano-features on
its surface and producing a super-hydrophobic material, as previously found
in Ref. [51].
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Figure 12.11: Contact angle of the PTFE surfaces in function of time.
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# Conclusions

Nanostructured surfaces are a growing research field for their variety of appli-
cations, as we detailed in the Chapter 4. The present experiments were focused
on the nanostructurization of materials, which can be useful for creating an-
tibacterial surfaces or materials displaying antifouling properties.

For the polypropylene samples we found out different nanostructurization
depending on the used gas. O, treatment induces the creation of pillars that
with the increasing of the treatment times seems to clustering; CO, does not
produce a nanostructurization but generates nanometrical holes; Ar causes
a dense base nanostructurization with the deposition of carbon spheres; H,
formed a nanostructurization over different length scales, but further work is
necessary in order to elucidate possible fractal properties. As a consequence,
also different contact angle trends are identified: a decreasing angle for O,,
CO4 and Ar treatment, and an increasing one for H,. For the O, treatments
we also made AFM analysis finding that the treated surfaces have a fractal
dimension dg; ~ 2.25. These microscopical and macroscopical modifications are
interesting since we can modify a polymeric surface according to the specific
application, without interfering with the chemical-physical properties of the
polymer, such as strength, color or composition.

The polytetrafluoroethylene samples are more resistant, and so we used
higher power for the plasma treatments respect to the one we used for PP. For
this experimental campaign we used only O, as plasma working gas. Looking
at the SEM images we can identify the growth of nanostructures over the
different treatment times of PTFE samples, due to the chemical etching and
the low weight polymer clusters deposition. These nanostructures are visible at
different length scales, showing a sort of fractal structure. These features, such
as e.g. the fractal dimension, remain to be investigated using AFM imaging

and statistical analysis.
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Abstract: In this study, we examine the statistical properties of asymmetric surface dielectric barrier
discharges (SDBD) produced by applying a periodic high voltage between two conducting displaced
electrodes, located at the opposite sides of a flat dielectric panel. Here, the asymmetry refers to the fact
that the lower electrode is fully covered with an insulating material, while the upper one, glued onto
the dielectric surface, is otherwise left exposed to the air. Such a configuration allows the formation of a
thin layer of plasma above the insulating surface. A single cycle signal consists of two well-separated
half-cycle patterns, denoted as forward and backward strokes, corresponding to positive and negative
voltages, respectively. They display a quite complex discharge pattern constituted by a sequence of
individual peaks (bursts) of varying current and time duration. Specifically, we find that backward
stroke bursts carry a positive mean charge (Q) ~ 0.3 nC and mean current (I) ~ 35 mA, with a mean
duration (7) ~ 15 ns, while forward stroke bursts have a negative mean charge (Q) ~ —0.1nC, a
mean current (I) ~ —20 mA, and a mean duration (7) ~ 11 ns. The statistical analysis suggests
that power injection can be tailored to produce the active agents in the plasma needed for a particular
application. We also determined discharge spatial correlation patterns from measurements of the
associated stimulated optical emission. The optical excitations occur as a result of the ionizing effect
of the electromagnetic waves which ignite the discharge, followed by the electric current flow. In
particular, we point out that one of the phases of the discharge is compatible with a cathode directed
streamer phenomenon (backward stroke), while the mechanism acting for a forward stroke has a
different structure.

Keywords: surface dielectric barrier discharge; atmospheric pressure non thermal plasma; streamer
discharge

1. Introduction

Dielectric barrier discharges (DBD) have found many industrial applications as ozone
generators, plasma discharge panels, excimer lamps and in different types of surface
modifications [1-5]. DBD are chracterized by the presence of an insulating material between
the electrodes to prevent the occurrence of high electrical current arcs between them (arcing).
They produce a non-thermal plasma at (or near) atmospheric pressure in the discharge gap
region between electrodes (Figure 1a) [6,7].

The DBD geometry results in a quite uniform plasma distributed between elec-
trodes, providing a large flow of activated or reactive compounds for the treatment of
materials [8-10]. This technique enables the application of plasma processes at atmospheric
pressure without a damaging heat load [11-15].

DBD have been used, for instance, to increase the wettability of polymers, to grow
silicon oxide thin films, to perform sterilization by UV irradiation, and for air purifica-
tion [16,17]. Variants of DBD are surface dielectric barrier discharges (SDBD) (Figure 1b),
obtained by using a particular configuration of electrodes in direct contact with the dielec-
tric material. To extend SDBD applications, asymmetrical electrode layouts (one isolated
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https://www.mdpi.com/journal /applsci

139



Part V: Appendix

Appl. Sci. 2021, 11, 2079

20f22

and the other exposed to the air) were developed, in particular in the context of aero-
dynamics [18-21]. In the latter, the main purpose was the production of an ionic wind,
flowing along the wing surface [22,23]. The resulting enhanced mixing of air flow and
ionic wind was found to be beneficial for an active boundary layer control, pursuing drag
reduction [24], lift enhancement [21], and stall prevention [25].

=+ Ground Electrode

(a)

LLLLELLLL
[ENNRRRNRNERRETI

Dielectric Barrier
Discharge Gap

High Voltage Electrode

Ground Electrode

(b)

Discharge Area
Dielectric Barrier

High Voltage Electrode

Figure 1. Schematic representations of: (a) dielectric barrier discharges (DBD), and (b) surface dielectric
barrier discharges (SDBD). Discharges within the plasma are indicated in magenta colour.

In this work, we perform extensive statistical analysis of SDBD, complementing the
study on DBD performed in [26], using an asymmetric device with an exposed (grounded)
metal electrode, glued onto the dielectric surface, and a lower electrode covered by an
insulating material (see Figure 1b). The purpose of our work is the characterization and
the analysis of the mechanisms taking place during the discharge formation in SDBD, and
its robustness when operating under steady state conditions. This is a basic requirement
that a working plasma device should fulfil in order to be used in large-scale industrial
applications. The study of SDBD properties are also interesting from a fundamental physics
point of view, since they have not been thoroughly investigated, while DBD have not been
thoroughly investigated either [6,26].

In the presence of high-voltage oscillating signals, SDBD display a complex pattern of
electric discharges in the form of short bursts of activity, concentrated within each half-cycle
of the wave signal period. They are often referred to as forward discharge or forward stroke
(FS), and backward discharge or backward stroke (BS), depending on the sign of the applied
voltage [27]. The two strokes are composed of a relatively large number of individual events,
carrying electrical currents in the discharge area, for which the expression microdischarge
was coined [6]. It is still not clear yet what the role played by FS and BS microdischarges is
in the production of the induced airflow around the plasma [22,28,29].

At atmospheric pressure in air, SDBD operate in the so-called microdischarge regime,
characterized by narrow current filaments with very short lifetimes (few tens of ns) [6,30].
Microdischarge filaments, or streamers, extend from the exposed electrode towards the
dielectric surface above the covered electrode, more or less perpendicularly to the elec-
trodes [30]. This spatial region roughly corresponds to the region where the electric field
strength is at its maximum.

At a more fundamental level, it is not even clear if the discharge mechanism is the same
during the two AC semi-cycles [30,31]. The origin of the differences between the two strokes
may be due to the different asymmetries that, as a matter of fact, can be present in typical
SDBD setups. The second, more general, source of asymmetry resides in the electrodes and
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dielectric surface geometry, which induces electric field spatial non-uniformities, that can
lead to differences between the two voltage polarities [22]. The alternating nature of the
power supply, however, induces a subtle correlation between the two strokes, which are
at work when the steady state operation regime is reached. Such correlations have been
studied in DBD [26] by calculating the Hurst exponent of the corresponding random walk
profiles [32,33], and we extend a similar study to SDBD.

In particular, further investigations are necessary by dealing with the mechanisms of
microdischarge initiation at the restart of each one of the two strokes, and to the role played
by the charges left on the active areas of the dielectric surface or in the gas gap above
it [34]. Several models have been proposed in the literature for simulating microdischarge
generation, evolution and quenching, even in non uniform electric field configurations.
Unfortunately, they are limited, due to numerical constraints, to single-microdischarge
events [35-40]. Thus, more experimental and analytical studies are needed for their general
assessment and validation.

The paper is organized as follows. In Section 2, we briefly review the state of the art
on SDBD. In Section 3, we describe the experimental set up, and in Section 4, we present
the plasma diagnostics employed, the latter consisting of a Rogowski coil (Section 4.1) and
a photomultiplier (Section 4.2). The experimental results are discussed in Section 5, and the
conclusions are summarized in Section 6.

2. Recent Works on SDBD Microdischarges

The study of the SDBD microdischarges is an active field of research which has drawn a
great deal of interest in recent years, both in applied and basic plasma physics communities.
We briefly review some of the works relevant for our present study.

In [41], the authors studied an extension of SDBD to a volume-surface dielectric barrier
discharge for the ozone production and benzene degradation. Concerning the discharge
characterization, they found that both SDBD and V-SDBD configurations worked in a fila-
mentary discharge mode, which produced current pulses superimposed to the capacitive
current, resulting in an increasing number and amplitude of current pulses with the applied
voltage. In a typical SDBD configuration, the charges are transferred along a thin layer
on the dielectric surface, and the accumulation of charges on the dielectric surface finally
leads to a reduction in the transfer, and therefore to the extinction of the electric discharge.
Compared to conventional SDBD, the hybrid volume-surface DBD (V-SDBD) apparently
enhances the discharge current, widening the spatial distribution of discharge plasma, which
can be explained by the enhanced spatial electric field due to the added ground electrode
over SDBD configuration.

In [42], the inactivation of Bacillus subtilis spores using coplanar surface dielectric
barrier discharge (CSDBD) is studied. As in any other plasma-chemical application, the
efficacy of the treatment depends on various discharge operating conditions, such as dis-
charge electrode geometry, mean dissipated power, and feed gas flow and composition, all
of which influence the chemical and physical processes of the discharge. For that reason,
the authors studied the plasma properties using a photomultiplier and ICCD camera to
record the optical emission waveforms and the spectra collected from the whole surface of
the CSDBD electrode. The production of micro-discharges occurs with a certain distribution
along the rising slope of a positive half-period with a typical pulse-to-pulse separation
of a few microseconds. A similar trend can be observed during any negative halfcycle.
The characteristic distribution of micro-discharges during both the positive and negative
half-cycles captured by the photomultiplier tube (PMT) waveforms for a (peak-to-peak)
HV amplitude of 22kV, has been acquired by averaging over 1024 samples. The highest
probability of micro-discharge onset occurs for positive AC voltages between 6.6 and 7kV,
while for negative AC voltages, the best conditions occur between —8.5 and —9.5kV. Fur-
ther insight can be obtained by analysing the voltage, current and PMT waveforms for
micro-discharges onset at a defined HV amplitude.
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In [43], the effects of optical characteristics, electrical performances and mechanical
properties of SDBD carrying a composite dielectric glass/polyimide film were investigated.
The current, discharge plasma morphology, electrical power consumption, and induced
airflow velocity were analyzed at an applied voltage of 17-23 kV with a working frequency
of 9.15kHz. The SDBD physical process of discharge is complicated, of which discharge
characteristics are influenced by many factors, including the applied power, electrode
parameters, dielectric properties, environmental conditions and so on. The discharge
intensity at the positive half cycle is higher than the negative one, corresponding to a large
number of intense pulses with noticeable amplitude difference, and the maximum pulse
current peak is about 17 mA. The changes in current are relatively low, having an average
value of about 4 mA during the negative half cycle.

3. Plasma Device Setup

The configuration adopted in our experiments was suggested by the simplest version
of SDBD used in plasma aerodynamics applications, named a plasma actuator [18]. It con-
sists of two conducting electrodes attached at the opposite sides of a flat dielectric panel, in
the asymmetrical arrangement sketched in Figure 2.

The lower electrode is fully covered with an insulating material, whereas the upper
one remains fully exposed to the air. In this way, the plasma generation region is confined
above the dielectric plate. As a dielectric barrier, we used a teflon sheet with a thickness of
about 3mm.

TO PMT —» TO OSCILLOSCOPE
OPTICAL FIBRES

———————- LENS

PLASMA

GROUND ELECTRODE DIELECTRIC BARRIER

HV ELECTRODE

—* INSULATING TAPE
ROGOWSKI COIL
 I—|

HV PROBE [
TO OSCILLOSCOPE TO HV TRANSFORMER

S TO OSCILLOSCOPE

Figure 2. Plasma device scheme: the two electrodes, consisting of tin clad copper adhesive tapes
(60 pm thick, 4 cm wide and 12 cm long), are attached to a dielectric material and are laterally shifted
from each other by about 0.5cm (typical asymmetry in SDBD). The lower electrode, fed by the
high-volatage (HV) supply, is covered with an insulating material, whereas the upper one, fed to
ground, is exposed to air (second type of asymmetry). The Rogowski coil is placed around the ground
cable and it is linked to an oscilloscope. The optical fibres are placed over the plasma region (violet
colour) and are connected to the photomultiplier, the latter linked to an oscilloscope. The HV probe
is net to the oscilloscope from the HV cable. In this work, unless otherwise specified, an asymmetric
SDBD refers to the second type of asymmetry.

Upon the application of a sufficiently high-voltage (HV), the air portion in proximity of
the device gets weakly ionized, thus creating a thin plasma layer above the insulating plate,
as illustrated in Figure 2. The SDBD plasma actuator generates a non-thermal self-limiting
plasma in which the accumulation of charged particles onto the dielectric surface opposes
the applied electric field [20]. Consequently, AC or pulsed high-voltages are required to
have a temporally prolonged discharge operation, otherwise only a transient air ionization
occurs at the voltage ignition [6].
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In the present configuration, the exposed electrode is grounded, whereas the covered
one is fed by a high-voltage power supply line. This consists of a DC-voltage supply and
a signal generator feeding the primary windings of a HV transformer whose secondary
windings are connected to the electrode. We set the reference DC-supply voltage, Vpc, in
the small range, Vpc = (7-14) V. The whole system behaves like a resonant circuit, so the
sinusoidal voltage frequency slightly depends on the DC-supply voltage. In Figure 3a, we
report the coupling of the applied DC voltage and the resulting amplified HV. In Figure 3b,
a typical high-voltage response signal used in the experiments is reported.
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Figure 3. (a) Amplitude of the amplified voltage Viyy, resulting from the applied reference DC voltage,
Vpc (of which few values are indicated), as a function of the corresponding optimal frequency. The
latter is chosen to maximize the output voltage Vijy, for each reference value Vpc. (b) Typical applied
signal Viyy (t) vs. time, employed in our experiments.

4. Plasma Diagnostics

The experimental setup consists of a Rogowski coil to investigate the electrical param-
eters of the discharges, and an optical emission spectroscopy and photomultiplier tube to
investigate the electromagnetic radiation of the plasma emission.

4.1. Rogowski Coil

The electrical parameters involved in the discharge events are clearly the most relevant
to be measured. This includes the sampling of the instantaneous value of the voltage, as
close as possible to the exposed electrode. Since a direct measure of the electric field or
potential in the discharge region is generally not feasible, because of the perturbations it
induces, the second leg of this diagnostics system is a measurement of the instantaneous
value of the current flowing between the electrodes. In our experiments, this was done by
means of Rogowski coil sensors [44,45].

A Rogowski coil usually consists of a conductor winding wrapped around a toroidal
support of a non-ferromagnetic material, such as an air core. This ensures excellent linearity
to the response of the coil due to the absence of saturation and fast timing sensitivity. To
use a Rogowski coil as a probe, the cable transporting the current has to pass through the
toroid. Then, the current flowing in the cable generates a voltage variation at the output of
the coil proportional to the rate of the current variation, dI/dt. This voltage signal should
be passed through an integrating circuit, that could simply be a resistance, for measuring
I(t). Using a small resistance for the integrating system, the probe operates in the so called
self-integrating mode in a large frequency range.

Within this range, the voltage signal produced by the coil is directly proportional to
the instantaneous current value. Outside this range, however, the probe response displays a
frequency-dependent attenuation and phase-shift. Thus, in order to recover the actual value
of the current, an accurate calibration and a FFT decomposition of the signal is required [45].
There are some difficulties related to air core Rogowski coils, such as the variation of the
coil parameters with temperature and the sensitivity to the exact location and orientation
of the circuit section passing through the torus. However, the main drawbacks in our
application are due to the fact that Rogowski coils with air core have small sensitivity to
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weak currents. This cannot be overlooked, since our aim is to identify the signal produced
by single microdischarges.

To overcome this problem, a ferromagnetic coil can be employed for the Rogowski coil
core. Here, we use NiZn ferrite N30 with y; ~ 4300, with 50 Q) integration resistance and
3.5 windings, and a 50 cm-long RG-59 BNC coaxial cable with a 50 () resistance, which were
calibrated with our Rogowski coil. Data were digitized by an Agilent Infinium MSO8104A
oscilloscope with 1 GHz bandwidth and maximum acquisition rate of 4 GSamples/sec,
which was found to be suitable for the applications we envisaged.

The electric current signal sampled by the Rogowski coil has two main components:
the first one consists of the microdischarges producing the plasma state, and the second
one is due to the displacement current within the insulated electrode as a result of the
HV applied voltage. Thus, for a time-dependent applied voltage, a displacement current
is always added to the actual discharge current flow, that is mainly determined by the
capacitance behavior of the electrode system. In the case of an oscillating voltage supply,
the displacement current has a sinusoidal trend with the same frequency as the applied bias.

Above a voltage threshold, the electric field ignites the plasma. This is generally ob-
servable as a pulsed current signal that overlaps the displacement current signal, consisting
of several fast spikes (bursts), yielding two well-separated half-cycle patterns within the HV
cycle. Since we are only interested in the plasma contribution, we chose the self-integrating
range of the probe so that it suppresses the low frequency capacitive component by itself.

The calibration of the circuit was performed by using frequency waveform generators,
depending on the frequency range to be analyzed. We used an NF-1940 Synthesizer, with
bandwidth (0-20) MHz, and a Kenwood SG-7130 Synthesizer, with bandwidth (0.1-1300) MHz.
The Rogowski coil was inserted using two BNC breakouts, as close as possible to a high-power
50 Q) resistor R (Bird Electronic Co. 8135, maximum power 150 W) in order to avoid the external
cable stray capacitances. We collected input HV probe signal and Rogowski output signal
through an oscilloscope. Using the amplitude attenuation and phase-shift information, we
obtained the calibration parameters shown in Figure 4. Unless otherwise stated, we referred to
the phase during the oscillation cycle as the argumentof a sine function expressed in radiants,
such as

VRog(t) = VRog sin(wt + (PRog). (1)
L e B 270 v
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Figure 4. Calibration of the Rogowski coil vs. frequency [Hz]. (a) Voltage response. (b) Phase shift.

After the amplitude calibration, we obtained the attenuation factor to correct our
Rogowski response in the bandwidth (106-108) Hz, which is fit to measure the characte-
ristics of current pulses corresponding to single individual microdischarges, i.e.,

1%
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where Ig. is the reference current in the frequency range (10°-108) Hz. This is the self-
integrating bandwidth that we extrapolate up to 10° Hz. Using this optimised design of
the coil, a phase calibration correction [45] is no longer needed.

4.2. Photomultiplier Tube

As is well known, during the development of an electrical discharge, part of the energy
is lost into the excitation of internal states of atoms and molecules. From their de-excitation,
plasma emissions of electromagnetic radiation are produced, and part of this radiation lies in
the optical range. This could be exploited for diagnostics purposes by using optical emission
spectroscopy (OES) [46]. In addition to providing information on the emitting species, the
time of emission could give some hints about the mechanisms of the discharge itself. This
is all the more true for SDBD, where the region of emission is concentrated and discharge
happens mainly through quick, independent events of ionization and subsequent electric
current flow, when most of the excitations happens [6,23]. The spreading and development
of the discharge in the air gap can then be traced by registering the delays in the emissions.

Here, we use a multi-anode PMT (Hamamatsu H8711), built upon 16 channels ar-
ranged in a 4 X 4 matrix form. Each channel can collect electrons coming from a 4.3 mm
square photocathode. The rise time of the PMT signal, 0.83 ns, is short enough to retain the
relevant information of the emitting times. Their high sensitivity is optimal to obtain light
even from single discharge events. In our experiments, we kept the gain of the PMT con-
stant, by supplying it with a regulated high-voltage generator (Matsusada AU-5R20-LCl),
biased to —850 V.

Besides having suitable rise time and multichannels, the choice of the PMT was moti-
vated also by the radiant sensitivity of the photocathode, a bialkali one, in order to match
with the plasma emission spectrum. The model we use has a maximum sensitivity in the
300-500nm range. This fits well the reported average discharge emission spectra, mea-
sured in the range 200-850 nm by means of a wide-band and low-resolution spectrometer
(PS2000 by Ocean Optics), similar to those already discussed in [23]. They are consistent
with typical spectra of dielectric barrier discharges in air at atmospheric pressure, with the
brightest feature being the second positive system of molecular nitrogen Ny, approximately
lying in the interval 300-500 nm, and showing minor evidence of the first negative system
of the nitrogen molecular ion N5, extending to the 380-480 nm range. One such spectrum
is shown in Figure 5, together with the sensitivity curve of the PMT.
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Figure 5. Light emission spectra of a typical discharge recorded by a low resolution spectrometer,
compared to the sensitivity range of the photomultiplier tube (PMT) (continuous line).
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The radiative lifetime of the excited levels involved in the emission of the second
positive system is around 40 ns. However, quenching in atmospheric air, enhanced also by
impurities and excited states produced in the plasma gas-phase, reduces the lifetime of
such excited levels to below 1ns. Thus, the sensitivity of the excitation timing is retained
and OES could be used to measure the spatio-temporal development of the discharges [47].
This was the main goal of our OES measurements.

The outputs of the PMT were registered on the low impedance input (50 (2) of a fast
digital scope (Agilent MSO-8104Al). This retains the timing information of the emission, while
producing pulses which could easily be recorded and separated from the noise. Usually, the
light emitted from each microdischarge appears in the recorded temporal series as a (3 + 1) ns
negative voltage pulse, which is due to the temporal response of our PMT. Indeed, the signals
were absolutely similar to those detected when collecting light emitted by a lamp. The shape
of the signal could also be used to safely remove electromagnetic disturbances occasionally
coming from the discharge.

The light emitted from plasma microdischarges was collected by UV-enhanced optical
fibres by Avantes (FCB-UV800-2). In order to increase light collection, instead of placing
the optical fibres directly above the discharge region, we imaged the discharge onto their
inlets by means of a commercial objective lens (1:2.8/F = 50 mm by Durst). In the simplest
OES setup, we chose to look first at two spatially separated spots. By back-illuminating the
optical fibres, we could check the actual size and location of the discharge region imaged
by each of the channels of the PMT. Since we are primarily interested in the correlations
and delays between plasma emission from different discharge regions, we should exclude
any spurious signal arising from cross-talk between the different channels of the PMT. This
was indeed one of main factors in the choice of the PMT.

As an example, we show in Figure 6 a portion of the time series recorded by the digital
scope, where a couple of light pulses associated to plasma microdischarges are detected by
a channel of the multianode PMT. Besides the shape of the pulses, it appears that no signal
was associated to the second channel (in this case, we chose two pins at the opposite corners
of the square PMT matrix), where the optical fiber input was plugged in. We also tested
that all channels are similar in sensitivity and time response, and switched the viewlines
several times in order to exclude any interference from the choice of the PMT channels.

2
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-18
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Figure 6. PMT output recorded by two different channels, the black one looking at the discharge and
the red one blinded, showing the shape of the signals (vertical lines) coming from the plasma and the
absence of cross-talk.

5. Experimental Results

In the following, we discuss the experimental results for the Rogowski coil measure-
ments in Section 5.1, and for the PMT measurements in Section 5.2.
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5.1. Rogowski Coil

Every oscilloscope channel acquisition has 41 x 10° points, sampled every 0.25ns.
That means that every acquisition length is 1.025ms. To increase the statistics, we analyzed
30 realizations for each voltage, yielding a total time span of 30.75ms. A typical one-cycle
signal acquisition is plotted in Figure 7a, where the left axis refers to the applied voltage
(black line) and the right axis refers to the current measured by the Rogowski coil (red line).

When the applied voltage V > 0, the electrons go from the exposed electrode to the
dielectric, and the current is defined as negative. The discharges that occur in this case
are denoted as a forward stroke (FS). The discharges that occur in the opposite condition,
V <0, are denoted as a backward stroke (BS), and have an associated current defined as
positive. For this reason, if a spike is positive (negative) in a forward (backward) stroke, it
is classified as noise. We also consider as noise a peak that both develops within 25 ns after
a burst and has a height lower than 75% of the previous burst. These spurious signals are
due to the finite system bandwidth.
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Figure 7. (a) Example of a temporal acquisition (forward stroke (FS) when V' > 0, and backward stroke
(BS) when V < 0). The left axis refers to the applied voltage (black line), while the right axis refers to
the Rogowski coil current (red line). (b) Burst (peak) properties: charge (peak area), maximum current
(peak height), and temporal duration (peak width).

We performed a fit of the HV signal with a sine function to determine its amplitude,
frequency, and argument at each point. From the current signal, we can notice the presence
of a constant baseline and a series of spikes that occur at specific HV phases. These spikes
are the current signal caused by the plasma microdischarges. Detail of a microdischarge
(called burst) is shown in Figure 7b. We characterize a burst by its charge (area of the peak),
maximum current intensity (height), time duration (width), and HV phase position. Since
we are interested only in the plasma current, carried by the bursts, we have to determine
a background threshold above which a peak can be defined as a burst. We choose as
background threshold, eg = 20, i.e., twice the standard deviation over the whole Rogowski
coil data. We identify a peak as a burst if its height is greater than the value of 4. The peak
duration is given by the peak width at ep.

5.1.1. Phase Analysis

We determine first the normalized burst count distribution as a function of phase
within a single HV cycle (Figure 8). One can notice two well-separated phase zones. The
FS occurs at lower phases 0 < ¢ < 71, and the BS when 7w < ¢ < 27r. The number of events
within FS is much smaller than within BS. It can be noted that for BS, the number of bursts
increases with increasing HV, and a double peak structure emerges at high HV. The origin
of this structure remains to be understood.
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Figure 8. Distribution of bursts counts vs. HV phase. The FS occurs for phases 0 < ¢ < 71, and the
BS for m < ¢ < 271. Note the conspicuous difference in the counts between the FS and BS phases.

5.1.2. Charge Analysis

Next, we consider the charge Q (peak area) associated to bursts. The distributions
of charge, P(Q), are shown in Figure 9a for FS, and in Figure 9b for BS, respectively. The
distributions are plotted in semi-logarithmic scale for clarity of presentation.

Figure 9. Burst charge distribution P(Q) vs. charge Q for different HV. (a) Forward stroke (negative
charge). (b) Backward stroke (positive charge).

For a more quantitative analysis, we consider the charge distribution P(Q) for a single
HYV, in the illustrative case HV = 5.48 kV, shown in Figure 10. The two half-cycle responses,
the FS and BS, are plotted for comparison. Both distributions display a maximum near
Q = 0, while for BS, the decay is approximately exponential at large Q.

Thus, for BS we use the exponential form to fit the charge distributions,

P(Q) = —exp (—%) )

where Q) is a characteristic charge. The values of Qg are shown in Figure 11a, as a function of
the applied HV. As one can see, the characteristic charge Q first increases with HV, reaching a
plateau for HV larger than ~ 5.4kV. The latter can be seen as the separation voltage between
two different regimes, similar to that found for DBD [26]. The plateau value Qy ~ 0.7nC
suggests that BS bursts reach a maximum saturation charge at high voltages.
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Figure 10. Distribution P(Q) vs. Q for both FS (Q < 0) and BS (Q > 0) at HV = 5.48 kV. For BS, we
find the exponential decay P(Q) ~ exp(—Q/Qy), for Q > 0, with Qy ~ 0.72nC.
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Figure 11. (a) Characteristic charge Qp vs. HV for BS. (b) Mean charge <|Q|> for both FS and BS.

The corresponding mean charges, (|Q|), are shown in Figure 11b. The mean charge
(absolute) values are very different, ~0.35nC for BS and ~(—)0.15nC for FS. This asymme-
try, both in the number and charge of bursts, is consistent with the existence of different
discharge mechanisms due to the setup asymmetry.

5.1.3. Burst Time Duration Analysis

Let us consider next the distribution of burst time duration (see Figure 12).

As is apparent from Figure 12, the distributions P(T) are asymmetric and their shapes
are non-Gaussian. Indeed, there occur a large number of events of long duration, as the
skewness and the flatness (also known as kurtosis) testify. The skewness is a measure of
the asymmetry of the distribution around its mean value (S; = 0 for a normal distribution),
and the flatness is a measure of the relative importance of the values at the tails (F; = 3
for the normal distribution). The corresponding moments, S and F, for the actual burst
distribution strongly differ from their Gaussian counterparts, as one can see in Figure 13.
Furthermore, for BS, the mean duration of bursts increases with the applied voltage and is
about (T) ~ 15ns for HV=5.5kV; for FS, (T) ~ 11ns, and it is weakly dependent on HV.
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Figure 12. Burst time duration distribution, P(7) vs. T, for different HV. (a) Forward stroke. (b) Backward
stroke. Note the different time scales in (a,b).
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Figure 13. Moments of burst time duration vs. HV. (a) Mean value < ‘L'>. (b) Standard deviation o.
(c) Skewness (S+). (d) Flatness (Fr).

5.1.4. Current Analysis
The burst current distributions, P(I), display an exponential shape similar to P(Q).
For BS, the current distributions are shown in Figure 14. To describe the current distribu-

tions for BS, we assume an exponential shape for P(I), as we did for P(Q), Equation (3),
P(I) = (1/1p) exp(—1/1Ip).
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Figure 14. The BS current distribution, P(I) [mA~'] I [mA], for different HV, displaying a shape
which is approximately exponential at the tails.

The values of the characteristic currents Iy are reported in Figure 15a. This behaviour
can be compared with a similar HV dependence found for Q in Figure 11. A plateau above
about 5.4kV is also observed here for the characteristic current Iy. Finally, the mean values
of the current, <I >, are displayed in Figure 15b, where one can see that for BS, the mean
currents are much larger than for FS. For example, at HV = 5.5kV, <I > ~ 35mA for BS,
while (I) ~ (—)20mA for FS.
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Figure 15. (a) Characteristic current Iy [mA] and (b) mean current <I > [mA] vs. HV [kV].

Analogously to the moments shown in Figure 13, we report in Figure 16 the corre-
sponding ones for the burst current. They definitively show that the associated distributions
are also non-Gaussian.
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Figure 16. Same as in Figure 13 for the BS currents. Note that the value HV ~ 5.5kV seems to play
the role of a separation voltage between two regimes, as found for the charge.

5.1.5. Correlations between BS
A question that often arises in DBD is whether bumps (here called strokes) are cor-
related to each other [26]. The same quest applies to our SDBD results. We therefore

calculated, for our records, the cross-correlations, C g 5] )BS’ between BS separated by a time
lag At = |i — j|T, where T is the applied signal period, according to the standard definition,

i) <[IBS <IBS>] BS _<11<3]s)>}>m @)
BS,BS — (@) () !
UBsYBs

where I gg(t) (> 0) is the value of the burst current within the ith BS at time ¢, <Igg> the

mean current value, and Ugs) the corresponding standard deviation.

A typical cross-correlation analysis is illustrated in Figure 17, for HV = 5.48 kV. Similar
results (not shown here) are obtained for the other applied voltages. As one can see from
this analysis, there is a residual or almost no apparent temporal correlations between BS.

Therefore, in order to uncover a possible hidden structure of BS, we compared two
consecutive BS with each other (i.e., 1-2, 3—4, etc.), by building their burst current intensity
differences as a function of time,

AL (6) = 15V (0 - 1), ®)

fori =1,3,5,.. 2Ny =1, where Np is the total number of consecutive BS pairs in the
record. An example is shown in Figure 18a, for i = 1 and HV = 5.48kV. As one can see,
bursts do not occur at the same time (note that the time origin, the start of the BS half-cycle,
is the same for all strokes). We found that the time delay between bursts follows a uniform
random distribution (results not shown).

Next, to find the mean behaviour of BS, we average the differences in Equation (5),
determined at fixed times t = nA, with 1 < »n < N and At = 0.25ns, over all pairs Ny,

1+11 (2j,2j-1)
<AIBS BS TN, Z AIBS BS ' ©)
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Figure 17. Mean cross-correlations between bumps as time lag for V = 5.48 kV.

The mean differences are plotted in Figure 18b, where one can see that they do not
average out to zero. To better visualize the evolution of differences, it is convenient to add
them sequentially, as follows

S(n) = Y- (Al 52 (jan).. %)
j:l

Their time behavior can be conveniently visualized by adding the differences sequen-
tially as for random walks (red line in the figure). The corresponding random walk (RW)
profiles, for selected applied HV, are displayed in Figure 19a.

In order to determine the degree of auto-correlation in the signal, in this case referred
to a sequence of two consecutive BS, we rely on the calculation of the Hurst exponent (see
e.g., [26,32,33]). To this end, we evaluate the mth (1 < m < N/{) mean RW profile at ‘time
scale’ £ (¢ = t/At), with1 < ¢ < N, given by

4
Bu(£) = 5 Y S[(m —1)¢+n). ®)
n=1

RN

Next, we study the fluctuations between neighboring boxes according to,

1/2
F(0) = ([Busa () = Bu(O)12), ©)
which is expected to display a power-law behaviour,
F(l) ~ (1, (10)

where 0 < H < 1. It should be noted that fully uncorrelated RW has H =1/2,and H =1
for fully correlated ones. The results shown in Figure 19b suggest that initially, within
about 6 ns, the neighboring BS remain strongly correlated. A second regime develops at
intermediate times, 6 < t <200ns, suggesting that weaker correlations persist and are
well described by an exponent H ~ 2/3. This behaviour is consistent with a temporal
fractal-like regime in which discharge fluctuations show self-similar properties. Finally,
above about 200 ns, fluctuations tend to remain constant due to the finite duration of the
signal, and fluctuations cannot develop further.
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Figure 18. Internal structure of BS. (a) The second BS (red vertical lines), compared with the first one
(i = 1) (blue vertical lines), the latter multiplied by —1 in order to directly visualize their differences,
for the applied voltage HV = 5.48 kV. The black vertical lines represent the mean backward stroke
(shown as a reference), obtained by averaging BS over the whole record (in this case 34 half-cycles).
The time origin coincides with the start of the BS half-cycle, and therefore it is the same for all
strokes. (b) Mean current differences, Equation (6), between consecutive BS (blue vertical lines). The
accumulated mean differences, S(n), with n = t/At Equation (7), behave as a random walk time
profile (red line).

5.2. Photomultiplier Results

The fast time response of PMT allows us to employ optical diagnostics to study the
temporal evolution of the discharge pattern and evaluating the differences between FS
and BS. In particular, the use of a multi-anode PMT allows us to measure the correlations
and the delays in the plasma light emission between different regions above the active
dielectric surface.

In the following, we report results from the analysis of the emitting times of light mea-
sured with photomultiplier tubes (PMT) [48]. In particular, we focus on the measurements
of the direction and velocity of propagation of light emission along the insulating barrier
surface. This was achieved by simultaneously collecting light coming from different points
of the discharge air gap.
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Figure 19. Analysis of time correlations between BS. (a) Accumulated mean current differences (ran-
dom walk profiles) between successive BS for different HV. (b) Hurst exponent analysis of fluctuations
for the profiles shown in (a). The values H = 1, for times t < 6ns, and H = 0.67, for intermediate
times 6ns < t <200ns, represent the slopes of the black and green straight lines, respectively.

First, we locate the position of the bulk of the plasma emission. The discharges are
well confined within a thin air sheet of one—two millimeters above the dielectric surface,
next to the exposed electrode edge (see Figure 20). Discharges occur where the electric field,
determined by the applied external high voltage signal, is maximal. Plasma emissivity is
concentrated on such edge and expands for a few millimeters above the dielectric surface,
whereas its extension above the exposed electrode is much more limited [23]. The actual
size of the active optical region does depend, although not strongly, on the applied high
voltage, also increasing in the late phases of the strokes. This is of use to look for correlations
and delays in the light emission along the dielectric surface.

It should be noted that the plasma emissivity is quite uniform, on average, in the
direction parallel to the exposed electrode edge, until the lateral edges (see Figure 20). Indeed,
we did not observe significant differences between different portions of the exposed electrode
edge. Moreover, we did not observe any significant correlation in the light emission times
from regions even a few millimeters apart along the electrode edge direction. This implies
that each discharge event develops mainly in the direction perpendicular to the electrode
edge and its lateral extension is limited, as well as its height on the dielectric surface. This
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confirms also that each discharge event, identified by current bursts, evolves independently
from the others, even when partial overlapping in time happens.

Figure 20. Plasma discharges observed in our SDBD for V = 5.48 kV.

The most interesting findings were, however, observed when the PMT channels
collected light from regions aligned along a direction perpendicular to the exposed electrode
edge. Here, correlation in light emission could be observed, and also delays between the
light emission timing could be measured. When light is detected by the PMT on one of its
channels, we observe a burst in the corresponding time series, as in Figure 6. Occasionally,
we detect several bursts, sometimes partially overlapping, with a global duration which
generally never exceeds 10 ns. These events, although interesting, were excluded from the
analysis. Light detected in the first channel arrives from a region just across the edge of
the exposed electrode, whereas the second channel samples a spot (each about 800 pm in
diameter) 2.5 mm away on the dielectric surface.

We find that the detected bursts appear to be very similar in the two channels, with av-
erage amplitudes, respectively, of 22.9 & 0.9 and 21.8 + 0.9 mV and durations, respectively,
of 3.71 £ 0.08 and 3.62 & 0.09 ns. Their average numbers are different, unveiling the lower
emissivity of the regions above the dielectric surface as one moves away from the electrode
edge. Over a sample of about one thousand oscillations, the counting rate of bursts is, for
the two channels, 130 + 11 and 74 + 8 kHz, of which about 65% was within the BS. Another
interesting behaviour was found by looking at the times, and the HV phases, when light
emission occurred. Although emissivity is somewhat stable over different oscillations, it
shows a detectable and characteristic distribution during each HV cycle [48]. In both space
regions, emissivity in the BS phase concentrates around the breakdown time and shows a
second maximum later on.

On the contrary, emission within a FS is more uniformly distributed with the different
phases of the HV oscillation. Another interesting feature of the optical emission pattern
is linked to its persistency. Although about half of the events are accompanied by at least
another during the same half-cycle, but only a slight minority (less than 10%); this second
one is nearer than 250 ns, and in the other case the next one happens in the following half-
cycle (about 40%) or in the subsequent cycle. In only 0.5% or 3% of the events, respectively,
above the electrode edge and on the dielectric surface, no light was detected in the two
subsequent half-cycles. This means that the spatial pattern of the discharges stays more or
less stable over a relevant number of subsequent strokes and that the discharges belonging
to each half-cycle are spatially related. Moreover, as a path of discharge is established, this
repeats over the same spatial location, even if the timing (and so the external electric field
strength) could be quite different from one event to the subsequent one. This memory
effect is probably related to the dynamics of ions after the microdischarge quenching and
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in particular to the charging of the dielectric surface, which could explain the persistance
of the discharge pattern between subsequent HV cycles.

Finally, we compare the results of the emitting times between the two PMT channels.
Now, all PMT bursts are ordered in time and the minimum delay between bursts belonging
to a couple of different channels are calculated. A histogram of estimated delays can thus
be obtained, and it is shown in Figure 21 [48].
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Figure 21. Distribution of delays between bursts in the forward (stars) and backward (o) strokes.

A quite evident maximum appears in BS, corresponding to an average delay of 8.4 &= 1.6 ns.
This implies a propagation of the ionizaing wave from the electrode edge to the dielectric
surface, with an average rate of about 300 km/s. Such propagation occurs in the direction
opposite to that of the electron drift, dictated by the external electrode voltage and compatible
with a cathode directed streamer mechanism of discharge [2,48].

Nothing comparable could be revealed by the analysis of the FS delays. In this case,
the distribution is quite symmetrical, with a slight prevalence of the positive delays. It is
also significantly larger and peaking at almost zero delay. It looks like as if propagation
happens on a faster time scale, that cannot be revealed by the emission timing alone and
with a significant spread. Because of the small sample and uniformity of distribution with
the HV phase, FS events do not show any significant dependence of the delay either on the
applied HV nor on its instantaneous value.

In the case of BS, it is easy to separate bursts belonging to the near breakdown phase
from the group happening towards the maximum HV amplitude. However, the distribution
of delays continues to show a single defined burst, with almost the same delay, with only
slight differences in the relative height and its tails. This implies that the ionizing wave
propagation is not strongly dependent on the actual phase or the absolute value of the
external electric field, being somewhat controlled by the local conditions developing with
the microdischarge itself. This is in broad agreement with the properties reported for the
microdischarges themselves, as discussed previously.

6. Conclusions

We have reported results on the statistical properties of asymmetric surface dielectric
barrier discharges with an exposed metal electrode, and the other fully isolated from air, both
glued onto a dielectric surface. We study the charge, current, and duration of the individual
discharge events composing the two active phases of the SDBD, denoted as forward and
backward strokes (FS and BS), respectively. A strong asymmetry between the two strokes has
been found. For the BS, the mean charge carried by a burst is about 0.3nC, the mean current
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is 35 mA and the duration is 15ns, while for the FS, the corresponding values are smaller in
magnitude—that is, —0.1 nC, —20mA and 11 ns, respectively.

We have studied temporal correlations between two successive backward strokes,
by building the random walk profiles resulting from differences in current discharges
evaluated at the same time within the BS cycle. We applied a fluctuation analysis to extract
the scaling behavior of the profiles at different times scales. We found a well defined power-
law of fluctuations, for 6ns < t <200ns, characterized by a Hurst exponent H ~ 2/3,
suggesting the presence of persistent (positive) correlations between consecutive BS. At
times t < 6ns, the correlation is maximal, leading to H = 1. The correlations found at
intermediate times are a result of non-trivial phenomena related to the interaction between
discharges and plasma. These findings should be useful for better assessing the models
attempting to describe this complex behaviour.

We have also measured the optical emission of discharges using a photomultiplier to
further study spatial correlation patterns. The optical emission is produced by electron im-
pact excitations due to the ionizing wave propagation igniting the discharge. In particular,
we have measured the spreading rate of the ionizing wave associated to microdischarges
for BS. The wave moves, mostly perpendicularly, away from the edge of the exposed elec-
trode towards the dielectric surface, roughly corresponding to the direction of the electric
field determined by the instantaneous voltage level applied to the insulated electrode, but
opposite to the electron drift motion. This is also the direction of the produced ionic wind.
Both the order of magnitude and the direction of the ionizing wave velocity are compatible
with a cathode directed streamer mechanism. However, the absence of a corresponding
propagation for the microdischarges for FS points towards the presence of a different
mechanism acting in this opposite phase.
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Abbreviations
The following abbreviations are used in this manuscript:
DBD  Dielectric barrier discharge

SDBD  Surface dielectric barrier discharge
uv Ultraviolet

FS Forward stroke

BS Backward stroke

AC Alternating current
HV High voltage

DC Direct current

FFT Fast Fourier transform

OES Optical emission spectroscopy
PMT  Photomultiplier tube
RW Random walk
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ABSTRACT

Our work is aimed at studying the abatement of volatile organic compounds produced by photocatalysts working in different light spectra,
investigating the best catalyst able to treat propane in air mixtures at high concentrations of the order of thousands of ppm. The experimental
data were analyzed in order to extract the relevant parameters and to compare the catalytic activities of three different photocatalysts, TiO,,
WO3, and their mixtures. In a reactor box of 1.5 1, photocatalysis processing with TiO, catalysts gave the best propane depletion of the order
of 10% for initial propane concentrations of up to 5000 ppm after 22 min and UV-A lamps with an intensity of 0.4 mW/cm? while the TiO,
and WO catalysts produced an abatement of about 5% after 22 min using UV-C light at an intensity of 5 x 10> mW/cm?.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0073924

1. INTRODUCTION

Several methods have been proposed for depletion of VOCs,
including adsorption,’ absorption,” thermal decomposition,’ cat-
alytic oxidation,” bio-filtration,” and membrane separation.®

Photocatalytic oxidation (PCO) of VOCs is a very attractive and
promising alternative technology for air purification.”

It has been demonstrated that organics can be oxidized to car-
bon dioxide, water, and simple mineral acids at low temperatures on
metal oxides catalysts using, for example, the TiO, catalyst. Several
parameters affect the VOC conversion processes: the specific surface
area of the catalyst and the VOC concentration. However, the time
conversion takes hours and is effective for low VOC concentrations
of the order of tens of ppm. In addition, it is critical that the choice
of the substrate should be degraded as well as its concentration and
its significance in actual use and the type of irradiation source and
its irradiance at the sample surface.

For VOC degradation at relatively higher concentrations of the
order of hundreds and thousands of ppm, new studies have oriented
to thermal plasmas, such as spark discharges® '’ and non-thermal
plasma (NTP).""'* While thermal plasmas are too expensive, non-
thermal plasma (NTP) has recently attracted more attention as a
convenient and clean alternative.

In the non-thermal plasma, chemical reaction charged species
and radicals are produced under steady-state conditions. The
primary electrons collide with background molecules producing

secondary electrons, photons, ions, and radicals.'” This process is
highly non-selective and creates a chemical reactive environment
able to treat materials as well as gases at room temperature. '
Previous studies on NTP demonstrated they are very effective in
material applications by employing different gas precursors because
of their ability to highly dissociate molecules in the gas phase, pro-
ducing very reactive chemical groups at room temperature: materials
are not damaged and can be easily functionalized." ** When gen-
erated at atmospheric pressure, plasma produces chemical species
able to also dissociate VOC molecules at higher concentrations up
to thousand ppm,”" ** but the processes are non-selective.

Despite the success of NTP in VOC dissociation, the produc-
tion of by-products such as ozone, aerosol particles, and incom-
pletely oxidized compounds requires further research, includ-
ing chemical simulations, in order to understand the process
phenomenology.”” > A combination of NTP and catalysis was
attempted in order to increase the depletion efficiency. The addition
of a catalyst bed near the plasma zone seems to enhance the decom-
position rate of pollutants, reducing the undesirable by-products due
to the increase in retention time.”

In fact, NTPs can contain a diverse mix of highly reactive
species, and they are difficult to operate in such a way as to produce
single products in high yield and at high selectivity.”*’ Integration
of plasma and catalysts together promises to combine the advantages
of the two to effect transformations that are currently difficult or
impossible to achieve.’"”
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In our recent studies, we employed NTP surface discharges in
which discharge is performed on the surface of the dielectric layer
where also an electrode is located.” ** In this plasma configuration,
the catalysis can be integrated near the plasma source, directly near
the electrodes.

In order to increase the abatement efficiency and to understand
which mechanisms underlie the depletion processes, some more
research would be focused on the kinetics of the reaction products
from an experimental point of view.

A better insight into the underlying physical and chemical pro-
cesses is crucial and can be obtained by experiments applying diag-
nostics, studying both the chemical processes occurring at the cat-
alyst surface and the dependence of the catalysis processes on the
VOC concentration.”"

Our work is aimed at studying the abatement produced by pho-
tocatalysts working in different light spectra, investigating the best
catalyst able to treat propane in air mixtures at high concentrations.
These studies represent the starting point for the next research in
which the catalyst and NTP will be combined in a hybrid reactor
system.

We designed an experimental reactor in order to study the
VOC abatement by catalytic processes using TiO2, WO3, and their
mixtures and UV-A, UV-C, and visible light. We study the reaction
kinetics in different propane gas air mixtures, evaluating the propane
abatement as a function of time. The experimental data were ana-
lyzed in order to extract the relevant parameters and to compare the
three photocatalytic activities.

We worked at high propane concentrations between 1200 and
5000 ppm in view of further applications in which photocatalysis
will be combined with plasma processing. In the literature, there are
few experiments carried out by photocatalysis at these high concen-
trations. This work, therefore, intends to explore these conditions in
order to broaden the effects of photocatalysis on this new application
field.

1l. EXPERIMENTAL SETUP

In our experiment, we used a vacuum cross chamber (20 cm
length and 10 cm diameter) with a volume of about 1.5 1. The cat-
alytic support is placed in a chamber, and the lamps are placed facing
the catalytic support inside the chamber or outside the chamber in
front of a quartz window. Three of the four openings are closed by
vacuum gauges, and the last one is closed by a quartz window to let
the emission light from the lamp activate the catalyst (Fig. 1).

The lamp characterization has been previously explained in our
article.”® The intensity emission of our lamps is reported in Table I.

We employed two different catalysts, TiO, and WOs, in dif-
ferent mixtures deposited on plane rectangular tile surfaces. In this
paper, we refer to the following three depositions:

e A:34.5mg/cm’ of TiO; deposited over the 7.6 x 7.3 cm” tile,

e B:40.9 mg/cm2 of 50% TiO; + 50% WOs3 deposited over the
7.7 x 7.5 cm? tile, and

e C:382 mg/cm2 of WO3 deposited over the 7.4 x 7.3 cm? tile.

The setup is shown in Fig. 2. The black bold lines represent
the tube connections through the whole system. In the diagram,
pure air represents a gas cylinder containing ~80% of N and 20%
of Oz, meaning that the concentration of CO,, CO, hydrocarbons,

scitation.org/journal/adv
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Quartz window
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Y V.o
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(open/close)

Gas chromatograph inlet

FIG. 1. Reactor setup: (a) scheme and (b) photo. The lamp can be placed either
inside or outside the reactor box. The reactor is equipped with a quartz window to
let the lamp light from the outside activate the catalyst, a vent to recirculate the air,
a catalyst, a gas chromatograph inlet, and air inlet and outlet valves.

TABLE I. Intensity emission of our lamps at different distances.*®

Distance 0.5cm 11 cm

(lamp inside the box) (lamp outside the box)
UV-A 30 mW/cm? 0.4 mW/cm?
Uv-C 4 W/cm? 35 mW/cm?
Visible 0.5 W/cm? 0.9 mW/cm?

and other pollutants is negligible. The red crosses are the symbol of
open-close valves. The VOC gas (propane) is placed in a cylinder,
and its flow is regulated by flow meter 1, while the pure air cylin-
der flow is regulated by flow meter 2. We used two gas flow meters
manufactured by the Bronkhorst factory.

For the gas chromatographic analysis, we used a Micro GC
Agilent 3000 instrument.

I1l. MEASUREMENT RESULTS

A. Gas chromatograph calibration

The gas chromatograph (GC) output reports a signal composed
of peaks of intensity proportional to the concentration of specific
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gas flow meterd ™ ] chromatograph

FIG. 2. Equipment setup. The VOC gas
(propane) is placed in a cylinder, and
Treatment its flow is regulated by flow meter 1,

-“4 box = — while the pure air cylinder flow is regu-
) lated by flow meter 2. The analyses are
made using a Micro GC Agilent 3000 gas

Pure Gas | chromatograph.
air ow meter 2

species. The area of each peak is strongly dependent on the setting a known concentration of the desired gas (one point calibration).
parameters during the sampling conditions. For a precise evaluation However, we decided for a multipoint calibration.

of concentration, it is necessary to perform a specific calibration first. As discussed in Sec. II, we deliver propane by means of a
Usually, the calibration is carried out using a cylinder containing flow meter system (Fig. 2). The propane flow relative to the total

x10*

6 — (a) '

w » (9]

GC Propane Flow (counts/s)

N
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1000}

AGC (counts)

0 1 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
¢ (ppm)

FIG. 3. (a) Example of propane chromatogram peak and (b) the calibration plot of propane reporting 16 couples of data (AreaGC and c) measured varying the propane inlet
in the reactor box.
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(air-pentane) input flow, denoted as ¢, typically expressed in ppm, is
given by
c= D, n
(Dair + (DC;HX ’

¢V

where @, is the pure air flow and ®c,n, is the propane flow, given
in liters/sec. The values of air and propane flows are measured by the
gas flow meters (Fig. 2). These two values determine the initial con-
ditions of the experiment before the treatment. The relative propane
flow, Eq. (1), can be used to determine the actual propane concentra-
tion (in ppm), present in the air-propane mix system, with the help
of a GC connected to the reactor chamber, as indicated in Fig. 2.

A typical propane chromatogram trace is shown in Fig. 3(a),
as a function of tracing time. The quantity of interest to us is the
total count measured by the GC [red line in Fig. 3(a)], which is given
by the integral of the excess count with respect to the reference line
without the presence of propane [dashed line in Fig. 3(a)].

A set of 16 measurements of the GC area, Agc, vs the corre-
sponding relative propane flow c is displayed in Fig. 3(b). The results
suggest a linear regression,

801 ¢ (ppm) + 8.65
h 10

where Agc is expressed in counts and ¢ in ppm. It is assumed now
that for arbitrary flow conditions, we can determine Agc; we can
then estimate the actual propane concentration by inverting Eq. (2),
yielding

Age , (2)

4 Acc — 8.65

801 @)

¢ (ppm) = 10
B. Experimental results

The experimental campaign consists in placing the catalyst
and the lamp in the desired position; the inlet and outlet valves

AIP Advances ARTICLE
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are opened in order to ensure flow of the desired concentration of
propane through the reactor for three minutes; then the valves are
closed. A first chromatographic sampling is performed in order to
measure the initial propane concentration. When switching on the
lamp, the catalyst starts to act on the propane gas. We analyzed
the gas concentrations repeating the sampling at different treatment
times. In the reactor box, a vent is switched on during the chromato-
graphic sampling in order to ensure the flow of the gases toward the
chromatograph is uniform.

The experimental concentrations are plotted as a function of
time in Figs. 4-8.

We fit the experimental curves by estimating the propane
decomposition simply as

p(1) = p(0) exp( 1), @)

where p(0) is the initial concentration and 7 represents the half time
depletion. In terms of normalized concentration ¢(t) = p(t)/p(0),
the equation becomes

c(t) = exp(fg). (5)

We started our experiments using catalyst A. During this campaign,
we used different UV-A, UV-C, and visible lamps,” varying the
working conditions such as the propane concentrations and the
catalyst-lamp distances.

With the UV-C and visible lamps, no propane depletion
occurred, while about 7%-9% of propane dissociation was detected
using the UV-A lamp, after 16 min of treatment (Fig. 4). These
results are in agreement with the well-known photocatalytic activity
of TiO; in the range of the UV-A spectrum.

C3 ™ catalyst A
1 :_‘\' T T T —r 1 1 T
0.95F
0.9F
= E
S b
Sos8s5F .
c o 4
8 I ]
5 08f 0.98F '\ 1 1
(8] o 4
3 0.96 F ]
Sorsf .
s b 0.94F ]
E I ]
S o7 0.92F b
09F i
0.65 o b
[F@-Uv-A 088F .. N I
[|—r =257 + 26 min 0 2 6 10 12 14 16 18 ]
06 PR I I T S T S 1 1 | - PR | - 1
0 2 4 6 8 10 12 14 16 18
Time (min)

FIG. 4. Propane depletion using UV-A at an intensity of 30 mW/cm?. About 10% of pentane was abated. Both graphs are in the y-log scale; (a) in the y range (0.6-1.02),

while (b) in (0.88-1.02).
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FIG. 5. Propane depletion using UV-A at different distances between lamp and catalyst, which means a different intensity of the lamp.

Tests with the UV-A lamp in different positions with respect
to the catalyst and placement of the lamp outside and inside of the
reactor box were also performed. The light intensity on the cata-
lyst when the lamp is outside the box at a distance of 11 c¢m is
about 0.4 mW/cm?, while that when located inside the box at a dis-
tance of 0.5 cm is of about 30 mW/cm?. As we can see in Fig. 5,
propane depletions are similar for the two light intensities, and this
means that a low intensity is sufficient to ignite the photocatalytic
processes.

We performed measurements for different starting propane
concentrations, and we found that the photocatalysis does not
depend on the initial concentrations as depicted in Fig. 6. Con-
trary to what happens at low VOC concentrations, where the pho-
tocatalytic depletion strongly depends on the concentration itself,”
at high initial concentrations, between 1200 and 5000 ppm, the
dissociation occurs at similar time rates.

Then we compared the depletion of propane using three dif-
ferent catalysts A, B, and C, and different UV-A, UV-C, and

csHs’ catalyst A

1.2———m——— 7 —r
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1 'Q —7 =268 + 33 min I
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b — =336 + 33 min I
098 @ @ Starting C,H, ~ 5000 pprl]
v N —7 =348 + 40 min I
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o
o
=
T

154
©
T

0.88f

0 5 10
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FIG. 6. Propane depletion using UV-A and different starting propane concentrations.
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FIG. 8. Propane depletion using catalyst A and UV-A lamp for different times after catalyst deposition.

visible lamps, at a concentration of about 1200 ppm. Using the UV-
A lamp with an intensity of 0.4 mW/cm?, a propane depletion of
12% occurred with catalyst A, while a dissociation of a few per-
centages with catalysts B and C was measured (Fig. 7). Using UV-
C at an intensity of 4 W/cm?, a depletion of about 5% occurred
after 22 min only for catalyst B. Although the VOC depletion
is quite low, this result outlines the photocatalytic activity of the

mixture of WO3 and TiO; already reported in the literature with
UV-C light.""!

To evaluate the aging of the catalytic support due to exposure to
air, we measured the abatement using catalyst A deposited on the tile
support for two months. In this experiment, a lower depletion trend
was observed, as reported in Fig. 8. This result permits to estimate
the lifetime of our catalytic support.
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IV. CONCLUSIONS

In this paper, we demonstrated the ability of TiO, catalysts to
abate high propane concentrations using a relatively low intensity
UV-A lamp of about 0.4 mW/cm?.

We performed an experimental reactor in order to study the
propane abatement at high concentrations by catalytic processes
using TiO;, WOs3, and their mixtures deposited on a tile, whose sur-
face is about 55 cm?, and using UV-A, UV-C, and visible lights. The
highest abatement has been obtained using the TiO, catalyst and
UV-A light. The abatement rate for the initial propane concentra-
tion between 1200 and 5000 ppm is of the order of 10% after 22 min,
and the time scale of depletion is of the order of hours. We found that
the TiO, photocatalytic activity does not depend on the initial con-
centration, contrary to what happens at low VOC concentrations, as
reported in the literature.”

The TiO; catalyst suffers from aging effects since after two
months, its depletion action is greatly reduced. A relatively lower
abatement is detected by the UV-C lamp when the TiO, and WO3
mixture of about 5% is used in 22 min. Null abatement was mea-
sured when using visible lamps for all the catalysts and when using
WOs.

This analysis demonstrates the efficacy of the photocatalysis
for high VOC concentrations and also represents a starting point
for further studies on the hybrid plasma-catalysis, where the TiO,
catalyst will be deposited in the vicinity of the plasma electrodes.
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ABSTRACT

We compared spectra and intensity light of different sources, such as a UV-A lamp, a UV-C lamp, and a visible bulb, and atmospheric
nonthermal plasma emission. Spectroscopic measurements were performed with an optical emission spectrometer and radiometric measure-
ments with a radiometer to which UV-A, UV-C, and visible probes were coupled to measure the light intensity per unit surface. For each light
source, we measured the emission spectrum and light intensity using different probes and also varying the relative distance. The nonthermal
atmospheric plasma was generated by means of a surface barrier dielectric discharge varying the relevant parameters. This work allowed
us to create the experimental setup suitable for further studies on volatile organic compound abatement by plasma-catalysis processing and
compared it to the photocatalysis techniques based on UV and visible lamps.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0057033

1. INTRODUCTION

Nonthermal plasmas are generated in nonthermodynamical
equilibrium. They are weakly ionized, containing a few electrons and
ions and several atomic and molecular species at high excitation lev-
els. These plasmas are characterized to be composed of high reactive
species at ambient temperature and are largely employed for various
applications.'

Nonthermal plasmas can be, for instance, employed for cre-
ating a chemical reactive environment in which several processing
steps can be performed to treat materials for modifying surface
properties’ ' as well as to treat harmful substances to decompose
them.l 1-16

The needs for efficient processes for the abatement of harmful
substances, including Volatile Organic Compounds (VOCs) emitted
in industrial processes, are really strategic to save our environment.

Some competitive processing aimed to reduce VOC concentra-
tions concerns UV photocatalysis.'” ** Photocatalysis is the activity
occurring when a light source interacts with the surface of semicon-
ductor materials, the so-called photocatalysts. During this process,
there must be at least two simultaneous reactions occurring: oxida-
tion from photogenerated holes and reduction from photogenerated
electrons.

Photocatalysis can be successfully used in a real environment
to decompose pollutants and enhance the quality of the atmospheric
air. Usually for a material’s environmental applications, metal oxides
made of Ti, Zn, Mn, and Cu are suitable to induce the photocatalysis
reactions. In this regard, the photocatalysis is more easily induced by
UV light or/and visible light.

Nonthermal plasmas, in addition to generating reactive species,
produce light. With regard to this, plasmas could be used as light
sources instead of UV and visible lamps. It is therefore possible to
also induce catalytic processes with plasma light, during plasma gas
processing, in the presence of a catalyst. This process is very inter-
esting in the application for the decomposition and the abatement of
noxious substances, as demonstrated by the previous literature.”> *’

We are, therefore, interested to use the plasma as a source of
both molecular dissociation by charges and oxidating active species
and photocatalysis reactions in the presence of a catalyst deposited
in the vicinity of the plasma source.

In developing the plasma-catalytic system, we are first inter-
ested in studying and comparing the plasma catalytic activity with
that induced by UV and visible light.

This work is aimed to create the experimental setup suit-
able for the study of VOC abatement by both plasma-catalysis and
photocatalysis processes.

AIP Advances 11, 085209 (2021); doi: 10.1063/5.0057033
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To this purpose, this paper presents the experimental setup and
a study on the optical proprieties of plasma in comparison with those
related to UV and visible lamps.

Here, we present a characterization of the spectra and the power
per surface unit for different light sources, such as a UV-A lamp,
a UV-C lamp, and a visible LED bulb, and plasma emission pre-
senting the experimental setup. This study permits us to further
use the nonthermal atmospheric plasma coupled with photocatalytic
medium for the VOC depletion.

This paper is organized as follows: In Sec. II, we describe the
experimental setup. In Sec. I11, we present results of the experimental
campaign, the light sources spectra, and the intensity per surface unit
in different conditions. In Sec. [V, we present a final discussion of the
results.

1. EXPERIMENTAL SETUP

In our experiment, we used a vacuum cross chamber (20
x 20 cm® in length and 10 cm in diameter). The plasma source
and the catalytic support are placed in a chamber, while the lamps
are placed in front of a quartz window facing the catalytic support
outside the chamber. Three of the four openings are closed by vac-
uum gauges, and the last one is left opened for the first part of the
experiment when we study the plasma emission light and the light
emitted by the lamps. In the last part of the experiment, we close the
last opening by a quartz window to study the light emission lamp
abatement from a filter. The same chamber will be also used for
the VOC depletion experiments placing the plasma and the catalytic
plate inside and the lamp outside.

For the characterization of the light sources, we used optical
emission spectroscopy and a radiometric system. As light sources,
we used an UV-C lamp (UV Lawtronics centered at 253.7 nm), an
UV-A lamp (UV Philips Lighting centered at 370 nm), and a visible
LED bulb (GLS Osram at 4000 K). All the lamps are powered by 4 W.
During the intensity light measurements, we placed the radiometric
probe (or alternatively during the spectra analysis, the optical fiber)
at the middle of a semi-closed box aligned with the light source, as
shown in Fig. 1. To obscure the ambient light, we covered the device
with a blanket. The radiometric probes were placed exactly where we
will place the photocatalytic support.

For the characterization of the plasma emission, we placed
the plasma source inside the chamber and the probe in front of it

13
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Catalyst
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FIG. 2. Plasma device scheme setup.

(Fig. 2). We used an alumina Surface Dielectric Barrier Discharge
(SDBD).Z.ZX 31

In our experiment, the SDBD is a 9 x 5 cm” alumina dielectric
surface, 1 mm thickness, with 9 metal fingers, 7 cm long, 1 mm large,
and 4 mm apart made of an alloy of ruthenium, nickel, silver, and
palladium. The plasma is lit up by a high voltage (HV) power supply
working in a power range between 8 and 80 W and a frequency of
the order of tens of kilohertz.”*!

A. Optical emission spectroscopy device

The used spectrometer is Ocean Optic PS2000, which works in
a range of wavelengths between 180 and 870 nm with a resolution of
~0.3 nm."” The fiber slit is 10 ym.

B. Radiometric device

As a radiometric device, we used a HD 31 datalogger from
DeltaOhm coupled with three radiometric probes that collect the
irradiated power per surface unit (uW/cm?) in the specified spectra
range. The probe are LP47-RAD for visible spectra (400-1050 nm
range), LP471-P-A for UV-A spectra (315-400 nm), and
LP471-UVC for UV-C spectra (220-280 nm).

Each probe was employed to collect the intensity per surface
unit in the specific spectrum range of the light sources.

Probes

Renctor location

Catalyst

-amp

(b) Qu;z window

FIG. 1. (a) Lamp equipment setup and (b) scheme.
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I1l. MEASUREMENT RESULTS

For every light source, we measured the optical emission spec-
tra and the radiometric intensity by means of the probes.

A. Optical emission spectroscopy

We used optical emission spectroscopy to characterize the light
source spectra (Fig. 3).

The UV-C lamp is characterized by the typical line spectrum
of the low pressure Hg: the main peak is at 253.7 nm. The UV-A
lamp has only a peak at 370 nm produced by the low pressure Hg
vapors, while all the other lines are suppressed by the lamp glass.
The visible bulb has a continuous spectrum in the visible range from
about 450 to 700 nm. The SDBD plasma is generated at atmospheric
pressure in air gas. The plasma emission is characterized by a line
spectrum, mainly in the UV-A region, due to the principal, rota-
tional, and vibrational emission of N species. The observed N; lines
are at 315.93, 337.13, 357.69, 380.49, and 405.94 nm.

We are interested in knowing the light source spectra not only
to compare them but also to couple them with the specific catalytic
substance for the catalysis processing. Different catalysts are, in fact,
activated by different specific light frequencies. In Fig. 3, we can see
that plasma emits in the frequency range of the UV-A lamp; in this
frequency range, we could expect a synergic effect due to both the
light sources in the presence of catalytic support and interactions of
the plasma reactive species with the noxious substances. VOC deple-
tion with catalysis activated in the UV-A spectrum region by plasma
and UV-A lamp will be the object of future studies.

B. Lamps radiometric measurements

It was observed that the light sources require some time to
achieve stable intensity. That time is about 5 min for the UV-A lamp,
about 3 min for the UV-C lamp, and about 2 min for the visible bulb.

To set up our apparatus, for each light source, we collected the
intensities at different distances between the source itself and the
probe, as shown in Fig. 4.

We fitted the UV-A and UV-C data considering the emission
source as a uniform limited cylinder (L = 11 cm), so its intensity is

10°
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FIG. 3. Spectra emission (in arbitrary units) of the used lamps and plasma detected
by the emission spectroscopy device.
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FIG. 4. Intensity (uW/cm?) vs distance (cm) for the three light sources using the
coupled probe.

given by
E(d) = 2%[atan(%/€2):| +B, 1)

while for the visible bulb, it is a spherical symmetry, and the intensity
is given by

B(d) - % 1B @

where d is the lamp-probe distance.

In Egs. (1) and (2), the additive parameter B is due to a func-
tional approximation. The errors occurring in the distance measure-
ments are predominant on the intensity ones; to get a better fit, we
fitted the inverse function of Egs. (1) and (2). The fitting curve and
parameters are shown in Fig. 5, denoting good agreement between
experiments and theory.

Concerning the intensity of the light sources in the other spec-
trum regions, by radiometric probes, we also found the following:

e Using the UV-A lamp, the visible component is about
0.08 times the UV-A component, while there is no UV-C
component.

e Using the UV-C lamp, the visible component is about 0.14
times the UV-C component, while the UV-A component is
about 0.02 times the UV-C one.

e Using the visible bulb, there are no UV-A and UV-C
components.

We summarize these results in Table I.

Since we are interested in using the catalyst support inside the
chamber while the lamps outside the chamber in front of a quartz
window, we measured the intensity transmission factor due to the
quartz window. The results are shown in Table II. As can be seen,
the transmission factor is high and the same in UV-A and visible
regions, while it is lower in UV-C light.

C. Plasma radiometric measurements

Using plasma, we measured the intensity per surface unit at dif-
ferent ignition powers at a fixed distance (about 3.5 cm) using both
the UV-A and visible probes (Fig. 6). UV-C radiation is almost null
in the plasma light.

Comparing the UV-A plasma emission with the UV-A lamp
ones at 3.5 cm distance, we found that the latter is between 20
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FIG. 5. Fit and experimental data of distance (cm) vs intensity (uW/cm?) for (a)
UV-A, (b) UV-C, and (c) visible light sources.

and 600 times brighter than plasma, depending on their distance
from the radiometric probe. A higher intensity factor was found
between the visible bulb and the visible component of the plasma.

These results force us to place the catalysts directly on the alu-
mina dielectric surface of our SDBD source between the electrodes.
In this way, the catalyst is directly induced by the plasma light, being
located at a distance of the order of 1 mm.

TABLE I. Comparison of the intensity emission of the light sources in the different
spectrum regions.

Probe
Source UV-A UvV-C Visible
UV-A lamp 1 0 0.08
UvV-C lamp 0.02 1 0.14
Visible bulb 0 0 1
Plasma 1 0 0.50

scitation.org/journal/adv

TABLE II. Transmission factor due to the quartz window filter.

Source Transmission factor (%)
UV-A lamp 80
UV-C lamp 55
Visible bulb 80
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FIG. 6. Intensity (#W/cm?) vs plasma ignition power (W) for the UV-A probe (black
dots) and visible probe (red dots).
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IV. DISCUSSION

We investigated the intensity of UV light lamps in compari-
son with the light emitted by a SDBD plasma at different powers.
The intensity of each light source can be summarized in Table I. In
this table, we compare the source intensities in the different spec-
trum regions with respect to the predominant emission spectrum.
We demonstrated that the UV-A lamp emits in the UV-A region of
the spectrum with also a minor contribution in the UV-C spectrum;
the UV-C lamp emits in the UV-C region with a minor contribution
in the UV-A spectrum; for the visible LED bulb, it is in the visible
region; and for the plasma, the main emission is in the UV-A region.

We also verified that the emission of UV-A and UV-C lamps
vs the distance follows Eq. (1), while the visible bulb emission vs the
distance follows Eq. (2) and we found the fitting parameters for all
our lamps.

Concerning the plasma emission, we found that the intensity
is strictly dependent on the applied ignition power and it is much
lower than the lamp intensity. This result suggested us to deposit the
catalyst near the plasma light, that is, directly on the alumina surface
on which plasma is ignited. Then, as the plasma emits both in the
visible and in the UV regions, a catalyst can be chosen from among
those activated by UV and visible light.

The next step will concern experiments including photocat-
alysts to study the abatement of various noxious substances. A
comparison of photocatalysis processes by lamps and plasma pro-
cesses with and without the photocatalysts will be object of future
studies.”**’
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Abstract: We study pentane depletion using a hybrid plasma system based on a surface dielectric
barrier discharge (SDBD), with and without a catalyst, and as a function of plasma power and
alkane concentration. We evaluate pentane decomposition efficiency based on plasma power and
quantify the role of the catalyst in the resulting depletion of intermediate products. Analyses of the
temporal evolution of pentane and the intermediate decomposition products allow us to estimate
the corresponding decomposition rates according to the plasma parameters. We find that depletion
efficiency increases as a function of pentane concentration. Furthermore, it is shown that the catalytic
processes are responsible for a significant increase in the depletion rates of the intermediate reaction
products, thus contributing to the total abatement process of pentane.

Keywords: surface dielectric barrier discharge; atmospheric pressure; Non-Thermal Plasmas; streamer
discharge; pentane and VOC abatement

1. Introduction

One of the most important environmental issues at present is air pollution, which can
be harmful to both the environment and to human health. Thanks to recent strict regula-
tions, emissions of atmospheric pollutants have been reduced significantly during the last
decades, especially in heavily industrialized countries. Despite all these efforts, the concen-
trations of pollutants within large urban zones remain too high, particularly in developing
countries, and further improvement in atmospheric air quality is required. This can be
accomplished by encouraging more specific studies [1].

A large and important group of pollutants is the volatile organic compounds (VOCs);
due to their high volatility, these compounds rapidly evaporate, thus easily leaving
the places where they are produced and diffusing into the atmosphere. It is now well-
understood that they can cause a variety of deleterious effects to human health and the
environment [2]. VOCs are mostly emitted during industrial processing in different types of
mixtures with air, where the magnitude of fluxes ranges from 1000 m®/h to approximately
10,000m3/h.

Different methods for VOC depletion are being tested on pilot plants, with some
already being employed in industries, including: adsorption [3], absorption [4], thermal
decomposition [5], catalytic oxidation [6], bio-filtration [7], and membrane separation [8].
Most of these technologies present several economic and efficiency limitations when treat-
ing effluents with low VOC concentrations, high airflow rate, and with compounds that
have low solubility in water [9].

Plasma can serve as an alternative in the removal of VOCs from gas streams. Various
equilibrium and non-equilibrium plasma reactors are being investigated, and their selective
efficiency in VOC abatement has been reported in literature reviews [10,11]. Equilibrium
plasmas are also thermal ones, since charges and neutrals are produced at high temperatures
of the order of 10* K. Thermal plasmas such as torches and arches are employed for different
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purposes, including, for instance, in the gasification of coal [12] as well as in the waste gas
decomposition of hard-to-convert components such as Perfluorocarbons PFCs [13].

These plasmas have the advantage of high and fast dissociation rates and rather good
efficiency, but most of them are characterized by high energetic consumption, which is
required to sustain the discharge itself, and high maintenance and equipment costs. They
often employ noble gas carriers, liquids, or vapor water [14]. Although they can be used
for the abatement of harmful toxic gases, they are economically unsustainable for the
abatement of VOCs at low concentrations.

Non-equilibrium plasmas, often called Non-Thermal Plasmas (NTPs), can instead be
sustained with lower energy than Thermal Plasmas. NTPs are very weakly ionized and are
not in thermodynamic equilibrium because electrons absorb most of the electromagnetic
energy, reaching temperatures of several eV, while ionic species and neutral kinetic energies
remain at room temperature. For this reason, they are also called cold plasmas. NTPs are
generated by using different types of devices such as the dielectric barrier discharge [10],
gliding arc discharge [15], microwave plasma [16], and plasma jets [17,18].

Nowadays, they are employed in several environmental applications. For instance,
some NTPs such as plasma jets and microwaves are intensively studied for reforming
methane and carbon dioxide because of their high efficiency [16], while DBDs are often
used for the removal of VOCs at low concentrations, and also for odor abatement in
combination with catalysis [19].

Most of the NTP sources working at atmospheric pressure are called Cold Atmospheric
Plasmas (CAPs). The abatement phenomena in CAPs are dominated by kinetic effects,
where electrons are the primary source of molecular dissociation and radical formation.
Then, the resulting chemical reactions between radicals promote their degradation and
oxidation in the presence of oxygen species. Compared to the aforementioned thermal
plasmas, they are characterized by lower dissociation rates, but not by lower efficiency [9].

As reported in the literature, one of the most employed cold plasma devices is the
Dielectric Barrier Discharge, which has the advantage of requiring very low energy. DBDs
are also used in combination with catalysis, an example of which is the dielectric packed
bed discharge [18]. DBDs, as most of CAPs, have the drawback of processing only small
gas volumes. In the DBD configuration, the gas is physically confined to pass between
the two electrodes, the plasma state is mostly confined to a volume of a few mL, and gas
air flows between a few mL/min and some L/min [9,17]. Only very recently, a system
composed of DBDs, a mineral adsorber, and a bio-scrubber [11] has been investigated for
gas flows of up to 1000 m3/min, yielding a good VOC abatement efficiency. The scale-up
factors and operating costs need to be investigated in order to evaluate their real economic
sustainability in view of the most interesting applications.

A possible way to overcome the difficulty of a redeeming technology on a large
scale—that is, treating large gas volumes at low VOC concentrations—could be through
the employment of a peculiar CAP: the surface DBD (SDBD) [20]. In SDBDs, the plasma
is produced on a surface without being confined between two electrodes. In this new
configuration, the gas can move on the surface and rapidly diffuse into larger volumes.
Moreover, these devices have not been investigated in such a detail as the DBD and the
packed DBD for their waste air remediation applications. Only recently have a few research
papers been devoted to the application of SDBDs in VOC abatement [21,22].

Starting from our previous knowledge on DBD [18,23] and SDBD plasmas, this paper
presents a study on the performance of a single SDBD module working at static conditions,
aimed at evaluating the VOC abatement rates based on the relevant parameters, particularly
including possible synergies with post-catalysis processing. More specifically, we employ
an asymmetrical SDBD configuration [20] and investigate the chemical kinetics dissociation
of a specific VOC in an air mixture while varying its concentrations and plasma energy. We
choose pentane as a VOC and whose decomposition by-products are mainly acetylene and
propane. The concentration of pentane and its by-products are measured according to time
in order to analyze their decay law measured during the experiments. From these results,
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we can draw some conclusions about performance efficiencies for different parameters
as well as estimate the best possible operating conditions, such as by evaluating the
opportunity of using a number of SDBD modules fed in an asymmetrical configuration for
specific real applications.

Although NTPs have been largely studied in the last decades for their role in the
depletion of VOCs in air, the literature on pentane abatement/conversion is still scarce.
To the authors’ knowledge, no experiments on the oxidation of pentane in air in low
temperature atmospheric pressure plasmas have been reported in the literature. Thus,
the present paper describes a novel application of NTP-catalysis and contributes to the
enrichment of the available literature.

The paper is organized as follows. In Section 2, we present the experimental setup
and briefly discuss the calibration of the gas chromatograph. Section 3 is devoted to the
experimental results, and Section 4 presents a discussion of our results as compared to
others from the literature. Finally, in Section 5, we conclude with our final remarks.

2. Experimental Setup

The configuration adopted in our experiments, the simplest version of the SDBD
used in plasma aerodynamics applications, is called a plasma actuator. It consists of two
conducting electrodes attached to the opposite sides of a flat dielectric panel, as seen in the
asymmetrical arrangement sketched in Figure 1.

PLASMA

GROUND ELECTRODE DIELECTRIC BARRIER

HV ELECTRODE

( ) [
% HV PROBE

HV

INSULATING TAPE

TO OSCILLOSCOPE

Figure 1. Plasma device scheme: The two electrodes, consisting of deposed copper (35 um thick, 4 cm
wide, and 12 cm long), are attached to a dielectric material and are laterally shifted from each other
by about 0.5 cm (typical asymmetry in SDBD). The lower electrode, fed at a high voltage (HV), is
covered with an insulating material, whereas the upper one, fed to the ground, is exposed to air.
The HV probe measures the applied potential.

The lower electrode is covered with an insulating material, whereas the upper one
remains fully exposed to the air. In this way, the plasma generation region is confined
above the dielectric plate. For the dielectric barrier, we used a vetronite sheet, with the
possibility to change its thickness (1.5-3.0 mm). More specifically, we used a 1.5 mm thick
dielectric barrier in vetronite and a pair of 12 cm long conductive electrodes leaning on the
two faces of the barrier.

Upon the application of a sufficiently high voltage (HV), the air portion in proximity to
the device gets weakly ionized, thus creating a thin plasma layer above the insulating plate,
as illustrated in Figure 1. The SDBD plasma actuator generates a non-thermal self-limiting
plasma, in which the accumulation of charged particles on the dielectric surface opposes
the applied electric field. Consequently, AC or pulsed high voltages are required to have a
temporally prolonged discharge operation; otherwise, only a transient air ionization occurs
at the voltage ignition.

In the present configuration, the exposed electrode is grounded, whereas the covered
one is fed by a high-voltage power supply line. This consists of a DC-voltage supplier and

181



Part V: Appendix

Appl. Sci. 2022, 12, 4253

40f15

a signal generator feeding the primary windings of an HV transformer, whose secondary
windings are connected to the electrode. We set the reference DC supply voltage (VDC)
within the range of 7-14 V. The whole system behaves similarly to a resonant circuit, so
the sinusoidal voltage frequency slightly depends on the DC-supply voltage. In this
asymmetric configuration, due to the partial overlapping of the electrodes by about a
centimeter, a so-called ionic wind is generated, which is a directional flow from the exposed
electrode to the buried one.

The SDBD is located in the reactor, a parallelepiped with the size of 1.8 x 20 x 18 cm?
made by Delrin and with a cover in Plexiglas (box used for the experiments that has
not been attacked by the used VOC or its decomposition products), inside which VOC
depletion takes place. The volume of the free space used for the air treatment is about 0.5 L.
The experiments were performed in static conditions, as described below. The VOC used in
this experiment is pentane (CsHj,), employed at variable concentrations between 300 ppm
and 1200 ppm.

The VOC contamination setup is shown in Figure 2. The black bold lines represent
the tube connections through the whole system. In the diagram, “Pure air” represents
a gas cylinder from Sapio S.R.L. containing 79% N and 21% O,, which means that the
concentration of CO; (0.5 ppm), CO (0.5 ppm), hydrocarbons (0.1 ppm), water (3 ppm),
and other pollutants is negligible. The red crosses represent ball valves. The liquid pentane
is placed in a bubbler bottle (denoted as Liquid VOC in Figure 2) and is allowed to circulate
through the flow meter by the action of the air pressure. We used two gas flow meters and
one liquid flow meter, all produced by the Bronkhorst factory. The controlled evaporator
and mixer (CEM) allow the liquid coming from the liquid flow meter to evaporate and mix
with a line of pure air that comes from gas flow meter 1, thus producing the first dilution of
pentane. A second dilution is performed after the CEM through the addition of pure air
coming from gas flow meter 2. This whole system allows for the control of the chamber
pentane concentration before the experiments. Finally, for the gas chromatographic analysis,
we used a Micro GC Agilent 3000 instrument with the column PoraPLOT U, which is a
column specific for VOCs, and with a Thermal Conductivity Detector (TCD). The program
used is as follows: inlet temperature at 70°, inject temperature at 100°, column temperature
at 110°, inject time 50 ms, and run time 300 s. The gas chromatograph (GC) samples are
of the order of 1073 mL for each time. The GC inlet pipe is placed at about 5 cm after the
plasma region.

Gas ' Gas
flow meter 1 s chromatograph
Pure Liquid Liquid " 3¢
air __ vocC _{ flow meter

Gas
flow meter 2

Reactor chamber

Figure 2. Liquid VOC contamination setup: The pure air cylinder supply for both the gas carriers and
the bubbler device containing the VOC. A controlled evaporator and mixer (CEM) allow the liquid to
evaporate and then mix with a line of pure air flow. The SDBD is located in the reactor, a parallelepiped
with the size of 1.8 x 20 x 18 cm® made by Delrin and with a cover in Plexiglas, inside which VOC
depletion takes place. The volume of the free space used for the air treatment is about 0.5 L. The gas
chromatographic analysis was performed with a Micro GC Agilent 3000 instrument.

The experiments were performed with and without a catalyst. The catalyst consisted
of a dispersion of TiO; in an aqueous solution of polyvinyl alcohol (PVA). It was deposited
by means of a fine brush, as a strip of 4cm in width and 12 cm in length, at a distance
of 0.3cm from the exposed copper electrode. After the evaporation of water at room
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temperature, the deposition was repeated until a uniform distribution of the product was
obtained. A total of 0.2 g of dried catalyst TiO, was deposited. In order to prepare the
catalyst, 6 g of Ti(IV) oxide anatase 325 mesh (Sigma Aldrich) was carefully added to a
solution, initially prepared with the use of 1g of PVA (Kuraray Poval 10-98) and 100 mL
of deionized water. After vigorous stirring, a fluid suspension was obtained, which was
stored at room temperature until the deposition. In Figure 3, we show an SEM image of the
catalyst where we can clearly identify sub-micrometre TiO, particles on the PVA matrix.

Prrr L W W
EHT=10.00 kv Signal A=SE

i
Mag= 30.00KX Date 28 Sep 202
g |—| WD= 7.4 mm - @

Figure 3. SEM image of a sample of TiO, and PVA deposition over vetronite at 30,000 x magnification.

The electrical parameters involved in the discharge events were measured in the exper-
iments. We used a Rogowski coil sensor to detect the current flowing in the system [24,25],
and an HV probe to measure the associated applied high voltage.

The GC output reports a signal composed of peaks of intensity proportional to the
concentration of specific species. The area of each peak is strongly dependent on the setting
parameters during the sampling conditions. For a precise evaluation of concentration,
we carried out a GC calibration with respect to pentane, considering the relative flow of
pentane relative to the total air-pentane input flow. After calibration, we estimated the
error in the pentane concentration to be around 10%. The errors were estimated as the
standard deviation obtained from several measurements of the same starting concentration.

3. Experimental Results

To analyze the pentane depletion, we determined the resulting pentane concentrations
based on the treatment time for various plasma conditions. The experimental campaign
consisted of three steps: First, we opened the in-let and out-let valves in order to allow the
pentane to flow through the reactor for two minutes. Second, the in-let and out-let valves
were closed, after which the GC sampled the atmosphere in the reactor without plasma in
order to measure the initial pentane concentration. Finally, in the third step, the plasma was
turned on and kept working for a total time ¢, followed by a GC sampling of the treated
gas. The treatment times t were taken in the range of 1-5 min. We repeated the process for
each time ¢ separately.
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3.1. Gas Chromatograms

Several chromatogram measurements were repeated at different treatment times,
plasma conditions, and pentane concentrations to improve the statistics of the results. The
initial pentane concentrations chosen were ¢ = 300, 600, 1200 ppm. The experiments were
performed at two plasma power levels, i.e., 16.9W and 44.2 W. We assigned c to be the
nominal concentration that we add to the chamber, while ps5 represents the concentrations
estimated by the GC sampling.

In Figure 4, we show a few examples of chromatograms. The initial pentane con-
centration was 1200 ppm, and the plasma was lit up at 44.2W. We considered the two
experimental conditions: depletion without a catalyst (Figure 4a) and depletion with a
catalyst (Figure 4b).

10t W = 44.2 W, without catalyst, C;H_, in = 1200 ppm
3.5 ! T C’OZ T T 'Acétylelne T F’ropa’ne T ! Otlher'

3 - -
w25 ]
c Water Pentane ]
S o o ]
° .
ol : ]
@ 151 o - 7
o 4F N e ES o ]
0]

05F —t=0min[]
—t=1min(]
O v v v v n t.= ? rn.In
0 50 100 150 200 250 300
Retention time [s]
(a)
«10% W =44.2 W, with catalyst, C5H12 in =1200 ppm

35 ) " co2 T Acetylene ' Propane | other ]
w251 ]
@ ]
2 ]
c o Water Pentane ]
3 oL o ]
o o ]
8 151 \ -
l_ 9 0 180 190 200 210 220 230 240 0]
O 4k ) ‘ S ]
o ]
05 —t=0 minE
/‘& —t=1min|]
ok | | | [ | t=5min[]

0 50 100 150 200 250 300

Retention time [s]
(b)

Figure 4. Gas chromatograms vs. retention time [s]. The shown traces correspond to pentane and
intermediate products, for treatment times ¢ = 0, 1, 5 min; the plasma lit up at 44.2 W, and initial
pentane concentration was at 1200 ppm. (a) Without catalyst. (b) With catalyst. The duration of a
gas chromatogram is 300s. The insets show the traces for the intermediate reaction products (CO,,
acetylene, propane, water, and other unidentified species) and pentane.
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The chromatograms shown in Figure 4a suggest that before the plasma treatment,
except for the water peak, only the pentane peak was essentially present. After the plasma
was switched on, the pentane concentration decreased, while intermediate reaction prod-
ucts such as carbon dioxide (CO,), acetylene (C,Hy), propane (CzHs), and water (H,O)
increased. The vertical positions of the lines are relative ones as they depend on the GC
measurement. Only the peaks emerging from the red, blue, and black lines are relevant. It
was not possible to identify other species, and their traces are reported in the upper right
boxes of Figure 4.

In Figure 4b, we report the results in the presence of the catalyst. In both experimental
conditions, pentane was completely abated after less than 5min. It is interesting to note
that the concentrations of some residual intermediates increased after 1 min of plasma
treatment, while after 5min, they were converted into CO, and water. We will discuss
these features in Section 3.3.

3.2. Pentane Decomposition

In what follows, we analyze pentane depletion according to treatment time ¢, for the
different experimental conditions, i.e., plasma power, initial pentane concentration, and
catalyst activity. We found that relative to ¢, pentane concentration strongly depends on
the plasma power used and on the catalyst activity. In particular, without the catalyst and
at 16.9 W plasma power, pentane was almost fully, but not completely, decomposed after
5min. However, at 44.2 W plasma power, a full decomposition took about 2 min.

It should be emphasized, however, that the full decomposition of pentane does not
mean that pentane is completely converted to CO,. As we discuss in Section 3.3, the plasma
also produces intermediate reaction products such as acetylene and propane. In the
presence of the catalyst, pentane is fully decomposed at the lower plasma power (16.9 W)
in t = 5min. At the higher plasma power (44.2 W), the catalyst activity is able to shorten the
depletion time such that the pentane is completely decomposed in about 1 min.

To understand the chemical dynamics, we plotted the experimentally measured pen-
tane concentrations (having an error of about 10%), ps(t), in Figure 5 relative to treatment
time t. The basic idea here is to represent the data in semi-log scale in order to see whether
the data are consistent with an exponential decay [26], either a single one or a more complex
decay. We therefore used the following basic function:

ps(t) = p5(0) e/, )

where p5(0) is the initial pentane concentration before plasma treatment, 75 is a parameter
representing the characteristic time scale for depletion, which is related to the decomposi-
tion mean lifetime, t1 /5, according to t1,, = 751og(2). As a general feature, we found that
75 depends on the initial pentane concentration.

As one can see from Figure 5a, the experimental values for the lower power, P = 16.9W,
scatter significantly. In particular, a double-exponential decay scenario seems to emerge at
the initial pentane concentrations 600 ppm and 300 ppm. At the higher power of P = 44.2 W,
considered in Figure 5b, the reduced time scale for depletion seems to be consistent with a
single exponential decay for p5(t).

At plasma power P = 16.9 W, the reaction rates increase with decreasing initial pen-
tane concentration (Figure 5a). At the highest pentane concentration (1200 ppm), we see
a single decaying exponential, yielding a decomposition time of 75 =5.3 min. At lower
pentane concentrations, the decay becomes faster, and a second regime seems to take place
after t=2min. At these low concentrations and long times f, we expect the plasma to
produce radical species more effectively. By increasing the residence time of the contami-
nated air in the plasma region (i.e., by prolonging the treatment time t), the availability of
plasma-generated radical species for the air contaminant (pentane, in our case) increases.
The availability of radical species becomes even higher when dealing with reduced concen-
trations of the air contaminant. Additional decomposition effects due to the catalyst are not
apparent for pentane, such that pentane depletion seems to be dominated by the plasma to
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a large extent. Given the uncertainties implied by the measurements, the present sugges-

tion for a double-exponential decay remains to be understood. Additional measurements,

which are beyond the scope of our work, are therefore required in order to draw a more

quantitative conclusion.
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Figure 5. Depletion rate of pentane at different concentrations per plasma power: (a) P = 16.9W,

0 1

and (b) P = 44.2W. The values for 15 (representing the slopes of the plotted straight lines) are
summarized in Table1 together with the estimated errors. The latter values were obtained by
taking the highest and lowest slopes consistent with the data. The experimental uncertainties in the
measured values, at about 10%, are roughly the size of the symbols shown.

At plasma power P = 44.2 W, much higher decomposition rates are found, and again,
pentane depletion is plasma-dominated (Figure 5b). Now, we find single exponential
decays for ps. The fact that we only have three experimental points in Figure 5b for the
low initial pentane concentrations is a result of the fast depletion rate found. One should
consider intermediate treatment times to have more data points. However, the observed
trend is sufficient to conclude that depletion is happening at a much higher rate. The straight
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line shown, with a slope given by 75 = 0.7 min, is consistent with the available data. Notice
that we only have one parameter in the model, i.e., 75, and three times more data to fit it.
Some deviations from the fit could be due to the presence of complex processes related to
the generation of intermediate reaction products, as discussed below.

Quantitatively, pentane decomposition, denoted by Ds, is evaluated as follows:

[CsHip]o — [CsHuals
Ds(%) =100 ————————=
5(%) [CsHiz]o

@
where [C5H; 2]y is the pentane concentration before treatment, and [CsH; 2]; is the pentane
concentration after treatment time t. In Table 1, the pentane decomposition D5 and the
time scale for decomposition 75 are reported for =5 min in the absence and presence
of the catalyst. As one can see for 44.2 W plasma power, pentane decomposition occurs
in less than 2 min, and the depletion time scale 75 decreases with decreasing pentane
concentrations, from 1.7 min (1200 ppm) to 0.7 min (300 ppm). Catalysis does not seem to
compete with plasma at a high power level, and D5 > 95%. At the lower plasma power and
for high pentane concentrations, neither the plasma nor the catalyst is able to completely
abate pentane. At the lowest concentration, D5 becomes larger than 95% in the presence of
the catalyst. Indeed, the catalyst helps the depletion at low initial concentrations, while
it does not greatly affect the depletion at higher concentrations. This can be explained by
assuming that at high concentrations, the catalytic sites are saturated; therefore, the plasma
controls the chemical kinetics.

Table 1. Pentane decomposition for the plasma treatment time ¢ =5 min, with and without a catalyst,
for the two plasma powers and the three initial pentane concentrations considered in Figure 5.
The associated pentane decomposition times, 75, are reported. The estimated errors for 75 are
obtained by taking the highest and lowest slopes of the straight lines, consistent with the data shown

in Figure 5.
Power (W) Starting CsHy, (ppm) Catalyst Ds (%) Ts (min)
No 87 25+ 0.3 fort < 2min, 1.8 + 0.1 for f > 2 min
300
Yes >95 2.5+ 0.3 for t <2min, 1.8 + 0.1 for t > 2 min
No 55 48+05
16.9 600 X .
Yes 75 4.8 + 0.5 fort < 2min, 2.6 + 0.2 for f > 2 min
No 58 53+0.8
1200
Yes 60 53+0.8
No >95 0.7 +0.1
300
Yes >95 0.7+0.1
No >95 1.0 +0.1
44.2 600
Yes >95 1.0+ 0.1
No >95 1.7+ 0.2
1200
Yes 60 1.7+02

We also estimated the pentane decomposition efficiency after 1 min of plasma treat-
ment, displayed in Figure 6. The efficiency is estimated as the ratio between the amount in
grams of the decomposed pentane to the applied energy in kWh. The efficiency increases
with the pentane concentration, and the catalyst does not seem to play any relevant role
in pentane decomposition, even at low concentrations. The increase in efficiency with
pentane concentration demonstrates that for these plasma parameters, plasma processing
occurs in the gas phase. These results are comparable to the efficiencies found in the NTP
devices [10,27].
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Figure 6. Pentane decomposition efficiency (g/kWh) after 1 min of plasma treatment according to
the initial pentane concentration. The lines serve as visual guides. The error bars were obtained by
calculating the error propagation in the estimation of the efficiency.

We also measured the ozone using the MQ131 ozone sensor coupled with Arduino
Mega2560. We found that (in pure air, to avoid VOC sensor cross-sensitivity) for 16.9 W
plasma power, the ozone was between 10 ppm and 20 ppm, while for 44.2 W, the ozone grew
up to 400 ppm. The maximum efficiency of about 1.8 was obtained at the lower plasma
power. At the higher plasma power, the fact that the efficiency was found to be smaller
was probably due to the distribution of energy in the gas volume not being optimum at
such higher power [28].

3.3. Intermediate Reaction Species

As shown in Figure 4, the plasma (acting for ¢ > 0) shrinks the area of the pentane
chromatogram peak, while other peaks appear. The water trace also changes as it depends
on both the depletion processing, generated as by-products of VOC abatement species,
and on the humidity transported by the chromatograph carrier gas (Helium). We could
identify the acetylene and the propane peaks with the use of a calibration cylinder.

We were not able to identify the peaks classified as “Other” in Figure 4, which are
suspected to be Cy4 species, nor were we able to perform a CO; calibration. Thus, we will
just concentrate on acetylene and propane here.

In order to fit the measured concentrations of the acetylene and propane species, de-
noted generically by x, we assume that the latter is regulated by a simple phenomenological
differential equation consisting of a source term, proportional to p5(¢), minus a loss term
describing its extinction. The time evolution of the concentration py(t) of species x is then
given by the following equation:

dpx(t) 1 1

dr = ;51050) - ?pr(t)/ (3)

where p5(t) = p5(0) exp(—t/15) (cf. Equation (1)), and x stands for acetylene or propane.
Here, 7,5 represents the time scale for the generation of species x as a result of pentane
decomposition, and T is the time scale for the decomposition of the species x itself during
the treatment. Thus, 7,5 and 7y are the two parameters in the model.

The differential equation (Equation (3)) admits an exact solution, given by the equation
below:

px(t) LT N SRR,
05(0) 55— T Ts (e ¢ ) @)
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In the case of an initial pentane concentration of p5(0) = 1200 ppm, for the two
plasma powers, with and without a catalyst, we obtain the 7,5« parameters by fitting the
experimental data, as reported in Figure 7.

- W =16.9 W, Acetylene
o 0.12 = T T T
= -#-Acetylene without catalyst
Q 0.1 —7, =274 min, 7 . =32.1 min 1]
T [rt-Acetylene with catalyst
\—7 =6.5min, 7 _ =31.8 mi
8 0.08157 min, 7. min
5
O 0.061
3
N 0.041
g 0.02}
5]
0 &
z 0 1 2 3 4 5
Time [min]
(a) 75 =5.3 = 0.8 min
c W =44.2 W, Acetylene
o 0.1 T T T . : :
S
= 0.08}
[}
20.06}
50
o
8 0.041 .
N / [#-Acetylene without catalyst
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Figure 7. Normalized concentrations of intermediate products, acetylene, and propane, according to
treatment time T (min), at 1200 ppm initial pentane concentration. (a,c) Acetylene at P = 16.9 W and
P = 442 W, respectively. (b,d) Propane at P = 16.9W and P = 44.2 W, respectively. The experimental
uncertainties for the product concentrations were obtained by propagating the error due to the initial

concentration of pentane yielding values equal to V/2 10%. The continuous lines are the results of the

least-square fits obtained with Equation (4), while the dashed lines are just visual guides. The errors

for 75 are from Table 1 (see also Figure 5). The errors associated with 7y and 75 are those from the

least-square fits and are reported in Table 2.

Table 2. Acetylene and propane characteristic times for different plasma treatments. The initial

pentane concentration for this table corresponds to 1200 ppm. The errors for 7} and 7,5 were obtained

as discussed in Figure 7.

. Power Ts x5 Tx
Specie W) Catalyst (min) (min) (min)

169 No 53+0.8 32.1+3.0 274+ 8.0

' Yes 53+0.8 31.8+£2.0 6.5+ 1.0
Acetylene

o No 1.7+ 0.2 84+0.7 1.74+02
’ Yes 1.7+0.2 71+1.0 1.1+0.1

169 No 53+0.8 83+20 3.7+£1.0
' Yes 53408 52420 0.8+0.3

Propane

o No 1.7+£0.2 4.6+ 1.0 22+08

’ Yes 1.7+£02 5.74+20 2.6 1.0
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4. Discussion

A closer analysis of the results in terms of the time scales shown in Table 2 suggests
that the catalyst is not directly involved in the decomposition of pentane. In fact, the time
scales 15 are independent of the presence of the catalyst. At plasma power P = 16.9W,
75 = (5.3 £0.8) min, and at P = 44.2W, 15 = (1.7 £ 0.2) min, suggesting that the pentane
decomposition is primarily due to the action of the plasma.

In contrast, the role of catalysts is very important for the depletion of the intermediate
reaction products, as displayed by the associated time scales and denoted by 7y, particularly
at lower plasma power. For the latter, the catalytic depletion of intermediates is very
efficient, as much as four times faster than that of plasma. Catalysis processing without
plasma refers to an experiment where plasma is not switched on, and so only the catalyst
(present on the surface of plasma module) is operating.

The reactions that the catalyst speeds up are the oxidation of acetylene and propane,
which are previously formed by the partial decomposition of pentane, mainly by means of
plasma action. At higher powers, the catalyst acts weakly on the depletion of acetylene,
but not on propane. The time scale for the production of acetylene is weakly dependent on
the catalyst, and at low power, it seems to diminish propane production.

These studies support the experimental evidence that catalysis concurs with the de-
pletion of the intermediate reaction products in the plasma reactor, as also reported in the
literature [29,30]. In the previous experiments reporting propane abatement, catalysis pro-
cessing was used without a plasma, which showed very low efficiency. Therefore, the higher
efficiency reported here is due to the synergetic effect of the plasma and the catalyst.

In fact, our previous study [31] demonstrated a much lower abatement efficiency for
propane, performed by catalysis processing and using only UV-A light energy. In the case
of TiO,, we used light with a UV-A range of 340400 nm and a peak at 370 nm to obtain an
efficiency of less than 10% of the abatement after 22 min of application [31,32]. As previously
reported in our studies, the UV-A power emitted by our SDBD was very low, from 20
to 600 times less bright in comparison with the typical UV-A lamps used for catalytic
processing [33].

Other previous works suggested that introducing a catalyst into a plasma reactor could
generate more highly energetic and reactive species, which favor plasma-induced reactions
towards the deep oxidation of VOCs. In our case, the study of the kinematical evolution of
depletion demonstrates that catalysts do not affect the pentane decomposition. We may
conclude that the catalyst does not generate reactive species favoring the decomposition of
the pentane, but it is the ability of the plasma state to primarily decompose pentane, thus
generating the active intermediate species that could be removed by the catalyst. Catalytic
processes are mainly responsible for removing the produced species, such as propane and
acetylene, thus shifting the chemical kinetics towards full VOC depletion.

Hence, the combination of plasma with catalysis has a great potential to lower the
activation temperature of the catalysts, enhance the removal of pollutants, and minimize
the formation of undesired intermediate reaction products, all of which may contribute in
different ways to the enhancement of the energy efficiency of the plasma process [27].

The results obtained in the present paper show that TiO, does not directly affect the
removal/conversion of pentane, with the catalyst only having clear effects on the removal
of excited species and by-products. The choice of the catalyst deserves further investigation
in order to understand if different choices may influence the depletion of pentane. As an
example, a recent study investigated the abatement of another alkane (n-undecane) and the
related COy selectivity, achievable through the application of a packed-bed DBD reactor and
using y-Al, O3 spheres as packing material [34]. The removal efficiency of n-undecane and
the COy selectivity increased from 40% to 80-92% and from 37% to 40-80%, respectively,
when loading y-Al,O3 with CeO; at different weight fractions.

In light of the numerous studies on cold atmospheric plasmas and their potentials
for VOC abatement/conversion, such devices could be successfully employed in a broad
spectrum of applications concerning VOC removal. The applications might be different
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depending on the mode NTP devices used. Under static conditions, as in the present
study, NTP devices show great potential in the decontamination of polluted environmental
matrices such as contaminated air in confined volumes or contaminated soil [35].

NTP devices could also be applied to the treatment of contaminated air streams, thus
under dynamic conditions. In this case, optimizing energy efficiency is a challenge that
plasma technologies should face in the future, especially in applications regarding the
treatment of high airflow rates. The use of catalysts, the combination with other removal
technologies, or the study of peculiar configurations [36] may help to reduce the energy
consumption in order to achieve the same targets.

The use of SDBD instead of volume DBDs also seems to be promising for energy
optimization purposes. In a review paper, Vandenbroucke et al. [2] compared the results
obtained by Oda et al. [37,38], who measured the abatement performance of trichloroethy-
lene (TCE) by: (1) an SDBD reactor with a V,O5/TiO; catalyst, and (2) a volume DBD with
a TiO; catalyst. At the same airflow rate (400 mL/min) and TCE concentration (1000 ppm),
the first configuration allowed for the acquisition of the same removal efficiency for the
second configuration (>95%) by using only 25-48% of the energy consumed by the latter.
Other authors [39] carried out a comparison between an SDBD and a volume DBD reactor
in terms of ozone generation. The authors found out that under the same operating condi-
tions and specific energy density, the ozone generation obtained with the SDBD exceeds
the amount of ozone generated by the volume DBD by a factor of 2.5-3.5. Similar results
were obtained in a more recent study comparing the application of an SDBD and a volume
DBD reactor to ethanol in air [40]. Under the same operating conditions and specific energy
density, the authors obtained ethanol removal efficiencies of 80% and 60% when using the
SDBD and the volume DBD reactor, respectively.

5. Conclusions

In this work, an SDBD reactor was employed for the decomposition of pentane,
at different plasma discharge power levels (16.9 W and 44.2 W), gas concentrations in air,
and plasma treatment time. It was found that pentane could be totally depleted in a few
(about 5) minutes at 44.2 W, where the efficiency reaches the value of 1.3 g/kWh for the ini-
tial pentane concentration of 1200 ppm. The maximum efficiency of 1.8 g/kWh was found
at 16.9 W, also for the initial pentane concentration of 1200 ppm. The efficiency increased
with the pentane concentration, suggesting that plasma effects are volume-dependent
because the reactions occurred in the gas phase. The fact that efficiency decreased with
power suggests that plasma energy was either not well-distributed in the reactor or that
the plasma produced a larger amount of by-products such as ozone, thus limiting other
chemical reactions [28].

The analysis of the temporal evolution of pentane and the associated concentrations of
the intermediate reaction products allowed us to quantitatively describe the kinetics of VOC
depletion in the plasma hybrid system. In an SDBD—catalyst reactor, the plasma primarily
acts to decompose pentane, while the catalyst mostly concerns the intermediate reaction
products. During the first minutes of treatment in a single experiment, gas processing
is dominated by plasma decomposition of pentane, followed by the generation of the
intermediate products, which are progressively depleted by the catalytic processes acting
on longer time scales.

Worthy of note is the fact that plasma dynamics depends on both the pentane concen-
tration and applied power. It is faster at higher power and lower concentrations, where
pentane is abated in less than 1 min. The typical time scale varies between 0.7 and 1.7 min
for 300 ppm and 1200 ppm initial pentane concentrations, respectively. At extremely low
powers, e.g., at 11 W, the pentane is not totally dissociated, and the time scale for abatement
is longer, well above two minutes and roughly in the range of 2.5-5.3 min; this may be
addressed by varying the concentrations between 300 ppm and 1200 ppm.

Different metal catalysts have been investigated in single-stage plasma-catalytic gas
cleaning processes for the oxidation of VOCs. Transition metal oxide catalysts in combi-
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nation with plasma have attracted growing interest for pollution abatement because of
their comparable performance and low cost. In our previous work, we found that the TiO,
and/or WO3 catalysts alone are not able to efficiently remove propane [31], while here, we
managed to increase the pentane depletion by using plasma together with a catalyst, thus
yielding an efficient abatement of the intermediate reaction products.
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A study of volatile organic compounds (VOCs) depletion using a plasma system based on a surface dielectric
barrier discharge SDBD has been carried out. The analysis of the temporal evolution of VOCs permitted to es-
timate the corresponding dissociation rates as a function of the relevant parameters and to demonstrate the
ability of SDBD in the abatement of large VOC concentrations up to 9,300 ppm. The depletion rate increases as a
function of plasma power and concentration for propane, pentane and acetone. The efficiency evaluated as

quantity of propane per unit of energy takes values between 2 and 7.5 g/kWh. A comparison between propane,
pentane and acetone, exploits that propane efficiency is higher than of those pentane and acetone. On the basis of
this study SDBD is a promising plasma source for VOCs abatement at high concentrations.

1. Introduction

Air pollution can be harmful to both the environment and the human
health. As a result of a systematic application of strict regulations, the
emissions of atmospheric pollutants have been reduced significantly
during the last decades, especially in heavily industrialized countries.
Despite these efforts, the concentrations of pollutants within large urban
zones remain too high.

A large and important group of pollutants such as volatile organic
compounds (VOCs) are produced in the environment and diffusing out
into the atmosphere. Further improvement in the atmospheric air
quality is still an issue requiring specific studies (EEA, 2017). Pollutants
can cause a variety of deleterious effects depending on their chemical
structure and concentration (Vandenbroucke et al., 2011). Some of these
compounds have an impact on human health that goes from impairing
the respiratory system to premature death caused by their toxicity or
carcinogenic effects (EEA, 2017).

Several methods have been proposed for VOCs depletion, including
adsorption (Aguayo-Villarreal et al., 2017), absorption (Wang et al.,
2017), thermal decomposition (Donley and Lewandowski, 1998), cata-
lytic oxidation (Chen et al., 2014), bio-filtration (Vergara-Fernandez
et al., 2018), membrane separation (Belaissaoui et al., 2016).

Among the various alternative methods still under test, plasma
technology (Bogaerts et al., 2020) is considered one of the most prom-
ising in various environmental application. Plasmas are generated by
ionizing neutral gases with electrical power, it contains charges, elec-
trons which are the prime source of ionization, ions and a variety of
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neutral molecules and radicals exploiting a high chemical reactivity.

Plasma processing are highly non-selective, creating a chemical
reactive environment able to treat materials (Zanini et al., 2016), as well
as gases (Li et al., 2020).

Between plasma technologies we can identify plasmas produced in
thermal equilibrium (Thermal Plasmas, TP) (Choi et al., 2012), and in
non-thermal equilibrium conditions (Non-Thermal Plasmas NTP) (Feng
et al., 2018). Thermal plasmas thanks to their high energy content have
been intensively studied for waste composting, fermentation residue,
perfluoro carbons abatements (Dobslaw and Glocker, 2020).

NTP plasmas have recently been employed for their lower energy
consumption, in various applications for the treatment of materials
(Zanini et al., 2018), for the dissociation and abatement of organic
molecules (Dobslaw et al., 2018), for the production of hydrogen-rich
mixtures (Barni et al., 2019), and CO2 conversion (George et al.,
2021). Among the various configurations in which NTP can be produced
those most efficient in the literature are based on the dielectric barrier
discharges, DBD (Byeon et al., 2010).

DBDs are studied for the abatement of many organic compounds as
can be found in the recent literature review (Chung et al., 2019). In some
case DBD plasmas employ also catalysts in order to improve the abate-
ment efficiency (Thévenet et al., 2014).

In DBDs, plasma is performed between two electrodes allowing the
generation of uniform charge filaments within the discharge gap (Barni
et al., 2005), preventing the development of destructive arc discharges
(Siliprandi et al., 2008). The width of the discharge gap, of the order of a
few millimeters, determines the required discharge energy, such that
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/

GROUND ELECTRODE

HV PROBE

TO OSCILLOSCOPE

Fig. 1. Plasma device scheme: a plane and a different shape (fingers or honeycomb) electrode are attached to a dielectric material. The lower electrode, fed at the
ground is covered with an insulating material, whereas the upper one, fed to high voltage (HV), is exposed to air. The HV probe measures the applied potential.

smaller gaps require less power discharge (Brandenburg, 2017). Thin
gaps are associated to small VOC treatment volumes, limiting the
abatement of large amounts as required in most applications. A special
version of the DBD is the Surface Dielectric Barrier Discharge (SDBD).
The SDBD has the advantage of being able to handle larger volumes of
gas. SDBD constitute an hopeful alternative in which a discharge is
performed on the surface of a dielectric layer (Nguyen et al., 2020). The
absence of a discharge gap allows to work at lower energies, and to treat
larger amounts of VOC in comparison with conventional DBD.

The surface plasma dielectric discharge SDBD are very promising as
recently been demostrated for VOCs abatement (Abdelaziz et al., 2012).
While many studies have been carried out using DBDs (Bogaerts et al.,
2020), few experiments have been performed employing SDBDs for VOC
abatement. These sources have much lower energy consumption and the
advantage of generating plasma on a free surface, facilitating the pas-
sage of larger gas fluxes to be treated (Piferi et al., 2021a). In this new
configuration abatement of VOCs such as naphthalene, trimethylamine
and isovaleric acid have been recently experimented at efficiencies
comparable to those obtained by DBD reactors (Assadi et al., 2016).
Propane depletion with SDBD has been studied already at very low
concentrations of the order of 100 ppm in Hill et al. (2008).

Fig. 2. Experimental setup. (a) Reactor. Plasma
device configuration (b) bidirectional fingers elec-
trode, (¢) monodirectional fingers electrode, (d)
honeycomb electrode. The bi and monodirectional
breadboard are made by 9 x 5 cm? alumina
dielectric surface, 1 mm thickness, with 9 metal
fingers, 7 cm long, 1 mm large, and 4 mm apart
made of an alloy of ruthenium, nickel, silver, and
palladium. The isolation of the monodirectional
electrode are made using kapton. The honeycomb
breadboard is made by 9 x 4 cm? alumina dielectric
surface, 1 mm thickness, with alluminum esagonal
exposed electrode with a diameter of the circum-
scribed circumference of 7 mm.

Our work is focused on SDBDs, with the aim of studing the abatement
efficiencies of some specific VOCs at low and high concentrations never
before investigated: propane, pentane and acetone up to 9,300 ppm.
This study permits to better understand the kinetics of abatement
evaluating the depletion times and efficiencies and to demonstrate the
ability of this source to abate large VOCs concentrations in view of ap-
plications in the industry. A comparison of the latter with the literature
experiments demonstrate that these discharges are very promising. The
results will also allow to deep the knowledge on the abatement processes
in view of a possible scale-up of the system.

The paper is organized as follows. In Section 2, the experimental set-
up is presented. Section 3 is devoted to the experimental results, and
Section 4 to conclusions.

2. Experimental setup

The configuration adopted in our experiments was suggested by a
modification of the simplest version of SDBD used in plasma aero-
dynamics experiments (Biganzoli et al., 2014). It consists of two con-
ducting electrodes attached at the opposite sides of a flat dielectric
panel, sketched in Fig. 1.
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Fig. 3. (a) Gas VOC contamination setup: The VOC gas is in a cylinder and its
flow is regulated by the flow meter 1, the pure air cylinder flow is regulated by
the meter 2. (b) Liquid VOC contamination setup: The pure air cylinder supply
for both the gas carriers and the bubbler device containing the VOC. A

controlled evaporator and mixer (CEM) let the liquid to evaporate and mixes it
with a line of pure air flow.

—

A metallic plasma box of about 1.5 1 volume (Fig. 2a) and three
different SDBD plasma configurations for the HV electrode are used:

@ bidirectional fingers electrode (Fig. 2b);
@ monodirectional fingers electrode (Fig. 2c);
@ honeycomb electrode (Fig. 2d).

The ground electrode is a metallic plain plate. The plasma is lit up by
a high voltage (HV) power supply working in a power range between 8
and 30 W (Biganzoli et al., 2013) and a frequency of the order of 10 kHz.
The applied HV is between 5 and 10 kVpp (Piferi et al., 2021b).

The VOCs used in experiments are Propane (C3Hg), Pentane (CsH;2)
and Acetone (C3HgO).The VOC contamination setup is different for gas
and liquid VOC. The contamination setup is shown in Fig. 3. The black
bold lines represent the tube connections through the whole system and
the green arrows indicates the direction of the flow. In the diagram, pure
air represents a gas cylinder containing approximately 80% of N and
20% of Oy, meaning that the concentration of CO3, CO, hydrocarbons
and other pollutants is negligible. The red crosses are the symbol of
open-close valves. If the VOC is a gas (Fig. 3a), the VOC is in a cylinder
and its flow is regulated by the flow meter 1, while the pure air cylinder
flow is regulated by the flow meter 2. If the VOC is liquid (Fig. 3b), the
VOC is placed in a bubbler bottle (denoted as Liquid VOC in Fig. 3b) and
let it circulate through the flow meter by the action of the air pressure.
The controlled evaporator and mixer (CEM) let the liquid, coming from
the liquid flow meter, to evaporate, and mix it with a line of pure air,
coming from the gas flow meter, making the VOC dilution. In both cases,
as a flow meter gas and liquid flow meter produced by Bronkhorst fac-
tory are used. For the gas chromatographic analyses a Micro GC Agilent
3000 instrument are employed. The gas chromatograph inlet pipe is
placed inside the treatment box.

In literature an acceleration of the reaction kinetics by physico-
chemical interactions with the photo-catalytic surface may be
observed. The catalyst used in this experiments is TiOg, 34.5 mg/cm? of
TiO5 over 7.6 x 7.3 cm? tile (Piferi and Riccardi, 2021) has been
deposited.
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Fig. 4. Flow chart of the experimental process.
3. Experimental results

Plasma abatement of VOCs occurs by a series of oxidations, radical
damages and electron impact reactions; the reaction path of VOC is very
complex.

To analyze the depletion, VOC concentrations are determinated as a
function of the treatment time in static conditions for various plasma set-
ups. The experimental campaign consists of three steps: first, the in-let
and out-let valves are opened in order to allow the chosen VOC to
flow through the reactor for at least 3 min. Second, the in-let and out-let
valves are closed, then the GC samples the atmosphere in the reactor
without plasma in order to measure the initial VOC concentration. In the
third step, the plasma is turned on for the desired time, followed by a GC
sampling of the treated gas. This step is repeated for the desired number
of times at different times t. The flow chart of the experimental process is
shown in Fig. 4.

To better understand the chemical dynamics of the VOC decompo-
sition, the experimentally measured VOC concentration is normalized to
the starting concentration as a function of treatment time and referring
to the formula (Nguyen et al., 2018) in Eq. (1) a comparison of mea-
surements has been performed:

plt) = p(O)exp( ~2). (1)

where p(0) is the initial concentration and 7 represents the characteristic
time scale for dissociation, which is related to the decomposition mean
lifetime, t; 2, according to t;,2 = 7 10g(2). In terms of normalized con-
centration c(t) = p()/p(0), the Eq. (1) becomes

c(t) = exp( - g) (2)

Eq. (2) is used for fitting our experimental results.

3.1. Propane

The propane gas chromatograph calibration has been previously
performed (Piferi and Riccardi, 2021). The propane concentration is
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Fig. 6. Propane decomposition using bidirectional electrodes, starting concentration at about 5,000 ppm and different plasma power.

derived by Eq. (3)

Age — 8.65

801 @

p (ppm) = 10*
where Agc is the gas chromatograph area and p the converted concen-
tration in ppm.

The decomposition is measured in different conditions: different
electrode configurations (Fig. 2), starting concentrations (of about
9,300, 5,000, 2,500, 1,200 ppm) and plasma powers (8, 14, 17.6, 24, 28
W).

For the different electrode configurations (Fig. 5) we worked at
5,000 ppm of starting propane concentration and 14 W plasma power. 7
is almost the same for the bidirectional and the monodirectional fingers
(r = 13.5 min), and it is a bit lower (r = 11.3 min) for the honey-comb
one. While in the monodirectional and bidirectional geometrical con-
ditions the gas flow is parallel to the surface, in the honeycomb
geometrical configuration gas flow is perpendicular, favoring 1. a mix-
ing of the gas species in the entire volume, 2. avoiding the adsortion of

the molecular species from the surface. This last occurrence favors the
production of reactive oxygen at the DBD surface, necessary to oxide the
propane.

Increasing the plasma power (Fig. 6) above the threshold of 14 W the
depletion rate increases. The number of reactive species able to promote
the oxidation of the organic molecules increases with the energy sup-
plied to the system.

In Fig. 7 is reported the efficiency after 10 min versus the applied
plasma power. The efficiency is estimated as the ratio between the
amount of decomposed propane in grams to the applied energy in kWh.
The efficiency increases with power up to 18 W, then saturates at a value
around 7.5 g/kWh. In comparison with respect to DBD abatement, these
efficiency values are in the same range (Du et al., 2019).

An interesting depletion trend is found varying the propane starting
concentration. For the different starting conditions reported in Fig. 8, 7 is
quite similar for the highest concentrations, that is 15 min for the initial
propane concentration of 9,300 ppm and 13.5 min for 5,000 ppm. 7
drastically decreases for lower starting concentrations and for
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Fig. 8. Propane decomposition using bidirectional electrodes, different starting concentration and plasma power at 14 W.

concentrations lower than 2,500 ppm the depletion curves are also
exploiting two different linear slopes. It turns to be out that plasma
quickly dissociates propane at low concentrations.

Looking at the curves of Fig. 8, for concentrations below 250 ppm
obtained during the plasma abatement, the depletion becomes faster and
occurring in a time scale of the order of 2-3 min. At low VOC concen-
trations of the order of hundred of ppm, the faster depletion rates is
ascribed to the larger availability of reactive species plasma produced
per number of VOC molecules.

While the depletion is faster at low concentration, the efficiency
increases with concentration. An explanation is that at high concentra-
tion collisions increase and the probability that propane molecules meet
the plasma surface, where oxygen radicals are produced, is higher.

The efficiency of the plasma system after 10 min for the different
starting concentration has been calculated. As can be seen in the Fig. 9
the SDBD processing is more efficient at high propane concentrations,
for instance at 9,300 ppm a maximum efficiency of 5.5 g/kWh is
obtained.

Measurement overlooking the TiO, catalyst (Bin et al., 2019) tile to
the plasma at a distance at about 6 mm (Fig. 10) have been carried out.
What we found is that the main decomposition is done by the plasma,
and that the catalyst processing at high propane concentration is
negligible (Shayegan et al., 2018).

3.2. Comparison between propane, pentane and acetone

Pentane (Fig. 11) and acetone (Fig. 12) at initial concentration of
about 1,200 ppm gave similar depletion trends as a function of the
plasma power: the depletion time 7 decreases with power. Different
depletion rates are found for the three different VOCs. The depletion rate
for propane is faster than the pentane and acetone ones. The depletion
rate of pentane is faster than the acetone ones. A comparison between
the three VOCs is reported in Table 1.

The result is consistent with the magnitude of the binding energies of
the molecules of each VOC in the oxidation processes (Chung et al.,
2019).
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4. Conclusions

A study of VOCs depletion using surface dielectric barrier discharges
has been carried out. The advantage of the SDBD is to handle larger
volumes with reduced power consumption than of the DBD ones. The
analysis of the temporal evolution of propane provided in a wide range
of VOC concentrations, between about 1,000 and 10,000 ppm,
permitted to evaluate depletion time rates decreasing as a function of
plasma power and concentration. The efficiency evaluated as quantity of
propane per unit of energy takes values between 2 and 7.5 g/kWh and
depends strongly on the propane concentration: is higher at the
maximum concentration of 9,300 ppm. The plasma source works at
competitive efficiency levels, similar to the DBD ones. A comparison
between propane, pentane and acetone exploits larger depletion effi-
ciency for propane. The abatement of acetone having highest chemical
binding energies occurs slower and at lowest efficiency. In comparison
with the DBDs processing SDBDs behaves at competitive efficiencies and
are a promising source for VOC dissociation mainly at high concentra-
tions. SDBD plasma could be used in synergy with other abatement

techniques, as a preliminary abatement stage, in order to reduce the
VOC concentrations in the industrial gas steam. The simple geometry
permits to compose SDBD modules in series to build an abatement
reactor, as already recently proposed (Assadi et al., 2017).
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Hydrophilicity and Hydrophobicity Control of Plasma-

Treated Surfaces via Fractal Parameters

Cecilia Piferi, Kateryna Bazaka, Debora L. D’Aversa, Rocco Di Girolamo,
Claudio De Rosa, H. Eduardo Roman, Claudia Riccardi,* and Igor Levchenko

It is still problematic to define a direct relationship between specific proper-
ties of a nanostructured surface (e.g., wettability) and its morphology. Not
surprisingly, scientists continue to explore en masse the cut-and-try method.
In this work, new insights are presented into the correlation of functional
properties of the complex nanocomposites with their morphological char-
acteristics. Using polyethylene-terephthalate (PET) as a model material due
to its importance and wide use in experiments, super-hydrophilic nanocom-
posites amenable to be used in a variety of industrial applications are first
developed, by exposing PET samples to oxygen plasma under controlled
conditions. The morphology of the surfaces is confirmed using AFM and SEM
techniques, and wettability in air and its oleophobic properties in water using
contact angle and roll-off measurements. Next, different analytical tools such
as Minkowski connectivity (Euler-Poincaré characteristic), Hough distribu-
tions and 2D FFT are applied to study ordering, connectivity, and fractal char-
acteristics of the samples. It is concluded that fractal dimension, along with
ordering and connectivity, are among the major characteristics of the nano-
composite that determine many important physical and chemical properties
of the functional nanomaterials, and the fractal dimension could be a target

1. Introduction

Complex nanomaterials and nanocom-
posites based on hierarchical surface
structures are currently under extensive
investigation. This is because such mate-
rials can be applied in a very broad range
of contexts,'3 from sensors,**! photocat-
alysts,”! bio-electronic interface devices,®!
water repelling and self-cleaning mate-
rials, % various nanoelectronics devices!!!
to even space technology applications such
as photon-active diamond films for space
propulsion!'> and nanostructured emit-
ters for plasma propulsion systems/']
that are critical for miniaturized space
assets.l'®Vl Tt is not uncommon for the
nanocomposites of this type to feature
very complex surface, internal and interfa-
cial structures that may in some instances
form a fractal-like morphology.’*'% Our
understanding of the physical and chem-

morphological feature to inform the design of fabrication technology.
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ical processes that lead to the development
of such morphologies during material
fabrication remains somewhat limited,
hindering our ability to tailor the mor-
phologies to suit desired applications.?%) In part, this is because
the fabrication of such complex hierarchical structures relies on
the use of sophisticated processes and complex environments
such as, e.g., low-temperature plasmal!l and in particular, the
highly-reactive oxygen plasma.?!l Here, by carefully balancing
the fluxes of highly energetic ions and electrons, it is possible
to introduce desired physical and/or chemical changes without
affecting material bulk.?>2¢] Importantly, these changes may
be induced across several length scales, opening up new
applications as antibacterial coatings,” 2%l in energy and envi-
ronmental devices,?*-3 as textiles, etc.,?#*} and enabling the
creation of intricate nano-structured surfaces that mimic those
created by Nature to meet its needs.* Creation of such sur-
faces remains a technological challenge, even in plasmas where
a large number of competitive processes make careful control
of the many different parameters challenging. Furthermore, at
larger length scales the study of the interplay between micro-
and macro-meter properties are still one of the most important
issues both in applied as well as in basic sciences.>>l

Because of its strong potential and versatility, plasma-ena-
bled synthesis, assembly and modification of materials at the
nanoscale constitute one of the fastest growing fields both in

(10f14) © 2021 Wiley-VCH GmbH
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basic materials science research as well as in technology and
engineering applications. The resulting nanostructured sur-
faces can be specifically designed to possess new characteristic
properties not achievable with more traditional methods, such
as extreme hydrophilic properties.’”) Despite having very small
dimensions, the newly created surface nanostructures intro-
duce desirable variations in macroscopic functional properties
without altering the intrinsic bulk properties of the material.
These nanostructures often take form of nanorods, nanowires,
and nanotubes, with chemical vapor deposition (CVD) and its
more advanced variations, e.g., Plasma Assisted Supersonic
Jet Deposition (PA-S]D), frequently used to produce such thin
nanostructured films.$-40

« The primary aim of our study is to gain a deeper insight into
the interplay of several surface morphology descriptors such
as ordering, connectivity, self-affinity and fractality of the
plasma treated surfaces to discover how these characteristics
influence the ultimate wettability and thus contribute to the
development of another powerful tool for the future progress
in the fabrication of PET-based and other functional nanoma-
terial-based devices.

We used polyethylene-terephthalate (PET) as a model mate-
rial and oxygen plasma as a treatment environment due to their
importance and wide use in both fundamental studies and
industrial applications. PET is one of the most common ther-
moplastic polymer resins of the polyester family. It is mainly
used in containers for liquids and foods, thermo-forming for
manufacturing, fibers for clothing, and in combination with
glass fiber for engineering resins. In its natural state, PET is a
colorless, semi-crystalline resin, and a good insulating material
with very low ionic conductivity.

The PET samples were treated with a radiofrequency (RF)
air plasma under different operating conditions, with the aim
of permanently increasing their hydrophilicity. Indeed, the
chemical structure of polyesters results in the presence of a low
surface free energy and poor wettability, mainly due to its lack
of polar groups such as -COOH and —~OH. These polar groups
may be introduced on the polymer surface by cold plasma
treatments employing either oxygenated or inert gases. Their
introduction, however, is always accompanied by etching and

Plasma source

(a) (b)

Oxygen
supply

Power supply
Process

chamber

Vacuum system
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by surface cross-linking, that may affect the durability of the
plasma-imparted surface modifications. The changes in surface
chemical composition and topography, as well as aging phe-
nomena, of plasma-treated specimens were examined under
different conditions. These investigations yield valuable infor-
mation on the processes undergone by the treated polymer sur-
faces, in particular the interplay between surface morphology of
treated PET surfaces and the associated wettability properties,
such as contact angle of hydrophilic films in air, and oleophobic
properties in water.

The paper is organized as follows. In Section 2 we describe
the experimental setup. In Section 3 we describe the results
of the plasma treatment and characterize their morphological
properties, presenting the quantitative analysis of the atomic
force microscopy (AFM) and scanning electron microscopy
(SEM) images as a function of duration of plasma treatment.
In Section 4 we discuss the results on wettability determined by
contact and roll-off angle measurements. In Section 5 we pre-
sent the detailed analysis of the morphological characteristics
of the produced samples to elate their fractal dimensions, con-
nectivity and ordering with the physical parameters. Finally, in
Section 6 we present our concluding remarks.

2. Experimental Setup

The vacuum chamber was designed by the Plasma Prometeo
Center of the University of Milano Bicocca and commissioned
to a MORI MECCANICA mechanical workshop (Parma Italy).
The system consists of a cylinder and two closures, equipped
with vacuum feed-throughs for RF power supply, vacuum sen-
sors, gas dispenser, opening for pumping systems, and inspec-
tion window made of quartz. The capacitive antenna was
designed and built by the mechanical workshop at the Univer-
sity of Milano Bicocca. It is made up of two parallel aluminum
plates of diameter 190 mm. The distance between the plates
can be varied between 3 and 20 cm, and in our experiment it
was fixed at 8 cm. The oxygen gas was uniformly distributed in
the reactor by the upper shower-head electrode with pinholes
of 2 mm diameter (Figure 1c). This electrode was connected to
a 13.56 MHz RF power supplier (Advanced Energy RFX-600)

Figure 1. a) General schematics of the experimental setup, b) photograph of the process chamber with ignited plasma and of the upper aluminum
plate (upper electrode) with about c) 250 holes of 2 mm diameter spaced at a distance of 10 mm. Discharge was ignited by the capacitively coupled
planar electrodes at 13.56 MHz RF power. The lower electrode was grounded and used as a sample holder.
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which provided an RF voltage to the grounded chamber. The
second plate, where the samples are mounted, was connected
to ground. The maximum working power is 500 W.

At one cap, the chamber was connected to the pumping
system, which allowed to evacuate the reactor up to a residual
pressure lower than 107® mbar. After evacuation, the vacuum
chamber was filled with oxygen and pressure was kept con-
stant inside the reactor (at a level ranging between 0.05 and
10 mbar, monitored by a Pirani gauge), acting on a leakage
valve mounted on the cap opposite to that connected to the
pumps. Under such operating conditions, the pumping system
sustained a flow rate of about 25 sccm, corresponding to a resi-
dence time in the plasma of about 0.2 s with a flow velocity of
about 50 cm s7! at a pressure of 0.1 mbar. The total gas flow
into the chamber is regulated by micrometric needle valves and
their partial pressures are monitored using three capacitance
pressure gauges and a full range vacuum gauge, which cou-
ples a Pirani and a cold cathode system. Before every discharge
operation the reactor was evacuated to 10 mbar. During the
plasma treatment, the chamber was evacuated only by means of
the rotary pump, protected with a liquid nitrogen trap.

We used two different PET samples: PET film (36 um in
height) and PET tissue (31 um in diameter, 165 wire per cm
in density, 30 um of mesh opening and 24% of empty surface).
The thermo-fixed PET fabric used in this work was washed for
10 min at 40 °C with a water solution containing 0.5 wt% of an
anionic detergent, thoroughly rinsed up to total removal of this
latter and dried. Treated and untreated specimens (6.0 X 6.0 cm)
were usually stored at (20 + 2)°C and (65 + 2)% relative
humidity (conditioned atmosphere). The samples (6 cm? in
area and 36 um in height) are attached to the ground electrode
with two little pieces of adhesive tape.

The working conditions are: 4.5 sccm O, flow, 0.09 mbar
pressure, 150 W power and 13.56 MHz radiofrequency. We
considered different treatment times (we use T to denote the
treatment time, not to be confused with temperature): T = (0,
2,5, 10, 15, 20, and 30) min. For the analysis of morphological
properties we used AFM Solver P47-PRO (NT-MDT, Moscow,
Russia), and for the wettability properties we measured the con-
tact angle using the DataPhysics OCA 20 (Dataphysics) instru-
ment (Figure S1, Supporting Information).

The choice of the feedstock gas was dictated by the capability
of producing reactive species in the plasma phase that could act
as precursors of the hydrophilic groups to be implanted on the
polymer surface. Oxygenated gases were thus preferred to inert
gases. The prevailing actions of inert gases are expected to be
etching and cross-linking of polymer surfaces, besides creating
radical species able to combine with atmospheric oxygen, thus
indirectly introducing polar groups on the polymer surface.[*!]
In particular, oxygen plasma was employed in the present work,
as it was proved to be efficient in inducing a permanent hydro-
philic modification to the PET fibers. The species prevailing
in such plasma under different plasma treatment conditions
were identified through a plasma diagnostics and simulation
of the gas phase composition. The efficacy of oxygen plasma
treatment in inducing more or less stable wettability of PET
fibers was investigated by varying the radiofrequency power of
the reactor, WRF, the pressure, the time of treatment, T, the
position of the treated sample downstream from the emitting
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antenna and the sample holder polarization. The results of
such investigation provide the best plasma stability configura-
tion, in the chosen reactor geometry, which corresponds to the
values: 4.5 sccm O, flow, 0.09 mbar pressure, and RF of 150 W
transmitted power.

Excellent durability of wettability properties was achieved by
using a relatively higher RF power (up to 300 W) providing a basis
for achieving good hydrophilicity immediately after the plasma
treatment, although this did not assure enough stability of the
treated surface. According to our plasma diagnostics studies,
surface etching or cross-linking phenomena should efficiently
compete with the implantation of hydrophilic groups, especially
when operating at higher pressures (up to 1 mbar). Indeed,
etching and cross-linking have relevant roles in stabilizing
plasma-induced modifications of treated polymer surfaces.*’)
We found that the closer the samples were to the treatment
antenna, the longer they maintained their high hydrophilicity.
Moreover, PET samples, positioned on the grounded electrode,
were treated at 8 cm away from the upper electrode.

Previous studies on the effect of the negative polariza-
tion of the fabric specimen during plasma treatment, and the
resulting increase of positive ion flux on its surface, point to a
large weight loss during the treatment (etching) and to thermal
effects due to the higher temperature in the vicinity of the
upper electrode (up to 70 °C). In contrast, a positive polariza-
tion of the sample holder did not produce any increase of PET
wettability, with respect to samples that were treated without
polarization, indicating that negatively charged species (mainly
negative species O- and electrons) play minor roles in etching
and the grafting of polar groups on the polymer surface.

3. Morphological Properties

3.1. AFM and SEM Measurements

AFM and SEM measurements were made to reveal and study
the pm-scale and nanoscale morphologies of the untreated
and plasma-treated samples. Figures 2 and 3 show the planar
images of AFM and SEM characterizations, along with the 3D
reconstruction of the surfaces.

The field emission scanning electron microscope (FE-SEM,
FEI Nova NanoSEM450) was used to study the morphology of
the synthesized nanostructures, as well as the surfaces of the
non-treated and treated PET (Figure 3). Before SEM analysis,
the samples were coated with a thin (5-7 nm) layer of gold-
palladium alloy to ensure electrical conductance, and then
the images were acquired at an accelerating voltage of 5 kV
by collecting secondary electrons (SE) with Everhart-Thornley
detector (ETD) or through-the-lens detector (TLD).

A Solver P47-PRO NT-MDT AFM was used to analyze sur-
face morphology by AFM technology in semi-contact (tapping)
mode in air, using High Accuracy Non-Contact (HANC)
silicon tips of Etalon NT-MDT and NSGO1 series, typical
spring constant (5.8 = 1.2) N m™ and resonance frequency of
(200 £ 20) kHz. The tip curvature radius was less than 10 nm.
Square images were collected at a typical frequency of 1.5 Hz,
with a resolution of 256 pixels per line. The scanned areas
were 10 x 10 um for each sample, and the surface roughness
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Figure 2. Evolution of nanometer-scale topography of PET surfaces with treatment time. Top panel: planar AFM images for non-treated PET and treated
for 5,10, and 20 min, and typical 3D images for untreated and plasma-treated surfaces. The data is given in the form of a (256 x 256) pixel matrix from
which we obtain the heights and different moments in arbitrary units. Then, we scale the values using the standard deviation o(T). Bottom panel: 3D
representation of AFM data for a) the untreated surface (T = 0) and b-d) surfaces treated with plasma for 5, 10, and 20 min. Note the difference in
height profile for samples (maximum peaks height of =200, 200, 350, 500 nm), respectively.
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Figure 3. Micrometer-scale topography of the treated and untreated samples. Top panel: SEM images for the non-treated PET (left) and treated for
20 min at different scales. Bottom panel: 3D representation of SEM data for a) the untreated surface (T=0) and b—d) plasma-treated for 5, 10, and 20 min.
Very complex, developed surfaces can be noticed in the processed samples. Along with the sole-standing peaks, contacting structures also present,
thus forming the fractal-like topography (see quantitative assessments of the fractality, connectivity and other parameters in Figures 6,7, and 8 below).

increased with the treatment time T, as one can see from the
3D images shown in Figure 2, upper panel. AFM analysis
performed on PET samples treated under the same condi-
tions showed reproducible data with the same dependence of
the nanostructure density on plasma exposure times. More-
over, Figures S4 and S5 (Supporting Information) show AFM
images obtained on larger areas of 10 x 10 pm 30 x 30 um
of the same samples exposed to plasma for various lengths
of time. The presence of the grains affected the height scale
which is higher than that of the figure (c) related. These
images confirm that exposure of surfaces to the effects of
plasma for longer lead to progressively more significant
changes in the sample morphology.

Adv. Mater. Interfaces 2021, 2100724
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SEM microscopy was also used to study the samples surface
morphology at the micrometer scale. Thanks to these imaging
it was possible to obtain a better understanding of the morpho-
logical modification process induced by the interaction of the
polymer surface with the cold oxygen plasma. Here, we report
the analysis on the most exemplary samples focusing our atten-
tion on the non-treated and 20 min treated samples. The SEM
scans, shown in Figure 3, confirm the increase in roughness
toward the nanoscale observed with the AFM measurements.
The original (non-treated) film is very smooth, unlike the 20 min
treated sample, displaying micro- and nano-meter structures
clearly seen in Figure 3a—d. In particular, the planar images
in Figure 3 show the presence of both nano- and micro-metric
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Figure 4. a) Mean etched depths <z> versus treatment time T. Shown is a linear fit: <z>=>bT, with b =15.5 min™\. b) Weight variation of the treated
samples as a function of treatment time T. The relative missing mass variation of treated surfaces (T > 0) with respect to the untreated one (T = 0) is
calculated as AW/(T) = [W(0) — W(T)]/W(0), where W(T) is the weight of the treated film and W(0) the one of the untreated sample. The treated surfaces
are carefully cleaned (washed) to remove the etched material before the measurement is performed. The weight W(T) is measured with an accuracy of
0.1 mg. c) Probability distribution functions of normalized heights, x =z/ o(T), for the three times. For T =20 min two distributions obtained from two
different PET samples are displayed. The continuous yellow line represents a normal distribution fit to the empirical data with parameters. d) Standard
deviations of etched film heights from the 2D AFM images. The continuous line represents a fit with a power law dependence indicated in the inset.

The exponent is denoted as the Hurst exponent.

structures. Here, it is possible to see how the plasma etching
creates craters and troughs, but also new micro- and nanostruc-
tures. The latter are due to the clustering of polymer chains,
deposited on the surface and having lower molecular weight
than the original PET sample, which were previously broken
during the interaction with the oxygen plasma.

To check the reproducibility of our results, we have made
additional experiments to produce and characterize PET samples
to demonstrate the good reproducibility of our technique, and
added the relevant information to the Supporting Information.
Several PET substrates were plasma treated in plasma oxygen
under similar conditions (RF power, substrate distance from
the upper plate, oxygen flux, residual pressure, time exposures).
Figures S6 and S7 (Supporting Information) show the AFM
analysis of a series of PET samples treated with plasma for dif-
ferent times of 0, 5, 10, 15, 20, and 30 min, with similar plasma
working parameters to the previous samples. These results dem-
onstrated essentially the same trend as described above.

We can estimate the roughness of the resulting thin etched
films by determining the standard deviations of the surface
heights, o(T). We found that o(T) increases with the treatment
time until about (15-20) min, and saturates afterward. There is
another aspect related to these images, and that is the property
of “self-similarity”, or scale invariance.*?) This means that the
structure looks the “same” (statistically speaking) when studied
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at different length scales. Quantitatively, scale invariance is repre-
sented by a power-law behavior of the quantity of interest (in our
case surface rigidity) as a function of length scales. Scale invariance
can be also defined in the temporal domain, as we will discuss
below. Therefore, according to the AFM results in Figure 2, we
expect a type of power law behavior of spatial surface fluctuations
(roughness) as a function of treatment time T. Figure 2a—c shows
the 3D representation of AFM data for the untreated surface
(T =0) and plasma-treated for 5, 10, and 20 min.

To calculate o(T), we consider 2D images as illustrated in
Figure 2. Each image consists of a 256 x 256 pixels matrix, in
which the light intensity is proportional to local height z. Thus
the spatial resolution is about 40 nm. The results for o(T)
shown in Figure 4a indeed suggest a power-law behavior of
height fluctuations as a function of treatment time, 6(T) = oTH,
where H is denoted as the Hurst exponent.) We find a rela-
tively strong persistence with an exponent H = 0.82. This indi-
cates a sort of self-similar fluctuations which can be interpreted
in terms of an effective fractal dimension, dp = 3—-H = 2.2, of the
etched surface.[*]

Another important macroscopic property of the sample is its
total weight. We found that the weight of a treated sample is
lower than the original one, and the variation can become as
large as 7% for PET films, and 15% for PET tissues (Figure 4b).
The percentage of missing mass of the treated samples is due
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to the etching process produced by the cold oxygen plasma,
which increases as a function of treatment time. The plasma
treatment breaks polymer chains, removing part of them prob-
ably belonging to the amorphous phase of the polymer.[*’!

We have calculated the probability distribution function
P(x) of the scaled heights x = z/0(T), for different treatment
times. The results are shown in Figure 4c, suggesting that
the distribution depends on T, as displayed by the changes in
shape in going from T =5 min to longer T = 10 min. A truly
scale invariant regime is characterized by a single distribu-
tion though. Thus, we need to look at longer times, i.e., for
T > 10 min the probability distribution function P(x) tends to
achieve a single shape, in this case a normal distribution. This
suggests that fluctuations are equally distributed in space.
A more accurate analysis of surface fluctuations can be per-
formed using wavelet transforms as already done in the con-
text of plasma devices.* Such an analysis goes beyond the
scope of the present work and will be discussed elsewhere.
Finally, we report calculations of the mean etched depths <z>
as a function of treatment time T. These results will be used in
Section 4.2 regarding the estimation of the roll-off angles for
oleophobic surfaces under water.

This study suggests, therefore, that the competition between
plasma breaking and removal of polymer chains, followed by a
clustering and deposition of the ablated polymer chains, gives
rise to the morphological characteristics discussed above. The
behavior of macroscopic quantities of treated surfaces reveals
different competitive processes. The oxygen plasma etches
the polymer surface breaking polymer chains, while removing
material with a resulting consistent loss of mass. At the early
stages of treatment (short treatment times), small structures
(of about 100 nm in size) are created representing the incipient
new features in the treated surface morphology. These struc-
tures grow as a function of the treatment time, probably due
to a cluster deposition of the etched polymer fragments on the
surface itself. The competition between fragmentation/etching
and deposition seems to be balanced around 20 min of treat-
ment, as suggested by the saturation of surface roughness and
the achievement of a stable probability distribution function of
height fluctuations. The latter is found to be consistent with a
normal distribution.

4. Wettability

Wettability is a macroscopic property of a material, representing
its ability to maintain a liquid in contact with its surface. We
investigate two different aspects of wettability of the treated PET
surfaces: Its hydrophilic properties in air, and its oleophobic
characteristics in water. We use a DataPhysics OCA 20 optical
device for measuring contact angles, both in air and in water, and
roll-off angle measurements for determining surface oleophobic
properties in water. The contact angle is the angle between the
liquid-vapor interface of a droplet and the solid surface. Hydro-
phobic surfaces have large contact angles (>9°), while hydrophilic
ones have small angles (<90°). The roll-off angle is the inclination
angle of the sample surface just before the droplet starts to slide
off. An oleophobic surface has small roll-off angles, while an
oleophilic one displays large roll-off angles. The analysis device
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consists of a tiltable sample holder, a syringe, a lamp, a camera
and a software for the images acquisition. To study hydrophilic
properties in air, we measured the contact angle of a deionized
water droplet over the sample. Regarding oleophobic properties
in water, we determine the roll-off angle of a droplet, constituted
by a nonpolar substance such as a-bromo naphthalene, placed
over the sample and fully immersed in water.

The measurement procedures were as follows (please find the
detailed description in the Supporting Information). By means
of a graduated syringe and a dosing system equipped with
micrometers, a known quantity of liquid was deposited onto the
surface. The image of the drop in the shape of a spherical cap
that forms when liquid comes into contact with the surface is
enlarged with a microscope and imaged by a camera. Control
knobs allow to adjust the positions of the sample, syringe, and
camera. The image is then processes by instrument software.
The quality of the image is optimized by adjusting the zoom,
focus and intensity of the light source. In this particular study,
drops of deionized water with a volume of 3 pL were used and
all the angles obtained were determined by averaging 5 or 6
values evaluated at different points for each sample.

To study oleophobicity under water, the roll-off angles of
drops of an apolar substance were measured. For this test, 10 uL
drops of orbromine naphthalene were used. The angles were
then measured using the Data-Physics OCA 20 optical device.
For this analysis, however, a tilting plate (equipped with a goni-
ometer) was used on which a small glass case was placed. This
is filled with water and the treated samples are immersed in it,
fixed on a metal support a drop of 10 uL of a~bromine naphtha-
lene is deposited onto the surface of samples.

In the following, we present results for PET films and for
PET tissues, the latter are made of mono-filaments of PET
building an ordered net-like structure.

4.1. Contact Angles

We find that the contact angle decreases when the treatment
time increases and therefore there is an increase in hydrophilic
properties (Figure 5a).

According to Young equation, the contact angle 6. between
a fluid (L) and a solid (S) interface, in the presence of a sur-
rounding gas phase (G), obeys:
cos O = Ys¢ — Vst _ 1-Ys [Ysc )

Yic Yic [Vsc

where y; is the interfacial energy (surface tension) between
phases i and j. Considering that the surface tensions with the
gas phase do not change during the plasma treatment, we can
define the constant A as follows:

A=t

Vi @

which is independent of treatment time T. The interfacial
energy ¥, will depend on T due to changes in the morphology
of the treated surface. We are interested in a fractal regime in
which the nanostructure obeys the kind of (self-affine) scaling

© 2021 Wiley-VCH GmbH

210



Chapter A: Peer reviewed papers

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

g ET T T o e e e Py e 5
Fq ] 60E 1 min min
st Contact angle (a) 1 b Roll-off angle (b) §
« E & ) 1 - soF.\ :
o 100 # PET Film i £ # PET Film
> o . & PET Tissue 1 © 40F # PET Tissue 3
= E Y 1 = E 3
@© 80F 1 ® E 1
- : ] & 30F E ) n
8 6ofF X B 4 9 ' E 10 min 20 min
g E N\ 2 1 5 20F \ E
8 40 . B - ch E * 1
E ~" ] 10F 3
20f . E .
£ ok ¥ 2 s
(1] ! I EL . I 1 .l
0 10 20 0 10 20 30

Treatment time, min

Treatment time, min

Figure 5. a) Contact angle of a water droplet over the treated surfaces as a function of treatment time T, min. The values of parameters are: for PET
film — H = 0.82 (Figure 4d), dr = 3-H = 2.18, and the three fit values are A =1.05, B = 0.95 and T, = 6.18 min; for tissue using A(1-B) = cos(135°),
dp = 3—H, the three fit values are A =1.34, T, =7.88 min, and H = 0.46, from which one can find B =1.53 and di = 2.54. b) Roll-off angle versus treat-
ment time T, min. From (a) we take the same values of df, and the resulting two fit parameters are: for Film A = 0.84 and T, = 3.65 min; for tissue
A=0.75 and Ty = 2.25 min. c) Photos of the roll-off of an obromo naphthalene droplets in water over treated surfaces.

as obtained in the experiments (Figure 4d). We denote the ratio
R(T) = ¥s1/¥sc and assume the behaviour:

_ B
R(T)= 1+(6(T)/0'D)d‘ @

where B = y5;/¥s5¢ is evaluated at T = 0. The interfacial energies
ratio R(T) decreases as the surface roughness of the treated film
increases, as found experimentally. Therefore, we have R(0) = B
and for R (T) = B/Sy(T) for T > Ty, where S, (T)=o/(T)* is the
effective surface that the fluid sees at the interface with the sub-
strate, and T, is a characteristic time for the treatment process.
In other words, larger roughness implies a larger effective sur-
face at the fluid-solid interface. Equation (3) describes a purely
geometric effect due to the fractal geometry at the nanoscale.
Combining (1), (2), (3) we find:

cos&C:A(l—R(T)):A(l—W] (4

where we have used o(T)/o, =(T/T,)"", according to the results
in Figure 4d. We actually have three fitting parameters in Equa-
tion (4), i.e., A, Band T, since H=10.82 and dp =3 - H=2.18
are given. The results shown in Figure 5a suggest that Equa-
tion (4) describes the experimental findings very accurately.
The behavior described by Equation (4), that is increasing
hydrophilicity with increasing surface roughness, resembles a
type of Wenzel regime, rather than a Cassie-Baxter one (see,
e.g., refs. [45,46]).

To be noted is that, in the case of the PET tissues (Figure 5a),
the fit is performed using the condition: A(1 — B) = — 0.707 for
T =0, corresponding to an angle 6c = 135°. In this case, since
we do not have morphological information about the treated
tissues, H is taken as a new parameter, while dp = 3 — H.
Altogether, there are three unknown parameters A, T, and H,
yielding a fit also in very good agreement with the experiments.

To understand the behavior of the contact angle in our
model, we relate it to the Cassie-Baxter expression for the con-
tact angle between a liquid drop and a solid surface made of
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two components (see Supporting Information). To this end,
Equation (4) can be expressed in the form:

cosfc=A 1—% 5)
1+(0(T)/00)
Considering the low roughness limit, ie., o(T) < 0(0),
which corresponds to T < Ty in Equation (4), the latter can be
expressed as,

cosOc ~ A(1-B)+ AB(a (T) /o, )" (6)

which coincides with the Fractal-Wenzel (see SI) result when:
A(1— B)=cos ©; and A B =a cos O,. Indeed, we find (see Figure 5a),
A=105and B=0.95,sothat AB=1,0;=87°and a=19.

We conclude that the Fractal-Wenzel equation describes a
hydrophilic homogeneous fractal regime in the limit of low
roughness, i.e., for short treatment times T (small length
scales). We can therefore regard our result Equations (4 and 5)
as a suitable generalization of the Fractal-Wenzel equation
for self-affine surfaces on larger length scales, which become
accessible for longer plasma treatments.

The detailed discussion can be found in the Supporting
Information. Moreover, the interested readers could also find
some more details in the relevant references.?+3536:47-4

4.2. Roll-Off Angles

Results for the roll-off angles are reported in Figure 5b, and pic-
tures of o-bromo naphthalene droplets rolling off the treated
surfaces are displayed in Figure 5c. We find a rapid decrease
of the angle as a function of treatment time T. For times T >
15 min, we find a super-oleophobic behavior under water, as the
roll-off angle gets close to zero, as shown in Figure 5b.

The estimation of the roll-off angle for o-bromo naphtha-
lene droplets in our problem is closely related to the phenom-
enology described above for the contact angle. In both cases
we are dealing with a Wenzel type of regime, in the sense that
roughness increases both the hydrophilicity of the surface in
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air, and its oleophobicity in water. We find that a suitable fit for
the roll-off angle 6 obeys the relation:

sin 6y = # 7
1+(1/T,)" )
where A and T are the fitting parameters. As one can see,
the roll-off angle decreases with the treatment time T, sug-
gesting that the surface gets more oleophobic as its roughness
increases. The idea behind Equation (7) is that the mean sur-
face depth <z> = T (see Figure 4a) determines the length scale
here (instead of surface fluctuations, i.e., the standard deviation
in Equation (4), for the contact angle), while the exponent dy.
reminds us of the fractal self-affine scaling of the surface.

5. Fractal Characteristics

Thus far, our experimental studies have confirmed that plasma
treatment could be extremely efficient for significant modifica-
tion of the PET surface characteristics. However, the key factors
that ensure super-hydrophilicity and super-hydrophobicity in
other casesP” are still not well understood. The well-developed
surface morphology is the main factor that provided unusual
properties, but to sophisticatedly control them, we need to
deeper understand these drivers.

In our previous publications we attempted to relate some
simple, physically clear integrative characteristics of com-
plex nanomaterials to their practically applicable physical and
chemical properties such as wetting, sensing, antibacterial
activity,”!l photocatalytic efficiency®? and others.’) The degree
of spatial ordering in the nanostructured materials and the
connectivity were considered as the characteristics that could
possibly explain many important properties of a complex nano-
material.”3l While ordering and in part connectivity of isolated
nanostructures within the nanocomposite material indeed
determine many properties of the nanomaterial, they still
cannot be considered as a self-consistent set of the fingerprints
that could comprehensively describe the whole set of the prop-
erties of nanocomposites and metamaterials.

Here we have made a suggestion that along with spatial
ordering and connectivity, the fractal properties of the nanocom-
posite may be the main ruling key for controlling the properties of
nanomaterials. To support this suggestion, we have conducted an
in-depth analysis of the surface morphology using the advanced
characterization theoretical technologies, to relate the surface mor-
phology descriptors to the experimentally studied wettability prop-
erties. In particular, we have conducted the following analyses:

« First, we have made a detailed comparison of the evolution
of height distributions at micrometer- and nanometer-scale
levels;

« Second, we assessed the ordering of the samples at the nano- and
micro-scale levels using the Hough and 2D fast Fourier trans-
forms (FFT) distributions;

« Next, we assessed the Minkowski connectivity of the samples
at the nano- and micro-scale levels using the Hough and 2D
FFT distributions;

« Finally, we have calculated the fractal dimensions for the
samples, both integral and the different-level.
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Figure 6 shows the comparison of the evolution of height
distributions at micrometer- and nanometer-scale levels. The
comparison has demonstrated that at the um-scale, the mean
height does not change significantly (increases from 0.33
to 0.56), but the distribution becomes wider; this means that
the surface features smaller and larger than the mean-height
peaks appear during plasma etching. At the nanoscale, the
distributions move significantly to the right and significantly
wide; thus, a large number of higher features is created at the
nanoscale during plasma etching. Different behaviors at nano-
and um-scales results in the formation of a very complex frac-
talized surface topography.

Next, we have analyzed and compared the samples at nano-
and micro-scales using Hough distributions (Figure 7a,b, top
panel). This analysis revealed the same interesting features,
namely that at the micro-scale (analysis using SEM data) the
ordering parameters depend on the size of scan area on the
sample, and specifically, larger scan shows better ordering
(Figure 7a). This evidences that the surface is not perfectly
self-affine and hence, the fractal parameters (in particular,
fractal dimension) should have a complex character. On the
other hand, the samples for nano-scale (Figure 7b) shows
improvement in the regularity with the treatment duration. In
our previous works we have analyzed the influence of ordering
to the surface characteristics*#! but here we try to relate the
two important characteristics, namely fractality and ordering.

To quantitatively assess the morphological and geometrical
characteristics of facile nanoscale systems formed by irregu-
larly distributed nanosized features, so called statistical meas-
ures could be used. Among other approaches and criteria,
Minkowski functionals were tested and proved to be efficient
tools.'®! In particular, Minkowski functionals were used to
investigate the surface processes that lead to the formation of
the specific parameters of materials, and to relate the struc-
tural characteristic of a material to the properties of the whole
system. To mention, Minkowski functionals were used as an
analytical tool to examine structural characteristics of different
nanomaterial-based systems, such as, e.g., the strength of a
metamaterial formed by multiple elemental sub-structures,’>¥
and to assess the percolation threshold of plasma-treated mate-
rials.”l In nanofabrication, Minkowski functional technique
were used to examine very complex patterns of nanostructures
such as facial patterns of nanostructures including grapheme
flakes, nanotips and nanocones.®!

The technique of utilizing Minkowski functionals for the
examination of nano-textured surfaces was tested on various
material systems including, e.g., ultra-thin aluminum oxide
membranes,”” plasma-made polymer films,® superhydro-
phobic carbon nanomaterials for the photocatalysis applica-
tions,®”) and graphene flake arrays. One of the Minkowski
functionals, the Minkowski connectivity (Euler-Poincaré char-
acteristic) is particularly important for nanofabrication, due to
its capability to reveal the degree of connectivity (number of
connections between the nanostructures in the pattern) in large
irregular arrays of nanostructures. This technique calculates
the ratio of disconnected and connected points in the pattern
of nanostructures.

The mean panel of Figure 7 shows the Minkowski connec-
tivity graphs for nanoscale and microscale samples. At the
micrometer-scale (Figure 7c), the wider scan (20 pum) returns
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Figure 6. Comparison of height distributions at micrometer-scale and nanometer-scale levels. At li-scale, the mean height does not change significantly
(increases from 0.33 to 0.56), but the distribution becomes wider; this means that the surface features smaller and larger than the mean-height peaks
appear during plasma etching. At the nanoscale, the distribution significantly moves to the right and significantly widens; thus, a large number of
higher features is created at the nanoscale during plasma etching. Different behaviors at nano- and p-scales results in the formation of very complex

fractalized surface topography.

the highest connectivity and highest ordering. At the nanoscale
(Figure 7d), the sample treated with oxygen plasma for 5 min.
demonstrates the highest connectivity but lower ordering, as
evidenced by Hough distributions (Figure 7a,b). Importantly,
the changes in the connectivity for untreated (T = 0) and treated
(5, 10, 20) samples are quite significant, with the 5-min treated
sample featuring three-fold increase in the connectivity as com-
pared to the untreated material. The difference in connectivities
for micro-scale are also significant, reaching 100%.

Figure 7e shows the numbers of relative connectivities for
both nano- and micro-scales, i.e., the normalized maximum
values of the connectivity numbers for all samples. At the
nanoscale (black points), the connectivity abruptly jumps for 5
min of plasma treatment and then decreases with the treatment
time. This may be explained using the two-stage mechanism
similar to that described for the plasma-grown carbon nano-
cones.[% At the first stage of plasma treatment, the connectivity
increases due to temperature rise and development of inter-
connections between the isolated nanostructures.®"? At the
second stage, the connectivity decreases due to plasma etching
and sputtering. Bottom panel shows the 2D Fast Fourier Trans-
forms for nano and um scales. For nanoscale, the difference is
not quite strong (it is also not quite strong for Hough distribu-
tions), but quite strong for pm scales (left).
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Figure 8 presents the fractal dimensions for all samples, along
with the images of several well-known fractal objects to see where
our plasma-treated samples are in the world of fractals (Figure 8a).
It should be noted that the exact assessment of the fractal dimen-
sion of a realistic (irregular) object is not possible, so three
methods (partitioning, cube counting and triangulation) were used
here which returned the results with the scatter of about 10%. As
it is seen from the image, the plasma-treated samples correspond
to well-developed fractal objects such as Apollonian sphere and
3D Von Koch.’’) Increase of the fractal dimension for the larger
scans can be interpreted as an argument for even higher fractal
dimension for the whole object. Figure 8c shows the dependence
of fractal dimension on the time of plasma treatment.

Thus, the nanoscale samples demonstrate the highest fractal
dimension for T= 5 min sample, yet these values are close for other
untreated samples; untreated sample demonstrate lowest fractal
dimension. Interestingly, the T = 5 min sample features lowest
ordering among treated samples. On the other hand, the untreated
sample with the lowest fractal dimension shows the lowest ordering.

« At the nanoscale, the relation of fractal dimension / order-
ing is opposite for treated and untreated samples; this means
that plasma treatment changes the morphology fundamen-
tally, i.e., it changes fractality independently of ordering.
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Figure 7. Top panel (a,b): Hough distributions for nano- and microscales. Center panel (c,d,e): Minkowski connectivity for nanoscale and microscale
samples. Importantly, 5 min — treated sample demonstrates the highest connectivity but lower ordering, as evidenced by Hough distributions. At the
micrometer-scale, the wider scan (20 pm) returns the highest connectivity and highest ordering. Also note quite significant change in the connectivity
for untreated (T = 0) and treated (5, 10, 20) samples. Bottom panel (f,g): 2D fast Fourier transforms for nano and pum scales. For nanoscale, the dif-
ference is not quite strong (it is also not quite strong for Hough distributions), but quite strong for ym scales (left).

The situation is opposite at the micro-scale (Figure 8b). The
larger-scanned (20 pum) sample shows the highest ordering and
highest fractal dimension — this means, the self-affinity is lim-
ited inside smaller areas but fractal dimension is still high for
larger scans.

Where we are with these numbers of fractal dimensions?
Figure 8 illustrates the graphical representation of fractal dimen-
sions for all samples, along with the images of some known
fractal objects. As one can see, the plasma-treated samples corre-
spond to well-developed fractal objects such as Apollonian sphere
and 3D Von Koch. It should be noted that the exact assessment
of realistic (irregular) objects is not possible, so three methods
were used which return the results with the scatter of about 10%.

¢ Increase of the fractal dimension for the larger scans (increase

from 2.35 for nanoscale to 2.6 for 20 pm) can be interpreted as an
argument for even higher fractal dimension for the whole object
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The results of fractal dimension assessment are listed in
Table S1 (Supporting Information).

Besides, Figures S2 and S3 (Supporting Information) show
the attempts to assess the fractal dimensions for several cross-
sections parallel to the top surfaces of the samples. While we
do not have exact data on the morphology of cross-sections
and thus this assessment was made by processing the ASM
and SEM images, it still can be used to detect the overall trend.
As one can see from these images, the change is not too pro-
nounced and as expected, the highest numbers of fractal
dimension are reached inside the nanostructures, i.e., between
the top surface and solid wafer at the bottom.

In general, the relation between the fractal dimension and
regularity (ordering) is not apparent, since highly fractalized
surfaces could be highly organized, but could be quite sto-
chastic (see examples in the literaturel®*®%)). In our case we
expect self-organization under the plasma treatmentl®®’] and

© 2021 Wiley-VCH GmbH

214



Chapter A: Peer reviewed papers

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(@)

INTERFACES

www.advmatinterfaces.de

WHERE WE ARE IN THE WORLD OF FRACTALS

Comparison of plasma-made samples with typical examples of fractals
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Figure 8. a) Graphical representation of several known fractal objects and b) fractal dimensions for all samples across the nano- and micro-scales.
Three methods were used (partioning, cube counting and triangulation). c) The dependence of fractal dimension on the time of plasma treatment.
The plasma-treated samples correspond to well-developed fractal objects such as Apollonian sphere and 3D Von Koch. Increase of the fractal dimen-
sion for the larger scans can be interpreted as an argument for even higher fractal dimension for the whole object. The images of Menger sponge and
Von Koch objects are reprinted under conditions of Creative Commons licenses. The image of Apollonoan sphere: Reproduced under the terms of the
CC-BY 3.0 license.l® Copyright 2020, The Authors, published by IOP Publishing.

hence, the surface could be quite ordered; on the other hand,
we definitely see a quite high fractality.

6. Summary and Conclusions

In summary, we find that i) the nanostructured morphology
and wettability properties of PET surfaces treated with a cold
oxygen plasma strongly depend on the treatment time T; ii) very
high degree of hydrophilicity could be reached; and iii) the wet-
tability properties could be related to the ordering, connectivity
and fractal dimensions of the surface textures. Moreover, the
fractal dimension could be the most important descriptor to
predict and hence control the surface properties. In more detail:

e The surface roughness increases up to T = 20 min, and satu-
rates afterward. The AFM images of the treated surfaces clearly
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display the formation of a complex nanostructure architecture,
which appears to have partially scale-invariant properties;

A noticeable decrease in the contact angle of the water droplets in
air is observed, changing from 90° for non-treated PET film down
to 0° for T'= 30 min, suggesting a super-hydrophilic behavior;

A considerable decrease in the roll-off angle of a nonpolar sub-
stance droplet (o-bromo naphthalene) in water is found, which
eventually goes to zero for T'= 30 min, suggesting a super-oleo-
phobic behavior under water;

The extended analysis has revealed that morphological de-
scriptors such as ordering, connectivity and fractal dimen-
sions of the nanocomposites are closely related to the physi-
cal surfaces such as wettability. Since we have demonstrated
in our previous works that the morphological descriptors
could relate to some other properties of nanomaterials, we
can conclude their general importance for the prediction of
physical activity of complex hierarchical nanocomposites.
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Thus, the macroscopic properties of cold oxygen plasma
treated PET surfaces, such as wettability in air and oil repel-
lency under water, can be modified considerably as a func-
tion of treatment time. This yields surfaces which can be
both extremely hydrophilic in air and oleophobic in water,
as a result of the complex hierarchical nanostructured sur-
face which is created by the oxygen plasma processes. These
structures are very similar to the naturally developed micro-
scopic surfaces having well-tailored properties.®8! The super
hydrophilic properties thus obtained are very stable, more
than those obtained by deposition of hydrophilic polymer by
plasma.[6970]

A simple theoretical model for the treated surface-air inter-
face energy is developed, based on a self-affine scaling behavior,
in very good agreement with the experimental findings. We
conclude that PET treated surfaces (both films and tissues)
display characteristic wetting properties typical of a Wenzel
regime, rather than a Cassie-Baxter one.

A new deeper insight into the correlation of physical prop-
erties of the complex hierarchical nanocomposites allows
to conclude that the fractal dimension is one of the major
characteristics of the nanocomposite that determines many
important physical and chemical properties of the functional
nanomaterials, and hence, consolidated proactive efforts are
needed to better investigate the internal physical mechanisms
behind the influence of fractality to the behavior of complex
surfaces.

Then the present cold oxygen plasma technique appears to
be very promising and versatile for future applications in the
field of surface engineering at the nanoscale, such as oil-water
separation, handling of hydrocarbons, filtration, self-cleaning
and anti-fouling surfaces, most of which play an important role
in actual industrial processes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract: Plasma-assisted supersonic jet deposition (PA-SJD) is a precise technique for the fabrication
of thin films with a desired nanostructured morphology. In this work, we used quadrupole mass
spectrometry of the neutral species in the jet and the extensive characterization of TiO; films to
improve our understanding of the relationship between jet chemistry and film properties. To do this,
an organo-metallic precursor (titanium tetra—isopropoxide or TTIP) was first dissociated using a
reactive argon-oxygen plasma in a vacuum chamber and then delivered into a second, lower pressure
chamber through a nozzle. The pressure difference between the two chambers generated a supersonic
jet carrying nanoparticles of TiO, in the second chamber, and these were deposited onto the surface
of a substrate located few centimeters away from the nozzle. The nucleation/aggregation of the jet
nanoparticles could be accurately tuned by a suitable choice of control parameters in order to produce
the required structures. We demonstrate that high-quality films of up to several um in thickness and
covering a surface area of few cm? can be effectively produced using this PA-SJD technique.

Keywords: plasma; supersonic jet; deposition; nanostructures; TiO; film

1. Introduction

The demand for new materials with specific features at nano/micro-scales has been
considerably increasing in recent times. This is a consequence of the superior and/or un-
usual properties that arise from the unique combination of chemistry and complex structure
across multiple length scales. Nanoparticles (NPs) are often the building blocks of choice for
the synthesis and assembly of advanced nanomaterials with high chemical reactivity and
mechanical strength, as well as new optical and electrical properties. This is because of their
wide range of available chemistries, different shapes of varying sizes, large surface-to-bulk
ratios, and quantum-confinement effects at small length scales. Metallic and metal oxide
nanoparticles and their thin films play particularly important roles in the advancement [1,2]
of sensors [3-5], photocatalysts [6,7], bio-electronic-based devices [8,9], super-hydrophobic
and self-cleaning materials [10,11], and various nanoelectronic devices [12,13]. In addition,
light-sensitive diamond films have found applications in space technology [14], while
other types of nanostructured aggregates are promising for the achievement of propulsion
systems based on plasma technologies [15,16]. Both space applications are envisaged as
critical for the advancement of affordable and miniaturized space assets [17].

The quality, possible properties, and morphology of metal-oxide nanoparticles and
their assemblies are defined to a large extent by the opportunities and limitations of the
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processes used for their synthesis and assembly, of which there are many [18-20]. For
the synthesis of ordered structures with engineered pore architecture, methods that rely
on templating agents are frequently used, with soft templates offering the advantage
of lower costs, simpler preparation, and greater versatility. For instance, mesoporous
materials composed of TiO, microparticles have been produced by combining material
precursors and block polymer micelles [21]. The template-free fabrication of ordered
TiO; nanostructured materials is also being actively investigated in an effort to devise
a method that would enable a greater level of tunability of all material characteristics
in a controlled and predictable manner. Indeed, techniques aimed at the production
of thin films, such as physical vapor deposition (PVD) [22], plasma-enhanced chemical
vapor deposition (PECVD) [23,24], and reactive pulsed laser deposition (PLD) [25,26]
have had much success in realizing this objective. Another relevant technique is atomic
layer deposition (ALD), which is nowadays one of the most versatile and controllable
techniques for thin film deposition [27,28]. The more recent development of plasma-assisted
supersonic jet deposition (PA-SJD) [29-32] may offer a greater level of both flexibility and
control. This can be obtained by segmenting the synthesis of the new material from
the input gas into two separate steps, thus allowing for a greater control of, first, the
chemistry involved by fine-tuning the properties of the reactive cold plasma environment,
and second, the nucleation and assembly of nanoparticles carried by the supersonic jet and
impacting the substrate [30,33]. In addition to the enhanced control and versatility of the
deposition technique, large deposition areas and high deposition rates may be realized, the
latter obtained by using high density plasmas of volatile and stable precursors for oxides,
semiconductors, or metals. Importantly, when using supersonic jet deposition, new types
of sintering processes may emerge during deposition at or close to room temperature [34].
These features, coupled with the strong adsorption and electrical surface properties of thus-
fabricated hierarchical nano-assemblies, make this process suitable for many technological
applications [35-41].

This paper presents an exploration of the relationship between the characteristics of
the supersonic jet and the hierarchical nano/micro-structural properties of the resulting
thin films in detail. The plasma and deposition chambers used in PA-SJD play different
roles in the process. The former is used to create nanoparticles of a uniform size. The latter
determines the morphology of the deposited thin films depending on the plasma control
parameters, i.e., by varying the size of the nozzle connecting both chambers and the kinetic
energy of the nanoparticles transported by the supersonic jet. In this way;, it is possible
to obtain films with a wide range of structures, from tree-like structures with different
openings to more compact ones resembling cauliflower fractal-like configurations, from the
very same nanoparticle building blocks, the nature of which remains virtually unaltered
due to their negligible interactions in the jet.

Along with the high deposition rate, the proposed technique has the advantage of
being able to control both the morphology and the stoichiometry of the films with high
accuracy due to the specifics of the plasma-based process. Although the process is carried
out at low pressures, the deposition rates are quite high due to the benefits of the plasma
environment.

Our technique ensures results similar to those obtainable with Pulsed Laser Deposition
(PLD), but it has several advantages over PLD and similar techniques, namely:

(1) The process occurs at a low pressure that it is still higher than pressures used in
PLD, and deposition at a room temperature promotes a higher level of scalability. All
low-pressure systems have inherent challenges regarding integration and scale-up,
but they also features definitive advantages. To overcome the scalability problem,
several approaches are currently being explored, including designing a plasma source
of larger volume to increase the surface area of films, using deposition systems that
employ supersonic multi-jet systems, using systems with moving stages, and using
other systems that could be adapted to the industrial scale.
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(2)  The stoichiometric control of film composition with a high degree of reliability inde-
pendently on the deposition process by injecting a metallic organic precursor into a
mixture with inert gases and oxygen is also an advantage. Compared to sputtering or
PLD based on the ablation of a material, ‘direct’ plasmochemistry enables variance
in a wider spectrum the composition of the metallic oxide film and the deposition of
layers of different chemical compositions, thus realizing, for instance, the additive
manufacturing of multi-metal-based materials.

(3) The direct control of the morphology of the deposited structures, by means of the
compression ratio R acting on the pressure in the deposition chamber without there-
fore acting on the density of the precursor, allows researchers to create films with
variable porosity and morphology, without the need to vary the nanoparticle size, in
a well-controlled way (a fine morphology tuning).

These advantages are demonstrated in part in the paper. The question of changing the
properties of the particles produced in the first chamber requires further investigation that
is beyond the scope of the present work.

2. Experimental Setup
2.1. Plasma-Assisted Supersonic Jet Equipment

The PA-SJD [42,43] technique consists of a two-step process confined within two
stainless steel vacuum chambers of cylindrical shape that are connected via a small
nozzle of varying aperture size. The plasma chamber used in this study had a length
Lp =95 mm and radius Rp = 62.5 mm, and the respective metrics of the deposition chamber
were Lp = 200 mm and Rp = 160 mm (see Figure 1). At the bottom of the former, a circular
conduit of typically 100 mm in diameter (which could be varied by adjusting a gate valve)
connected the vessel to the main pumping system, which consisted of a turbo molecular
and a rotary pump. In this study, the effective pumping speed was about 130 1/s for the
pressures of 8 Pa in the plasma chamber and 0.03 Pa in the deposition chamber. The lowest
pressure reached in the deposition chamber was about 107> Pa when no gas was injected.
The deposition chamber was provided with a 0.1 mm diameter circular orifice connecting it
to the quadrupole mass spectrometer for sampling the gas of interest. The turbo molecular
and rotary pumps ensured sufficient purity conditions in the chamber required by the
spectrometry diagnostics by keeping the instrument pressure below 10~* Pa.

The inlets for the gas and the precursor were located on one side of the plasma chamber
that was opposite to the deposition chamber, as shown in Figure 1. Argon and oxygen
were injected using two separate mass-flow controllers. The corresponding gas mixture
could be considered to be found in a well-mixed state because the gas diffusion speed,
1.26 m/s, exceeded the gas flow speed, 0.04 m/s. The gas expansion by the sonic nozzle
generated a focused and supersonic jet enabling the deposition at high grow rates [44]. As
a result of the substantial volume increase, the temperature, pressure, and density of the
transported material decreased following the isentropic law, in which the gas particles are
accelerated and the Mach number (the ratio between the velocity of a particle and the local
sound speed) takes values larger than 1.

Part of the NP thermal energy was transformed into a well-oriented beam of matter
that started forming a supersonic jet. The expansion ended at the Mach disk, a position
along the flow trajectory where a normal shock occurred. At the Mach disk, the values
of the temperature, pressure, and density of the gas reached the background values and
became subsonic (Mach number drops below one). The properties of the supersonic beam
largely depended on the size and shape of the nozzle, in addition to the thermodynamic
properties of the gas [45,46]. The geometry of the supersonic jet is represented in Figure 1c.
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Figure 1. (a) Schematic representation of the experimental device. The whole vacuum vessel com-
prised two well-separated chambers. The positions of the RF coil antenna, nozzle, pumping system,
the gas and precursor injections, and substrate holder are shown. (b) Photo of the PA-SJD: (left part)
Plasma chamber, deposition chamber, and substrate holder right to the plasma jet; (right part) photo
of the QMS detector used for the analysis of the plasma jet inside the deposition chamber. The QMS
replaced the substrate holder during the mass measurements. (c) Scheme of the gas expansion in the
chamber. The different Mach numbers, M, corresponding to the supersonic and subsonic regimes
are indicated together with the position of the Mach disk at z); separating them. The jet was free
to expand along both the axial and the radial directions before it reached the Mach disk, where the
transition to the subsonic condition took place. The position of the sampling holder could be changed
along the z-axis in a continuous fashion. (d) 3D rendering of the device.

The supersonic regime occurred for distances z < zy;, where z) represents the position
of the Mach disk from the nozzle and is given by,
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zm = 0.67 D VR 1))

where D is the diameter of the circular orifice at the nozzle and R = pp/pp is the ratio
between the pressures at the plasma and deposition chambers, respectively. In our experi-
ments, we used a diameter D = 6.9 mm, and we used Equation (1) to find that R fell in the
range of 2 < R < 40 for z)s changing between 6.5 and 29 mm, depending on the background
pressure we set in the deposition chamber. The particle density in the jet, n(z) at position z,
could be estimated from the empirical relation [47]:

n(z) = ng [1.44 (z/D)? — 0.65 (z/D) + 0.87] ~V/7 )

where 1 is the gas density inside the plasma chamber and vy is the adiabatic index of
the gas.

RF plasma sources are usually employed to dissociate the precursors, and in the case
of inductively coupled plasma (ICP) sources, they can provide uniform and high charge
densities along with low ion energies that can be accurately controlled in most cases [43].
Here, the plasma was generated by a 13.56 MHz radiofrequency power generator (Huttinger
PFG 1600 RE, Schwaig bei Nuremberg, Germany) connected by a tunable matching box.
By feeding the RF antenna with a 450 W input power, an inductively coupled discharge
and a stable dense plasma could be generated [44,47]. The plasma was analyzed by
optical emission spectroscopy, Langmuir probes, and I-V measurements. The electron
temperatures were about 1 eV, and the plasma densities were between 10'! and 10’ cm—3
depending on the reactor parameters.

We let the titanium precursor enter the plasma chamber after the argon/oxygen ratio
had been adjusted so that it yielded an inductively sustained plasma discharge at the input
power of 450 W. We used titanium (IV) tetra—isopropoxide Ti(OCH(CH3s);)4 (atomic mass
M =284 amu). At 20 °C, the precursor was a liquid. Once it was heated, it reached its vapor
phase. As a rule, we used a power transformer for this purpose. The gas temperature could
be varied to produce different precursor flows from 0.25 to 0.8 g/h, as calculated by the
resulting precursor consumption during deposition process, and was monitored using a
thermocouple located above the precursor tank. By heating the TTIP precursor between 40
and 50 °C, a steady state precursor flow could be created in the plasma chamber.

We employed the quadrupole mass spectrometer (QMS) Hiden EQP-1000 Analyzer
(Warrington, UK) in order to detect neutrals, radicals, and ion species [42]. The QMS could
be positioned along the jet center line (the z-axis), so we are able to sample chemical species
at different positions, as well as provide in situ real-time sampling.

2.2. Thin Films Characterization

The deposition was performed varying the distance between 5 and 30 mm inside the
deposition chamber. Slabs of oxidized single crystal silicon were employed. The substrates
were firstly cleaned using pure ethanol. An aluminum mask on the substrate defined the
contour of the deposition area of 7 x 7 mm?. The deposited films were annealed at 500 °C
for about 20 min to remove any remaining organic impurities. The thickness of the PA-SJD
films was evaluated with a Dektak 8 Stylus Profilometer from Veeco (Plainview, NY, USA).
The applied stylus tracking force was 15 mg, and its nominal vertical resolution was 1 A.
To characterize the surface morphology, the sample surface was scanned with a P47-PRO
NT-MDT AFM (Moscow, Russia) working in semi-contact mode using a silicon tip. The
resonance frequency was 245 kHz, and the constant applied force was 12 N/m. The tip had
a curvature radius of less than 10 nm. The resolution employed in each scan was fixed at
256 x 256 points [45,47]. To collect secondary electrons, the in-lens ZEISS 1530 SEM detector
(Oberkochen, Germany), equipped with a Schottky emitter and operating at 10 keV, was
used for the microscopic analysis of the deposited thin films” morphology. In previous
works, this task also involved TEM imaging, and we will refer to some of those analyses
performed in our previous papers [32,33]. We analyzed the chemical composition of the
annealed thin film by means of RAMAN spectroscopy using a Labram (Dilor—JobinYvon,
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HORIBA, Kyoto, Japan) device, X-ray diffraction (XRD) spectroscopy (Rigaku SmartLab,
Rigaku Corporation, Tokyo, Japan), and Fourier Transform infrared spectroscopy (FTIR)
(Nicolet iS10, Thermo Fisher Scientific, Waltham, Massachusetts, USA).

3. Results and Discussion
3.1. Plasma-Assisted Supersonic Jet Characterization

We set up a pressure of 10 Pa in the first chamber to ignite the plasma using a 2:3
mixture of Ar and Oy, respectively. The reason for this is that argon allowed us to stabilize
the plasma and oxygen ensured the dissociation of the precursor. Above 175 W of input
power, the discharge coupling changed from capacitive to inductive, which was of interest
to us. Thus, most of experiments were performed at 450 W power.

By moving the QMS along the jet axis, we were able to detect a signal (measured in
counts per seconds) proportional to the density of species. For each measured mass, the
acquired data were renormalized to fit the density ratio expected from Equation (2). The
statistical errors were within 1%. As can be seen in Figure 2, the isentropic expansion law,
as given by Equation (2), yielded results in good agreement with our experimental data for
distances z smaller than the Mach disk value.
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Figure 2. (a) Normalized argon number density, p/po, as a function of position z (mm), measured in
the deposition chamber for a pressure of 8 Pa in the plasma chamber, yielding R = 28. The Mach disk
positions zjs (Equation (1)) are indicated by the blue vertical bar. (b) R vs. zp. The red continuous
line is a parabolic fit, R~z%/f from Equation (1) that is in good agreement with the experimental data.

In Figure 2b, we report z), for different pressure ratios, 3 < R < 28, all used in the same
plasma chamber pressure, pp = 8 Pa. The different R values were obtained by varying the
pressure pp in the deposition chamber up to 4 Pa. The Mach disk position zs increased
when increasing R, according to Equation (1). When the precursor was introduced inside
the plasma, their reactive species (such as oxygen, the electrons, and the heating produced
by chemical oxidations) promoted the formation of several organic and organo-metallic
chemical groups.

In Figure 3a and Table 1, the main precursor species, together with their masses in
amu, are reported. Larger molecule clusters in the plasma and deposition chambers could
be considered negligible. The TTIP dissociation products could be easily identified, of
which the most abundant heavy molecules were TiOxHy seeds that provided the mass
peaks at 81 and 99 amu.

224



Chapter A: Peer reviewed papers

Nanomaterials 2022, 12, 533

7 of 18

Mass spectra of neutrals

8 10°; 269
)
=
5 167 154 211 225
o
= 201
>
% 10 o4 284
£ | |
= L) Ill B T
50 75 100 125 150 175 200 225 250 275 300
Mass (m/z)
1 «toor)  ®) 1 - Tioory,  (©
» TIO(OH)s 4 TiO,(OH)}
2 e}
3 5 3
< . R
s ‘ s Taey o4
L
0.1 Ly : 0.1
.
T T T -
20 40 60 80 100 0 20 40 60 80 100
Z, mm Z, mm

Figure 3. Generated species in the jet for 8 Pa of pressure in the plasma chamber. (a) Mass spectra
(for masses between 50 and 300 amu) of precursor species in the discharge at 5 mm from the nozzle.
(b) Normalized number density, p/pg, vs. z (mm) of the two main TiOx species for R = 13 along the
jet. (¢) Normalized number density, p/py, vs. z (mm) for ion species produced by plasma flowing
along the jet at R = 13. The Mach disk positions zy are indicated by blue vertical bars.

Table 1. Main species of the TTIP dissociation measured during experiments and corresponding
mass M (amu).

M Species M Species

15 CH;3 139 TiO,(OCH(CH3),)

43 CH(CH3), 167 Ti(OCH(CHj3),),H

59 OCH(CHg3), 181 TiO(OCH(CHj3),),-H

64 TiO 211 Ti(OCH(CH3);)sH-CH3
81 TiO,H 225 Ti(OCH(CHj3),)3

99 TiO3H3 243 Ti(OCH(CH3),)4—~CH(CH3),
125 TiO(OCH(CH3),) 269 Ti(OCH(CH3),)4~CH3

Neutrals scans were performed during the plasma generation. The QMS counts along
the z axis are reported in Figure 3b,c, which shows the peak area of some gas species
calculated from mass spectra acquired at different positions for R = 13. In particular,
densities of neutral TiO,H and TiO3Hj3 seeds are reported along the jet axis in Figure 3b.
The precursor seeds followed the theoretical isentropic expansion law, but, in contrast to the
light gas carriers, their behavior was different after the Mach disk location: the measured
signal did not decrease. The peak area for the products of the precursor dissociation was
constant after the Mach disk location. This phenomenon may have been due to the longer
mean free path related to their heavier masses. Due to their inertia, the TiOx seeds did not
expand further after the Mach disk location. In particular, different accelerations due to
inertia promoted particle separation and the retention of heavier species along its centerline.
This phenomenon, due to an inertial effect that maintained the heavier species near the jet
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centerline, was particularly interesting because it allowed us to perform thin film deposition
far away from the nozzle, where the jet was no longer supersonic. Similar results were
found at a different pressure ratio. Figure 3c reports a similar trend for the ionized TiOx
seeds along the plasma jet, although their density decreased faster after 50 mm from the
nozzle, probably due to neutral recombination [48].

3.2. TiO, Thin Film Characterization

PA-SJD was able to produce the depositions under the same experimental conditions.
However, even if the precursor temperature was the same in different experiments, the
TTIP mass flow could have changed inside the plasma chamber. The deposition rate could
decrease after a set of successive depositions because the residual precursor could choke
the chopper tube of the injector. However, repeatability was ensured when, after one or
two hours of operation, the precursor injection system was refilled and cleaned up.

The film chemistry was controlled by tuning the plasma parameters such as plasma
power and gas mixture. The determination of the optimal stoichiometry of TiO; films by
varying the concentration of oxygen, argon, and precursor mixture was the subject of a
preliminary study. Here, we considered the effects of heating the organic precursor mixture
in the plasma chamber at different temperatures. Above 60 °C, high precursor fluxes could
be obtained, but the precursor was not effectively dissociated, and we detected the presence
of organic residues even after annealing. At lower temperatures between 40 and 50 °C,
however, he precursor was efficiently dissociated and titanium oxide seeds, mainly Ti-like
light species, were transported by the supersonic jet towards the substrate and yielded
TiO, quasi-stoichiometric films, as shown below by the film analysis.

The chemical composition of the produced film was analyzed by means of FTIR
spectroscopy. Figure 4 reports the FTIR spectrum of the titanium precursor.

120 100
EY
80
3 3 70
s S g0
§ 5
] w50
2 2
€ E 40
2 2 Ti-0
g S 30
= B (b)
20 ——TTIP precursor —— Anatase powder
co! co 10
0 0
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm”') Wavenumber (cm”)
100
100 %
= c-0 c-0 =
= 00 3 70
S 70 O-H s
s < 60
FER §
S 2 50
2 50 2
E 40 g Ti.0
£ g 30
& 30 g
= 20 () B o (d)
46 Film as deposited T ——Film after annealing
o Ti-O!
0
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™') Wavenumber (cm™)

Figure 4. FTIR spectrum of: (a) TTIP precursor, (b) anatase powder, and (c) the as-deposited film,
(d) annealed film. The spectrum of as-prepared film does not feature C-H stretching, indicating that
the plasma efficiently dissociated and oxidized the precursor. The spectrum of annealing film (d) is
similar to that of pure anatase (b).

The spectra shown in Figure 4a reveal the presence of several chemical bonds of the
TTIP precursor (Ti(OCH(CH3))s). Ti-O stretching can be identified around 635 cm™!
(in literature the value is 626 cm™1). The peaks at 2864, 2960, and 2924 cm ! represent
C-H stretching bonds. In addition, traces of CH3z bending are found at 1366, 1318, and
844 cm~!. To be noted is that C-O stretching can be identified at 1114 and 982 cm !, and
C-O vibrations are represented by the peak at 1450 cm ™.
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A typical spectrum measured on the deposited film is reported in Figure 4b. The spec-
trum is completely changed with respect the TTIP one reported in Figure 4a. In particular,
we could not detect C-H stretching, indicating that the plasma efficiently dissociated and
oxidized the precursor. The two further broad peaks at 1637 and 1380 cm ™! are related to
C-O-conjugated vibrations typical of transition metals. The last detected peak is the one
corresponding to Ti-O stretching, shifted to 700 cm™! because of the attachment of organic
molecules. Then, we could observe O-H stretching vibrations between 3000 and 3500 cm 1.
We can conclude that CH chemical groups were missing in the as-deposited film, while
some organics (C-O and O-H) were still present.

Figure 4c reports the analysis of a powder of pure anatase TiO,. In this case, we
detected only one peak near 650 cm~! that corresponded to Ti-O stretching. In Figure 4d,
a spectrum similar to Figure 4c was obtained for the annealed film at 500 °C. Here, the
spectrum reveals an only peak near 650 cm~! related to Ti-O stretching. This analysis
shows that the annealing was able to promote the purity of TiO, films, removing organic
residuals. Additionally, annealing is essential to vary the crystallinity of deposited films, as
we show later with Raman spectroscopy.

Figure 5a shows a typical result of a Raman spectroscopy experiment performed on
the as-deposited and the annealed films. The Raman spectrum of the as-deposited film
clearly suggests that we were dealing with an amorphous material. The Raman spectrum,
following annealing at 500 °C for 20 min, shows a peak at 143 cm~! and three mid-intensity
peaks at 399, 519, and 639 cm ™! that are the signatures of the complete transformation of
the film into anatase TiO, [49].

XRD analyses were conducted on annealed film samples to promote the formation
and coalescence of crystalline domains. In the top box of Figure 5a, the diffraction spectrum
measured on a deposit from TTIP under optimized conditions after annealing is shown. A
comparison with the literature data, collected in a dedicated database available online [50],
showed that the film was made of titanium dioxide in the form of allotropic anatase. We
can therefore conclude by saying that heat treatment promoted the transition of our deposit
into the allotropic anatase form. In fact, there were peaks due to scattering at angles of 25°,
38°,38°, and 48° corresponding to reflection from some of the crystalline planes of anatase.
Conversely, no angle corresponding to the crystalline phases of rutile or brookite appeared
in the XRD spectrum. The absence of prominent shifts in the intensity and position of
diffusion angles was also significant because it ensured that: (1) there was no residual
stress in the film remaining during film growth, (2) there were no significant stoichiometry
defects (for example, a sub-stoichiometry in oxygen would induce structural changes in
the size of the crystalline cell), and (3) the presence of elements (both substitutional and
interstitial) with different atomic radius from Ti and O was negligible so Ti and O occupied
the positions of equilibrium of the anatase form. Finally, by applying the Debye-Scherrer
formula [51] to the peaks shown in the box of Figure 5a, the size of the crystalline grains in
the deposited film could be estimated. Using a form factor of 0.8 and an FWHM width of
0.31, the grain size could be estimated in the order of 25 nm.

We used a mechanical profilometer to determine the thicknesses and deposition rates
of the samples. The growth rate was measured using the average height of the film
divided by the film deposition time. Different growth rates were observed for depositions
performed at different positions along the jet axis, which followed the gas expansion law,
as shown in Figure 5b. The deposition rate was reported as a function of distance from
the nozzle z for a given constant TTIP precursor flux. The theoretical gas density variation
along the expansion, deduced from Equation (2), was applied the experimental data. The
comparison showed that the growth rate of TiO, thin films was related to the abundance of
TiOy seeds, as expected for an isentropic expansion. Specifically, the deposition rate can
be varied, from few tens nm/min to more than 300 nm/min, depending on the substrate
position from the nozzle. The deposition rates can widely vary between some tens of
nm/min up to tens of pm/min as a function of the precursor flows controlled by the
heating temperature, allowing one to use the technology for different purposes [33,36].
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Figure 5. (a) Raman spectra (red line) following annealing processing at 500 °C. Characteristic peaks
of anatase are labeled with the letter A. Raman spectrum before annealing (green line) shows that
the as-deposited film spectrum is amorphous. In the inset, the XRD spectrum is shown (blue lines)
(b) Experimental deposition rate (nm/min) (squares) compared to the density variation expected from
Equation (2) (dashed line). (c,d) AFM images obtained using by scanning an area of 500 nm x 500 nm
at distances of z = 9 mm and z = 14 mm. (e) Film thickness profile of the sample located at z = 14 mm.
The precursor flux was 0.8 g/h and R = 10 for both samples. (f,g) Three-dimensional reconstruction
of the nanostructures. (h) Power spectra density for the samples deposited at z=9 mm (left) and
z = 14 mm (right); the first sample demonstrated higher symmetry. (i) Distribution of fractal dimen-
sions for the two samples. The sample deposited behind the Mach disk demonstrated slightly higher
fractality, i.e., more developed nanostructured surface.

By annealing at 500 °C for 20 min, the film thickness decreased by less than 10%
compared to the as-deposited film. In Table 2, the thicknesses of the as-deposited and
the annealed films are listed as a function of the precursor heating temperature and time
deposition. At higher annealing temperatures, the thickness greatly decreased by up
to 50%.

AFM images, obtained at two different distances from the nozzle before the Mach disk
(z=9 mm and z = 14 mm), are reported in Figure 5c¢,d on the scale of hundred nanometers.
Grain clusters at the film surfaces attained similar sizes of about tens of nanometers. The
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two film depositions were performed with the same precursor flow and R = 10 so that we
could speculate that collisional processes were negligible in the supersonic jet and mostly
occurred in the plasma chamber, and nanoclusters mainly assembled in the plasma phase.
This shows that before the Mach cone, the collisional rate was very low, thus allowing us
to control the grain size of nanoparticles by tuning the pressure in the plasma chamber. A
similar result was reported in literature when aerosol nanoparticles were supersonically
accelerated [34]; it was found that the grain sizes embedded in the thin films were similar
to those of primary aerosol nanoparticles, i.e., nanoparticles were conserving their sizes
during the acceleration. The general observation deduced by experiments and simulations
involving supersonic aerosol jets of similar energies as those here, (0.1-1) eV, is that sizes
for primary nanoparticles and crystal grains in film are conserved.

Table 2. Film thickness versus temperature T (°C) of precursor (precursor flows) for the as deposited
and annealed films.

Precursor Thickness Thickness after Annealing (nm) Deposition
T (°O) as-Deposited (nm) at 500 °C at 1000 °C Time (min)
40.5 350 330 -
46.5 1200 1100 700
515 3000 2900 1500 1
56.1 20,000 19,500 15,000
51 5800 5700 1800 30

By exploiting the fact that particle speed in the jet abruptly decreased at the Mach
disk location and grew slower at larger distances from it, it was possible to intercept the
moving species at those large distances from the nozzle by just moving the position of the
deposition substrate. Furthermore, since the jet had a transversal profile near the Mach disk
that ensured quite flat deposition profiles, the resulting TiO,-deposited films displayed a
rather good spatial uniformity in the transversal direction of up to 7 mm in comparison
to the deposition performed at z = 14 mm. In Figure 5e, the deposition rate was about
62 nm/min. A specific discussion on the film thickness uniformity was described in a
previous paper [30].

Figure 5h,i illustrates the results of a fractal analysis of the fabricated nanostructures.
The power spectra density shown in Figure 5h are for the samples deposited at z = 9 mm
(left, before the Mach disc) and z = 14 mm (right, behind the Mach disc). The first sample
demonstrated higher symmetry. Figure 5i shows the distribution of fractal dimensions ¥
for the two samples as a function of height h. The sample deposited behind the Mach disk
demonstrated a slightly higher fractality, i.e., more developed nanostructured surface.

While the grain size could be controlled with either the plasma pressure or by locating
the substrate at distances far away from the Mach disk, the resulting morphology could still
be affected by the R parameter. In particular, R determines the morphology of the incipient
tree-like structure of a thin film. Before analyzing the role of R, we discuss the structural
assembly of a thin TiO, film. SEM images of a typical annealed thin film are reported in
Figure 6a,b for R = 10 and fixed TTIP flow at 0.8 g/h at z = 10 mm. In Figure 6a, the cross-
section of the film shows nanoclusters mostly packed along the vertical growth on 100 nm.
The top view of Figure 6b suggests a relatively smooth surface where the tips of rods
emerged and were grouped to form structures composed of a few assembled nanoclusters.

The properties of the thus-produced thin films are reproducible. Similar nano-
assembled structures, composed of few nanoclusters and having rod-like and weakly
disordered elongated-grape shapes, can be fabricated when varying R. Thicker films de-
velop different hierarchical structures as a function of the R parameter. For R = 13, an
annealed film obtained at longer deposition times (in this case, after 40 min) and located
at the same position (z = 10 mm) showed an elongated compact structure, as reported
in Figure 6¢,d. The vertical growth corresponded to compact films with a relatively low
porosity of about 3 pm thickness. A previous study [30] showed that these films displayed
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a high porosity in percentage of voids of between 35% and 45%. The surface of the film
(see Figure 6d) showed emerging, well-packed, tree-like structures. After decreasing R,
the tree-like nanostructures opened up, showing a more complex type of assembly. In
Figure 6e,f, the cross-section of the annealed film, deposited at R = 10, shows an increase in
the transversal direction, that is, the tree-like hierarchical assembly fanned out. The size of
nanoclusters was of the order of 10 nm, and their tree structure could be better visualized by
a TEM analysis [36]. The latter showed the formation of a zig-zag-like structure composed
of single, mostly crystalline, domains of 10 nm in size.

(b)

Figure 6. SEM analyses of annealed samples. (a,b) Cross-section and top view SEM images of a film
deposited for 10 min located at z = 10 mm. (c,d) SEM images of a film deposited for 40 min located at
z =10 mm. Cross-section and top view. (e,f) SEM images of a film deposited for 30 min located at
z =10 mm. In (a—f), R = 10. (g,h) SEM images of a film deposited for 30 min located at z = 10 mm for
and R = 6 (cross-sections at different magnifications). The precursor flow was 0.8 g/h.
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Films of TiO, with this hierarchical structural morphology are characterized by a large
surface area and have been fabricated as photocathode for photovoltaic applications [36].
In fact, it has been demonstrated that high-surface-area nanostructures enhance sunlight
and dye absorption in specifically designed solar cells, known as dye-sensitized solar
cells, and ordered nanostructured networks offer a more direct charge transport pathway
that improves the same electron mobility. Similar brush-like structures, which are mostly
vertically oriented on films, have been fabricated with PLD. In this case, they are well-
separated from each other and become more open as height increases. The enhanced
surface area of the emerging structures does not seem to result into an overall larger surface
area due to the presence of large voids developing in between neighboring structures and
to the larger spacing among the growing branches [52].

At lower values, R = 6, the structures in our study also developed conical shapes, as
shown in Figure 6g/h. Conical and squared shapes alternated in the film, exploiting the
available free space for growth. We can imagine that tree trunks were formed from the
first rod elements and that they grew while leaning against each other to merge into larger
structures. In Figure 6g,h, it is also possible to appreciate the presence of leaves attached to
the structures. From above, the surface looks like a coniferous forest similar to a cauliflower.
We can argue that the effect of the ballistic deposition depended on the energy and shape
of the supersonic jet of seed nanoclusters, which was turn regulated by the parameter R.

At high R, the jet was well-oriented and the fast clusters attached themselves to the
surface on top of previously deposited clusters. At low R, the jet was less energetic and less
oriented and the clusters had transversal velocity that allowed them to laterally attach to
the vertical structures, thus forming branches and leaves. In previous experiments, with
supersonic aerosol jets [34], a decrease in deposition energy promoted less densification
and no hierarchical grain growth, though with similar film mass densities of ~60% of
bulk (i.e., about 40% of void densities) than ours. By means of PLD [52], porosity has been
controlled by tuning the pressure in a vacuum chamber to between 20 and 500 mTorr. In [35],
nanoporous films were grown by varying the background gas pressure in order to control
the nature of the species on the film, their kinetic energy, and their aggregation dynamics.

Finally, we briefly discuss the effects of the annealing process on the morphology of
films. In Figure 7a,b, the SEM images of an as-deposited film and its annealed form at
500 °C show that the appearance at the nanoscale of the structures remained unaltered
and that the thickness of the annealed film was slightly decreased by about a 2% with
respect to the as-deposited film. On the contrary, when the film was annealed at the higher
temperature of 1000 °C, as can be seen in Figure 7c, its nanostructure completely changed
into a rutile one and its thickness decreased by about a 30%.

3.3. TiO, Films on Wider Areas

In order to deposit films over wider areas, tests were performed by gradually vertically
moving the substrate by few millimeters (generally 5 mm) at a time step of 2—4 min. The
nozzle’s ending orifice was replaced by a larger slit whose height and width (20 and 8 mm,
respectively) were set to provide a conductance similar to the one of the circular orifices. A
small slab made of glass coated by a fluorine-doped tin oxide was used as the substrate,
which was fixed to a movable vertical bar.

The deposition was repeated by moving the substrate back and forth a few times
(depending on the expected film thickness). The mean distance of the substrate from
the nozzle was 7 mm. Figure 8a shows the result for an 80 x 5 mm? thin film, which
was exposed to the seeded jet for few minutes at 41 °C with a small precursor flow. The
profilometer scans refer to different sample lines along the sample minor axis of 5 mm. The
whole area was successfully covered with a nearly uniform TiO, nanostructured deposition
with an average height of 350 nm. At the higher precursor temperature of 50 °C, it was
possible to boost the deposition rate and obtain a film with a thickness of the order of
few pum.
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Figure 7. SEM images for a film deposited on a substrate at z = 8.4 mm, a precursor temperature of
51 °C, a deposition time of 30 min, and R = 6 (last sample reported in Table 2). (a) As-deposited film
(thickness of 5800 nm); (b) annealed film at 500 °C for 20 min; (c) annealed film at 1000 °C for 60 min.
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Figure 8. (a) Profilometer scans performed at different x positions (0 < x <5 mm) on an area of
5 x 80 mm? of TiO, thin film. The considered y positions (0 < iy < 80 mm) are shown in the inset.
The thin film was deposited at a low deposition rate at 6 mm from the nozzle slit while vertically
moving the substrate back and forth by 5 mm every 2 min. (b) Thickness of the thin films vs. TTIP
temperature obtained at z = 9 mm.

By increasing the precursor temperature, larger precursor fluxes could be injected in
the plasma chamber. The relation between temperature and precursor flux appeared linear,
and it could be studied by looking at the dissociation products by QMS. In Figure 8b, the
trend of the thickness is plotted as a function of temperature at a fixed position from the
nozzle, z = 9 mm. We found that the growth rate was almost linearly dependent on the
precursor temperature in the range from 40 to 50 °C.

Along these lines, another important feature concerns the role of the precursor flux. In
the above discussion, we highlighted that the grain size in the Mach cone was conserved.
The grain size could instead sensitively depend on the applied precursor density in the
plasma chamber. As the precursor flux increased, the metal oxide aggregation phenomena
increased due to the higher collision rates inside the plasma chambers. One can conclude
that in the Mach cone, the dimension of the TiO; seeds was conserved, while the grain size
could be modified by changing the precursor flux injected in the plasma chamber. Thus,
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by increasing the precursor flux, two effects were produced: an increase in the grain size
in the plasma chamber and an increase in the concentration of clusters inside the jet. Both
yielded an increase in film deposition rates.

4. Conclusions

In PA-SJD, clusters of molecules and nanoparticles are formed in inductively cou-
pled plasma, then transported in the expanding jet, and deposited on a substrate. In the
former, the employed argon-oxygen plasma produces a reactive environment where an
organo—metallic precursor can become well-dissociated and oxidized. Depending on the
jet parameters, different nanostructure sizes and deposition rates can be achieved. We
considered TiO, nanoparticles as seeds of thin films, whose structure and morphology
were analyzed and characterized.

The titanium nanoparticles present in the jet were identified using QMS measurements.
By sampling neutral gas species along the supersonic jet, we studied their profiles. Many
molecules of partly dissociated precursors could be observed. The study of the supersonic
jet axis profiles for gas carrier and the TiOy seeds showed that titanium nanoparticles
followed an isentropic expansion, like that of the light gas carrier, until the Mach disk
location. After the Mach cone, titanium nanoparticles maintained their density over long
distances due to an inertial effect that kept the heavier species near the jet centerline.

Nanostructured TiO, thin films deposited by PA-SJD could be grown at different
deposition rates depending on the precursor mass flow and the distance of the deposited
film from the nozzle. A thermal annealing performed at 500 °C could successfully remove
any organic impurities while also setting the crystalline structure of the TiO; to anatase,
which is the most interesting for most applications.

The growth rate ranged from few nm/min to few hundreds nm/min and scales with
the isentropic density relation along the supersonic jet. Depositions were also performed
over wide areas of the order of cm? using a movable substrate and changing the dimension
of the supersonic nozzle. The morphology of the thin films was characterized by SEM
imaging. The SEM images of some selected samples confirmed a vertical nanostructure
with grain diameters of about 15 nm. Experiments also confirmed that the precursor density
used inside the reactor chamber determined the grain size of the thin film building blocks.
Depending on the selected supersonic jet parameters, different hierarchically complex
nanostructures can be deposited in a controlled fashion, thus yielding structures with a
predetermined desired morphology.

Despite the above-mentioned advantages of the technology based on supersonic
plasma jets, scaling up towards industrial applications may represent a problem. Though
any low-pressure system has inherent challenges regarding integration and scale-up, solu-
tions based on plasma sources of larger volume to increase the processed surface area, along
with deposition systems employing supersonic multi-jet systems and systems with moving
stages, could be adapted to the industrial scale in order to keep the definite advantages
of the plasma treatment such as control over the deposition, additional possibilities in
morphology, and material structure control via energetic particles in plasma.
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