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Why speaking about GARBURES ?

Because GARBURES contains
numerous energy components: 

different vegetables (potatoes, pumpkin, 
leek, turnip, onion, tomato, …) and 

different meat (pork, duck, …) 

a bit like …
Current research mainly focuses on the non-thermal effects of

plasmas: applications below the threshold of thermal damage

(slightly above room temperature) aim at inducing a specific

response or chemical modification by generating active species that

are either produced in the plasma or in the tissue brought into con-

tact with plasma. Non-thermal plasmas have only little effect on the

surrounding (healthy) tissue (at relatively low room temperatures),

but allow efficient disinfection and sterilization of living tissue

within seconds by inactivating gram-negative and gram-positive

bacteria, fungi, virus, spores, various parasites and foreign organ-

isms or pathogens. Furthermore, plasmas allow controlled, high-

precision tissue removal without inflammation or damage, modify

tissues at the cellular level and avoid inflammation and scarring. An

advantage of its gaseous form is the possibility to penetrate even in

inhomogeneous surfaces, cavities and fissures down to the micro-

metre scale, at which traditional fluid or chemical techniques fail.

Another large benefit of plasma treatment is the contactless, self-

sterilizing, pain-free, non-invasive and pure physical application,

which offers the possibility of drug delivery at the molecular level.

In early applications, non-living surfaces were treated with plas-

mas to obtain the desired effects in biomedical research. For more

than 5 years now, surfaces of medical equipment have been rou-

tinely and successfully decontaminated with non-thermal atmo-

spheric pressure plasmas (CAPs = cold atmospheric plasmas).

Thermally unstable and inhomogeneous surfaces are difficult to

clean with chemicals or heat and may even be destroyed; thus,

plasmas provide an important and welcome alternative. This alter-

native is particularly important in times in which propagation of

multi-resistant bacteria represents a growing global problem7 and,

simultaneously, the effectiveness of antibiotic treatments dimin-

ishes. New strategies have to be found to face these problems.

CAPs, as a ‘physical’ method, could offer a simple, fast, effective

and economic way of disinfection of equipment, surfaces and

people – a method that is unlikely to cause resistance or allergic

and toxic reactions. Although the bactericidal effect of plasmas is

undisputed, most of the mechanisms of action are still unknown

and need to be investigated. So far, only few researchers have

conducted systematic investigations of the interaction of plasma

and microorganisms, living tissues, and – in particular – applica-

tions in medicine.

After the first in-vitro studies on various animal and human

cells, the application of CAP on live tissue remained only a ques-

tion of time. A broad spectrum of medical applications in health-

care, in particular the bactericidal and bacteriostatic properties of

cold plasmas, have paved the way for analyses on human living

tissue and patients.

This review concentrates on various plasma applications in

medicine, particularly in dermatology.

Physical background
For the use of plasmas in many applications, plasmas consist of a

partially ionized gas, which contains free charge carriers, i.e. ions

and electrons that are neither bound to atoms or molecules nor to

active radicals, excited molecules or neutral atoms ⁄ molecules

(Fig. 1). Plasma is generated if sufficient energy is applied into

volume to separate electrons from atoms and molecules. The abil-

ity of positive and negative charges to move freely is responsible

for the high electrical conductivity and, as a consequence, for the

strong response to electromagnetic fields.

Plasmas, which can exist in a variety of states, can be classi-

fied into low-pressure plasmas, atmospheric-pressure plasmas

and high-pressure plasmas. A further necessary differentiation

between thermal and non-thermal (= non-equilibrium) plasmas

is based on the relative temperatures of electrons, ions and

neutrals. In ‘thermal plasmas’, all the temperatures of electrons,

ions and neutrals are same, so that the gas temperature is nor-

mally very high. Applicability is limited because of the very

high temperature and consecutive cooling requirements. In

‘non-thermal plasmas’, due to energy consumption and geome-

try of device, only smaller electrons are heated and are conse-

quently at a higher temperature level than ions and uncharged

molecules. The difference in mass is enormous so that electrons

may be at several thousands to several ten thousands degrees

Celsius, whereas the entire plasma remains at almost room

temperature. CAPs thus allow applications at low temperatures

without any particular extra cooling and can be used to treat

heat-sensitive objects or matter. CAPs are characterized by high

excitation selectivity and non-equilibrium chemical reactions.

Most research in medicine now focuses on the application of

CAPs; this application is particularly promising because of the
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Figure 1 Components of plasma. ROS, reactive oxygen species
(O, OH, H2O2, O3); RNS, reactive nitrogen species (NO, NO2).

ª 2010 The Authors

JEADV 2011, 25, 1–11 Journal of the European Academy of Dermatology and Venereology ª 2010 European Academy of Dermatology and Venereology

2 Heinlin et al.

J. Heinlin et al., Plasma applications in medicine with a special
focus on dermatology, JEADV 2011, 25, 1-11

Plasma Components:
- Neutral particles

- Electrons and Ions
- Electric fields

- Excited Particles: radiative and 
metastable, radicals, ROS, RNS

- Photons (UV, Visible, IR)



COLD PLASMA = WEAKLY IONISED GAS

Produced by electrical discharges between two
electrodes and by using specific HV power supply

15	

Discharges in neon tube 

HV	

load	

V 

I 

Electrical characterization 

By introducing a dielectric material between the
electrodes, and by using pulsed HV power
supplies, it is possible to generate cold plasmas at
atmospheric pressure and temperatures closed to
room temperature:
COLD ATMOSPHERIC PLASMAS (CAPs)

C4-48 JOURNAL DE PHYSIQUE IV 

2. DISCHARGE STRUCTURE AND MICRODISCHARGE PROPERTIES 

Dielectric-barrier discharges are characterised by the presence of one or more insulating layers in the 
current path between metal electrodes in addition to the discharge space. Different planar or cylindrical 
configurations are common (Fig. 1). Closely related are surface discharge configurations in which 
discharges are initiated at a dielectric surface due to strong electric fields generated by imbedded metal 
electrodes. The presence of the dielectric(s) precludes dc operation. Although DBD configurations can be 
operated between line frequency and microwave frequencies the typical operating range for most 
technical DBD applications lies between 500 Hz and 500 kHz. 

High Voltage / Electrode 
High 

Voltage 
Discharge Gap 

Ground 
Electrode 

?ctric Discharge 

rrier\ - / 

Fig. 1: Common dielectric-barrier discharge configurations 

Gas spaces bounded by one or two dielectrics have practically the same breakdown voltage as if they 
were between metal electrodes. Typical clearances vary from less than 100 prn to several cm. For 
atmospheric pressure discharges gap spacings of a few mm are common thus requiring alternating driving 
voltages with amplitudes of typically 10 kV. Low loss dielectrics of high breakdown strength such as 
glass, quartz or ceramic plates or tubes are used to which metal electrode coatings can be applied. On the 
other hand, also metal electrodes with dielectric coatings, e. g. steel tubes with enamel layers can be used. 

2.1 Microdischarge Properties 

The most interesting property of DBDs is that in most gases at about atmospheric pressure breakdown is 
initiated in a large number of independent current filaments or rnicrodischarges. Fig. 2 shows a snapshot 
of such microdischarges in a 1 rnrn air gap photographed through a transparent electrode. 

Fig. 2: End-on view of microdischarges 
Original size: 6 x 6 cm, exposure time: 20 ms 

Fig. 3: Lichtenberg figure showing footprints of individual 
microdischarges, original size: 7 x 10 cm 

Dielectric Barrier Discharges. Principles and applications
Kogelschatz et al., J.Phys. IV France 7, 1997

DEFINITION

Anode

Cathode
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Townsend laws: Electronic avalanches in the gap

Two important coefficients depending on 
the nature of gases and electrodes used

Mechanisms in electrical discharges

Ionisation : A+e- => A+ + 2e- ….

Chapitre 2 : Phénomènes d’ionisation dans les gaz    Cours de  A. Tilmatine  

 3 

a) Si M ≅ m : collision entre un atome et un ion ; 
 v’≅0 ⇒ la particule incidente perd son énergie cinétique. 
b) Si M>>m : entre un atome et un électron; 
v’≅v ⇒ la particule incidente conserve son énergie cinétique. 
 
Conclusion : Dans un choc élastique, il y a un transfert d’énergie cinétique seulement.  
Lors de chocs élastiques l’électron garde pratiquement toute son énergie et n’en cède qu’une très faible 
part par collision aux autres particules. Les électrons possèdent donc une énergie supérieure à celle des 
ions et des molécules neutres. Comme l’électron conserve pratiquement toute son énergie cinétique 
après un choc élastique, il sera d’une grande importance pour les chocs non élastiques qui se produisent 
dans le mécanisme de claquage des gaz. 
 
III.2. Choc non élastique  

Au moment de la collision, si l’énergie cinétique de l’électron incident est suffisamment grande, 
l’atome libère un électron et devient ionisé (ionisation par collision)⇒ choc non élastique. 
 
IV. PROCESSUS D’IONISATION ET D’EXCITATION 

Les électrons dans un conducteur sont libres, dés qu’on applique un champ aussi faible soit-il ils 
se détachent de l’atome et se déplacent avec le champ. Par contre dans un isolant, les électrons sont liés 
et ne se détachent que si on leur fournit une énergie suffisamment grande supérieure à l’énergie 
d’ionisation de l’atome. 
Remarque : L’énergie d’ionisation Wi est l’énergie qui retient l’électron dans l’orbite de l’atome. 
Wi = e Vi 
e : charge élémentaire d’un électron ; Vi : potentiel d’ionisation 
 
On donne ci-dessous les énergies d’ionisation de quelques gaz. 
 
 
 
 
 
 
 
 
IV.1. Ionisation par collision  
a) Ionisation : 
Sous l’action de E l’électron qui se déplace avec  
une énergie cinétique Wc, entre en collision avec 
l’atome ; 
Avec Wc = ½ m v2 
m : masse de la particule 
v : vitesse de la particule 
 
Si Wc ≥ Wi  ⇒ ionisation de l’atome ; WéAWA c ∆++→+ + 1  

avec ic WWW −=∆  énergie supplémentaire cédée à l’électron libéré sous forme d’énergie cinétique. 

C’est le processus d’ionisation le plus fréquent dans les gaz. 
 
 
 

Molécules Wi (eV) 
CO2 
N2 
O2 
H2 
H2O 

13,7 
15,5 
12,2 
15,4 
12,6 

Atome 

Électron 
v 

Figure 7 

Examples of 
energy ionisation

Chapitre 2 : Phénomènes d’ionisation dans les gaz    Cours de  A. Tilmatine  
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V. AVALANCHE ELECTRONIQUE  
On considère deux électrodes planes placées dans un gaz et soumises à une tension élevée. 
 
Electron primaire : crée par ionisation grâce à des 
agents naturels tels que les rayonnements cosmiques 
et la radioactivité de la terre. 
 
Description de l’avalanche : 

L’électron primaire e0 accéléré par le champ E 
entre en collision avec un atome A1 et l’ionise, A1 
libère un électron et devient lui même un ion positif. 

Les électrons e0 et e1 ionisent par collision 
deux atomes A2 et A3 qui libèrent deux électrons e2 et 
e3. Ces quatre électrons entrent en collision avec 4 
autres atomes qu’ils ionisent ⇒ avalanche 
électronique.  

La multiplication des électrons se poursuit 
suivant ce  processus jusqu’à ce que l’avalanche 
arrive à l’anode. 
 
Remarques : 
• L’avalanche prépare le chemin au claquage du gaz. 
• Un atome ionisé fournit un électron et devient lui même un ion positif ; Il y a autant d’électrons 

dans l’avalanche que d’ions positifs. Chaque collision ionisante produit une paire électron-ion 
positif. 

• L’avalanche progresse dans le sens opposé au champ électrique (Cathode→Anode). 
 
VI. CHARGE D’ESPACE  

Les électrons plus rapides sont absorbés par l’anode, tandis que les ions positifs lourds et plus 
lents forment entre les électrodes un ensemble de charges qu’on appelle « Charge d’espace ».  
 
Forme de la charge d’espace : 
Comme l’avalanche débute prés de la cathode et finit 
sur l’anode, elle présente la forme d’un cône. Elle 
progresse dans le sens opposé à E. 
Exemple : 
Air, P = 1 atm, α =18,4 ; d =10 mm 
Dans le 10ème mm, il y a 5 fois plus d’ions positifs que 
dans les 9 premiers mm. 
 
 
 
 
VII. ETUDE DE L’AVALANCHE  
On considère deux électrodes planes de surface = 
unité, soumises à une haute tension. 
Des rayons UV appliqués sur la cathode lui permet 
d’émettre n0 électrons primaires/s.  

• à l’abscisse x, l’avalanche produit n électrons. 
• à l’abscisse x+dx, elle produit dn nouveaux électrons. 

e5 

A7 

A6 

A5 

A4 

A3 

A2 

A1 

e7 

e6 

e
e4 

e3 

e2 

e0 e1 

Cathode  Anode 

Champ appliqué 

Figure 8 

Cathode Anode 

champ électrique E 

Figure 9 
rayons UV 

d 
x 

x+dx x 

Cathode   Anode  
H.T 

Figure 10 

Electric field applied

xd0

5

1- Multiplication of charges in the gaseous volume 
characterized by electronic avalanches and 

defined by the first Townsend coefficient : a
n=n0.exp(ax)

2- Multiplication of charges due to secondary 
emission at the cathode and defined by the 

second Townsend coefficient : g
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Mechanisms in electrical discharges
A#er the forma-on of electronic avalanches, and when the space
charge field becomes greater than the applied electric field, the 

space charge field controls the discharge and its dynamics.

We thus obtain an ionization wave, which propagates itself due to  
the space charge field. This ionization wave is called a STREAMER

X. Lu et al. / Physics Reports 540 (2014) 123–166 125

a b

Fig. 1. Cathode-directed streamer. (a) Streamer at two consecutive moments of time, with secondary avalanches moving toward the positive head of the
streamer; wavy arrows are photons that generate seed electrons for avalanches. (b) Lines of force of the field near the streamer head [1].

evolving plasma channel. Generations of avalanches result in elongation of the channel. Note that besides photoionization
the seed electrons can be produced by external ionization sources, or, in electronegative media, through detachment of
electrons from negative ions in the strong field region just ahead of the streamer front. In the case of repetitive streamers
propagating along the same path, the seed electrons can be supplied by preceding streamers. For streamers propagating
along dielectric surfaces, the seed electrons can be produced also by photoemission.

A mechanism of a negative streamer, where the electrons drift in the streamer propagation direction, is of a similar
character, though in this case a formation of seed electrons is not necessary, the avalanches in front of the streamer head
can be initiated by electrons coming ahead from the front.

1.2. Guided ionization waves–plasma bullets

In nature, and in most laboratory experiments, ionization waves freely propagate in space. However, it is possible to
supply conditions when ionization waves move along a predetermined path. Such kind of propagation is observed when
ionization waves are guided along the path defined by a focused laser beam [9]. Another example is fast discharge prop-
agation in low-pressure gases inside thin dielectric tubes [2,10]. A specific form of ionization waves has been discovered
recently in experiments with atmospheric-pressure plasma jets (APPJs) formed by barrier discharges in flows of noble gases
(usually He or Ar) in thin dielectric tubes and injected into ambient air [11,12]. APPJs were subsequently investigated exper-
imentally by several groups using various diagnostics techniques in order to elucidate their physical characteristics [13–25].
Due to several emerging applications such as plasmamedicine, chemistry, and nanotechnology, APPJs have attracted a lot of
attention in the past decade [26–43]. To power APPJs, pulsed or sinusoidal voltages are applied, at frequencies varying in a
wide range, from a few hundred Hz to tens of MHz. It has been revealed that the jets formed by voltage pulses at frequencies
in the Hz and kHz range are typically composed of bullet-like plasma volumes travelling with high velocities [11–14,19–25],
which is quite similar to streamers [12,24]. The following experiments and simulations have supported these similarities.

The dynamics of the plasma bullets involves two stages. At the first stage, ionizationswaves formed in strong field regions
inside dielectric tubes move along the tube walls similarly to streamers observed in surface barrier discharges. After leaving
the tube, plasma bullets propagate inside the jet in a mixture of a noble gas with ambient air. At both stages, the plasma
volume moves along a predetermined path—the jet axis, as a guided ionization wave.

Though themechanism of the plasma bullet propagation along the jet is the same as that of streamers in a free (uniform)
space, two specific features of the plasma bullets distinguish them from more common streamers. The first one is that,
because of mixing of the gas inside the jet with ambient air, the plasma bullets travel in a gas which is strongly non-uniform
both in radial and axial directions. Due to this non-uniformity, the plasma bullet structure can differ from that of typical
streamers in uniformmedia (in a free space). Another feature is that, in contrast to streamers in a free space,which propagate
in a stochastic manner and often branch out, plasma bullets guided by the jet move along a predetermined path—the jet
axis. This property of guided streamers simplifies experimental measurements of the streamer parameters compared to
streamers that propagate in a free space. Experimental and computational studies of guided streamers allow one to achieve
a deeper insight into the mechanisms governing the dynamics and structure of ionization waves.

2. Basic experimental observations and diagnostics

Because the plasma bullets propagate in non-uniform media with a speed of ⇠105–108 cm s�1 [4], to characterize such
rapid propagation behavior, diagnostics methods with high temporal and spatial resolution are needed. On the other hand,

X. Lu et al, guided ionization waves: theory and experiments, Physics reports 540 (2014) 123-166

The propagation velocity of 
streamers is higher than

electronic avalanche velocity

105 to 108 cm.s-1

at atmospheric pressure
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2 2Potential energies and diagrams for N2 and O2

Electrons are hot in a cold plasma, allowing the production of numerous excited states



GUIDED IONIZATION WAVE

Neutral particles (AB)

Excited states / metastables (AB*, A*, B*)

Nitrogen, oxygen, air
Argon, helium

Ions (AB±, A±, B±)

Photons hν (UV-Visible-IR)

GAZ AB

Radicals (A°, B°)

Propagation of Ionization Waves at atmospheric pressure
Charged and neutral species NOT separated
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electrons
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Gazeli, Clément et al., A study of 
helium atmospheric-pressure guided 
streamers for potential biological 
applications,
Plasma Sources Sci. Technol. 22 (2013) 
025020 (9pp)

Gazeli, Clément et al., Possibility 
of controlling the chemical 
pattern of He and Ar �guided 
streamers� by means of N2 or O2

additives,
J. Appl. Phys. 117, 093302 
(2015)

Electrical energy

AB

e
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Clément et al., Study of Reac-ve Oxygen or/and Nitrogen Species Binding Processes on E. coli Bacteria with Mass 

Spectrometry Isotopic Nanoimaging, New Journal of Physics 13 (2011) 113040 (12pp)

Duday, Clément et al., NanoSIMS50 analyses of Ar/
18

O
2 

plasma-treated Escherichia coli bacteria, 

Plasma Processes and Polymers, vol 10, Issue 10, p 864–879, 2013

Treatment

SEM Images

24h study of the growth of E. coli 
treated for 1', 2.5', 5' and 10‘ with He-O2
plasma

Post treatment time (hours)

Control

Bacteria E. Coli Sterilization

Treatment Distance: 10 mm Away from the Tube Exit
Q(He-O2:99-1%)=2 slm, Vc=5 kV, f=10 kHz, rc=1%

IONIZATION WAVE

Dezest, Clément et al., Oxidative modification and electrochemical inactivation of Escherichia coli upon cold atmospheric plasma 
axposure, PLOS One, 2017, 0173618

9



IONIZATION WAVE

Cryptosporidium parvum oocysts are composed 
of a capsid containing four infectious 

sporozoites. Cell integrity is well marked by a 
luminous crown around the oocysts.

Parasites

Drs C. Penny, J-P Cambus, A. Valentin
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IONIZATION WAVE

ATMOSPHERIC PLASMA LIVING SYSTEMS

Air 
environment

Liquid 
environment

What are the interactions?

Lack of mechanisms understanding
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Ø Quels sont les objectifs du travail ?

plasma-air 
interface

plasma-liquid interface

Chemistry induced?

PLASMA-AIR and PLASMA-LIQUID INTERFACES 

Collab. ENSCBP Bordeaux : S. Arbault, V. Badets, P. Lefrançois

phD UPPA
Girard F. Pau



IONIZATION WAVE in interaction with air and water environments

In the gas In the liquid
(PBS: phosphate buffer saline)

H2O2

HO�+ HO�→ H2O2

N2 (A3Σu
+) + H2O(g) → HO�+ H�+ N2

N2(B3π) → N2 (A3Σu
+) + hν

N2 (FPS) observed in the plasma: N2(A)

HO�+ HO�→ H2O2

NO2
- HO�+ NO�+ M → HNO2 + M 

M : collision partner
HNO2 + HPO4

2- ⇆	NO2
- + 

H2PO4
-

NO3
- NO2� + HO�+ M → HNO3 + M*

…
HNO3 ⇆ H+ + NO3

-

…

Possible mechanisms
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GAS-LIQUID INTERACTION 

9200 | Phys. Chem. Chem. Phys., 2018, 20, 9198--9210 This journal is© the Owner Societies 2018

perpendicularly to the tube axis at a distance a = 5 mm from it and
at an axial distance b = 38 mm from the inner (first) tube nozzle.
This position corresponds to an optical analysis realized 24 mm
above the surface of the PBS as indicated in Fig. 2. Note that
for technical reasons, it was not possible to reduce this length.
The wavelength-integrated light was then probed by UV-NIR
(200–900 nm) Optical Emission Spectroscopy (OES) by focusing it
on the grating of a high-resolution spectrometer (1000M JOBIN
YVON, 1200 groves mm!1, maximum spectral efficiency at 500 nm)
equipped with a CCD 3000 V light detector (see Fig. 1 and 2).
All measurements were carried out in triplicate by realizing three
independent experiments. Values are calculated as mean "
standard deviation.

The impact of the shielding gas on the induced chemistry
was evaluated by analysing the CAPs at various shielding gas
compositions. In order to define direct links between excited
species detected in the plasma and the reactive oxygen and
nitrogen species (RONS) detected in the liquid, OES measure-
ments were performed during the treatment of a buffered
liquid (phosphate buffer saline – PBS, 10 mM, pH 7.4). For
that, 2 mL of PBS solutions were disposed in an adapted well
plate and they were exposed to the ionisation waves. A lidding
cap was placed over the well for a better control of the gaseous
CAP environment and for limiting air–plasma interactions

(see Fig. 2). To be noted that the lidding cap allows the
evacuation of the gas, thanks to a 1 mm diameter hole, which
was drilled on it.

Fig. 2 Experimental setup used for optical analyses of the ionisation
waves during PBS treatment. 2 mL of PBS (10 mM, pH 7.4) are exposed
to CAP during OES measurements. The characteristic distances indicated
in the scheme are: a = 5 mm, b = 38 mm, c = 22 mm and d = 2 mm.

Fig. 1 Experimental setup used for the generation of CAPs incorporating a shielding gas device and their analysis via Optical Emission Spectroscopy
(OES). Parameters of the unipolar pulsed applied voltage: amplitude 7.5 kV, frequency 10 kHz, duty cycle 1%. The flow rate is fixed at 1.67 slm for the
working gas (flowing in the thin inner quartz tube), and at 0.03 slm for the shielding gas (constant whatever the composition in O2/N2 is). A detailed cross
section (not in scale) of the reactor (CAP + shielding device) is given in the center of the image.

PCCP Paper

Control of the air environment

9202 | Phys. Chem. Chem. Phys., 2018, 20, 9198--9210 This journal is© the Owner Societies 2018

Indeed, as it was shown in our previous work for an unshielded
plasma device,49 N2(A) is likely to be produced due to the radiative
relaxation of the nitrogen molecule first positive system (N2(FPS))
at various wavelengths in the range 600–900 nm. Besides, the First
Negative System of molecular nitrogen ion N2

+(FNS) has also been
detected, which proves the presence of positive charges (see
Fig. 4b). These charged species are crucial for the development
of the ionization waves over large distances since, along with the
negative ones, they define the localized reduced electric field
values. N2

+(FNS) could be formed either by electronic collisions
with ground (N2(X)) and (mainly) excited state of molecular
nitrogen.15,50 Another important formation pathway is the
so-called Penning ionization,15,50 which is established between
helium metastables (Hem) and N2(X) giving N2

+(B). Then, the
N2

+(FNS) transition (see Fig. 4b) is obtained via radiative
relaxation of the N2

+(B) to the N2
+(X) state. Metastable states,

thus, appear to be crucial for such kind of plasmas since they
stimulate various reactions in the gaseous chemistry, which in
turns will induce modifications on the liquid chemistry.

The colour of the diffuse CAPs depends also on the shielding
gas composition. Moreover, the luminous wavelength-integrated
intensity of these ionization waves decreases when oxygen is added
to the shielding gas (see Fig. 3) suggesting the modification of the
gaseous chemistry as it was stated above. From a phenomeno-
logical point of view, these ‘‘diffuse’’ cold atmospheric plasmas may
be explained by the high potential gradient between the axis of the
ionization wave (near 7.5 kV potential and highly luminous) and the
wall of the shielding quartz tube (near at ground potential). In fact,
this system behaves as a multi-streamer discharge generated
between a metallic wire and the inner wall of a grounded cylinder.

Optical emission spectroscopy of CAPs

The main goal of the present study was to determine the impact
of a gaseous environment on the chemistries of the plasma and

the exposed liquid. According to our previous study in an open
air configuration,27 the same types of species are expected to be
found in this new enclosed configuration, but their ratios could
be different depending on the shielding gas composition.
In other words, in terms of species nature, one could generalize
these results for every CAP system (i.e., with or without shielding
device). Although, in terms of species densities, herein it is
demonstrated that the present shielding device is advantageous
allowing controlled production of well-defined reactive species
both in the gaseous and the liquid phase.

Firstly, OES measurements were performed on the plasma
phase. Qualitatively, the same species as in our previous works
(different reactors49–51 and power supplies16) were effectively
detected: excited He, N2

+(FNS, First Negative System) and
N2(SPS, Second Positive System), which are shown in Fig. 4
for the present system, N2(FPS, First Positive System), second
order of NO!, Ha, second order of HO! and O. Surprisingly, an
additional emission has been detected, corresponding to
the first negative band system of O2

+(FNS) (b4Sb
" - a4pu

transition) at 558 nm,52 which has not been observed in the
unshielded CAPs.49 OES intensities were then normalized for
each species and plotted as function of the shielding gas
composition in O2/N2 (Fig. 5). Thus, the intensity for a given
specie can only be compared upon the different shielding gas
conditions. Fig. 5a depicts He transitions observed at 667.8,
706.5 and 728.1 nm. In Fig. 5b and c, different excited species
coming from nitrogen (N2

+(FNS), N2(SPS), N2(FPS) and second

Fig. 3 Specific ‘‘diffuse’’ ionization waves generated with the shielding gas
device for various O2/N2 mixtures. The flow rate is fixed at 1.67 slm for the
working gas (pure He) and at 0.03 slm for the various O2/N2 compositions
added in the surrounding device. CAPs are propagated in air after their exit
from the shielding gas tube.

Fig. 4 Normalised OES rotational spectra of (a) N2(SPS) and (b) N2
+(FNS),

measured at 337.1 nm and 391.4 nm, respectively, in the shielding gas tube
for 100% N2.
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order of NO!) and oxygen derivatives (second order of HO!, O2
+,

O and Ha,) are reported, respectively. Note that O2
+ emission in

100% N2 and 20% O2/80% N2 was too weak to be measured and
not plotted for these two conditions.

Fig. 5a shows that He emission intensities reach an optimal
value for 20% O2/80% N2 in the shielding gas. On the contrary,
the intensity is lower for 100% O2. In Fig. 5b, we observe that
the intensities of the N2

+(FNS), the N2(SPS), N2(FPS) and the
second order of NO! are higher for 100% N2 in the shielding
gas. When the O2/(O2 + N2) ratio increases, the UV intensity
drops down by about 90% and cannot even be detected for
100% O2. For N2

+(FNS), N2(SPS) and N2(FPS), the intensity
decreases linearly down to zero when oxygen is added in the
shielding gas. Fig. 5c illustrates the intensities of Ha, and
second order of HO!, O2

+ and O species. When the amount of
nitrogen is decreased in the shielding gas, HO! emission
decreases exponentially, similarly to Ha emission suggesting
related creation processes for both particles. We can hypo-
thesize a mechanism due to water dissociation. On the other
hand, O2

+ cation is detected starting from 50% O2/50% N2 in
the shielding gas and remains constant for 50, 80 and 100% O2.
In turn, atomic oxygen O increases until reaching a maximum
plateau value for 80 and 100% O2.

In a logical way, nitrogen species prevail when the O2/(O2 + N2)
ratio is low while on the contrary, oxygen species are pre-
dominant for a higher O2/(O2 + N2) ratio. In contrast, HO!

radical is mostly detected for 100% N2, which is counter
intuitive. One mechanism is usually proposed for the formation
of HO! (eqn (2)):1,53,54

N2(A3S+
u) + H2O - HO! + H! + N2 (2)

Humidity is not controlled in our system but could result from
water backscatter of the PBS liquid exposed to the CAPs.
The metastable state N2(A3S+

u) is probably mostly generated
by electronic collisions with the fundamental state of N2

molecule, N2(X1S+
g), and by radiative relaxation of the first

excited state of nitrogen N2(B3Pg) to the N2(A3S+
u) (i.e. N2(FPS)

transition, see eqn (3) below) as it was discussed previously,
which is formed by collisions of the fundamental state of N2

molecule, N2(X1S+
g), with electrons:

N2(B3pg) - N2(A3S+
u) + hn (3)

Considering that N2(FPS) is mostly generated for 100% N2

(Fig. 5b), the N2(A3S+
u) metastable state is probably a dominant

species for that condition, explaining thus the high yield of
HO! radical.

Fig. 5 Normalized intensity evolution of (a) He at 667.8 nm, 706.5 nm and 728.1 nm; (b) N2
+ FNS at 391.4 nm, N2 SPS at 337.1 nm, N2 FPS at 762 nm

and second order of NO! at 493 nm; (c) Ha at 656 nm, second order of HO! at 618 nm, O2
+ at 558 nm and O at 777.5 nm as a function of the

shielding gas composition. All measurements were carried out in triplicate by realizing three independent experiments. Values are calculated as
mean " SD.

Paper PCCP

Pu
bl

ish
ed

 o
n 

12
 M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
N

IV
ER

SI
TE

 D
E 

BO
RD

EA
U

X
 o

n 
05

/0
4/

20
18

 1
3:

26
:3

0.
 

View Article Online

Maximum of excited levels of He
for air mixture

15



This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 9198--9210 | 9203

order of NO!) and oxygen derivatives (second order of HO!, O2
+,

O and Ha,) are reported, respectively. Note that O2
+ emission in

100% N2 and 20% O2/80% N2 was too weak to be measured and
not plotted for these two conditions.

Fig. 5a shows that He emission intensities reach an optimal
value for 20% O2/80% N2 in the shielding gas. On the contrary,
the intensity is lower for 100% O2. In Fig. 5b, we observe that
the intensities of the N2

+(FNS), the N2(SPS), N2(FPS) and the
second order of NO! are higher for 100% N2 in the shielding
gas. When the O2/(O2 + N2) ratio increases, the UV intensity
drops down by about 90% and cannot even be detected for
100% O2. For N2

+(FNS), N2(SPS) and N2(FPS), the intensity
decreases linearly down to zero when oxygen is added in the
shielding gas. Fig. 5c illustrates the intensities of Ha, and
second order of HO!, O2

+ and O species. When the amount of
nitrogen is decreased in the shielding gas, HO! emission
decreases exponentially, similarly to Ha emission suggesting
related creation processes for both particles. We can hypo-
thesize a mechanism due to water dissociation. On the other
hand, O2

+ cation is detected starting from 50% O2/50% N2 in
the shielding gas and remains constant for 50, 80 and 100% O2.
In turn, atomic oxygen O increases until reaching a maximum
plateau value for 80 and 100% O2.

In a logical way, nitrogen species prevail when the O2/(O2 + N2)
ratio is low while on the contrary, oxygen species are pre-
dominant for a higher O2/(O2 + N2) ratio. In contrast, HO!

radical is mostly detected for 100% N2, which is counter
intuitive. One mechanism is usually proposed for the formation
of HO! (eqn (2)):1,53,54

N2(A3S+
u) + H2O - HO! + H! + N2 (2)

Humidity is not controlled in our system but could result from
water backscatter of the PBS liquid exposed to the CAPs.
The metastable state N2(A3S+

u) is probably mostly generated
by electronic collisions with the fundamental state of N2

molecule, N2(X1S+
g), and by radiative relaxation of the first

excited state of nitrogen N2(B3Pg) to the N2(A3S+
u) (i.e. N2(FPS)

transition, see eqn (3) below) as it was discussed previously,
which is formed by collisions of the fundamental state of N2

molecule, N2(X1S+
g), with electrons:

N2(B3pg) - N2(A3S+
u) + hn (3)

Considering that N2(FPS) is mostly generated for 100% N2

(Fig. 5b), the N2(A3S+
u) metastable state is probably a dominant

species for that condition, explaining thus the high yield of
HO! radical.

Fig. 5 Normalized intensity evolution of (a) He at 667.8 nm, 706.5 nm and 728.1 nm; (b) N2
+ FNS at 391.4 nm, N2 SPS at 337.1 nm, N2 FPS at 762 nm

and second order of NO! at 493 nm; (c) Ha at 656 nm, second order of HO! at 618 nm, O2
+ at 558 nm and O at 777.5 nm as a function of the

shielding gas composition. All measurements were carried out in triplicate by realizing three independent experiments. Values are calculated as
mean " SD.
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order of NO!) and oxygen derivatives (second order of HO!, O2
+,

O and Ha,) are reported, respectively. Note that O2
+ emission in

100% N2 and 20% O2/80% N2 was too weak to be measured and
not plotted for these two conditions.

Fig. 5a shows that He emission intensities reach an optimal
value for 20% O2/80% N2 in the shielding gas. On the contrary,
the intensity is lower for 100% O2. In Fig. 5b, we observe that
the intensities of the N2

+(FNS), the N2(SPS), N2(FPS) and the
second order of NO! are higher for 100% N2 in the shielding
gas. When the O2/(O2 + N2) ratio increases, the UV intensity
drops down by about 90% and cannot even be detected for
100% O2. For N2

+(FNS), N2(SPS) and N2(FPS), the intensity
decreases linearly down to zero when oxygen is added in the
shielding gas. Fig. 5c illustrates the intensities of Ha, and
second order of HO!, O2

+ and O species. When the amount of
nitrogen is decreased in the shielding gas, HO! emission
decreases exponentially, similarly to Ha emission suggesting
related creation processes for both particles. We can hypo-
thesize a mechanism due to water dissociation. On the other
hand, O2

+ cation is detected starting from 50% O2/50% N2 in
the shielding gas and remains constant for 50, 80 and 100% O2.
In turn, atomic oxygen O increases until reaching a maximum
plateau value for 80 and 100% O2.

In a logical way, nitrogen species prevail when the O2/(O2 + N2)
ratio is low while on the contrary, oxygen species are pre-
dominant for a higher O2/(O2 + N2) ratio. In contrast, HO!

radical is mostly detected for 100% N2, which is counter
intuitive. One mechanism is usually proposed for the formation
of HO! (eqn (2)):1,53,54

N2(A3S+
u) + H2O - HO! + H! + N2 (2)

Humidity is not controlled in our system but could result from
water backscatter of the PBS liquid exposed to the CAPs.
The metastable state N2(A3S+

u) is probably mostly generated
by electronic collisions with the fundamental state of N2

molecule, N2(X1S+
g), and by radiative relaxation of the first

excited state of nitrogen N2(B3Pg) to the N2(A3S+
u) (i.e. N2(FPS)

transition, see eqn (3) below) as it was discussed previously,
which is formed by collisions of the fundamental state of N2

molecule, N2(X1S+
g), with electrons:

N2(B3pg) - N2(A3S+
u) + hn (3)

Considering that N2(FPS) is mostly generated for 100% N2

(Fig. 5b), the N2(A3S+
u) metastable state is probably a dominant

species for that condition, explaining thus the high yield of
HO! radical.

Fig. 5 Normalized intensity evolution of (a) He at 667.8 nm, 706.5 nm and 728.1 nm; (b) N2
+ FNS at 391.4 nm, N2 SPS at 337.1 nm, N2 FPS at 762 nm

and second order of NO! at 493 nm; (c) Ha at 656 nm, second order of HO! at 618 nm, O2
+ at 558 nm and O at 777.5 nm as a function of the

shielding gas composition. All measurements were carried out in triplicate by realizing three independent experiments. Values are calculated as
mean " SD.
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390 ! 70, 360 ! 80 mM, respectively. Hydrogen peroxide (H2O2),
in turn, does not follow the same trend: the concentration is
higher for 100% N2 in the shielding gas reaching 265 ! 40 mM.
The trend for nitrate NO3

" is similar to the one of H2O2.
Based on the assessment that nitrite ions are associated with

pH variations,27 we measured the resulting pH of PBS solution
after 10 minutes of CAP treatment. For better comparison,
concentrations of NO2

" were plotted in the same graph (Fig. 11).
For all considered conditions, a pH decrease is observed,

"0.20 pH units at most for the condition of 20% O2/ 80% N2,
which corresponds to ‘‘air shielding’’ and represents an
optimum. For 100% N2 and 100% O2, the pH variations are
approximately the same, about"0.14 pH units. Moreover, these
results show a good correlation between NO2

" concentrations
and pH variations. More nitrite are found when pH lowers. NO2

"

accumulation could be due to the prior existence of nitrous acid,

HNO2. HNO2 is a weak acid (pKa([HNO2/NO2
"]) = 3.341) reacting

quantitatively with the base of the buffer, HPO4
2" (K = 10+3.9)

leading to H2PO4
" and NO2

". HNO2 can actually be formed in
the gaseous phase by the reaction between HO# and NO# 53,57,58

(rate coefficient 3.3 $ 10"17 m3 s"1 53) (eqn (4)):

HO# + NO# + M - HNO2 + M (4)

with M, representing a third collision partner.
Concerning H2O2, at a glance, the observation of higher

concentrations for 100% N2 in the shielding gas, is not intuitive.
However, regarding the excited species generated in the gas, HO#

emission is maximum for a pure nitrogen shielding (Fig. 5c).
H2O2 could be formed in the discharge due to the following
reaction (eqn (5)):53,57,59

HO# + HO# + M - H2O2 (5)

with M, representing a third collision partner. Consequently,
HO# radicals produced in the plasma are expected to form
H2O2 directly in the gas phase44,50,53 (rate coefficient: 2.6 $
10"17 m3 s"153), followed by its solvation into the liquid since
the Henry’s constant for H2O2 is high (H = 1.92 $ 106 at 300 K,
105 Pa58), or by solvation of HO# radicals (detected by RPE in
plasma treated liquids60) and their reaction to form H2O2 in
solution. Note that Tresp et al. found similar results in other
liquid media (e.g. NaCl, DPBS and RPMI) and for other plasma
parameters.24

Since the evaporation is the same for all conditions of
shielding gas, concentration variations are clearly the result
of different chemistries induced by CAP treatment. The air
shielding (20% O2/80% N2) seems to be the most efficient
for the production of NO2

". Considering the excited species
produced in the gas phase, it is clear that the RNS/ROS ratio in
the solution depends on the O2/(O2 + N2) percentage. On the
contrary, NO3

" does not follow the same trend as NO2
".

A possible pathway for NO3
" formation is (eqn (6)):58,59

NO2
# + HO# + M - HNO3 + M (6)

with M, representing a third collision partner. NO2
# radical

is expected to be generated under our conditions since its
formation is owed to NO#, due to the following reactions
(eqn (7) and (8)):25,57,59

NO# + O - NO2
# (7)

NO# + O3 - NO2
# + O2 (8)

However, the very good correlation between NO2
" and pH

variations (Fig. 11) seems to show that HNO2 is mostly respon-
sible for the acidification, excluding a priori another source of
H+ ions. Besides, NO3

" ions are possibly produced thanks
to another pathway (peroxynitrite decomposition) or already
created in the gas phase as suggested by computational
studies.12,57

On the other hand, it is surprising that NO2
" concentrations

are approximately the same for 100% N2 and 100% O2 shieldings
(see Fig. 10), compare to the amount of RNS in the plasma for
these conditions (see Fig. 5). Indeed, the RNS/ROS ratios in CAPs

Fig. 10 Variations of nitrite (NO2
"), hydrogen peroxide (H2O2) and nitrate

(NO3
") concentrations measured in 2 mL of PBS (10 mM, pH 7.4) treated

10 minutes by CAPs (working gas 1.67 slm He) for various shielding gas
compositions (0.03 slm). NO2

" and H2O2 are measured using electro-
chemistry whereas NO3

" is measured via UV-visible absorption spectroscopy.
All measurements were carried out in triplicate by realizing three independent
experiments. Values are calculated as mean ! SD.

Fig. 11 pH variations measured in 2 mL of PBS (10 mM, pH 7.4) after a
10 minute treatment by CAP (working gas 1.67 slm He) as a function
of the shielding gas composition (0.03 slm). Comparison with NO2

"

concentrations measured afterwards. All measurements were carried
out in triplicate by realizing three independent experiments. Values are
calculated as mean ! SD.
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390 ! 70, 360 ! 80 mM, respectively. Hydrogen peroxide (H2O2),
in turn, does not follow the same trend: the concentration is
higher for 100% N2 in the shielding gas reaching 265 ! 40 mM.
The trend for nitrate NO3

" is similar to the one of H2O2.
Based on the assessment that nitrite ions are associated with

pH variations,27 we measured the resulting pH of PBS solution
after 10 minutes of CAP treatment. For better comparison,
concentrations of NO2

" were plotted in the same graph (Fig. 11).
For all considered conditions, a pH decrease is observed,

"0.20 pH units at most for the condition of 20% O2/ 80% N2,
which corresponds to ‘‘air shielding’’ and represents an
optimum. For 100% N2 and 100% O2, the pH variations are
approximately the same, about"0.14 pH units. Moreover, these
results show a good correlation between NO2

" concentrations
and pH variations. More nitrite are found when pH lowers. NO2

"

accumulation could be due to the prior existence of nitrous acid,

HNO2. HNO2 is a weak acid (pKa([HNO2/NO2
"]) = 3.341) reacting

quantitatively with the base of the buffer, HPO4
2" (K = 10+3.9)

leading to H2PO4
" and NO2

". HNO2 can actually be formed in
the gaseous phase by the reaction between HO# and NO# 53,57,58

(rate coefficient 3.3 $ 10"17 m3 s"1 53) (eqn (4)):

HO# + NO# + M - HNO2 + M (4)

with M, representing a third collision partner.
Concerning H2O2, at a glance, the observation of higher

concentrations for 100% N2 in the shielding gas, is not intuitive.
However, regarding the excited species generated in the gas, HO#

emission is maximum for a pure nitrogen shielding (Fig. 5c).
H2O2 could be formed in the discharge due to the following
reaction (eqn (5)):53,57,59

HO# + HO# + M - H2O2 (5)

with M, representing a third collision partner. Consequently,
HO# radicals produced in the plasma are expected to form
H2O2 directly in the gas phase44,50,53 (rate coefficient: 2.6 $
10"17 m3 s"153), followed by its solvation into the liquid since
the Henry’s constant for H2O2 is high (H = 1.92 $ 106 at 300 K,
105 Pa58), or by solvation of HO# radicals (detected by RPE in
plasma treated liquids60) and their reaction to form H2O2 in
solution. Note that Tresp et al. found similar results in other
liquid media (e.g. NaCl, DPBS and RPMI) and for other plasma
parameters.24

Since the evaporation is the same for all conditions of
shielding gas, concentration variations are clearly the result
of different chemistries induced by CAP treatment. The air
shielding (20% O2/80% N2) seems to be the most efficient
for the production of NO2

". Considering the excited species
produced in the gas phase, it is clear that the RNS/ROS ratio in
the solution depends on the O2/(O2 + N2) percentage. On the
contrary, NO3

" does not follow the same trend as NO2
".

A possible pathway for NO3
" formation is (eqn (6)):58,59

NO2
# + HO# + M - HNO3 + M (6)

with M, representing a third collision partner. NO2
# radical

is expected to be generated under our conditions since its
formation is owed to NO#, due to the following reactions
(eqn (7) and (8)):25,57,59

NO# + O - NO2
# (7)

NO# + O3 - NO2
# + O2 (8)

However, the very good correlation between NO2
" and pH

variations (Fig. 11) seems to show that HNO2 is mostly respon-
sible for the acidification, excluding a priori another source of
H+ ions. Besides, NO3

" ions are possibly produced thanks
to another pathway (peroxynitrite decomposition) or already
created in the gas phase as suggested by computational
studies.12,57

On the other hand, it is surprising that NO2
" concentrations

are approximately the same for 100% N2 and 100% O2 shieldings
(see Fig. 10), compare to the amount of RNS in the plasma for
these conditions (see Fig. 5). Indeed, the RNS/ROS ratios in CAPs

Fig. 10 Variations of nitrite (NO2
"), hydrogen peroxide (H2O2) and nitrate

(NO3
") concentrations measured in 2 mL of PBS (10 mM, pH 7.4) treated

10 minutes by CAPs (working gas 1.67 slm He) for various shielding gas
compositions (0.03 slm). NO2

" and H2O2 are measured using electro-
chemistry whereas NO3

" is measured via UV-visible absorption spectroscopy.
All measurements were carried out in triplicate by realizing three independent
experiments. Values are calculated as mean ! SD.

Fig. 11 pH variations measured in 2 mL of PBS (10 mM, pH 7.4) after a
10 minute treatment by CAP (working gas 1.67 slm He) as a function
of the shielding gas composition (0.03 slm). Comparison with NO2

"

concentrations measured afterwards. All measurements were carried
out in triplicate by realizing three independent experiments. Values are
calculated as mean ! SD.
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are inverted for these two conditions (more RNS for 100% N2 and
more ROS for 100% O2). Nevertheless, nitrite ions are produced
at similar quantities in the PBS. This finding suggests first that
the chemical mechanisms producing stable nitrogen species in
the liquid phase could be shielding-dependent, with different
involved chemistries.

Secondly, the liquid chemistry is maybe strongly dependent
on the processes occurring near the plasma–liquid interface,
knowing that there is an air layer above the surface. Indeed,
when the plasma propagates into the well under the cap, its
interaction with the air may influence its own chemistry,
independently of former chemical processes that occurred
within the tube over several centimetres. Finally, the small
amount of nitrogen excited species detected for 100% O2 in
the shielding gas is probably enhanced when the ionization
wave is in contact with N2 from air in the well.

Measurements of peroxynitrite: an unstable RNS

The formation of ONOO! in treated PBS was evaluated by UV
absorption spectroscopy in alkaline PBS (pH 12), in order to
stabilise chemically this species. In fact, acid and basic forms of
peroxynitrite decompose into nitrite and nitrate in various ratios
depending on multiple factors: pH, temperature, concentration,
chemical reaction with other species (CO2, phosphates).61–64 Here,
peroxynitrite anion ONOO! has been detected and quantified in
2 mL of PBS solution (pH 12) treated by CAP for all conditions of
shielding gas. Corresponding UV spectra are depicted in Fig. 12.

These spectra reveal the presence of at least 3 species, i.e.
HO2

! (basic form of H2O2) around 260 nm, ONOO! at 300 nm
and NO2

! at 350 nm. ONOO! concentrations were calculated
using the Beer–Lambert law, following the method described
previously27 and plotted as a function of the O2/(O2 + N2) ratio
(Fig. 13). Firstly, the concentrations are quite low (tens of
micromoles) for 10 minutes of treatment. Secondly, the trend
is very similar to the one of NO2

!. Indeed, the condition (20%
O2/80% N2) generates once more higher concentrations, about
23 " 4 mM. For 100% N2 and 100% O2 as shielding gas
composition, concentrations reach about 10 mM.

These results suggest that ONOO! may be one of the
precursor of NO2

!, or that a common mother species would
be involved for the production of both peroxynitrite and nitrite.
In addition, since the production of NO2

! is very similar at pH 7.4
and 12 (see Fig. 14), it may be due mostly to species which acid–
base equilibrium does not fall within this range of pHs. It was
often hypothesize in literature that HNO2 is a major species
produced in air-dependent CAPs, which is compatible with the
decrease of pH observed in treated PBS and with the accumula-
tion of NO2

! in the solution as function of time. In other words,
nitrous acid is probably the major source of nitrite present at
substantially high concentrations in exposed physiological buffer.

Conclusion
In this work, a shielding gas device was used to modulate and
study plasma and liquid chemistries, regarding the gaseous

Fig. 12 UV spectra (l = 5 cm) measured in 2 mL of PBS (pH 12), treated
10 minutes by CAP (working gas 1.67 slm He) for various shielding
conditions (0.03 slm).

Fig. 13 Peroxynitrite (ONOO!) concentrations measured by UV absorption
spectroscopy in PBS (pH 12) treated 10 minutes by CAP (working gas
1.67 slm He) for various shielding conditions (0.03 slm). All measurements
were carried out in triplicate by realizing three independent experiments.
Values are calculated as mean " SD.

Fig. 14 Comparison of nitrite (NO2
!) concentrations measured in PBS at

pH 7.4 and 12 for various shielding gas compositions after 10 minutes of
CAP treatment. NO2

! were measured thanks to UV-visible absorption
spectroscopy. All measurements were carried out in triplicate by realizing
three independent experiments. Values are calculated as mean " SD.
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By changing pH, it is possible to measure unstable Species in solution 

pH 12 
Buffered solution

2ml PBS

PEROXYNITRITE

GAS-LIQUID INTERACTION 

Collab. ENSCBP Bordeaux : S. Arbault, V. Badets, P. Lefrançois

Girard, Clément et al.
Phys. Chem. Chem. Phys. 2018, 20, 9198-9210

Measured by 
Absorption 

spectroscopy

20



By changing pH, it is possible to measure 
unstable Species in solution 

ANION 
SUPEROXYDE O2

�-

17 

Characterization of O2°- system  

In situ study 

After exposition to 
plasma: 

 
1.  O2°- is detected in 

PBS at pH 11 

2.  O2°- is fully 
converted to H2O2 
after adjustement of 
pH to 7.4 
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  After addition of HCl - pH = 7.4 

2ml PBS exposed

GAS-LIQUID INTERACTION 

Collab. ENSCBP Bordeaux : S. Arbault, V. Badets, P. Lefrançois

After exposition to 
plasma:

1- O2
°- detected in PBS 

at pH 11

2- O2
°- is fully

converted to H2O2
after adjustement of 

pH to 7.4 

Measured by 
Electrochemistry

pH 11 
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Conclusion 
Helium plasma produces 
ROS and RNS including: 

�  H2O2  
Spectroscopy (2O-3O 
µM.min-1)* 

Electrochemistry (2O-3O 
µM.min-1)* 

�  O2°-  

Electrochemistry (not 
quantified) 
�  ONOO-  
Spectroscopy (O.2-1.2 
µM.min-1)* 
�  NO2

-  
Spectroscopy (3O-45 
µM.min-1)* 
Electrochemistry 

�  NO3
-  

Spectroscopy (3O-45 
µM.min-1)* 

 
* With 1% of N2 as shielding gas 

H2O2 " O2 

O2 " H2O2 

H2O2 " H2O 
O2°- 1  H2O2

 

Helium plasma produces ROS and RNS 
including:

� H2O2
Abs. Spectroscopy
Electrochemistry
(20-30 µM.min-1)*

� O2°-
Electrochemistry (not quantified)

� ONOO-

Abs. Spectroscopy

(0.2-1.2 µM.min-1)*
� NO2

-

Abs. Spectroscopy
Electrochemistry
(30-45 µM.min-1)*

� NO3
-

Abs. Spectroscopy
(30-45 µM.min-1)*

* With N2 as shielding gas

GAS-LIQUID INTERACTION 

Collab. ENSCBP Bordeaux : S. Arbault, V. Badets, P. Lefrançois 22



GAS-LIQUID INTERACTION in situ, during plasma exposure 

Reactive oxygen species generated by cold atmopsheric plasmas in aqueous solution: Successful Electrochemical
Monitoring in Situ under a High Voltage System, Girard,  Clément et al., Analytical Chemistry, 2019

https://doi.org/10.1021/acs.analchem.9b01912

Electrical fields implied in ionization waves are in the order of magnitude 
of some 10kV.cm-1

Sretenovic,́ G. et al., J.Appl.Phys. 452 2017, 121 (12), 123304. 
Razavizadeh, S. et al., Plasma Sources Sci. 454 Technol. 2018, 27 (7), 075016.

Difficulties to measure very low faradaic currents, in the nA range, 
in the presence of high electric fields used for plasma formation 

https://doi.org/10.1021/acs.analchem.9b01912


GAS-LIQUID INTERACTION in situ, during plasma exposure 

WE =	Platinized Pt	disk (25	µm	Ø,	37.5	µC)
Ref =	Ag/AgCl	wire
CE =	Pt	wire

Different types of shielded electrodes used
during plasma exposure

Black	Pt	working electrode
(enhanced selectivity and	sensibility)
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GAS-LIQUID INTERACTION in situ, during plasma exposure 

Possibility to follow long-lived and short-lived RONS
produced in PBS during plasma exposure



IONIZATION WAVE in interaction with materials

ATMOSPHERIC PLASMA MATERIALS

Air 
environment

What are the 
interactions?

Lack of mechanisms understanding

26

https://en.wikipedia.org/wiki/Biomaterial_Surface_Modifications

Numerous applica<ons
Cleaning
Etching

Func<onaliza<on
Coa<ng

Steriliza<on
Enhanced cell growth

…



These atmospheric plasmas can be used for polymer surface 
treatments …
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Different types of polymers exposed…

PE PP PS PET PLA

He - O2 CAPHe CAPHe - N2 CAP



29

0,00E+00

1,00E-01

2,00E-01

3,00E-01

4,00E-01

5,00E-01

6,00E-01

7,00E-01

8,00E-01

9,00E-01

1,00E+00

1
10

1
20

1
30

1
40

1
50

1
60

1
70

1
80

1
90

1
10

01
11

01
12

01
13

01
14

01
15

01
16

01
17

01
18

01
19

01
20

01
21

01
22

01
23

01
24

01
25

01
26

01
27

01
28

01
29

01
30

01
31

01
32

01
33

01
34

01
35

01
36

01
37

01
38

01
39

01
40

01
41

01
42

01
43

01
44

01
45

01
46

01
47

01
48

01
49

01
50

01
51

01
52

01
53

01
54

01
55

01
56

01
57

01
58

01
59

01
60

01
61

01
62

01
63

01
64

01
65

01
66

01
67

01
68

01
69

01
70

01
71

01
72

01
73

01
74

01
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Surface Functionalization ? 
Surface Degradation ?

IR-ATR analyses of PLA substrates exposed



Surface Functionalization ? 
Surface Degradation ?

Another example
IR-ATR analyses of PET substrates exposed



Another example
IR-ATR analyses of PP substrates exposed



Another example
IR-ATR analyses of PP substrates exposed

ZOOM



IR ATR is a simple 
method to follow

qualitatively
surface oxydation

But …
chemical characterizations are needed (XPS)

Surface aging must be controlled, which is linked to the gaseous
media in which the samples are stored!

Work in progress… 

As well as 
wetabilty
analyses

Before plasma exposure After plasma exposure



Steel processing tests

The plasma bounces on the surface

First wetability tests
Water drop spreading

Cleaning ?

Work in progress… 



CONCLUSION

Ionization waves produced at atmospheric pressure are very interesting processes 
for the production of reactive species usefull for biomedical applications

Discharges mechanisms have to be studied for the produc:on of 
these reac:ve species: charges, radicals and excited states, photons

The control of the environments (gas and liquid) is capital for a 
better understanding of the interactions mechanisms between 

plasmas and liquids or solid materials 

35

Electrochemistry methods are very usefull to follow the produc:on 
of chemical species produced in liquids during plasma exposures



Finally
« Garbures » are complex to analyse and difficult to reproduce, but 

we love to cook and we can sometimes find new recipes !

and THANK YOU FOR YOUR ATTENTION

le ragoût de pattes de cochon
« pig's leg stew »

The « POUTINE »

Merci 
To the organising committee
To Cora Roy for her help and 

of course to Diego Mantovani


