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Iontext and outline
_plasma |

1) Plasma generation
HO", 0, 0,

NO Physical parameters
> N (FNS) <~ G VV it P ;
H.0 N, (SPS) "o as, Voltage, frequency,
K HNO, " duty cycle...
Evaporation 10, \
\
|
. 2) Plasma
€lo, oNoo characterization
n _”:°_I_ 0y MOy Oy O L |
Phosphate Buffered Saline
Na, I, K', HPO,%, H,PO, Plasma analysis
H,0 Physico-chemical components
H0, , NO," , NOj; .. (UV, e.m. fields, gaseous RONS)

3) Plasma-liquid Liquid analysis
interactions RONS, pH, o, evaporation ( ) J

Links between chemical species in the plasma and induced liquid chemistry




Plasma setup

— ! Flow bus

Gas inlet

Mass flow
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Duty cycle 1%

HV probe

HV

Oscilloscope

ge (kV)

H
z
2,
£
§
2 s,
8
3

1000:1

electrode

Grounded m Current

electrode 1_!_' probe |

Optical fiber with
diaphragm
(variable position)

JobinYvon 1000 M

Spectrometer

ccb

Computer €

camera




Plasma generation and characterization

Setup 1 : Air environment

¢ Fixed physical parameters :

7.5 kV
10 kHz
duty cycle: 1%
2 slm
Various working gases

< Analysis by Optical Emissive Spectroscopy (OES) ( . J




Plasma generation and characterization

7.5 kV
10 kHz N,(FPS)
duty cycle=1% 10- N,(SPS) l ]
S
' °°8 6 N, (FNS)
£l Workinggas: _—
A >>4] oH
s He/l%N, 2 12 7
: S
k=
= 2l JL M A l .
Optical O fpl==t il L " L A | -
fiber 750300 350 400 450 500 550 600 650 700 750 800 820 900
Wavelenath (nm)
= ZOOM
< NOy
S 20 He/1%N, '
> 10¢ M
7 S S \ WU | U & ISR | NSRS B RESSSUUIRY VUSRS N
Working gas : He 5) (1) JJL j"\
Ll 200 210 230 240 250 260 270 280
O Wavelength (nm) ( > J

> Rotational structures of OH and N,(SPS) — T, =300K"

*From Gazeli et al., Journal of Applied Physics 117 , 093302. 2015



I31asma-liquid interactions

—

1) Plasma treatment 2) Liquid analysis

* Working gas He/1%N, /\
* Various exposure times

UV-visible absorption Electrochemistry
spectroscopy

POST-TREATMENT
Analysis

' _________________________ I -15mm
}V=2mL PBS| = }A V<2mlL

> PBS - - (10 mM) pH 7.4




Plasma-liquid interactions

He/1%N,
UV-visible absorption spectroscopy Electrochemistry
700 i T T T T T T T T T T | 700 i i
S 600] NO,’ | S '
L 1 = 600 e - §
% 600_ 2 ! NO,
= soof A NO, {1 ©500r e HO, |
g / 18™ ‘
T 300} { € 300} -
5 : 8 !
c 200F ;/i { € 200t i §
@) ! . | O PRy
O 100 / 1 Oao} :
0 - . 1 . 1 . 1 . ! . 1 - 0 "”2‘-, ! ! . 1 . 1 . 1
0 2 4 6 8 10 0 2 4 6 8 10
Plasma exposure time (min) Plasma Exposure Time (min)
NO,

Effects

onpH?

NO,




Plasma-liquid interactions

7.5 kv
10 kHz
dutycycle=1%

He/1%N, | Inlitia! pI-II : ?,4 |

0.00 L """" | Control
\@_ ________ Qe m —mm i m—m === m
-0.04 L

-0.08 "

I
s |
< 012}
.0.16 |
0.20 | %
0 2 4 6 8 10

Plasma exposure time (min)

» Acidification
» Hypothesis : HNO, and HNO,




Plasma-liquid interactions

» H,0,, NO,” and NO;" : stable species in solution

What strategies to detect
Reactive Oxygen and Nitrogen Species (RONS)

in liquids ?

Switch the pH of PBS
to alkaline values

1l

Stabilize basic anionic
species




Plasma-liquid interactions

7.5 kv
10 kHz
duty cycle=1%
0.5
He/1%N,

Absorbance
O O o
N w SN

O
=

0.0

PBS pH 12, UV-visible absorption spectroscopy *

" pH 7,4 (10 min)

- m
- = -
LN N

"

260 | 280 | 300 | 320 | 340 | 360 | 380 )
Wavelength (nm)

» Hypothesis : ONOO" (g5,,,,=1670 M1.cm™)

*Girard et al., RSC Adv., 2016, 6, 78457-78467




Plasma-liquid interactions

7.5 kV
10 kHz PBS pH 12, UV-visible absorption spectroscopy *
duty cycle=1%
He/1%N, 0.4 A Aexp. ]
PRSI - Pl
G) . <\
O 03} ; "N\ -
G ONOO W\
O \ / \ \\
= / \
Beer-Lambert law : 8 02fF 7 S -
Q ‘ ] ’/ .
A=, 1G < -7 HO, N
0.1} / NO, N |
i \,\—"'"':’:. .
oobLx- """ - ST

260 | 280 | 300 | 320 340 | 360 380 |
Wavelength (nm)

v ONOO" : hypothesis validated
v [ONOO] = 50 pM (10 minutes of treatment) { 11 J
v’ Stabilized at pH 12 but probably also exists at pH 7.4

*Girard et al., RSC Adv., 2016, 6, 78457-78467




Plasma generation and characterization

Setup 2 : Shielding gas device

Working gas : He

Shielding
gas

(N, and/or O,)

7.5 kv
10 kHz
duty cycle=1%




Plasma generation and characterization

€ O (777 nm)
Working gas A OH(618nm) _ ,
I ~ [T m NOy (493 nm) ' ' '
=5 10r > l
Shielding S I 0\ % -
gas _'? 0.8 { O .
2 ’
(N, and/or 0O,) S 06
= 2 4
< 1 OH
8 0.4+ l
N i NOy
: cap ‘© 0.2r ~ ;/
Optical - i - A
Fiber - B 0.0F ¢ " om m = &
Z 1 N 1 N 1 N 1 N 1 N 1
0 20 40 60 80 100

O,/(0,+N,) (%)

v" O emission higher for 100% O,
v OH and NO, emissions higher for 100% N,

m) Different ratios of RNS and ROS in solution




Plasma-liquid interactions

7.5 kv
10 kHz
duty cycle=1%

',

v o’\/ o'\/ o"\/ o'\/
°\$ °\° °\° °\°
ST ¢ &9
Y e’\/ e’\/ e’\/ Y

o\° o\°

S & &

v [ONOO]

Concentration (UM)

N N
o ol

=
o1

ol

Initial pH : 12
W » ONOO
|
L ; -
' |
>
I J >
2|O 5IO | 8IO | 1(I)O

O,/(O, + N,) (%)

max fOr 20% 0, /80% N, in the shielding gas (“air shielding’’) ( 14 J

What about the stable oxygen and nitrogen species ?




Plasma-liquid interactions

7.5 kV
10 kHz
duty cycle=1%
InitialpH: 7.4
700 B I I i I i I i I A i Né -
S 600 | % O H,0, -
5 L B NO,
= 500 \ 3
s | 1
'E 400 _— I % l -
< 3001 % |
S .
S 200+ % # é -
e’\/ o’\/ \o'\/ o'\/ o’\/ O 100 _ i
P o° o o° o i
$° \NQ QQ Qg § O | N | N | N | N | N |
\Qe” \oe” \oe'v 0 20 40 60 80 100
S & ~ O,/(0O,+N,) (%)
v [NO,7]..., for the “air shielding” (20% 0,/80% N,)
v [H,0,]....and [NO;] . for 100% N, in the shielding gas

Importance of the N, and air shielding gases, already observed by
H. Tresp, M. U. Hammer, K.-D. Weltmann and S. Reuter, Plasma Med., 2013, 3.




Plasma-liquid interactions

0.00
~ 700 _
%_ i 4 NG, 1-0.04
=< 600 | 0 ApH '
C L
.g 500 | A 1-0.08
(qv] - 1
N I
=2 400 I I 1012 &
O [ % g <
O 300}
g - %ﬂ 1-0.16
O 200} .
o _
O 100k %ﬂ 1-0.20
= .
0 S " -0.24
0 20 50 80 100
02/(02+Nz) (%)
> Acidification

» Hypothesis : HNO,



Plasma-liquid interactions

» The concentrations of species depend on the shielding gas composition

» The final ratios of species in the liquid are different

What really happens during the plasma
treatment ?

!

in situ electrochemistry
has to be performed




Conclusions and hypotheses...

HO:
N, (FPS)
N, (SPS)
N,* (FNS)
-~ NOY

4
/
’

Evaporation
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Thank you for your

Particular thanks to Laurent Marlin atéha\Du ont, Mathieu Peret and

Kristaq Gazeli for their resp‘ective contribution
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Additional slide




Plasma-liquid interactions

7.5 kV
10 kHz Switch to alkaline values : PBS pH 12 °
duty cycle =1% UV-visible absorption spectroscopy

He/1%N, 0.3 ,PBS]pH ?.2 VIS. W,ater,pH ],.2

.............. water Same

025 oy, | spectra

[ By -
....\..'.\

0 ZéO | ZéO | 3(1)0 | 320 | 34110 | SéO | 32130 e
Wavelength (nm)
> 15t Hypothesis : hypochlorite CIO (&,,,,,= 365 M1.cm)

» 2" Hypothesis : ONOO" (g5,,,,=1670 M1.cm)
*Girard et al., RSC Adv., 2016, 6, 7845778467

Absorbance




