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PLASMA-LIQUID INTERACTIONS

i insulator } % insulator

TARGET APPLICATIONS USING PLASMA-LIQUID INTERACTIONS
a) Environmental (water treatment) i
b) Biological (medicine)

c) Agriculture

d) Materials processing
100 Hz Streamer mode 700 Hz Bubble mode

FUNDAMENTAL KNOWLEWDGE OF PHYSICAL, CHEMICAL, BIOLOGICAL
PROCESSES/MECHANISMS INDUCED BY PLASMA: CHALLENGES & OPPORTUNITIES

Effects dependent on the contact of plasma with liquid, power, electron density,
physical properties and chemical composition of gas and liquid;

a) plasma formed directly in liquid - physical processes are more significant

b) plasma formed in the gas phase in contact with liquid (in bubbles, droplets,
aerosols, liquid spray, liquid surface) — chemical effects are dominant
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PLASMA-LIQUID INTERACTIONS

Initiation reactions by discharge
(plasma channel)

H,O+e —+H+0OH + e

< > H.O+e —*H+O0O+H+e
H,O+e — H,+0+e
H,O+e — H,O"+2e
H,O+M—+H +OH + M

Average T, in underwater plasma ~ 0.5 - 2 eV, which is insufficient for direct
dissociation of water. More likely multistep process incl. charge exchange reactions
of atomic ions with water molecules and subsequent dissociative recombination

e +H,0*—>OH* + H* ; e +H;0" > OH*+H, + e

What are time scales of these processes? Does pulse duration affect these processes?

Ms pulse

Voltage

________________________________________ Pulse duration

— T T

a 5 ~Nns ~ HS ~ MS
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THERMAL EFFECTS

(applied power, liquid conductivity)

:
insulator #

PLASMA-LIQUID INTERACTIONS

EROSION OF ELECTRODES

(sputtering, melting of metals by plasma)

20kV, 1.5us FWHM, 8A, 700Hz

Oms

Ruma, Lukes (2013) J. Phys. D: Appl. Phys. 46: 125202

Sci. Technol. 20;: 034011

Lukes et al (2006) Czech. J. Phys. 56: B916; Lukes et al (2011) Plasma Sources
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PLASMA-LIQUID INTERACTIONS

% insulator ;

i insulator }

Dependent on the contact of plasma with liquid, power, electron density,
physical properties and chemical composition of gas and liquid;

a) plasma formed directly in liquid - physical processes are more significant

needle

b) plasma formed in the gas phase in contact with liquid (in bubbles, droplets,
aerosols, liquid spray, liquid surface) — chemical effects are dominant

100 Hz Streamer mode Bubble mode

Bubbles capillary
HZOqu
Vapor bubble <«——] Liquidin
continuous : ceramic
e phase coated ‘
: electrode
Plasma Channels Pl Ry TN " e g .' o 4 N Wiy
Hzo”q : B - : e :‘ 4 : : B &% P T AL
- -
I_ e _| @ Lukes et al, Plasma Process. Polym. 6 (2009) 719 ‘_r‘ [
(2]
HV g S
@
Locke and Shih: Plasma Sources Sci. Technol. 20 (2011) 034006 _L +
Locke, Lukes, Brisset: In Plasma Chemistry and Catalysis in Gases and Liquids, Ch.6, Wiley-VCH, 2012 il ‘4_‘—' l
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PLASMA-LIQUID INTERACTIONS

Dependent on the contact of plasma with liquid, power, electron density,
physical properties and chemical composition of gas and liquid;

a) plasma formed directly in liquid - physical processes are more significant

b) plasma formed in the gas phase in contact with liquid (in bubbles, droplets,
aerosols, liquid spray, liquid surface) — chemical effects are dominant

Bubbles Electrons interact with
Molecules e +H,0 — e, 0, H, OH € one water molecule discharge
HZOqu
Plasma/gas
Vapor bubble <«—1 Liquidin Clusters e + continuous
continuous phase
e phase
Electrons interact
Aerosols o+ <4— with groups of water
molecules
Plasma Channels
HZOqu e
Surfaces
+
o
(a) H,0iq (b)

Locke and Shih: Plasma Sources Sci. Technol. 20 (2011) 034006
Locke, Lukes, Brisset: In Plasma Chemistry and Catalysis in Gases and Liquids, Ch.6, Wiley-VCH, 2012
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CHEMISTRY OF PLASMA-LIQUID INTERACTIONS

> reactions of primary and secondary species produced
by plasma at gas-liquid interface (RONS)

PLASMA GAS PHASE CHEMISTRY

> transfer of chemistry from plasma into the freated liquid plasma
H+I N2+;
> chemically reactive liquids from plasma (extended e H,0%, ... OH, O, H, / /
e 1- . C e 2= N ‘ electrolysis
lifetime of chemical reactivity, i.e. PAW, PCL, ...) OH, 0,... - NG, HNO,, H,0 uv 4
- & 05, HNO,;... evaporation H,,0,
sputtering Wi '
interface H2O_' A K OH, O, H H,0
. _ 4ef AQUEOUS CONCen. diffusion :
+ Henry’s law solubility coefficient ky = _ € (aq)s -
partial pressure H,0%, € 4qp . OH, O, H, NO, HNO;, O,, HNO,...
; ) ~ .
species kg (mol/m* Pa) k, normalized to O, bulkTiquid
H,O, 103 107
HNO, 103 107 H* (H,0) — € (aq)
HNO, 10~ 103 H0;, H92; Hz,'03,
i 0O 0,,NO,, NO; .. 2
NO, 1074 1 2
NO 1073 1071 LIQUID PHASE CHEMISTRY
O, 1074 1

Bruggeman et al, Plasma Sources Sci. Technol. 25 (2016) 053002
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CHEMISTRY OF PLASMA-LIQUID INTERACTIONS

> reactions of primary and secondary species produced
by plasma at gas-liquid interface (RONS)

> transfer of chemistry from plasma into the treated liquid

> chemically reactive liquids from plasma (extended

lifetime of chemical reactivity, i.e. PAW, PCL, ...)

« Henry’s law solubility coefficient k,; =

species
H,O,
HNO,
HNO,
NO,
NO
O,

Ky (mol/m? Pa) ~

103
10°
107"
1074
1073
1074

aqueous concen.

partial pressure

k, normalized to O,

107

107

103
1

1071
1

H,O, yields by various plasma sources

1.E+02 - < Water
E bubbles
X
i A gas over
= | water
~ ) 4 S [MFO + o x MW Humid
ON = A A ¥ Gas
T =) g R m droplets/film
= =
g % A - Aol g | ©Hybrid
-.6 > [ME00 - =7 %AO?%OO + capill
S > A % & < pillary
O > o °& g
0o ! g A A ° - spark
S
a- ® 1.E-01 - T A - humid gas
A
A
(from Locke and Shih, 2010)
1.E-02 ‘ ‘ ‘
1.E-05 1.E-03 1.E-01 1.E+01
Power (kW)

» Best case: 50 to 80 g/kWh for gas/liquid phase plasma (water spray)
» Thermodynamic limit: 400 g/kWh (H,O4 — H,O,); kinetic limit 180 g/kWh

» Current commercial costs (anthaquinone method): 10 to 100 g/kWh

(equivalent)
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CHEMISTRY OF PLASMA-LIQUID INTERACTIONS

He/lO,

> reactions of primary and secondary species produced °,
by plasma at gas-liquid interfface (RONS NJO, mixtures < W

Y P g a ( ) isasasissasasamanaeani He oo e

> transfer of chemistry from plasma into the treated liquid l T

> chemically reactive liquids from plasma (extended
lifetime of chemical reactivity, i.e. PAW, PCL, ...)

o e~ "

NO; + H,O, + H* —0 > O=NOOH
OHe + NO,» NO; +H*

CF+0—0CF & H,0, NO,, H*

(vact) L

10,, OCls, OH+  NO,CI, HOCI

Machala et al, J. Phys. D: Appl. Phys 52 (2019) 034002
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PEROXYNITRITE CHEMISTRY IN AIR PLASMA TREATED LIQUIDS

RONS produced in N,/O, gas-liquid plasma systems

Formation of H,O,, NO5, NO, in water; concentrations variations with plasma treatment fime dependent on pH of
treated water. Increase of acidity of plasma treated water. Post-discharge changes in RONS concentrations.

Gas-side
' | : electrode

5.5 - 400 4000 300
Gas gap
Liquid z
5.0 250 -
: Liquid- side 300 A 3000 "
electrode 4.5 1 g S 200
£
= - 3
4.0 n - E IE.
T g” 200 A - 2000 = S 150 -
354 & s &
Q s £
= T g 100 A
- o
3.0 100 1 & 1000 S
o
25 50 -
2.0 - 0 ' . . 0 0 T . . . ;
glass Petri dish covered by aluminium foil 0 2:5 > 75 10 0 60 120 180 240 300 360
as DBD electrodes: (d=100mm, I=2mm) Plasma treatment time [min]

Post-discharge time [min]
Laurita et al (2015) Clin. Plasma Med. 3 (2): 53-61
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PEROXYNITRITE CHEMISTRY IN AIR PLASMA TREATED LIQUIDS

Post-discharge liquid phase reactions of RONS produced in N,/O, gas-liquid plasma systems

N./O, mixtures

A : : : .

nalytic evidence .on ONOOH formation from the kinetics | —_—
H,O,/HNO, decay in PAW — pH dependent, 3rd order rate reaction,
detection of post-discharge formation of OHe and NO,e

> Acidic decomposition of NO,-

2NO, + 2H" <> 2HNO, —2<3° 5 NO+ + NO,* +H,0

0
> Peroxynitrite formation via NO,/H,0, y = -3.79E03x
-0.2 A ¢ RZ=099
) N ¢
NO; + H,0, + H" ———>]0=NOOH +1<22, OH+ + NO,* s 04 ] .
.O-—; 6': -0.6 -
ZE *
E 08 -
d[ONOOH] N : _ 3 M2 ¢ B Kupopno; (INO;L,— .01
Fonoon = o =k [II"][H,0,][NO; ] k=42x10°M=s L] e OB, .
1.2 ; ; : : :
Lukes et al. Plasma Sources Sci. Technol. 23 (2014) 015019 0 50 100 150 200 250 300

Post-discharge time [min]
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PEROXYNITRITE CHEMISTRY IN AIR PLASMA TREATED LIQUIDS

Lifetime/stability of PAW activity - effect of pH, H,O0,/NO,-, temperature

NO, + H,0,+ H" ———> O=NOOH —2"<% 5, OH« + NO,* (A)

—H;0 d[ONOOH
s fonoon = Ly O = K(T) [H'][H,0,1 NO;
2NO; + 2H* <> 2HNO, —P1<%5 5 NO- + NO,* +H,0 (B)
300 0.5
A MO 1 bH33

250 {| ® NOs 00{ p—0—p-—8-38 3 4§
o ® NO,
-l
5
= 200 -0.5 A
3 ~
S 150 | 3 1.0 -
s £
£
§ 100 - 15 -
8 A HQO?

50 20 | ™ NGO

¢ NO, pH 6.9
0 T T T T I -25 T T T T
0 60 120 180 240 300 360 0 80 190 180 240 300

Post-discharge time [min] Post-discharge time [min]
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REACTIONS OF O ATOMS AT GAS-LIQUID INTERFACE

REFERENCE PLASMA SOURCE (EU COST PLASMA JET)
He + <1% of molecular gas (O,, H,O, N,,...), RF driven 13.56 MHz at 230 Vrms

P4 D)0 = well characterized source of reactive RIS 14 cimot e JO
F . ' i 2
He species (O, OH, N, NO, O,...)
M Plasma
h = radical “tunable” by gas mixture
POM . .
g T memm = only effluent in contact with substrate
&
1ot - | | Flux of O atoms
® O (rescaled MBMS) ® O, (MBMS)
[ o O(TALIF) % O, (new MBMS) .
4x10” | % O (new MBMS) ]
b ¢
3 ﬁ -
ESXIOE’ B O 00 %0 o o i
S, - o o _
2 1 o ° %i i8 Fooy :
T 2x10'° - ¢ §§ Fo Lan R—
o I i i 00 5 4 xl ;
i §§ ] — 1.2x10 O surface reaction
s .o 03 1 o 1.0x107' probability = 100%
1x10"° | ¥ v " ] £ 8.0x107} /
o ue " He/O, plasma ; X 6.0x107f
0:“:’ ann " L, C ] = 4.0x10::»
00 02 04 06 08 10 12 14 16 ° 2-0"1(?0' b DR N
O, admixture [%)] "8 7 6543210012 23425¢6 7 8

distance from axis [mm]

Ellerweg et al. New Journal of Physics 12 (2010) 013021
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REACTIONS OF O ATOMS AT GAS-LIQUID INTERFACE

O ATOMS FROM PLASMA CAN DIRECTLY INITIATE CHEMISTRY IN THE LIQUID

He/H,0 or He/O,
H,O, formation + phenol as chemical probe — 5
rf / \,‘ ] ground )Q " >
i OH H O electr. (a) 9 ® .

= direct oxidation by O atoms vs indirect W‘:&?

reaction of O atoms via OH radicalse [1,2] v | :, i

Olag) ¥ H2Oaq) = 2 OHqq) 0

Olag) * H2O(aq) = O-OHy(aq) = = HyOxqq)

0.6

probbltyde Sity fun: tn:l
cumulative distribution function —— z
0.8
= =5 <]
Q
=3

(b) .

0.2

=

= study with labeled 80, in He plasma jet [3]
80, — 80 yq + C(H.OH — C,H,OH'®OH

0.0

(aq)

= reactions of phenol at gas-liquid interface

via (MD) simulafion studies [4,5]
[1] Hefny M.M. et al (2016) J. Phys. D: Appl. Phys. 49 (40): 404002; [2] Xu, Lukes (2020) J. Phys.D:
Appl. Phys 53 (27). 275204, [3] Benedikt J. et al. (2018) Phys. Chem. Chem. Phys. 20 (17): 12037, [4]
Sgonina K. et al (2021) J. Appl. Phys. 130: 043303, [5] Xu, Lukes (2021) J. Mol. Liquids 341: 117378
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REACTIONS OF O ATOMS AT GAS-LIQUID INTERFACE

O ATOMS FROM PLASMA CAN DIRECTLY INITIATE CHEMISTRY IN THE LIQUID

He/O,
Oxychlorine chemistry in NaCl O+ClF — OCF K=164%105M's! 5
rf I ground
electr. electr.
= formation of hypochlorite in plasma 12— z‘o
treated NaCl via reaction . [ ﬁtted{f He \  He
_ i 9
O +CI — OCI L, [ Smmm——— ] </

=
(0]
1

= oxychlorine HOCI scales with
treatment time and concentration
of chlorides, saturation at very high
[NaCl] > 2M, virtually all plasma-

fitted limit with
NaCl-dependent solubility

o
i =N
LS

Mauct X 10°, M.s™
o
(@)
[

ki /e

supplied O atoms can be captured 0'2__ 1
by ClI-in highly concentfrated NaCl 0 : ' ' '
0 1 2 3 4
=  =>transport-limited rate for reaction [NacCl], M

of Cl- with ROS (O, OH)
[1] Jirasek, Lukes (2019) Plasma Sources. Sci. Technol. 28 (3): 035015, [2] Jirasek, Lukes (2020) J.
Phys. D: Appl. Phys. 53 (50): 505206
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REACTIONS OF O ATOMS AT GAS-LIQUID INTERFACE

O ATOMS FROM PLASMA CAN DIRECTLY INITIATE CHEMISTRY IN THE LIQUID

HelO,
3 HOCI| — CIO; + 2CI + 3H*
Oxychlorine chemistry in NaCl

0,
rf I ground
1600 - electr. { electr.
= formation of hypochlorite in plasma 1a00k i 20
treated NaCl via reaction He \»  He
S 1200 o,
2 \_/

-

o S1000F . "
O+Cl - 0OCIF k=1.64x10°Ms B initiation reaction
© 800 _pH 10.2-9
= ¢ > ¢
= oxychlorine chemistry by g 600
hypochlorite OCI-, chlorite CIO,, S 400 o5 soet? 4

chlorine dioxide CIlO,, chlorate CIO4 200

0 bodaae e TRealien
0 50 100 150 200 250 300 350
post-discharge time, min

= post-discharge reactivity of plasma-
treated saline solutions/PBS through
oxychlorine products (oxidizing
power remains for hours)

[1] Jirasek, Lukes (2019) Plasma Sources. Sci. Technol. 28 (3): 035015, [2] Jirasek, Lukes (2020) J.
Phys. D: Appl. Phys. 53 (50): 505206
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PROCESSES IN CULTURE MEDIA TREATED BY PLASMA

> Culture media - complex mixture of inorganic salts and
organic compounds such as amino acids, vitamins, glucose,
anfibiotics, and other compounds - great effects on the
properties and activity of the generated plasma-treated
liquids.

» Diagnostics of reactive species and reaction pathways in

Formulation for Dulbecco’s Modified Eagle’s

these complex systems is challenging — selectivity, sensitivity, Medium (DMEM) ATCC® 30-2002
inferferences — need of suitable analytical methods and Inorganic Satts (g/lter) Vitamins (gliter)
correlation of chemical effects with their biochemical activity. Fedoetne ) 0noa0 Pt 590400
MgSOs (anhydrous) 0.09770 myo-Inositol 0.00720
KCI 0.40000 Nicotinamide 0.00400
» Plasma treated media can have different biological effects — Nac 640000 O remicaichum) P00
ff _I_ . . | Tr n d _I_. n m _I_ b I. NaH-PQ4H-0O 0.12500 I;?g?ﬂo:\‘ir?ne-HCI gggggg
CGn G e(:. gene expreSS|On' Slgng OS UC |O ! e G OIC Amino Acids (g/liter) Thiamine-HCI 0:00400
networks, induce apoptosis (cell death, important for cancer Loargiine HCl 008400
_I_h . . . . . . L:Gﬁ;ﬁiﬁe 058400 Other (glliter)
erapy) — coupling chemical effects with their biochemical i 0.88400 D Glucoce 450000
« o L-Histidine-HCI-H>0O 0.04200 Phenol Red, Sodium Salt 0.01500
d C'|'|V|'|'y . L-Iscleucine 0.10500 Sodium Pyruvate 0.11000
L-Leucine 0.10500
L-Lysine-HCI 0.14600
L-Methionine 0.03000
L-Phenylalanine 0.06600
L-Serine 0.04200
L-Threonine 0.09500
L-Tryptophan 0.01600
L-Tyrosine-2Na-2H.Q 0.10379
L-Valine 0.09400
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so: |IPP CHLORINATION OF AMINO ACIDS IN PLASMA TREATED PBS

PLASMA TREATMENT OF AMINO ACIDS (Leucine, Phenylalanine, Tyrosine)

» Primary no oxidation of amino acids but formation of OCI- followed by formation chloramines of amino acids
» Decay of chloramines of amino acids to tertiary products

0+Cl- - OCl” (D
OCl~ + H,0 & HOCl+ OH™ 2)
Ha H Hs Hs R —NH, + HOCl - RNHCl + H,0 3)
E—— ~NH e -0
CH3MOH ool CH; OH  lco, Hol  CHs CH; R —COOH — NHCl - R—COOH — NCl, (4)
NH, N [v]
. (1] e (i isovaleraldehyde (IVA)
leucine Leu-chloramine 800 ——— T
[ | ocr (V] 700-_ 4
Hs (vl jig/\/ 600} -
CH; OH -C0,, HClI  CHs /N‘C\ ESOO- ¢ 4 min |
N. =2 i = 10 min |
¢ N-chloromethyl- = I 16 min ]
Leu-dichloramine 3-butaldimine (NCBD) 8 400 i
| L
W”]l [X]I E 300+ i
200F 1
Hy [VIlI] Hy I
CH;\/\H\OH -COp, HCl  Ofs 2 100_‘
° isovaleronitrile (IVN) 0 20 40 60 80 100

post-discharge time [min]
[1] Jirasek, Kovalova, Tarabova, Lukes (2021) J. Phys. D: Appl. Phys. 54 (50): 505206, [2] Jirasek, Tarabova, Lukes (2022) Plasma Proc. Polym. 19: 2200079
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{:: I P P BACTERICIDAL EFFECTS OF AMINO ACIDS IN PLASMA TREATED PBS

PLASMA TREATMENT OF AMINO ACIDS (Leucine, Phenylalanine, Tyrosine)

» Primary no oxidation of amino acids but formation of OCI- followed by formation chloramines of amino acids
» bactericidal properties in PBS without AA due to OCI-, with plasma treated amino acids due to chloramines

-
L=

Initial concemtrat)ipﬁ—ﬁaﬁh /

H3 H3 H3 H3
[E— 9.
CHy OH ocr CHg O |co, Hol  CHs A T o -0 .
NH N 1 ; -
2 | y N " (V] (a) - min i
leucine Leu-chloramine 71 £ 4min
61 £33 10 min
(| ocr Bl 14 min B
(V1] 5. 1 :
HelO,
4-
3

L | W @
N
CHy OH -CO;, HCl  CHy = G
N,
¢l el

Leu-dichloramine

Lot

}

TVTT] [X]

w = r
ﬁ N
A
CH; | OH co, Hol  CHs -
N,
ol

(5)

Log reduction from initial concentration

PBS PBS + Leu PBS \_ PBS + Leu
- - Acidified
OCl

~ PBS w/o amino acid -
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BIOCIDAL ACTIVITY OF PLASMA TREATED MEDIA

PLASMA TREATMENT OF DMEM/RPMI

> Time delay in bactericidal effect of PT-DMEM/RPMI on E. coli
» Major effects caused by post-discharge processes in plasma treated

media
10 g -
In tion range
9
c 2 20+5 min _ B
O 8 (———'——\ Formulation for Dulbecco’s Modified Eagle’s
'-3 20+40 min Medium (DMEM) ATCC® 30-2002
HelO, = 7 ¥ : : ns
-] I_;/ 20+60 min o ds Inorganic Salts (g/liter) Vitamins (g/liter)
@D 6 : 2 CaCl; (anhydrous) 0.20000 Choline Chicride 0.00400
S Fe(NOg)z-3H,0 0.00010 Folic Acid 0.00400
m 5- / . MgSQs (anhydrous) 0.09770 myo-Inositol 0.00720
KCl 0.40000 Nicotinamide 0.00400
k) (@] NaHCO; 1.50000 D-Pantothenic Acid 0.00400
© _— 4 : [ NaCl 6.40000 | (hemicalcium)
E —— 3 (20)+5 min NaH-PO4H.0 0.12500 Pyridoxine-HCI 0.00400
7} S
Riboflavin 0.00040
%_ 8 3 % (20)"‘60 mih Amino Acids (g/liter) Thiamine-HCI 0.00400
2 L-Arginine-HCI 0.08400
. L-Cystine-2HCI 0.06260 )
L) (20)+80 mif [C-Gluamine 0.58400] Other (g/iter
1 % f"ﬂi- HCIH:0 g'giggg [Er-mGluﬁORsed Sodium Sait g'g?ggg]
-Histidine- ‘M2 R enol Red, Sodium =a X
L-Iscleucine 0.10500 Sodium Pyruvate 0.11000
0l r Y L-Leucine 0.10500
k. culture media H : L-Lysine-HCI 0.14600
MEiture medigs Direct treatment Indirect tre Ukiethionine. 003000
plasma treatment + (pre-treatment of solution) + L-Enenylalanine P
post-treatment incubation post-treatment incubation L-Threonine 0.09500
L-Tryptophan 0.01600
L-Tyrosine-2Na-2H.Q 0.10379
L-Valine 0.09400

Jirasek, Tarabova, Lukes (2023) Plasma Proc. Polym. 20: 2300052
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CHEMISTRY IN CULTURE MEDIA TREATED BY PLASMA

PLASMA TREATMENT OF DMEM/RPMI

» Chlorination of amino acids — AA-chloramines plasma jet
At : | /o I
» Oxidation of glucose - malondialdehyde 0 Ho__L glucose

/ i
/ amino acid \ - Gl

OcCl HO OH
- u '
1 () e . R\H'L /1 \
9Ilnltlal concentration range T OH T~ DMEM. RPMI | OWO
" Z 2
c 3 20+5 min MDA
9 8 [ ocr + other products
.s 20+40 min low dose
7
= |—*9/ 20+60 min e 0 of O atoms
g 6 7-.-7 Organic HYLOH _CO HCI aldehyde
st monochloramine _z R_NH — R __O
> ° I %/ H-N-cl ~ ~
= 4 _ _ high dose
% . 3 (20)+5 min OCl of O atoms
QO (20)+60 min organic C|)
. 2 dichloramine R\H\ » RN,
w (20)+80 min OH ~z ~Cl
1 k crN~cl
0L : L -CO,, HCl \
Direct treatment Indirect treatment 0 nitrile
plasma treat_ment e (pre-treatment o_f solutic_)n) + Rm)’LOH -CO,, HC RN
post-treatment incubation post-treatment incubation N“CI

Jirasek, Tarabova, Lukes (2023) Plasma Proc. Polym. 20: 2300052
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CHEMICAL PROCESSES IN PLASMA TREATED LIQUIDS

OXIDATION VS NITRATION VS CHLORINATION REACTIONS IN LIQUIDS

= phenol as chemical probe — oxidation (O, OH, Oj) nitration (NO,e, NOe, NO+), chlorination (HOCI)

OH (O) + Phe — Phe(ox) k=~1x10"Ms! O+CIF - OCF k=1.64x105MTs!

) S

ali OH
OH- or O, NO;/H* or NO,» OH-/0 OCr
NO*

1

) OH ‘L OH
0 OH OH : OH OH OH D — v
OH COOH NO,
CCOOH ) (5) (6)

) ring cleavage OH OCF e Cl

(2) 0(3)& NOV (7) (8) NO OH+/ 0O

OH- (0] OH H N02 OH OH O
Oy OH OH 0=NOOH OH Cl
0, /H,0, /OH" NO,
NO; /H,0,/H* NO-
0 (5 O (4) Cl (8) OH 9) o (M

i (9
hydroxylation (9) NO,

<

oS

nitration/nitrosation

Lukes et al. (2014) Plasma Sources Sci. Technol. 23: 015019 Jirasek, Lukes (2019) Plasma Sources. Sci. Technol. 28 (3): 035015

IAEA Technical Meeting on Emerging Applications of Plasma Science and Technology, Vienna, Austria, Sep 19 — 22, 2023



CHEMISTRY IN PLASMA TREATED LIQUIDS

Great variability due to used plasma source, composition of the gas and liquid. Complexity of the chemistry and

diagnostics challenges increases with the chemical content.

acidic acidic/neutral/alkaline
H,0,/0, e
Measured H,0,/0,e 20212
TGRS HNO,/NO,”, ONOOH, HNO(E/)II\—II?Zlilgl\l?OH
- o ° ! 2
species O,NOOH (OHe, NO,e) oCl, NH,CI

minutes to hours

(dependent on pH,
temperature,

H,0O,/HNO, conc.)

minutes to hours

(dependent on pH,
temperature,

H,O,/HNO, conc.)

Observed
lifetime/stability
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neutral

H,O, (R-O-O-R’)
plasma modified
aminoacids/other comp.
OCI-, NH,CI, ONOO

hours to months
(dependent on
temperature, chemical
content)




SUMMARY

CHEMICAL PROCESSES/MECHANISMS INDUCED DUE PLASMA-LIQUID INTERACTIONS: CHALLENGES & OPPORTUNITIES

. Tailoring plasma for specific effects: Effects dependent on the contact of plasma with liquid,
power, electron density, physical properties and chemical composition of gas and liquid

. Chemistry in plasma-treated liquids — direct vs indirect processes

. Diagnostics of reactive species and reaction pathways with increasing complexity systems —
selectivity, sensitivity, interferences — suitable analyfical methods and correlation of chemical
effects with their biochemical activity coupled with modeling.

- N-related chemistry: peroxynitrite formation H,O,+NO, under acidic conditions, decay into
NO,* and OHe radicals, nitrogen fixation in liquid

. O atom-related chemistry: chlorination vs oxidation of organics in saline solutions, cytotoxicity
of Cl-compounds (e.g., decay products of dichloramines of amino acids )

. Cl-related chemistry in saline solutions: formation of OCI by O atoms, competition reactions
OCI- with higher oxychlorine products, O + CI- — OCI (k=1.64x 10°M's)
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