FE TR R PR R R A R S S
Fa e AL
K RER Y AR
D (PSASHAS, TR ARG SRR 0E, 755 710049)

=

2. FETEENK (PAD RIEESE TE- B EEREKS 5
AZFEERERT (RONS) HIThERiLKAER, HAEMBNAEMRKER
ERGRTEER TR RARE, BAT RKMARR. M, PAV H
T HERLT B0 20 2 B T A 7K D 0 7 S P AT R 1) 24 L S o L A G <
HR. FERRGHE T PAV SR BHH AR, EREET: D &
PR TR RS, IBE SRR FEER . WA ER B iE
PR HIRS W DL RIS PAW AEMITEE IR TR 2) KR EMRT A,
OB R FIERING S 8 75 RSN PAW JE MBI . BE—2D 3,
ASCHELT PAV RERNAEXBIRET T B4. BE, BETHH
BB THEKERF AR MR e TR EETTE, HRR
5N ATR#T T RE.

K. SR AELOK, EEREAY, KIRUETE, BN

PACS: 52.80.-s, 52.25.-b, 82.33.Xj, 82.40.-g

FHE: FEREMRIFEES GifES: 52377160) % BhI R
t EBE{E#. Email: renwu. zhou@xjtu. edu. cn

F—1F#.Email: piggyfine@stu. xjtu. edu. cn

1 3]

MBS FARTEAL K (Plasma-activated water B Plasma-treated water, DL &R
PAW) &I K EIEEE B 1K (Non-thermal Plasma, NTP) 57K 5K % iAH H.
VEFR, M8 HE S iE R SR T (Reactive oxygen and nitrogen species, RONS) i #i]
B —MEA TSR DR AU . S A I R, SRR B
RASKLT SR AMR N 45 5 UK AR B AL 7 SR, AT AE K AR T A7 2
P o 5 KA G R T, AT T PAW SRR (1 40 I8 SRR PR 5 AR P R0
PAW DUVBAARAY TR, W VRS I R 2 S AR g PR Vs P~ 0 DA i A7 A2 i
i A A REAE TRCRL B BIV I 6 P A 55 8 AT PR Ry, BE A I 20 i i 2 B ] T

1

i |3




FAh 37 BT, ZERE T BB B A A HE I I 2 BR ] . PAW AT AR 7 5, X
bFE G G TEARFIR S @ M i, SIS PEAF . R RE s i 4 AR MRt L
WFh, ToFmABI G, B IR, I — Fh B A R R A
ISR E RS PEA T

FLIE B AAD 90 4RAR, &5 85 TR I AR5 RUNATE 052 B DGR F AR BIWIP IR 2R
SRTT, H455 B TR AL B S PRI KV VA S (3 PR AT AR ST 46 T 2007 4F
(I, K. Youbi £ N E WX RGHRIE T PAW X RUZEMI I KIGERCR, brEE PAW i&HET
F R — A BB AR 78 75 1] « PAW ) 88 173 R P R0 A I P 3 S5 A W 4 e AV 7 B
FRARE AR, Wil 1 FoR. 2013 4F, F. Utsumi % A1 0OR IS 25 T AR5 1
P20 s 27 2 T S S A R A B A, HESh T PAW TEHUIR VAT AU R 4t
PYERER, L BCZ T A R A 550 3. BJE, PAW (MRS FEIFFEE e, A
RTE R OREE . Fh T RALEE . (EMIB R E R T RILHIE /1. 2017 4, K.
Yamanoto FF 464 PAW H T F iARE VAT IR I b e i #2, UESE T HAERR B 25
A R AEE AT 2019 48 RARGE 7 PAW X/ ERBRERAE VR TT R, 48
T HAEIRIT RGENESORE T I IV F15 2023 4F, AU S 7 R B A AR IT IR Y
I RS 13— P R B, PAW ZALTTVEXS BT A4 e PRos 2 il 28 58 A BRI 2% 4
HIAE T PAW IR AL T 471

| F R AT | BN
: b SETHRTUARTFE SEFRFELAATUERE
FRTHEECKATRE P REARFT D.XuZ A PAWHEI TUEREAA L
K. Youbi% A JBEE AN IBEINaCLE AR E |1 [T K YamamotoZA: PAWFEGRSH HEEFEDRNRHORE0]
I (S R EARL] Dol amREneatEEs ]
K sachEh BOASHIAGELTHENK | | | FHR TEAEEALAS SEFHENKATRENERE
TR A AR L L. Guo A PAWSIBU AESEATH
Do PHIBRSHE MR
| smremaxmTeae | TURPSRIOERII
o N
FHTEFAKATHBERENH 1| mEmET ST RFLABT AT R &
DR UsumisAERELSmTaEAMRmmss | | [Zhme®A SEFERE X Guo A! PAWKIGSZIGR LB EH |
L ETEmAEmEREMRsEAscxE | 1 | ERASREARSEIENT | axmmaminnt. soeen) |
BRI |
SEFEAUABT | SRTHEMKRT  SRTWEMARTEY  gacucoimrmesy
& iREE | 1 R EYEK mERA Y. Zi% A PAWSMEHILTRIRET |
R MaZ h: PAWEEHH |1 T R ZhoufA: PAWNER S. M. Perez A ZEfASM DA ﬁiﬁ%ﬂi&?ﬂéﬁmﬂ%u Legz |
KEEGrMeREdFT | | SRFOSLIOEE B CER T PAWES  ppma b oamiEil] |

TREA] P WIRHE R B A(5] EE M IRFTA RIS

Bl 1 5B RTA K & R
Fig.1 Development and applications of plasma-activated water
B PAW WFFLAWIERN, A0 GV 1 F4 s O B “SCRIESE” 3BTt
N “HLEIERE” AN “RUEREORFEY: RIS X O3 % RIS MR B A DT R S 5
e VAR (AR AL S B JE 3 W SR AR T TR A il 25 IR AR . e sk 5 A v MR A5 P Ak

2

[1-12]




KEEARbR. 2018-2020 4FiH], ZRAUBLRIRAHLE KK, ¥ PAW & X NHT— &
THEEF I REAG KA, R0 A ) LA 0 M 2 ORI T T8 r o 2 v A I
FAI) Z SR RERL T (RONS) M HAE SR RN G 2Rk . 1XEeym e 2H 47
RIFPE, IR R Sh A FE BT PAW [IAEIRLN . SR, So R T4
i A SR E R T ARTBCR S AR AE L DS T 46 B o
LZHEMETN, FERE P& PAW B> 5IETEFER & Z 5,
I T S0 25 S L BN S B HEFE o X SR B H R v = ) RONS Fit i 4% % /¢ 1
P G — R, IR AR VA R IR R 3 B 1) 8 oy B R 2 ]

H BT, PAW 152 Br S FH O A i J= BR 96 F FL A= 127 08, 1 et T s s 3R A
i & IETEYIRIREERAE 5T . KR e M gERE, DA HEA TR 5 22 2 1k
SRIE S5 J7 T IR Bk o e TR 5 R R () AR PR A o, AEAR KR E B MR T X0
PERL Al SRS SOBAEAS E PE AR . A SCHI SR PAW & T 142 5 R e 1k
PEFHX— A% O, EEMR T PAW SR & 7 O BENLE] . gk, S
FHRRE ARG AL B S AR AN RE, KRG T PAW il & i fi v i ok
RLF WA SRS HLE], Sgh T Rma g PR R GBI 3R L PR S g S O AR E
VERVERT, DA E R — 8 R R R S 2% .

2 FBETARENKEH & TR

R FRER R RIS T, B RIS K I & 07 SORWT R, Az 0
AR EAIAE PN IT I : — B T AT AN 2R, RS TR S
A SR IR . T YUE H - e B TR 2 B s MR I G A e 1k
J& 5 W — A SEMenE PR AL Sy AR AR S VA R S AR

I BCE R 72K, H AT PAW il % 2R FH A ot FHE S - (DBD) S5 59 1
PRSP TS DA Bl B IR KA/ S K AR . TS . DBD
NS5 B 5~ P VAL BE A8 £ P S il 2% A T AR P AR A S B A, PR 2 T
PAW il £ o Hi 2 i e B S5 R 7 5 J) 3 H 37 e P o SRR AL, 3 T R U AT
BN AHEEZ T, WSl F IR E A S R D o R A e ) AR R,
B9 1 R BRI RE SEAT B T NOK &5 25 B VAL 1 A il

FEAH R AR SR, S i S AR g IR R s R e i A A SO 1k L =i i3 oy
At LA SR AL G 5 DLAS R B AR B BB . BR-BR A [R] 4
HE) A R S T A - K PR AR SR Y o S [ 445 o A [ (1 gk F ) 4 A T3
S K pe ARy e B, EHIR E AR RE S T BB A R I H Y, R

3




7 A, i PR e [ it 2 e D B A M-3R A5 48 SRS E RO AL, S B BHAS
(IR J5 1 e 7 ot 7 3t 2 B M JRCHE S SR SO RS, T i PR 1 (1)

P FL YR pR e HL T e BN T S BN A SR, RN PAW ] £ R
LR 3 . H A IR ARSI (AC), B (DO, HH4H (RED . {4k (MW)
LRkt o o Forpr, E R HL R RO A B R T 200 IBOR k.
JRASIE i N Y e o iz s B PR EAT S5 A Tl L ) T AERF RS E TBCR SRR AL
LA, ARD K FIE S B2 R, FLRENS fF AR BV 2 T ST RS = 3,
fie vt e B LT B, M 0 P T AR RO MR B AR, AT SR T R T R AR K

o MHAERRAE, BRI AN s 5 B g i VR T I AR R, 1
TR 55 VO 1Y 1 Ak U3t — 25 52 Mk 9 e 2 [ YRUAH P A% a5 e fe i
Reo SR TSR EAE R E W] o =R AR (& 220 KPP EE
JBCHRL S YT BT SR B A 2 AR R O CK iR A AR 1
M52 ) o X = SREMIAE OBt o 26 F . SR8 TR S T RS A DL B MR
Mt AR ST AR 2 22 5, Emem i &6 PAW 192 r 5.

R
A
&

_______________________________________________ b A
@ g a e e d kAl gt | O e g— )
I 1 €'aq) NO © NO €(aq .(aCl)
| — Ay ' /A AT, i oh N
| w oo [ 2T o) "
! - 1 e 4,0 ()
| smen | i L MO e o, 0 0
| ,_ " ?‘i L FETHR L RO, \% o, € yoN o
, — e ! :'J‘ e - !
. : T _ S
i J___ I'(J\-/)uv — oS
| = © @ i
! — — . SO ® .
! \ oo v | ®’ #j’;t@ ©\%ﬁf‘_\@\ig‘®:
Y o | TVE D Eeeswig s
: = FHTHK $ 1 Senrnl L 0 ve YO
- o LAk £ F B NS i AL IR AR A

2 (a)3 Fft S 7R (25 B8 A OB 5 R ) 4 PAW TR BB (b) 25 58 A b B /K IR TIA% T =
Fig. 2 (a) Schematic illustration of three typical plasma discharge setups for PAW generation; (b)

schematic of mass transfer in plasma-activated water.
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Fig.4 (a) Experimental setup and (b) schematic distribution of reactive species generated by air
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Fig.5 Experimental setups of combined discharge configurations: (a) combination of gliding arc

and DBD?’! (b) combination of underwater DBD, spark discharge, and needle-to-liquid

: [27]
discharge

3.2 ARSI R BTRCR

1E PAW [l b B Hp, TR THEREL T 75 40 F -1 TS5 B TR 0P IX A i
WRETUE (B 2b). RETES ST SAEAES MR AEL T, EEhT
AT IR SRS O NV, BT SR A% B R A PR . AR AR A% 5 (AR
THF T 2 R FIRUBEAR AL, T UL ET i A4 1) 5 F

dC. DS (o
dr L, £ 8
dC,, DS
2 = HC, -C
dt Ll ( g.8 l)

K Con Cosn Cis I CrAF AT FARX . SRR TSR 3 4 X i
RLF VB s Le A Lo 53 0 S AR IR JEEBE . Do A1 Dy 3 )9 S AF H i 1
LT Iy BeR 280G S NS REHR; H =R A5G mibiT 1, A H S
RIS TH AT 1 R THE R R A M TF-BL. Z. Zhou 25 AR 23S i BELES i FE &
W4 PAW HIBFFUAR AL 7 SRI0IEYE: R EM 0.5 8] 16 SLM i, 600 mL
KSR AT ARSI T4 21 £, PAW 1 NO2 ™. NOs—« O ikERETHm, &
PRI TR T 20 8 £ o M AT HE Y, Ak 25 1 SR P ke T TR 0 050 = Sk T il
G THI 5 16 S B T AR I T A e P8 S T, AR SR T SR AR T I Gk S
Vb (5 PR RmE S . ORI B R AR AR RS kISR PAW 1
W, X LEHENE Y B AR A 5T A5 AL LSRR T R

3.2.1  EHEE AR

12



IR T80 R, T T R AR S DX 3, (PR BB P X 5 9 A B e . LA EE AR
JRAPEAE S AR R, 300 ST Bl AR bR B A R A TR BOAEF o TR
IR A S A G WAL DL I P I SR S N TR, FRTE A
gl KA RN . BeAh, ST IR AR TR S0 T R B R, M AR B
Rig; [ S AL FT e R A F AT AR R S AR R, AH TS AR By R ANTE WA A 3
S BT . R ORATE T TARX SRS, 408 7 iR
R R ER AT, 0 LT an &6 B8 AR SR £F-/K HLA BA S DBD B H2%] 7K i
Fp, ££:[29. 30] |

SR MR ST F AT 007 B SO TN B 2 TR 7R T AR ST 1
2V J. Razzokov 55 AN X &5 B 47 £ ) RONS ML B/KAR RS E AT T 7
TB 1507, FRHEE K ALK E hAEE A K, &FE K RONS )
A AN ERY; R, Z. Walker % NS FIVEH 5508 N N5 NRIHES), KIPEE)
Sl T A A ARG, AR A B G, R A o
PERL I ST AL 402 o B SIS 2 b, FTH RS A2 5 ) 7 TR 7 1Y) E R 2R
L L. de la Cruz % A EUE BN H ORI 74 ARBAR o -OH. 1K FE BTk
ARVIN, T B TE 3 ok e R 0 00 P R 7 T Ak ) Pl e e 29 e 2 2T

Sy SR SRS, 24 W P B T B o SR A T R B H h E 3h T R
fik AR . B, J. Cech 28 NFRHI T —Fh“CaviPlasma” AL AR R, HAZb
AU E ST . HLBEIE T2 1 1 1 2 B2 K B0 ) B 2 P 7= AR A b e A TS e 4K
A IS K 28 SO B 2 BRI T AT B 0, OB RE IR T =
TS S XA 1, R AE S A BRI X BRELIR 23 S 454 s s MR T
RS R, FINGEJOE TR SR e M. A RGN, A S AR
BELYB/IN, S8 780 P 5 FL PR 5 0 B 45 5 T B B B T R I (I 6) o IX A isc i it
GLIE SR, RS EAEH AR, M AEit 15V A B AL, SEIl |
EOEE (1.2 m*/h) AFRRA T HoO) i 2.4 o/h B4 OEFEF] 9.6 o/kWh I RE &
FEEE . SR, BRSO 2 SR B A S B ol B, W 2
R BN HPEOR. RAMES LY. A SRR S, HAO
PRI A FRRNIE R .

13



6 “CaviPlasma” %5 {44 & 1 HEL AR 2 B4

Fig.6 “CaviPlasma” cavitation-coupled discharge system[34!
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Fig.7 Configurations of plasma-aerosol systems: (a)downstream plasma atomization 3¢ and Taylor

cone-shaped electrospray 28!; (b)ultra-high-speed camera images of microdroplets37),
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Fig.8 (a) Schematic illustration of the bubble discharge mechanism*}! . (b) High-speed imaging of

discharge inside bubbles*4. (¢) Electric field distribution comparison between dielectric barrier

discharge (left) and spark discharge (right)!*!l. (d) Numerical simulation results of pressure

variation induced by discharge inside bubbles*?!
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and the corresponding phase-field distribution. (¢) Micro/nanobubble generation by plasma
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Fig.10 Liquid-phase regulation strategies and mechanisms
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Fig.11 Mechanisms of PAW activity decay and strategies for extending its lifetime
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Tab.2 Duration of PAW antibacterial efficacy under different storage conditions

(] PAW fi#47J73%, E. Tsoukou Z£ AX} 4°C. -16C.

-80°C. -150°CIf/E T PAW HIMEAFRCRBEAT T HERPT, KBUKIHE (-80°CHI-150C)
T PAW FIKBEEPERT4ERKIL 18 M A, Bos AR R KIS T . A%
F7 560 PAW V& BB AR I B 00T ST 45 SR8 T3 2. BB T & I 22 54k, T4l PAW
P R B ¥t 14 R AT B] H AT R JC 40— bR, Gn R T M I P LA i st
R 8 TR ) OB . AR SERBR A, ASCHE A 9N R S5 I B R 0T KR R, J
RAERETE G PAW KE KA (E. coli) B4 R BRE(S. aureus)RIEE

i A7 2% A A BV M RR AL (] RIS S 226 SCHR
Eifi, (25°C) /N2 72h 4~5 log E. coli [56. 611
4°CH L HOR 1~3 log E. coli [19. 56]
-20°C¥A — & 2~3 log S. aureus [62]
-80°CY4 1% 30 REAL 3~4 log S. aureus 58, 62]
pH T+ 10 KBk 4 4.46 log E. coli& [63]
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Generation, Interfacial Transport, and Stabilization
Mechanisms of Reactive Nitrogen and Oxygen Species in

Plasma-Activated Water'

Mengying Zhu" Dingxin Liu? Renwu Zhou! '
1) (State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University,
Xi’an 710049, China)

Abstract
Plasma-activated water (PAW) is a functionalized aqueous system in
which multiple reactive oxygen and nitrogen species (RONS) are
introduced through plasma-liquid interaction. Its biological effects largely
depend on the composition and concentration of the reactive species,
thereby conferring broad application potential. However, the generation,

interfacial transport, and subsequent chemical evolution of RONS are

strongly coupled with plasma discharge characteristics, gas—liquid mass

transfer, and liquid-phase reactions, making it difficult to precisely

regulate the composition of PAW and preserve its biological activity

during storage.

This review systematically summarizes the recent advances in the

generation, transport, and stabilization mechanisms of RONS in PAW.

Particular emphasis is placed on: 1) strategies for regulating reactive

species, with an in-depth analysis of gas-phase modulation (plasma
parameters and operating conditions), interfacial regulation (gas-liquid
mass transfer strategies), and liquid-phase control (physicochemical
properties of the solution), which have been employed to enhance the
production of reactive species and the biological activity of PAW; 2)
studies on long-term stability are discussed, with emphasis on the effects
of storage conditions (e.g. temperature and sealing conditions), additives,
and preparation methods on PAW’s bio-activity. Furthermore, advances in
plasma reactor design and large-scale PAW generation technologies are

discussed with respect to production efficiency and practical applications.

Overall, the main strategies for regulating reactive species and improving

the storage stability of PAW at the present stage are summarized, and
31



future directions toward mechanism-guided design, efficient preparation,

and practical applications of PAW are proposed.
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