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Physicochemical Properties of Plasma Activated Liquid Generated by an Atmospheric
Pressure Vertical Falling Liquid Ground Electrode
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(1. Basic Teaching Department, Shenyang Institute of Engineering, Shenyang 110136, China;
2. College of International Education, Shenyang Institute of Engineering, Shenyang 110136, China)

Abstract: Plasma activated liquid (PAL) produced by atmospheric pressure gas-liquid discharge is a solution containing a
variety of reactive oxygen and nitrogen species (RONS). Here, vertical falling water is used as the ground electrode to re-
place the inner center electrode in a conventional wire barrel discharge device. The effects of different applied voltage and
initial solution conductivity on the physicochemical properties, inactivation efficacy and energy efficiency of PAL are in-
vestigated. The results show that the pH value of PAL decreases and the conductivity of PAL increases with the increase
of applied voltage and initial solution conductivity. When the initial solution conductivity is 0.05~200 mS/cm, the con-
centrations of NOs;~, H202 and Os in the PAL increase with increasing the applied voltage and the initial solution
conductivity. The NO2™ concentration first increases and then decreases with increasing the applied voltage when the ini-
tial solution conductivity is 2.0~200 mS/cm. The NO>~ concentration increases with the increase of applied voltage at the
initial solution conductivity of lower than 2 mS/cm. PAL shows inactivation efficacy on bacteria with the increase of ac-
tivation time. This study provides a new idea for selecting suitable electrodes for different environmental applications of
gas-liquid discharge technology.
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R R AR RAY . TAR SR 7 A0 TAE SRR S
JEFZI PAL 7 ROS. RNS PRI E, [HIRYE
AR TAEREE ., SRS R ER FRE TREN
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Fig.1 Schematic of the experimental setups
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H: Re ATFEEG P ONRIAEE, NFEWIGHS
B KV W R W] 4R R X DR G )L 1.000%10°
~1.086x10° kg/m?; v RiiIE;: d NEOHERE, A
WEBE T EAAN 0.9 mm; A ON/KB 15 R# 5 B
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T 3 K A R e R IR T A B AN [
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WL FERE , BUEE I e FETHE I & NOs IRk FE I
55T R FEHIR(NH2SO0:H) H A #HR NO» A
AR NOs BIREME, Frolvliid PAL H5| A
NH2SOsH FH AR NO» % B AF Al & 12 iR, Bl
JE T 219 nm KA E NOs (IR EE . 7EASLL
ST A DG b o 1t 28 S 40 & 7 R T 3(b) 7

NO2 ¥ FE [ R F i i - Bh R 25 2 — it
EI920 R IE W R, NO2 5 X & FE 2K 1 1R
(CHINOsS) e kA BB AL R N, FHfEY a-ZE&
(C1oHoN) A & R B AE R A B B &), RA
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AT NOo R B IEAH 5% o 75 A S8 il 4 F A
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mS/em. Ak, AT HER CHES 7Rk R A T
P, KA NasSO4 T ER MG B T % . ¥ E.coli
YA T 500 mL AR N ICE A 1x10* cfu/mL (1) 14
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Table 1 Conductivities of PAL after single treatment

it F, WG HL S5/ (mS - cm ™)

/v 200 20 2 0.2 0.05

5 200.1£0.1 20.01+0.02 2.01+0.01 0.201+0.002  0.051+0.002
6 200.1£0.0 20.01+0.02 2.01+0.02 0.201+0.003  0.052+0.001
7 200.1£0.1 20.01+0.03 2.01+0.02 0.202+0.002 0.051+0.003
8 200.1+0.1 20.03+0.02 2.02+0.03 0.202+0.002 0.052+0.002
9 200.1£0.0 20.05+0.01 2.02+0.02 0.201+0.003  0.053+0.003
10 200.1+0.1 20.06+0.05 2.04+0.05 0.203+0.003 0.052+0.001
11 200.1+£0.1 21.08+0.04 2.07+0.04 0.207+0.004 0.051+0.002
12 200.1+£0.0 21.09+0.03 2.08+0.07 0.209+0.003 0.054+0.004

R2 230 min JEAIEIL)E PAL fJHL G
Table 2 Conductivities of PAL after 30 min cycle treatment

Jiti i L Yl 3R/ (mS-em™)
JEAV 200 20 2 0.2 0.05

5 200.1+0.1 20.06+0.01 2.02+0.01 0.215+0.002 0.051+0.002
6 200.2+0.0 20.09+£0.03 2.04+0.02 0.221+0.014 0.052+0.001
7 200.2+0.1 20.13£0.02 2.07+0.04 0.232+0.011 0.054+0.003
8 200.3+0.1 20.27+£0.02 2.10+0.05 0.242+0.013 0.052+0.002
9 200.4+0.0 20.32+0.01 2.23+0.02 0.251+0.012 0.054+0.003
10 200.5+0.1 20.49+£0.03 2.37+0.03 0.292+0.011 0.054+0.001
11 200.5+0.1 21.54+0.02 2.40+0.02 0.352+0.016 0.065+0.002
12 200.6+0.0 21.63+£0.01 2.49+0.03 0.373+0.014 0.063+0.004

J& PAL [f1°F- 35 v 5 2R [ e b i s ANV VRV 46 L 5
RBU KRR, 0L, HIFBPILEHE S04 T
[0.05 mS/cm, 200 mS/cm][X [A]F, 28 BRG] %
PAL [~V 15 o 5 2 i it i P 1 - vy S22 386 K
B VAT A6 H 5 %6<20 mS/em I, 23%AL )5 PAL
PP AR ARE IR, X T ERIR
§2<20 mS/em. it fif HLE<10 KV B 7K AT R 32 s
HIEA R B SRR, F B2 LR MR
RN, RS BRI ERE, HEE
BAAFAE—EMIANELEYE . 2 30 min fETEILE,
TEFTW SR W46 F S 238G FE 9, PAL [1°F3
SR BE RN R 3G R 2 TR (SIS
HLF% 5 0.05 mS/em B}, £/ 30 min JEHEL)S,
MR TH A B8 o PR B L %% B e, [ PE IV AL
PAL [P35 L S AT SRAPAE B AN B R P . 1
LVERAIEE LS % 200 mS/em I, ZBEAL IS
PAL FJHE SRR KA B, X2 HT SR
Ak /N T ACES 1 RoR RS TS, 2053 30
min J540J5 PAL [T 35 HE 55 AW (1) 200 mS/em
J+ % 200.6 mS/cm. PSR E R PAL

BT ARG . 2 TAR RN, R
AP NOLAFE, NO PN B AT 48 S N AR
NO> H1 NOs™ 45 2 M i 1 RUAL S 4K M 33 PAL 1
P HLG R TR, R SO

NO+0, - NO, +0, 3)

NO, + OH — HNO, 4

2NO,,, + Oy, = 2NO,,, (5)

NO, +OH, > NO, ~+ Hi, (6)

2NO,,,, +H,0 > NO, . +NO;  +2H[ , (7)
NO;W + 05, = NO;M” + Oy (8)

NO,,, + NO,,,, +H,0,, = 2NO, ., +2H ., (9)
4NO,,) +O,,,, +2H,0,, = 4NO,, +4H  (10)

2.2 PAL BJ RNS #1 ROS iREZ 1t

IR, SRRGEIE PAL WETE
NOs™v NOz™ H202 F Os [FJIR BE S T R SCATdR 77
EIRCIIR , B RS Ja 7= A TS P A 9
FERUK. Bl 5(a)MIE 5(b)73 7 A% 30 min JEIFIE 1L
J& PAL 1 NOsFl1 NO2 [ & il 73 01 4 HL 5 R
J IR AR R R . MR 5.0~12.0 kV
i, PAL A NO3™ I3 B B VA 0T 4 e 5 2 g 388 it
T, BERETHE 0.43 mmol/L. [ jiti i B &
[MF+ s, NO2 IR BRI A A S 38 2~200
mS/cm 136 FE Y S0 Se T = i BRI AR fh i 3
YV EE H S 26 <2 mS/em N R KA LI %, HoAT
REJR PR BN R : NO» 7E ROS HIVER T &g AL Ny
NOs;~. ONOOH %5#Jii, iX— &% M7E PAL ]l
I R PR EAEAE o H I B it D R A TR UG
HL R I TR, SRR A e 4 T 7 A B R R
ROS, iX#& ROS @i £ NO #% N NOs .
ONOOH £ J7il0221,  4k1] T80 NO2 KR EFEAK,
A IRMZIL®). (11 —(14). =T ROS KX} PAL
H NO2 AL S R ATIAE E AR 7T

A, FESMFFEA R HNO2 f1 HNOs th 24
W NO2 Hil NOs TRk F 2z —. IR
BLEE 2 MRS R TR R EERAET,
HNOs;(= F 230 H 5.1x109 1 = F] & HoE K T
HNO; [{E (R 2 E0Ch 1198), A4 HALIEFL N PAL
B NOy I A= N/NT NOs B R, IX 2 i ik
PAL 1 NO» [ FE AR 55— AN E A .
NO;,,, +H,0,,, +H(, = ONOOH,, +H,0, (11)

2(aq) 2(aq) (aq)
NO,,,, +H,0 +H; — HNO, 6 (12)

2(aq) (aq)
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NOyg) +Opgy > NO | (13)
NO,,, +N,O(,, > NO_ '+ Nz(aq) (14)
ééwmmﬁ%é%ﬁ,mm4WMb%W§%

TIRIIE SR A IR B RS LK 6.
TEVETRAIUE H 5 %6>0.2 mS/cm I, HaOo IR a7
AT 46 5 R AN R I T E o MR
GRS 200 mS/em i, HoO: (K E Al IA 0.87
mmol/L. 7E PAL H H0: f7= 477 oy AW, —
FRESH AR H202 B3 RIRAR
filte 53— FMRETEMAHAE R, AT AR B 4R
H HaOo (AR BCA BRI TTRRY, B 7838 B S
FEL P A 1) S5 B T ] DL R FH K A L B A
1£+OH, kELL}iFﬁ(IS)FﬁYEE/‘] OH Z5&4 K
HoO2, Fo Ak %% g B 30 S e = | N IE BN
1.5x107" ecm?/s. AR, *OH ZEWUFH 7778 [ I )45
FHBNEAR, BB A AN %% K
*OH HIEFCT-HMEY, BreAfE PAL A D4
(1) HaO2 2 7ETRAE 3 A2 i o
«OH ++OH — H,0, (15)

Os 1E 9 PAL H i —Fi iy ROS A 1
A, TR T KA R B R S S A
FoAR 7 32 BRSO A 2 AR R 2SS ST A
R BN, NIz 5 PAL RIS R BT
o O3 BIFBA A B B 2 WL 3 (16)—30(18). PAL
O3 (1R B2 -5 4046 LS S R it in fEL S (1) X R an 1 7
Fim, SUEREIG, PAL W Os K EETE AR Y]
4 HL S KN 200 mS/em ik B % 5, W ATk 0.063
mmol/L. TM{E#ERAILEH FZN 0.05 mS/em K,
R Oz MR B, 1% 42 BT 7R sh /KA =2k
TSRS, AR5 BUESAH AR R O R R
ik, Wfk% PAL NI RARTARFTEL.

0+0, >0, (16)
0,+0,—>0,+0 (17)
0 +0,—>0,+e (18)
0,+0—>0,+e (19)

23 REXE

Kl 8 JE/R T /KA R E A AL EE 20 min f5
VRN E.coli £ Ff ) 4 T ¥4 5 it I Fb R PR AR 4K G
Fo BEA N HL I =, TR TR R PG S

MR 12.0 KV I, 250 A 5 5 A
BVEEAT A 1.09 1g(cfu/mL). 7€ E.coli 1K) 2% 7%
SRR R AR [ R A ROS T S5 40 i b (1)
TR A E AR JE R, 38 A R AR, 5
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Fig.6 H20: concentrations of PAL as a function of different

applied voltages and initial solution conductivities
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Fig.7 Oj3 concentrations of PAL as a function of different ap-

plied voltages and initial solution conductivities
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Fig.8 Survival number of E.coli treated by vertical falling
water electrode discharge as function of applied voltages after

20 min cycle treatment
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Table 3  Energy efficiencyof NOs~, NO2~, H202 and O3 for 30

min cycle treatment with initial solution conductivity

of 200 mS/cm
e REE /(g (kw-h)™)
hE/W
/K
kv GINOs)  G(NOy) G(H,0,) G(03)
5 1.6 0.088 0.001 0.045 0.012
6 3.5 0.144 0.003 0.077 0.016
7 72 0.104 0.002 0.079 0.010
8 8.8 0.140 0.002 0.098 0.001
9 12.5 0.132 0.003 0.134 0.011
10 15.5 0.118 0.002 0.131 0.010
11 18.6 0.113 0.002 0.116 0.011
12 22.9 0.098 0.002 0.103 0.011
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water surface discharge
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