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Abstract: The purpose of this study was to compare the efficiency of air and oxygen
injected into the underwater non-thermal dielectric barrier discharge plasma (DBD
plasma) device used to remove five types of antibiotics (tetracycline, doxycycline,
oxytetracycline, clindamycin, and erythromycin) artificially contained in the fish farm
discharge water. The voltage given to generate DBD plasma was 27.8 kV, and the
measurement intervals were 0, 0.5, 1, 2, 4, 8, 16 and 32 minutes. Tetracycline antibiotics
significantly decreased in 4 minutes when air was injected and were reduced in 30
seconds when oxygen was injected. After the introduction of air and oxygen at 32
minutes, 78.1% and 95.8% of tetracycline were removed, 77.1% and 96.3% of doxy-
cycline were removed, and 77.1% and 95.5% of oxytetracycline were removed,
respectively. In air and oxygen, 59.6% and 83.0% of clindamycin and 53.3% and 74.3%
of erythromycin were removed, respectively. The two antibiotics showed lower removal
efficiency than tetracyclines. In conclusion, fish farm discharge water contains five
different types of antibiotics that can be reduced using underwater DBD plasma, and
oxygen gas injection outperformed air in terms of removal efficiency.
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2018\ 242F, 2019 158E 20208 159E 2 AT
7t 2021900 THA] 226E 02 F7M6kH= Ao B
= ek 2021 0f] T =4 FA] S=914= penicillin

http://www.koseb.org 641



| I
Korean J. Environ. Biol. 40(4) : 641-650 (2022)

(31.1%), tetracyclines (27.8%), macrolides (11.6%), ami-

noglycosides (9.5%) 2 phenicols (7.5%) 5 2% FA =31

FEAFAFANA A FE FUAL HESE
°

&0l shd. o2 WFE=T, Kim et al (2008) 2] ZAte] ot
29 A AR A9 s=8 A AR AHE

By

ARG A3t 2|1 HE ST tetracycline 2,096ng L' 2
oxytetracycline 1,236 ng L' W7HA] o]l2= Ao HILE9]
O T, A SAE L Wi 67ng LR FE 0] Aa)
A P F 71w S2AE Bgov], dupA G
oF Lo AHgete ERYEZHL Huf 202.3ng L2 H
TA =0 =r= Ueicy BHuE ok Al Aol
g B2 o7 AR T A= AR &HA5] S5
Au At = e 719 flenz HES ofe= AR
345t AL E7Fs5H (Kim 2010). ©]= /3A€] 2t
A F=& f80] 55 onlstH, 84 g Hd
o & 7 BRI SR & 4 Q. 59, 5=
Q %} (intestine)% 6&'/‘“7\“ LHH /‘ﬂ‘?‘ 4 ‘ﬁ i (reserv01r of
infectious agents) % oFLF0] 1L (Ash et al. 2002; Salyers et al.
2004), 55 A2 H=T A YAFS I & 515
TUAGOR FHEAY, oA A=A B
FEo] sk W A W =S A & ot
(Cook et al. 1989; Iwane et al. 2001; Kim et al. 2007). 53],
LH*““O* 1ol vigaee AH2E AA vz 79 obd
= YRE7] fiZel 71E A2 oo B A=
‘ﬂo]"?ﬁq o] @7t (Woodward 1996; Sim et al. 2010; Hwang
2011).
e EehznE 8t A T]e e ek o]
3L, b Aol Hold Btk ofye} Bl-E tjH] Byt 9
et Ao dHA ATt (Kim 2009). 1 7 A #3A]
7 "9 Z2t20} (Dielectric Barrier Discharge Plasma,
D plasma)+= H7|YolAE 1158 o] 7Hsstal
2 TE7171 flole B &
271 Hﬂ—x‘?:"ﬂ CHEFSE Zofoll A ARSI QUTH (Kim et al.
lasma7}‘ HEAISIH ZFe] A shock wave, HZOZ,
2tjZ (-OH, 'H, 0, *0,-, 'HO,) 5 &2
g7 Fol A=, &3l EE}Z“TJ T
< ot 84 Tl 250 edEdE AH A
o] vh-g 2872 AT (Locke et al. 2006; Joshi
and Thagard 2013; Stratton et al. 2015; Shin et al. 2019).
DBD plasma®| -8 A E AW EH J=g4 w5

DB

lae]

TAgo] £
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(Mok et al. 2007; Sun et al. 2008; Jin et al. 2013), 2 4-F
%} H= (Gushchin et al. 2018), Y 2 AoFE4e] H4
(Haixia et al. 2015; Nguyen et al. 2021) A 2|¢]] E3}2 o]
A, 5 Fofol| A AHEE]= AF A (Sarangapani et al.
2016; Xingmin et al. 2018), A4 (Misra et al. 2014) 2
A ZA| (Feng et al. 2008; Jovic et al. 2014; Wardenier et al.
2019) A 2ol X = 2o At ASE U 2
= Aol g8 == HfE=F 2= (Shin et al.
2019) #2 G2 229 At B viEs W 2

St ciprofloxacin, cefuroxime, ofloxacin 2 amoxicillinZ}
) )

2e PP AANE BUT I} g A0 Sl
ATH(Nguyen et al. 2021). L2t} $=4EQFA] Fofo|A] ¢FA]
Z ajE4of ZotE e HEE A2 A

£ 4ol

whabA] B e oFAIZ ol A o] ARRE] T Q= 424

| PAAQ tetracyclines A 3% (tetracycline, doxycycline,

A
P AFE S =

oxytetracycline), lincosamides | 1% (clindamycin) ¥ mac-
rolidesA] 1 (erythromycm)—a— tjArC 2 DBD plasma g
of| o3t A A AE g5t fIste] AAE e

PATAo| A AR T2 FFo] (B 1,200
g)= Azt 2T E X (22 mX22 m X 1 m, 484 )0
1,9629t2]7F -8 =S, 19 oA T 1%2] At (etol
E783, JeilFeed, Korea) S 1% 23] (104], 164]) 15}
o 22 §EHE AAEre 9 (R STA &
Al sHdpE AFESEe] 1Y 30%% &pdhe A2 WA
O & AMFEQUTh AN 204 e &= 2% A
FEo] 2AIZF 221 18410 MM FA Agste] AR
Agat
4 (Temperature), T4:°]2 &&= (pH), 44
(Dissolved oxygen, DO)= =2 =% 7] (Multi 3410; WTW,
Germany) 2 A7 S, spetA b4 Q1
(Chemical oxygen demand, COD), 57274 (Suspended
solid, SS), = oHg Z A (Ammonium nitrogen), OF
A4 A A (Nitrite nitrogen) 9 AL A4 (Nitrate
nitrogen) = T2 A FHA R (FHRAE Gt
Al A12022-128, 2022.2.21.) 0. 2 BEAGIch 2 Aol A



A3 A A= UHPLC-MS/MS (Xevo TQ-XS, Waters
Corporation, USA) & 2451911 A E A 3= Table 101 U

EF it

Table 1. Experimental conditions of aquaculture discharge water
used in the test

Parameters Value
Temperature (°C) 22.0
pH 8.2
Dissolved oxygen (mg L™") 8.4
Ammonia-nitrogen (mg L") 03
Nitrite-nitrogen (mg L") 02
Nitrate-nitrogen (mg L™) 6.5
Chemical oxygen demand (mg L") 4.2
Suspended solid (mg L) 37
Tetracycline (ug L™") N.D.
Doxytetracycline (ug L™ N.D.
Oxytetracycline (ug L") N.D.
Clindamycin (g L™") N.D.
Erythromycin (ug L™ N.D.

N.D.: No Detection

Clindamycin

Effect of plasma on removal of antibiotics in aquaculture drainage

enstorfer GmbH, Germany) 2] == tetracycline 97.94%,
doxycycline 98.0%, oxytetracycline 98.62%, clindamycin
94.1% % erythromycin 92.9%°] 101, EFUH A X A
ke BA4S AASHIT ZF A= methanol2 AHES

EEYNS BE 7 GAHOR JHste] 5= BE

1=
1mg L10|943L, 9104 A4k Qb1 42 100
s4jstel Abgsteict Ago] W S5t 3 urEow 5

AL 7t 18] AT 2 g e A )

o
shs} 721 Fig, 190 LR gt

3. RO BNa| U 7718 =2

2 A7 ANE HAY D 77184 2L Lee et al.
(2018) S &85t} A& 500 mLol NA2-EDTA
500 mgS 7}t ¥, 6N-HCIZ pHE 2714 -5t
0]& v]2] methanol S mL} 57 SmLE S/J 3}t Oasis
HLB (200 mg / 6 cc) 7FE 2| Z]of| 7}_t 5 215 ZgA]of
Zatste] g Ao+ 24, methanol 4mLE 23] 8-&531th
f=MO A2 A5 methanol 1 mLE Af-83H5H]
VAR SHT

UHPLC-MS/MS (Waters Xevo TQ-XS, USA) S ©]-835}
o BEAS AAsH L, B8 HH-2 ACQUITY UPLC

Erythromycin

Fig. 1. Schematic representation of the molecular structure of five antibiotics.
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BEH C18 (2.1 x 100 mm, 1.7 pm, Waters Coporation) & A}
galglon, 4% Sk 40°CE $AHAT O5A A
£ 0.1% Formic acid& -3t &, ©'64} B 0.1% Formic

acidE T3St AcetonitrileS AFESIEOH, F42 0.4

Table 2. Operation condition of liquid chromatography-tandem
mass spectrometry (LC-MS/MS)

LC system Waters, UHPLC
Column Waters ACQUITY UPLC BEH Cys
Column temp. 40°C
Injection vol. 10uL
Flow rate 0.4mL min™!
Mobile phase A=0.1% formic acid in water
P B=0.1% formic acid in acetonitrile
Moblie phase
Time (min) _—
A(%) B (%)
0 90 10
Gradient 0.5 0 10
3 85 15
7 10 90
8 0 100
10 90 10

Mass spectrometry Waters, Xevo TQ-XS

lonization mode ESI positive
Capillary temp. 500°C
Capillary voltage 3.8kV
Nebulization, Collision N2, Ar

Table 3. Calibration and sensitivity data of the target compounds

mL min™", FYF 10uL= SHUTE AFEA7] 0=
ESI®} positive 'A1. 2.2 nebulization} collision gast =
Aot of2 o2 HAL 9 o] 2BIAF] O capillary 21,
capillary voltagel‘\: Z¥Z} 500°C2} 3,800 VE 114514 7]
71324 2702 Table 200 A4A13] 7181910,

p:3
d 7]7]184 sto] AeFAlS F5HATh(Table 3). HEFTA
| 1,1, 10, 100, 500 2 1,000
A =4 2 245 A3, AYA S P2 BF
< HJrh AEMA (limit of

24| (signal to noise ratio) 7}

wn

=
off
H—‘
oE
1o
s

oL
o
2
g
8
|y
O
g
i

A (limit of quantification,
H7} 1091 #Lo. 2 Altetgiet.

22| k& gk
(Table 4). 7t “gEollA S 342 84.7~106.0%2]
- UErich

5. DBD plasma x| 9 F =

DBD plasma A2 = ¥H-37], AdEa7] @ 7ty
A2 A= At (Fig. 2). §H7]+& A= 300mLS A
2 4= Q= §olH, S 2ntE A= A552
A= &oll 714 ofo] 45 WA ottt A dsa
71€] A2 250V, EHAYL 27.8kVE A5 0
Z,30%, 18, 28 482 g8 165 9 3287 2513tk
DBD plasmas 'WYA1717] 9I5te] ¥H37] W2 37] B

Compound Calibration R? (plg_clzg[;)”) (ulg_yclzgl”)
Tetracycline y =3480.97x + 488.955 0.9980 0.006 0.020
Doxytetracycline y =6605.56x + 102.745 0.9995 0.035 0.114
Oxytetracycline y=287767x+ 58.2368 0.9977 0.051 0.166
Clindamycin y = 18876.9x-464.886 0.9996 0.034 0.1M
Erythromycin y=2271.25x-250.063 0.9967 0.012 0.039

LOD: Limit of detection
LOQ: Limit of quantitation
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Table 4. Recovery data of the target compounds

) - Recovery (%)  RSD (%)
1
Compound Spiked (ug kg™) (n=5) (n=5)
) 0.1 84.7 55
Tetracycline
0.2 89.2 16.3
. 0.1 102.3 5.6
Doxytetracycline
0.2 106.0 3.0
) 0.1 1011 6.3
Oxytetracycline
0.2 101.9 71
0.1 90.4 9.3
Clindamycin
0.2 99.5 75
. 0.1 90.5 19.3
Erythromycin
0.2 103.2 9.1

RSD: Relative standard deviation

AFA Z7FAE 2L min ' 2 FY5H AL, 718 DBD plasma #]
2] 2712 Zhang et al. (2018) " -& -85k AAISHITH

DBD plasma W71 9] wh-g-7]o] A% viE<4 300
mLE A& & Yot 22 279 HeF Al7|et E AR
S Fo] 229t & E3353T Al (PhotoLab 6100VIS; WTW,
Germany)E ©|-85 O:] 2 ZZ=27)E (Ozone test kit 10067;

S

HHEIE Mean£SDE HEHHSLAL, A A 2]+= SPSS
program (ver. 20)< ©]-&5}to] AE|LE 4FHE6ES] AL, One-
way ANOVA, Duncan’s test= p<0.05 o4 5948

AZach

29 oy

e Serznt A Mz e A3 Aolo] LT
A7VL Q7FSHA 71 o WhS 7 L A
& oAz A4 H T, 7 AR A4 Bt F 55
of 414 o1& (0,") 2 WEAL 414 U} o] (20) 02
welsich o Ae w9 2o Aol na 9]0
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High-Voltage
Source

™

Electrode

Dielectric

Underwater
DBD Plasma

Air or O;

Fig. 2. Schematic representation of the underwater DBD (Dielec-
tric barrier discharge) Plasma system.

Azret dgtste] Attt (0%)o] AU thE A4 o]
23} dgsto] E(0;)S W=7 Dot (Braithwaite 2000;
Conrads et al. 2000). DBD plasma ¥-8-7] el 4kA g5
Fo| Fos BT o0 Aol BobA dHEl
4 289 AlARo] EoAl= Al m dHA ATt (Sato et
al. 2008; Park 2013). 121} DBD plasma©ll 2|3 B &=
& T2 UFE ol ot Al R R S
7go] 01?31]‘?_},2 L2 A BEL7|7F dof £40] 7hs
AR AdHA Qo] (Joetal 2013), 2 AFA = St
Znat Ao thg EF WSS £AMSHITh Magureanu
et al. (2008)°ll T2 DBD plasmaZ $=5°f ==
methylene blue &5l E7E A A1}, Eetznt HAY%
2ol AtaE FAsk= Aol 249 753'4& et =,
A 3027 FAT AT Eolae 95%E E ok
Ao g HAsH o2’ olf= %E} ap zj2] Al 57
A3} o] dojuA ==t AArlgto] A= o]
2/ =24 F71AE A2 STFSHAl HH, of 219t w2
S71HthE A 7EAE FARE W ¥ M2 o gol
JAAEHY B % QI TH(Kim 2013).

2 Ao] HuAQl A= Magureanu et al. (2008) <]
TAe} e Ae Hh ‘ﬂﬂ DBD plasmaoﬂ 9]
H gt @ FeFo] Hish= Fig 30 LEFWSILE 37

2 A 1 302388 felabl 711] AT, %
TAIE 592.9%7H4] /S oIH7E 162415 THA] A4St
| ABSHAT bS] A% i 302RE FelT 7
= H3loH, 824 1071. 4%77}11 =T} 1632 o] 745
] ThA] Z4ste H3FS B9tk =, DBD plasma ¥H-87
N o) BT A 1 S0 4 1] 2

>~

Fﬁ

0

[¢]

\10011

)

_4
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Fig. 3. Changes of dissolved ozone levels in the fish farm effluent
treated by DBD (Dielectric barrier discharge) plasma 23.1 kV. The
values compared the difference in dissolved ozone concentra-
tion according to the exposure time, and are expressed as the
mean + standard deviation (n=3). Different letters above the bars
indicate significant differences by Duncan's multiple range test
(p<0.05).
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Fig. 4. Elimination effects of tetracycline added in fish farm efflu-
ent treated by DBD (Dielectric barrier discharge) plasma 23.1 kV
when injected with air or oxygen gas. The values compared the
difference in the tetracycline concentration according to the ex
posure time, and are expressed as the mean £ standard deviation
(n=23). Different letters above the bars indicate significant differ
ences by Duncan’s multiple range test (p<0.05).

DBD
plasma #2] A]| NO ¥ NO, 5°| AA3ER 48}E o
LEZ np¥|5k= AU} (scavenger) 2 218611 7] TE

o7 dHA tt(Pekarek 2003).

646 ©2022. Korean Society of Environmental Biology.
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Fig. 5. Elimination effects of doxycycline added in fish farm efflu-
ent treated by DBD (Dielectric barrier discharge) plasma 23.1 kV
when injected with air or oxygen gas. The values compared the
difference in the doxycycline concentration according to the ex
posure time, and are expressed as the mean £ standard deviation
(n=23). Different letters above the bars indicate significant differ
ences by Duncan’'s multiple range test (p<0.05).
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Fig. 6. Elimination effects of oxytetracycline added in fish farm
effluent treated by DBD (Dielectric barrier discharge) plasma 23.1
kV when injected with air or oxygen gas. The values compared
the difference in the oxytetracycline concentration according to
the exposure time, and are expressed as the mean + standard de-
viation (n=23). Different letters above the bars indicate significant
differences by Duncan’s multiple range test (p<0.05).

A2 Zet2nte] OJgt tetracycline Al YA 2] E5f
= hydroxyl radical (-OH)¥ @0 et Ao a-gof <
St Ao 2 HIE|QTt(Fang et al. 2022). Yao et al. (2022)
< ROS (Reactive Oxygen Species) 2} Oxytetracycline]
A
=

17231 C, site?] acylamino, Cy site®] dimethylamine,



Ci10-C12 structure 8 Cya, siteS] tertiary alcohol®] A& 2Hg
O 2 oxytetracycline 7Z7F =5 A oty Hcka il
Cipitcs

2 A3ol4 DBD plasma®ll &g+ 3F-9] tetracycline |
WA= AAF ST BE&2 H5HA UetEdth 94, &
T4 Al iz Bl Foet HAAE Hl A7k e
4EA o) A £FL 20.6~23.6%°1 AT & 8EA
= 36.6~38.1%, 16241 53.3~54.3% 2 WOHF L, le& 32
BAE 77.1~78.1% HASIATE ALAE T4 23 iz
Tofl Hla Folgt FAE Bl A2 kE 302401
13.7~39.5% J = ASHA & 47 AE 59.6~72.5% =
ol e E 8 EAE 70.7~83.5% 2 AStH oM, kE
328 = 95.5~96.3%7FA] A|A =] 3Tk (Figs. 4~6).

Clindamycin®]] tiet A2}, F7] T A= eE 28
ARE Foet At B ow, b E 8B4 42.1%,
rE 1654 54.9% 12|11 irE 328 A= 59.6% = A5}
Atk AtA 79 A= b E 17 S5 H §o5HA d4st
AL, L E 45A] 54.8%, = E SEA 67.5%, £ E 16wA+=
72.6% %2 oA} k& 3254 83.0%71A] HASHTH
(Fig. 7). Erythromycin-ql Ay clindamycinl_q' H|=%t oF
Aoz e, 371 9 AdoAs kE 224 o
ZAto] Hloff FofRt AAE Uetli7] AlFtstalon, ks
452A 21.2%, lrE 8EA 25.2%, 'rE 1624 43.5% 1A
Stehzt 3284 53.3%7HA] Wobslth Aka 99 ¢
L E 1A FORF AE Hol7] A, k& 4w A
£ 51.4%, e ZE 85A] 56.3%, =& 16EH1= 63.5%2 ot
Ao, eE NEALE 74.3%2 TFAE AT (Fig. 8).

m2hA], DBD plasma F 2| 3719} AFAE ZH2F Y
S tetracyclinedl FYA= 77.1~78.1%}F 95.5~96.3%
7} AAE AL, clindamycine 59.6%%}F 83.0%7F A% H,
erythromycin 22} §3.3%2} 74.3%7F A= It Tetra-
cyclineﬁ] SHAA 7} clindamycin al erythromycin_uiq =]
HEA A= Ao R e, ARe B A
AA a3= 37] FUEOE= 4 FY Al B 2 A=
LIERS T

7V FEA 9o RSt /7Tl oxytetra-
cycline?} chlortetracycline ¥4 217}
DBD plasma (Y% 21 W) 2 YA A A2 gt Ao,
FrolAE 10~15% ol AAHE ¥hof FFolA=
30+ Wholl A E| o] A= Lo 78] HeSsE o 4

rome oot
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Fig. 7. Elimination effects of clindamycin added in fish farm efflu-
ent treated by DBD (Dielectric barrier discharge) plasma 23.1 kV
when injected with air or oxygen gas. The values compared the
difference in the clindamycin concentration according to the ex-
posure time, and are expressed as the mean £ standard deviation
(n=23). Different letters above the bars indicate significant differ
ences by Duncan’s multiple range test (p<0.05).

120

—a— Ail
1004 2 Alr

801

60

404

Erythromycin (ug/L)

201

Exposed Time (min)

Fig. 8. Elimination effects of erythromycin added in fish farm
effluent treated by DBD (Dielectric barrier discharge) plasma 23.1
kV when injected with air or oxygen gas. The values compared
the difference in erythromycin concentration according to the ex-
posure time, and are expressed as the mean * standard deviation
(n=23). Different letters above the bars indicate significant differ
ences by Duncan’s multiple range test (p<0.05).

SHA A A= A= Uebtal, 37| Hot b4 7Y Al
e o 2 A0 =2 HIE QI TH(Kim et al. 2011). 71
+ etz A0 gHEel o] o gzt &

d ol f7leel B2 e Toll EA5E o124 97

e

2
g
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5ol &Jste] shehil-go] & SHHHA FH =M, 2
Alg Wl f7lEo] B Afart 55 FAA A2
e ¥ A0al & 5 Qlnh

AEH oz & A4 AT DBD plasma 2| 0f A
A (2L min")E U HH 5 FH(EHAY 278
kV)= 32827 Y271 tetracycline ] A= 95% ©14,
clindamycin®} erythromycin< ZV2F 83% 2 74%E A|A T
T e Aor AtgHEn

=

M 9

2 AT FA2 FAY HiES Hell 2 5T &
A8 A (tetracycline, doxycycline, oxytetracycline, clindamycin
9 erythromycin) & A|75t7] 915l AHESE 75 HIE +-4
Ae 2 E2k20) (Dielectric Barrier Discharge plasma,
DBD plasma) 2] ¢FO2 F7|o} AtAE 2442t YU
o A O] A|A RS H|WSH= Z o]t DBD plasmas
HYA|717] A oI RS 27.8kvol AL, A=t
BL0,05,1,2,4,8, 16 9 3250]3itt 3%9] tetracycline
A FAA= 3718 FARS W 42 Fost
A ZLSHAL, AL2E FA%e o
= et 32824 719 At 742 Folet 2
I}, tetracycline< 78.1%2} 95.8%, doxycycline<> 77.1%2t
96.3% 12|11 oxytetracycline% 77.1%2} 95.5% FFASFA
t}. Clindamycin 5715 U= ol 59.6%7F HAE S
3, A A= 83.0% AAE AT ES erythromycin% 7]
T Al 53.3%7F ARSI Aba =90 Al 74.3%7F A

to] T A BF tetracycline ] YA LT H-2 A7
8 Bk 22402 5% DBD plsma= 4% 1l
= el 223t sF0] FAAE FaAE 4= AL, AlA
o
=

o Fr\urt 148 FYsk Zo] o EHolt,

|0

[¢]

b{)ll [‘U-l)lx l:ol‘
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