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ABSTRACT

Tetracycline is one of the most commonly used antibiotics in domestic and foreign livestock industries to suppress the
growth of pathogens. Tetracycline has been reported as a non-biodegradable compound. Therefore it has been not
completely removed in the sewage treatment process. In this study, tetracycline was degraded using liquid ferrate (VI).
Based on these experiments, the optimal water condition (pH and water temperature) were selected, appropriate liquid
ferrate (VI) dosage was calculated, and finally the degradation pathway was estimated with the intermediate products
detected by LC/MS/MS. All degradation experiments were completed within 30 seconds and the optimal condition was
obtained in basic condition (pH 10) at room temperature (20C). And the appropriate molar ratio between tetracycline
and liquid ferrate (VI) was 12.5:1. Finally, 12 intermediate products were detected with LC/MS/MS and the degradation
pathways and the degradation pathways and proposed the degradation pathways.
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F8sto] grom, oj= Qs WA+ & 59 A7t
skl S-Eueto A= 20049 R E = viALR
W A AR AgEske] okl 2011d R = A
H FA5t= AAS F715F0] 55| tetracycline”] 3%
=49 Aol A st Ao= YERTT (Kim
et al., 2015; Lim et al., 2014). 184 thAl Z7} A&
9 oiR-g o 2 o] A wufsFo] Frhste] oA 5]
T2t ARgo]l 92 E Tt (Lim et al, 2014).

oA AWz FoE s AES s 59
He| 2 &=l o]et B Sle] Elmund et al. (1971)
< FAEHEY 75%7F A AHE widEct 1B
113}4 31, Kumar et al. (2005)2} Phillips et al. (2004)+=
90%7} ©¢1o] e widE Tk gk up glek of
A Hied LS EYCR o, A=
A3 AESE 2 ASEo) AFR <Us) xS 2
Aot 2 o] 534 Hr}h (Kemper, 2008; Tasho and
Cho, 2016).

Z|7HA] tetracycline ] Y=ol gk Azt #1s)
AL By v §loL, Kim et al. (2014)} Wollenberger
et al., (2000)2 &85 (D. magna)< ©]83to 242 =
g3} AEEEAE AR Tk Eah 2 Fof
T tetracyclined] FAETEE AE Gofl g 4
1+=d|, Pan and Chu (2016)2] =% oj A= tetracycline
A EA0] T2 FAEA vl5 =L BolE, o
2, oolo} 2o atge] FaEo] AR 54 Uo
7= Aoz ZAME vl Ut Tetracycline E3F 45
Yol ZH=lo] AZelA7A 12 4 Qe Aoz <
HEc} (Pan et al., 2014).
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o= %HA|7} Qlt}. Prado et al. (20092)2 A& A
o

HOZ tetracyclines 2|t 89%71A A ATHE S
Prado et al. (2009b)o|Al= A2l A AT A] kol AJE 3|
Hogol A= AHvehA] grpal Haskith Eg
Auerbach et al. (2007)2] 5-of| A= Wisconsin F=0f
g Ay 220 BHLEAE BT 2
I = 1029 tetracycline YAdo] AEHUh 18
o2 seAgd 3= A F SR A &

= A

=
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HF S Y 4 9 oz Budd

A 9 S84 e o]-85hH, )
A O = tetracycline F2Fo] tigt FAEAEE
= A7 diE-Eo]t) (Jing et al., 2014; Liao et
al., 2013; Son et al., 2008; Son et al., 2009; Son, et al.,
2014a). A E=ARSFEA L 2000 e FAEZS o
Ao 3 AF7F 2AZA0 R AEElen, UV(Liu
et al., 2015; Son et al., 2014b), H,O,(Chen et al., 2017),
2@ Z(Hopkins and Blaney, 2014; Khan et al., 2010), 3%
Zulj(Cao et al., 2016; Yang et al., 2018; Zhu et al.,
2013), Z2-3}(Safari et al., 2015; Wang et al., 2013) 5
Rt 7142 Agstel 4TS Suskele e

FAHFAE o] EASHE BAS TAESHA)L
2§71k THOR, GHT AAS JHNE A 5

O
o] 22 A7t Hasty, iE=o] 58 A Al F2
Al A F=7]7F wepA fA 7 wol 28 %= A4
7} It} (Ha, 2015; Heo, 2006). J1 AR = UV
s 3AE 2E G 289 Eofol agAol
Al Fen, @F0] e FAngo] il W B
A =40] F4E = £A7F let (Peing et al, 2015;
Yuan et al., 2011).
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3t} o]u] phenol(Graham et al., 2004; Huang et al.,
2001; Peing et al., 2015), chlorophenols(Graham et al.,
2004; Park and Kim, 2016), bromophenols(Laksono and
Kim, 2015; Laksono and Kim, 2017) 59 ¥H=%&,
benzothriazoles(Yang et al., 2011), trichloroethylene,
bisphenol-A(Han et al., 2015; Zhang et al., 2012)%}
tetrabromobosphenol-A(Yang et al., 2014) 59 &3]
A EAES o= 3 Ao 2 & = &8
sto] 1 Abstel S 5kl e, 2ol dichlofenac,
ibuprofen, fluoroquinolones, sulfonamides 52| 9JoF&
Zl(Alvarez-Torrellas et al., 2016; Deng et al., 2019; Dong
2017; Drzewicz et al., 2018; Feng et al., 2019;
Wang et al., 2015; Wu et al., 2018; Zhou and Jiang,
2015a; Zhou and Jiang, 2015b), 7RQ1 $JAY =2 (PPCPs)x}:
HulA Aol EZ(EDCs)(Yang et al., 2012)2 * 2|5}
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2ol AL A= Bastglon, Az 5 3
W= ARE-SFRIT: ferrate(VD) 9] Az a3 Alf 5
Fe,03(98%)2} Nay0,(95%)+= Alfa Aesar(USA)AFO]| A,
NaOH(97%)2} NaOCI(-3-Z E 4 >8%)+= Junsei(Japan) A}
oA FAsHE HPLCE) o]FArC 2= NEW HUMAN
UP 900(Korea, Human Co.) 25 A|Z 7|0 A AJALE]
= %42t Burdick & Jackson(USA)AFS] HPLCH
acetonitrile(ACN), Junsei(Japan)A}F2] H;PO4(>85%)5 At

8313tk Tetracycline =819 A2 A] pH 24&
A3 A% phosphate buffer 2= NaH,PO, 2H,0(99%,
Kanto Chemical Co., Japan), Na,HPO, 12H,O(>99%,
Junsei, Japan), Na;PO4 12H,O(>99%, Junsei, Japan),
CH;COOH(99.5%, Shinyo Chemicals Co., Japan)& A}
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o] & 100 yML. 2 s}k
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Liquid ferrate(VI)0l| o|st Clkst 4~

o—

oJAstH Ty 183l 0.2 wm nylon syringe
filter2 ZE]Yste] AR AR}

E A7 Shimadzu(Japan) HPLC-DADE ©|-&-3}
o] BA¢tl. HPLCo| Aztwl 2o WatersAl

(USA) C18 SunFire Column(4.6x150 mm, 5.0 um)o|™,

T 40CE 84319 th o] Ao 2= acetonitrile
(solvent A)Z} 0.05% H3PO,7} Z5HE Z<4=<(solvent B)
= Algstlen, o]F4d F42 0.1 mUmino= 474
Sttt EAAR F 20 uLE HPLCO| FQl5te] £4
F90m, tetracycline2 HE35}17] 9%t DADS] &34 %
+ 350 nm= A5

SHPE B4 AR LSMSMS  7)7]+=
UPLC/Xevo TQ - S micro(Waters, USA)o|, ZH.&
WatersA{USA) ACQUITY BEH C18 Column(2.1x100mm,
17 um)e ALgatel BajAHES HARAS o
ZAFS 0.1% formic acid”} 3E3HE Z<4=>(solvent A)2}

0.1% formic acid”} 3E3gHE acetonitrile(solvent B)E
Table 19] SAZXACZ 3}o] 100~600 m/z2] H$ o
A FANE B 2askanh

oln

Table 1. Analytical conditions of LC/MS/MS

Description Analytical condition

Flow rate (mL/min) 0.2

A: 0.1% formic acid in water

Mobile phase B: 0.1% formic acid in ACN

0 min: 90/10
10-17 min: 10/90
18/20 min: 90/10

Gradient (A/B)

Volume (uL) 5

Mode ESI, positive
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Fig. 1. Tetracycline degradation by liquid ferrate(Vl) with
reaction time at different pH conditions (A) and final
degradation efficiency (B) (ferrate(VI) dosage: 2 uM,
Temp.: 20°C).

64

ole=atBl2| A34 d A 1= 20204 28



1.0 L N sy E A
4 \\ HsFeO," 4
. 2-
HFeO FeO
0.8 - 4 4
- 06 - _
§e]
"g - pK,=1.6 pK,=3.5 pK3=7.3 -
L 0.4 .
= .
02 I H2FeO4 —‘
0.0 T T T T T T T T T
0 2 4 6 8 10

pH

Fig. 2. Species distribution of ferrate(Vl) in aqueous solution
(Sharma, 2002).
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Fig. 3. Tetracycline degradation by liquid ferrate(Vl) with
reaction time at different ferrate(VI) dosage (A) and
final degradation efficiency (B) (pH: 7.0+0.2, Temp.:
20°C).
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ol e 42 Sold ol 58] 2

£ zefotul, N2 480 AATSE fomae(V)
£ s wre Aot kgl oRlEE A%
5 Ro|7|% 3stt} (Wagner et al., 1952; Macova et al.,
2009). 122 tetracycline E3}E 7P 8% 0 & 4=
YT £ Qe 22 AL HP20-300)2 gehEch

AT T D

PR
tasths 2

—=— 10C—=—20C—=—30TC

| (A)

=y
o

o
[02]
1

o
@
1

0.4+

Degradation efficiency (%)
o

T T T T
0 200 400 600
Time (sec)

S

0] (B)
@ i

o

8024

o ]

g 0.0 . .
]

10 20 30
Temp. (T)

Fig. 4. Tetracycline degradation by liquid ferrate(VI) with
reaction time at different water temperature (A) and
final degradation efficiency (B) (pH: 7.0=0.2, ferrate(V1)
dosage: 2 uM,).
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SHA =, tetracycline©] 3l & LH A= F1H
a‘% FolAe 58 7= =
ferrate(VI)2} tetracycline 7+2] E‘j—%-‘% o] &)
He SUAEY TRE 29T 4

Ferrate(VI)o]| 2]3} tetracycline®] £-3|
Table 22} Zron, 7|29 TTASIEAS 9
tetracycline ] 37 = ¢} LC/MS/MS°ﬂ o] 3]

woiESs EdiE st WA E
(Cao et al., 2016; Yang et al., 2018; Zhu et al., 2013).
Ferrate(V) & <13t HH-2& 37 3714 HAEE Hch
Pathway I(Fig. 5)+= tetracycline(TC, m/z=445)2] 2t 11
glol 33 18] Abolo] OH7} AgE o] C=Co] C-C &
é}oi HH® OP1-1(m/z=461)0] WA H T} oi7]o] 4

129} CONH; Atole]l OH7F A= m C=C A%

o] C-CATo 2 HFhE|o] OP1-2m/z=477)7} A=
Att, amino groupit AZAE o] Q)= CH;o| CH=0=
AF8}E o] OP1-3(m/z=475)0] A Fth OP1-2= o]%
dehydration WH$-o 2 OP1-4m/z=459)7} AA=E 1L
OP1-32 amino group®] FZt&o] ¢l -CH;3} C=0
7F "ol A7t OP1-5(m/z=438)7} AY/d = At

Pathway 1I(Fig. 6)o] A= TC(m/z=445)c] 4] OHS]
2F glo] amino group®] CHzo| Hojx U7pHA|
OP2-1(m/z=431)0] WAt} OP2-12 49 1] OH
9} amino group®] Y] CH;o| A|AEWHA OP2-2
(m/z=400)7} =) AL}, 29 18] 9] OH7} dehydrationS) =
WA OP2-3(m/z=413)0] A/d =3l OP2-3-2 o] 4%
Sel7} B A OP2Amiz=301)7} A e,

Pathway IlI(Fig. 7)) &34 25 X, deamidation HF
903 TC(m/z=445)] 497 1o 22|31 C-CONH,
Aol HojA OP3-1(m/z=405)0] A/d=w, o5 41
aLe]of #]#3h= amino groupo] HofA L7pH A OP3-2
(m/z=362)7} = it
T} benzene ring®] <4, 18|11 deacetylation HH-3- O 2
QI3] OP3-3(m/z=225)¢] XA = ¢ith.

0]3. dehydroxylation, deethylation

4. 2 B

=
2 AFoA = SFAAANA 7P wol ARRE=
RS2 2 51l tetracycline S Z3FA 07 A 2|5}7]

oot
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UaY ASE- ARE-2HY-UUR |
Table 2. Identified of tetracycline and intermediates detected by LC/MS/MS
No. Ret. Time Structure m/z
H.C_ CH
HC  OH P W38
OH
1 4.27 O 445 TC
NH2
OH | |
OH (@] OH 0 (e}
H3C\
H,C. OH N
OH
2 6.0 431 OP2-1
NH2
OH
OH Io) OH 0 (0]
H3
3 6.2 301 OP2-4
H
OH
OH o OH 0]
H.C OH NH,
4 7.8 400 OP2-2
NH2
OH
OH O OH o ©
H,C OH
OH
5 8.3 362 OP3-2 2
<
OH ©
OH O OH O e
Q
o
HSC\N/CHB
H3C
6 8.6 461 OP1-1
67 ——
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| Liuid ferrate(V)oi| Sfgt Cifet 3 210X tetracycline ZolSE 2 STHAEE A
Table 2. Identified of tetracycline and intermediates detected by LC/MS/MS (continued)
No. Ret. Time Structure m/z
0O
11.0 225 OP3-3
OH O
NH
H,c._-OH 2
8 11.1 438 OP1-5
9 12.2 477 OP1-2
10 12.4 459 OP1-4
11 13.3 405 OP3-1
12 17.8 413 OP2-3
68
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l
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Fig. 5. Proposed pathway (pathway I) of degradation of tetracycline by liquid ferrate(VI).
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Fig. 7. Proposed pathway (pathway Ill) of degradation of tetracycline by liquid ferrate(VI).
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