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ABSTRACT

Tetracycline is one of the most commonly used as antibiotics for the livestock industry and it is still widely used nowadays.
Tetracycline and its metabolites are excreted with excrement, which is difficult to completely removed with conventional
sewage treatment, therefore it is apprehended that the tetracycline-resistant bacteria occurs. In this study, the oxidant named
ferrate(VI) was used to degrade the tetracycline and investigate the reaction between ferrate(VI) and tetracycline under
various aqueous conditions. The highest degradation efficiency of tetracycline occurred in basic condition (pH 10.1 = 0.1)
because of the pKa values of tetracycline and ferrate(VI). The results also showed the effect of water temperature on
the degradation of tetracycline was not significant. In addition, the dosage of ferrate(Vl) was higher, the degradation of
tetracycline and the self-degradation of ferrate(Vl) also higher, finally the efficiency of ferrate(VI) was lower. The results
said that the various mechanisms effects the reaction of ferrate(Vl) oxidation, it required the consideration of the characteristics
of the target compound for optimal degradation efficiency. Additionally, intermediate products were detected with LC/MS/MS
and three degradation pathways were proposed.
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1 Ferrate(V)Z 0|89t C{¥Ft £~= SFFH0|AQ] tetracycline?]

25 S U 92 32 o7

Tetracycline2 sulfonamides, penicillins¥} §H74| <A
A RATARA 13 wol AHEHE B2 % skl
of ey 244 AR FERA R o8 2011
WREE oobg ol9o) SERL AES 2
ou, tiAl A7 R 9 dqRtEo® AREEAL glo
AAIAE HH Z-AbE A Bl F 20%
= Y Ax=r FE5] AREEIL AT (Lim et al,
2014; Kim et al., 2015; Ministry of Agriculture et al.,
2018).

7?%—94 AW E Fo== tetracycline> A4 &
e & F= vjdEe] 23E ] HiEH =T, oot ¥
25k Elmund et al. (1971)2 SRR 0] 75%7} K3
Bz ¢kx1 wjAd=Ectal R a13)$al, Phillips et al
(2004)T} Kumar et al. (2005)2 AUoA T 10%THo]
2aE T i) 9%} Bl AEe] mRkEe] Agl of
Btk wskeich oA 92 w2 tetracycline
o xR Fawee] ByEo] AE ANt
£ B 23l v} 4w Y Aotz o] FaE o
t} (Kemper, 2008; Tasho and Cho, 2016). Tetracycline
U2 220 S Aol vl v|ma Eoko] & Z2F
e Aoz d#A Q&) Figueroa-Diva et al. (2010)
O] qtof wEH, HES} T2 B tetracycline |
=210] sulfanilamide ] &2 o4 quinoline”] &34 &

o wla] Eopolel Fateo] o 27 Ao Bl
t}. ESF Kulshrestha et al. (2004)2 oxytetracycline=
HHOE FAUTE Fockn Skl ol
1 ZH(cation exchange) HAYUZO 2 F&o] H&= A
2 B3ttt o|FEA Eofo] SzHE etracychnet
QU EOlE, B2, 2olsf 28 R T4
o] AlE =AS WA <87} 9t} (Pan and Chu,
2016).

2au5E 2ARRAgl A A T ol
ggon olgalel Ayt Agalae} i Azsto]
HF=35l= Ao] dubAolt). 18y Auerbach et al
(2007)8] AtollA st W BEEHAE &4
3} 7:11]— % 1029] tetracycline WAd+o| AESE AH
7} 9131, Prado et al. (2009)] ATtolA= A& X

Hog tetracychneO] Aol AAE A oo} HEBHO
2o A Hateld Priw wwgh ub o]
tetracycline2 FIX o2 ATt YA WESH

0::.‘
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434S BUY £ U M FHo| Aoy
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A —’F%Oﬂ A5t el Ed o Ao
2 Sz I xARSEA E](AOPs; advanced oxidation
processes)’} THE =Y, ol 7|ed FE AEEY
2AL Helshe o AgEE, Bzl AL gEst
& 74 Aol WolR7|E Stk 2 AToHL 1
o nEEel W4 AR Bhow H Ao
A1£9] ferrate(VI)E =35}t

Ferrate(VI)+= & G(FeCl;, Fe(NO;);, Fe(OH); 5)°o. 2
A zs= 671d =R, FPaAkslE(chlorine, hypochlorite,
perchlorate) % H,0,0] ¥]3} 7t Abglel S 7442 9
1 S4Ee] WAskA ghethe Abdo] glof 44
Aot u UF AAe) wIH Ao eelA ek
(Lee et al., 2004; Sharma et al., 2005; Jiang, 2013). ©]
ul 4] W ARE choket By BA5S go
2 HEARS SYstgon, & B YR Eajete] 1
ASIA-S 55Tl (Huang et al, 2001; Graham et
al., 2004; Yang et al., 2011; Zhang et al., 2012; Yang et
al.,, 2014; Han et al., 2015; Laksono and Kim, 2015;
2015; Park and Kim, 2016; Laksono and
ol wt

dichlofenac,

Peings et al.,
Kim, 2017). T3+ ojf=2of tigt 4ol
ferrate(VI)E  ©]-83}0]  acetaminophen,
fluoroquinolones, ibuprofen, sulfonamides 52| 9JoF&
2 Bast A 7F ek (Wang et al., 2015; Zhou and
Jiang, 2015a; Zhou and Jiang, 2015b; Alvarez-Torrellas
2016; Wang et al., 2016; Dong et al., 2017,
Drzewicz et al., 2018; Wu et al., 2018; Deng et al.,
2019; Feng et al., 2019). Z|Loll&= ferrate(VI)Q] HA:
g4 B S8l w23 Helgo)] e
Shs SJOFEAS fomae(VDE olg3te] Aeish @
TE= 4383t v Qlt} (Yang et al., 2012; Mackulak et
al., 2016; Peings et al., 2017; Manoli et al., 2019). =3t
AR 2 A 7+ = e EZo|BnR, AYgdd
oA B A FAHES ]85}l ferrate(VD)E Al
X5k AFE FYShe G ferrate(VD O] T4 484
= =ol7] 1%k vkt A7 AlE=Folth (Kanari et

et al.,

al,, 2019).

2 dAFoA= AFA TfoA Ax3E potassium
ferrate(V)E ©]&35to] 550 ZA|5}+= tetracyclineS
o5kl AlXF 3ol wE tetracycline wofiE 3

=
ferrate(VI) X2 of et 5 &4 =4
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ol A 9] ferrate(V)Q] A=} o]o] wWE tetracycline 3]
Y 382 HristaA}t 3ttt Yang and Doong (2008)
W Ma et al Q012)& %2 G714 Adold ALE
Fgstglod, 2 AFtolA= pHoll w2 ferrate(VI)
% tetracycline®] A5G Teisto] AT S Aol
A19] tetracycline -ofl-&2 #aSIl o, Ao
tetracycline -5l 2F 37| Y= = ferrate(VD) 9] 27
£ =A35}9] tetracyclineo]] 1| X ferrate(V) 2] 33k
st 4EH 0% BrAsmA sl

2. il 22 qiz U MEuH
21 AFME 3 Al
Agol] AFE BE Aok 17 oe] &L &

AL st B3l A=A Q] tetracycline2 Alfa
Aesar(USA)A}Q] tetracycline hydrochloride(99%) A&
T4, stock solutionS A|Z5Fo] ZHAHH of A
A E 2 Bshgith Ferrate(V) o] 91291 A
Daejung(Korea)AF2] Fe(NOs);-9H,O (99%)E AME-3I
3L, ferrate(VI) /el a3t A7) 4o Az E
23 KOH(97%)9} NaOCI(&-&E@A >8%)= Junsei
(Japan)Alofl A L J 3Gt 3T ferrate(VI) A2 & A&
Al AFRE = 8781 2% n-hexane(Budrick & Jackon,
HPLC), n-pentane(Sachun, 99%), methanol(Budrick &
Jackon, HPLC), diethyl ether(Junsei, 99.5%)& AME-3}%
on, A2 F oj B o] AHEE GF/C oAl =
Whatman(UK)AF2] Al &5 ARSI Ferrate(VIE
Q18t tetracycline HF-3- Al &= pH 242 ¢35l phosphate
buffer& ARE-8F1C™, buffer A2 Al AREH A]oFS
NaH,PO4:2H,0(99%, Kanto Chemical Co., Japan),
Na,HPO,* 12H,0(>99%, Junsei, Japan), Na;PO,-12H,0
(>99%, Junsei, Japan), CH;COOH(99.5%, Shinyo Chemicals
Co., Japan)o|t}. Aol ALEEH&= HES A]lE= stock
solution®]| phosphate bufferE °F 15 mM& 7|59 S
H, tetracycline?] =+ 100 uMO. 2 3} Ad A] A=
stath. HPLCO| o]EAle &l NEW HUMAN UP
900(Korea, Human Co.) &34 A Z7]o|A ABALE = =2
442} Burdick & Jackson(USA)AFS] HPLC+ acetonitrile
(ACN), Junsei(Japan)A}2] H;PO4(>85%)5 Ag-3}itTh.
Ferrate(VI) 27 ¢] & 23+ ABTS diammonium salt(>98%)
+ Sigma AldrichA}] A& ARE-SFIT

flo rlo

2.2 FAMSIHS OISt ferrate(VI) HIZH

& Aol A ARG potassium ferrate(VI)2] A=<= Li
et al. (2005)2 23}tk YA B NaOCl 100 mL
of| KOH 30 g& Foigt & ulsto] 2bs] =o]aL, GFIC
ATA| = Ao pFof HFdhe NaCle A A &
YR ASto] A2 A o AEfollAl 11.1 g9
Fe(NOy);-9H,08 Foigt & oF 4082 A= wylsto] FeO,”
£ sk o5 A AElE wE7] 8l 167 g9
KOHE F7}= Fofsto] oF 402 A= wikshar 304 4
T @ stk Hak 5 802 G4 glass filter= o3}
3 ofahgole 5} KOH golo] vl Fosie] oA
W Bl ol GRC olm = of ke He 2
49 foraeVI) S B 4 9k ) & o] 2
= 271 #1343 M KOHE ©]-&5}o] ferrate(VI) 274
1l F ThA] 3} KOH 2907} Batelo] Waup 5
GF/C oj7HA] 2 ojzksl 714 23] ukaalelrt. 254
62 oR|of F-2 E2-2 n-hexane, n-pentane, methanol,
diethyl ehter= =2}2 0 2 A|ZTE & 25 AefollA] Az
slo] Rslich Axgt ferrate(VI)= ABTS =4 H(Lee
et al., 2005)2 ©]-8-3}o] DR 5000 UV-spectrometer(HACH)
2 FAsp5on, S oF 90%olth

2.3 Ferrate(VI)0ll 2Jt tetracycline 25l A&

HE AFELE 740 mL o] F A v A A 3|EA4]
AAstgon, W7k A28 QRS 53 o
2 vjA o W45 3t 9 25 FAIst
Hk-27] Sletoll= magnetic stirrerES A x| 5}o]
ferrate(VI)7} SA] SN 3} SJEEE 519 00, Ao
= pH meter®} =2A1 & AX|to] F7]H 0 & pHO} 4=
=& 41T 5 J=F ok §H7] Aol = teflon
o8 UgoR ejnete] 55 Aol

_I

Ferrate(VI) =% & 10274 43 A4 o= vl
SAE 5 mLE YFstAom, 2t Hhg-A|Fof uf
£ 5 mM Na$,0; 84 1 mLE FUFFe 24 HEGA|
oF Yol M) ferrate(V)E 1 F7FAQl 93-S o)
Sl¢Th 183l 0.2 um nylon syringe filter= = &3}

of HAARE AHgch
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1 Ferrate(VI)Z 0|83t CIUGH 5= St

oY

oflM2] tetracycline@]

25 S U 92 32 o7

o3t Alm EA4L Shimadzu(Japan)A} HPLC-PDAY]
Waters(USA)A} C18 SunFire Column(4.6 x 150 mm, 5.0
um) S A O], 2EL 40°CE S50 o] F
AF© 2 = acetonitrile(solvent A)T} 0.05% H;PO,7} 3E3F
¥l Z&g(solvent BYE AlE3FA o, o5 F52
0.1 mL/mn® =2 AA3IcE BEAAR = 20 uL:s
HPLCo]| F%]3}o] BA413}9] 01, tetracyclineS %3}
7] 9%t 32 350 nm= A STk

APV IE 240l AREEl LSMSMS 7]7]i= UPLC/Xevo
TQ - S micro(Waters, USA)o] WatersA{USA) ACQUITY
BEH CI18 Column(2.1 x 100mm, 1.7um) Z+¥-< H.x}a}
i, A& Fo{gE 5 uL®E 1] 100~600 m/z9] HH ol
A AAAEASIG T o] 54 0.1% formic acid7} 33+
H Z<$&(solvent A)Q} 0.1% formic acid7} 3E3HE
acetonitrile(solvent B)E AM&3}9om, Z7](08)0=
AL} BO| HI&S 90:10Q1 Zeioll A AJZSto] 10~17&
ol 10:900% fxjsto] BT T 182080 o
Al 90:109] MG §Aako] Aok

3. g+Zut

3.1 pHO|| = 2ills=

Fermate(VI)i= 5:%2| pHol| u}e} % 47}7]2] shahs
(HsFeO,", HFeOs, HFeO,, FeO )2 ZEA 3T} (Fig.
1). ©] % FeO/&= pH 10 oA wf S-H3l= Pz
A ferate(VD2] 55t FIHE 74 QHgAolH,
HiFeO,'i= pH 4 o]atel ) Zajat FeRA W54
o] thE 3tskEof Hlg] A EQHYse] 37HE = 4
A == EAo] Qlth (Sharma, 2002).

olo] B dLo AL ferrate(VI)7} Thekst pH 27 3
of ZAI5I= tetracyclineS E3||sli, pHo| wE
tetracycline 53] E4-& GolH A} 3ATE 5o &
A8} tetracycline?] =@} EoJsts ferrate(VD) Q] =
TX 100 uyMO. B 31, A|BQ &5 5 20°CE A3t
AFefj o A pHE AHd(pH 3.95 + 0.1), Z4J(pH 7.05 + 0.1).
A71H 10,10 + 0.2 lo] A5e 4345190t (Fig. 2)

AR Ao A= ferrate(VI) o] & ZA] A
tetracycline & 10%7} 4 SFE oL}, 0]F 9] W22 n]
o]ste] 108 Fof= AA| tetracycline 5 15% =1t
2ol 374 24 F VM 9 Eeles EA
ZA9] ferrate(VD) =5 HH, ferrate(V)= o] 2%

tetracycline &=

1.0 T T T L= T 1
| "\ HsFeO, 4
HFeO, FeO
08 - 4 4
= 06+ .
S
’g - PKy=16 Y pK,=3.5 pK3=7.3 -
% 04 —
R A
02 1 HoFeO, -
0.0 T T T T T T T T T
0 2 4 6 8 10
pH

Fig. 1. Species distribution of ferrate(Vl) in aqueous solution

(Sharma, 2002).

= Ao g FolEl=y|, o] tetracycline”} =0
EAHA] QEiThe AR ATHE merh o] Ho}
A Z2AY wloll= ferrate(VI)7F A7 Yof &=
Oilﬁ tetracycline®] Halofl= 2 J&FS v| x| 2] Ha}
L Aog H 2 9t}

HHH, A7178 Aol A= ferrate(VI) Fof 2% A A|
tetracycline % 24%7} Eal|E o™, ferrate(VI) Fo
To| I Hk-g-o] AL o] 10& o= HA| tetracycline 5
1% B=7t &= o] 3744 231 & 7 =2 19l
= Btk olmjo] ferrate(V]) T A 9 F4
of Hlsl BluZA] =gl SEo|A|uk, 3& Fofl= Ao B
£ ferrate(V)7} 2= Ao2 YEpgh yhy,
tetracyclineo] ¢l= ZAY W= AF F= oF 12%9)
ferrate(VI)7} A= Qi Zejng Q7144 A o
= tetracyclineo] EAY5FR] oS HL-of = ferrate(VI)7}
Aol Zal = A AT, tetracyclineo] EAT 9ol =
ferrate(V)7} 25 = wj7}A] tetracyclines 3} |
Holsl Ao B & Yok

FA AHOIAE ferrate(VD) Fol AE 40%9)
tetracyclineo] HSIE QO o] F9] WL u]ulsto]
102 Foll= 27] 5&=9 56% A&7t wel = ik ofuf
ferrate(Vyi= o] % 70| FelEl Aoz Lehyluk
I tetracycline®] £R|5FA] &S 79 ferrate(VI)

e ARE Aate] wet A A8] Zhash, 108 o=
A ferrate(VI) = 78%7) AdH= AS R YETh
F4 A W QRE AkReEn QR

tetracycline =-3f|o]] Hofato] AHJat A7)/ Abeffof A <]

S4o] B o WA
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—0—pH 3.95+0.1(TCOpuM) —s—pH 3.95+0.1(TC 100 uM)
—0—pH 7.05+ 0.1 (TC 0 uM) —e— pH 7.05 + 0.1 (TC 100 uM)
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Fig. 2. Effect of pH on tetracycline removal (A) and ferrate(VI) decomposition (B) (Ferrate(VI) dosage :

: 20°0).
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1:131_
N 9o

ELH-F_r': ol Ao & & &4 Qlth. I tetracyclineo] ofd
e 243 o= 3 dFoA = 231d FA4old
AHdolA =2 Bl aES Hol= A7t Aok olek
25}lo] Graham et al. (2004)2 ThAFEZ 9] pK,ol what
o] 23} Hr7t PebA ferate(VI)oll oJ3t ol &8 E3H
b 4= QYL SH31AL Li et al. (2005) o /=4 9

pK.&F 2|4 H3f] 283 Ho|= pH7} v]S3h A1 &9l
stelom, &2 o] 2 dx2tE & H(de-protonated
form)2 ZAYSIHA] ferrate(VI)7F ot obgsheE 4=

A TCH,

Fraction

0.0 ==t -
2 4 6 8 10 12
pH
Fig. 3. pH-dependent speciation of tetracycline molecular

(Duan et al., 2014).

[Fe(VI))/[Fe(VD)],

=i i
400 600
Time(sec)

100 uM, Water temp.

Table 1. pK, and optimal pH condition of target compounds
in previous studies

Chemicals pPKa optimal pH
phenol 10.3%, 9.89°, 9.9° 9.2
4-chlorophenol 9.37°, 9.2¢ 9.2°
2,4-dichlorophenol 7.90°, 7.8° 8.0~8.5°
2.4.6-trichlorophenol 5.99°, 6.1° 5.8~7.0°
bisphenol-A 9.78~10.39¢ 9.28
sulfamethoxazole 5.98° 8.0
dichlofenac 4.2f 7.0~8.0"
carbamazepine 13.9° 7.0~8.0"

“Mitsunaga et al., 2001; "Dabrowski et al., 2005; ‘Graham
et al., 2004; dRegueiro et al., 2015; °Sanli et al., 2010;
fAfonso-Olivares et al., 2013; 8Li et al., 2005; *Zhou and
Jiang, 2015a

U= pHOlA 22 el ass Helvkal =453 o
A pKaot ferrate(VI)E 0183t 7] A-ollA A
AL 24 pHE Table 10] Belstond, pK,o} %2
pH7L §A1EH AS o 4 Sch

Tetracycline2 pH 4.0~5.4%1 ZH7g ol A oA o]a1, ¢7|
Aol A Eekgst Aoz d#fA Ut} (Grobben-Verpoorten
et al., 1985; Mohammed-Ali, 2012). Fig. 3= 2, pH”}
3.3~7.8Y W] 9] tetracycline2 07} A2 =45}, pH
9.671A = ~17} Apel, 1 o] ke 27k Ael= ik
5 9714 Y w9 tetracycline> EeF/J 31 el
2 ZAtA HoEH EQgstH, vhd ferrate(VI)=
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o
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oflMe] tetracycline?| &5

sS4 2 Hig F2 o

C

q
o O 3T
Sk whe AR Abeel A tetracycline &
A ferrate(V)«= =24 5}o] tetracycline}
© 2} tetracycline E-3f| &

T2.0] ferrate(VI)Q] 7|51} tetracycline H-3f&-0f o]
A= FFE gobir] fI8ko] pH 7.05 £ 0.1 =7 3}
oA = tetracycline®] 5x9} ferrate(VD) 9 =&
100 uME 3F AJefjoll Al 4222 10~40°CE so] A
= skt (Fig. 4).

A18] AT} tetracycline?] E3[&-2 10°CY Wf 54%, 20°
CY 1| 56%, 30°C W 57%, 40°C w] 57%= A= o]
‘ol o] Bajgol vm we oz Lebyth
S 314 Z 70| A] tetracycline 100 pMo] Zx g 79
o= ferrate(VI)7} Eo A% 31-91%]| 9] © o, tetracycline
o) EAEA e A9 420l FUSE AFeshsle
ferrate(VI)7} B 22 21 0.2 UEhyitt. 12t 10-40°Col
A19] tetracycline £3l-& 9 ferrate(VI) R}7}Eaf-&2] =}
7 10%E 9A] kol =29 JF2 i mmjgt o=
et

AW 02 ferrate(VI)i= W2 204 QHg 2 o]
, $&0] FolAWH ferrate(VD)Q} thd&E4d, E+=

_1

=
° £ ot

.

fomate(VD) te] 35 WIE7} HolA| A Hof ojAF 82
o] Bago] EolA AL} WM E ferrate(VI)2] AF7HE-
= ZAsto] ABE A7) asts ARE Kol
=t} (Wagner et al., 1952; Macova et al., 2009; Han et
al., 2015; Wang et al., 2015). =20 9Jgt 432 pH
oF mpz7HA| = th4E Aol et o Aos Htty
o, ferrate(VD) 2} tidE4 719 H443t A3 280 of
gk F71AQ1 A7 e Aew HQlth

3.3 Ferrate(VI) E0{ZF ¥ tetracycline 231

Tetracycline &3[jo] Q3 2% 9] ferrate(V]) &%=
5 Z2AA517] Y5te] tetracycline®] HE+ 100 uM=
AT Aol A] ferrate(VI) HES 50300 uME 3}
of A& skt (Fig 5).

A5 A} ferrate(VI) 2] FoaFo| =24 tetracycline
Balge ol A%E mEsigon, oF A
By 50 uM9] ferrate(VD)E EoI5192 3 39%9]
tetracycline®] £33 = %131, 100 uM Q] ferrate(VI) Fof A
54%, 200 uM Eof A] 79%, 300 uM Eo| A] 89%9]
tetracycline®] E|=] it o]} T F}o] ferrate(VI)2]
T H3LE B, tetracycline 100 uMo| £ H ¢ &
o3t ferrate(VI) Q] AFo] SA] S &1, tetracycline
o] ZA5A] &S u ferrate(VI) Fo] T 108 Fo
ferrate(VI) 22 2, 50 uM Fo] A] 29%, 100 uM
Fof A] 22%, 200 uM o] A] 13%, 300 uM 5o A] 6%7}

—o—10°C (TC 0 yM) —=— 10°C (TC 100 uM)
—0—20C (TC 0 pM) —e—20C (TC 100 pM)
—0—30°C (TC 0 yM) —&—30°C (TC 100 pM)
—+—40C (TC 0 pM) —x—40C (TC 100 pM)
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[reyrc,
o o -
> ® 9
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0 200 400 600
Time(sec)

104 B
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0.8 @0\
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F 0.6 *\\5\0
é +§°\%’
S 04 +§<>\
o + o
[T
= XO\
0.2 +\D
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0.0 fasem-2- 84— » i
0 200 400 600

Time(sec)

Fig. 4. Effect of water temperature on tetracycline removal (A) and ferrate(Vl) decomposition (B) (pH : 7.05 + 0.1, Ferrate(VI)

dosage : 100 pM).
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—0— 50uM (TC 0 yM) —m— 50uM (TC 100 uM)
—0— 100pM (TC 0 uM) —e— 100uM (TC 100 pM)
—o—200uM (TC 0 uM) —e— 200uM (TC 100 uM)
—+— 300uM (TC 0 pM) —x— 300uM (TC 100 pM)
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