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B—H SRR N7 CA0) EIFREE, ZJEAE C(12)-C(15). C(13)-C(18) AMrEd K miz H 279 KP4, #x
JET CAOYBKAER m/z Jy 261 BT B84E B SR AEBUKAME M EHE, )5 C(13)-C(14)4b B 4 Bk
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EHE InILEEg, HER, MR, BT
FESAES TLI3

+ % % (Oxytetracycline, OTC)JE T VU ZE KT
AR, XWRRAEIAER, 757N CuHuN,Oy,
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H,0, W A5 Bk FEtg, K EHY%ET: UV
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FHHRE EEUEMRAE LC-MS SLIREHR AL, W
SEG 5 U0 AT kG R 22 T B Y I R AR AR
LSRRI K A, SMORN T AEHLEE H +
G RAR IR PR 1 R0 N E BN Gaussian 03

B4 v LIS B4 (BK20131355) YLARE BT A QB I H (CXLX12-0145)F1F B2 i K K S 3L ARV 45 2

R H HER G R4 (BT (NS2014055)% B

AR X, 5, 1986 4 11 Al A, 2012 SRR TR RE B R, BN R R K22 A% BOR S I AR i

542, E-mail: Ihping08@gmail.com

WIS K, 14, #4%, E-mail: zhanghq@nuaa.edu.cn

Weks HEA: BI%S 2014-08-18; {&[A 2014-11-12



WA HE RS RS L ¥ %M 2015,33:010301(8)

ek E T, RO K 2 W % b
W2t S S RS R A 1A 71 1A, R Gaussian 03
et LB R LI AR o T i E ST
MeeE. JEFHETFRIERAME. R R
KHdn . R R SRR ST ), A A 5
H & S0 T A B A S TICEE, SRR K
/N B e Fr M B AR EE L4 1S) ) Gaussian 03 1 45
o} R P A B A5 T PR R B A B AR

BF T T y- 558 2 L B i R 8RR
K2, GFEEWR pH (A IEBVIEIRE (Co) y-514k
WAL B o X A J % SRR gk 4T LC-ESI-MS 7
M, A H 22 Fhy S 2R AR R B R P24 . Gaussian 03
A B TR 1 L5+ 2 25,
AR, B, BRI S N B A
SR BB R y- ) 2R R L R I PR R R AR

1 MRI5EE%
1.1 255, HEFE

THER: AERT 98%: 4fF. HEE. HIK:
%[ Sigma AF], tapkal; —RZEWK HARG,
AT 4l . A : Gaussian 03W(Full version single CPU)
Revision E.01,043%F Gaussian A #] . y-H26J8: 75
9 1.48%10'"° Bq 1] Co-60 ¥, 7I&EZ% A 1 kGy/h,
AT B E AT R R R B G o S AD-AT L7060t
J¥it: Agilent Technologies UV-2550, A i%-5
WEEF A% : Agilent Technologies 6460 Triple Quad
LC/MS, KR, SRk &,
KA, DHG-9141 Y B i i T 154 .

1.2 y-BikiEREstig

y-5F 28 4 HELTE B 0 2 i R K 2 R O it
1T. FEHIAE pHAEGB 5+ 7+ 9+ 11). AFEVILHHK
FE(2+ 5. 10, 20. 40 mg/L)+5FEKIER, i
. EAEEEL BEQ3 CE3 ORI Tt
ITAFE, JFEM ORFE pH EFARFEIRE) Wik
BIRKCON: 025, 0.5, 1. 2. 3 A4 kGy; HFh7&E
T 3 ANTPATREM . PCo y-H AR IS S, SLR
FIEA-RT WA B T E AR R T B RS &,
WA N 267 nm.

1.3  LC-ESI-MS #&N4@RE/H OTC # &

R T AN [ B B B =, T AR P
N 100 mg/L 1+ 2 R IE R (pH=7), 73 HI1E 2SR

T4EIE 0.25. 0.5, 1. 2. 3 Al 4 kGy, fEIE 5K OTC
TR 8« B0 i) BB - A I R G P 75
(IR o TEVRAE Ea -0 R G0 T RS 4 A =0
1.3.1 &ABE iR S5

mBhA A: HEE, WishH B: 4fF (& 0.25%
R ). BEEEVEN251F: 0—-10 min JiEHAH A HAFR
IE10%LR ERINE] 50%, 10.1-25 min M A
FHARFA 7350 50%Z8 M3 I3 60%, 25.1-40 min i
AH A fR¥FF 60% A2 . L 200 pL/min, tREH
C18 (5 um, 250 mm x 4.6 mm)¥E, A 27 C, X
F B st 2%, #ERER 10.00 uL, KV K: 267 nm.
132 Rt R G50

FHL I 22 55 f- YR (Electrospray ionization, ESI), &
TR : 250.0 °C, WENIESFRNEA, 5
EAAHETEE: 50-700 Da, Z/SUi#E: 1.5 L/min,
CDL %R 250 C.

1.4  Gaussian 03 It EM D EE

BT 4> 745 M ¥ #E DFT/B3LYP/6-31G(d)/K
N AT . AR RS K R E
POP=NBOREAD iy &% #4 B4 AT B S840 J& 7341, o]
555 T 1) NPA HLf A1 Wiberg $#2%; 15> 745
¥yt BE B E=RB+HF-LYP, @ilfsE K/NaFEb i T
T[] 43 S M A ) A 1k ()58 55 o B8 . NIPAL LT
Wiberg 2. 4> F#¢ 2 (E=RB+HF-LYP)5 % F %
PR IAR DG, B RN B 2 T W LA A 1
4 NPA MM R0 5K/ H B35 501 RS A
(A ROWOUL AR, 3 A7 rL M R T R R R R KR
BRI A ) A, SRIE F R T R K
HLFR H RO s e KNS 2 FRasE MEAE G,
[ 43 e W s v B Bk s o A VRIS, 7RI T 4
gEfyEAE R EEERA.

2 FERE5TR
2.1 y-HEARBRERRI R AR E R
2.1.1 OTC #n45iKJE By-HF & BN 2 A y-4f & 48
KRS B E A

AN OTC WA AR JEE 5 y- 31t e i HR I g e
5= 2 WK 1 7. 0.25 kGy B, 2 mg/L Al 40 mg/L
VRV R R N 72.6% 0 10.2%, [ n) &
439N 1.452 mg 1 4.080 mg; 4 kGy o 19 3 Bfi# 2%
RN 100%F 78.7%, FEfFELAN &5 2 mg
F131.480 mg. WJLLEH, OTC WK X Bk
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REWRRMm, F—5mEFRET, OTC ¥ILRKE
B A R R AR G, PR . X2
FH T ] —y- S5 282 P R s 7 S (R AR B PRV R AR = 2
1 H BHEREAT, WARDFTR; MEyaRE
W OTC 7T IAIf R NS 4 SE AN, BRIk T
OTC 7+ F5 A HEZ IR LE . WE 2 v LG
H, 2. 5. 10, 20 1 40 mg/L + 5 REREA 0.25 kGy
A 4 kGy [Py-S8edm i, P25 B 2] 72.60%.
59.66%- 42.31%- 19.08%- 10.17%H1 100%- 100%-
90.60%- 85.34%F1 78.72%. 5t My-5f L858 IE GEAH %L
e K I LB R 1, - e MR R AR R
I P S S T B K . IR BRI DA S R )
ERALZ 1 kGy/h, 775k s 5 BT = AR
SREBESEES, ARESTERS> THELKR
I TR, A T e R P A A

1.2
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Fig.1 Effects of OTC initial concentrations on their y-ray
irradiation induced degradation
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Fig.2 Effects of y-ray irradiation dose on their induced
degradation

2.1.2 OTC ik pH 1B y-4F £ 48 PR T4 fF 2 09 %
u@
OTC ¥R pH B X y-4ht 244 MR P R 1 5 1

WK 3 fis. IR 0.25 kGy, pH {E M 3 #in%) 11
I PR R 4.49% I8 5 1.78%; WUSGFIE A 4 kGy
W, B pH {ERIEIN, PR 95.48%K %
40.63%. 1B A VA VR PE ()3E , AR TRBR AR
B

1.0

- —m—0.25kGy
1 —@—0.5kGy
— —A— IKGy
0.8 N —¥— 2kGy
h R b —<4—3kGy
N\ - .
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Fig.3 Effects of pH value on their y-irradiation induced
degradation

+HERFEENT S HO-M H-MHEAEA KL
Bfg, HRAEANE pH (EIEWIT, HO . H-\ e, I¥I4H
PR Loy A AR R, FERRE pH B RSN TE PR
M= B A . TR A RIT H-007= R
AR(2), TR 5 2R PR . TR VA K
) OH &£ H B3 HO-. H- ARG, 4), &
KT LB RERMBmARI, 546, OTC 4 FrEmiE
TR AR T LUTE R PR VAR A TR AR e M B vt A2
5B R ORI A SR

et H=H: 2
H-+ OH =¢,t H,0 3)
HO'+e,=OH 4)

2.2 LC-ESI-MS #&Mly-5f2%42 8% OTC FRY
=4

FA BT 2 R o8 P e i e R S R v, R
J LB AR = WAE RS A N 20 55 48 BST IR & b )
HENJRBEACH 73 HT o FH T8 RS B B FR 11 LA S )
Ji 5T /NS SR B IR 2, SR o AT AR
(5 A% EL R L SE +1.0. + 75 25 EHE & 4(a)
Fim, 3 ANES TR FAZ L AR 3 A 461, 444 i1 426,
461 ATERS THETM+HH] &, 444 HHERM
O F[M+H-NH;] &, 426 N 5 i K& 1
[M+H-NH;-H,0] "I, +HREME S K AEMEN
IR NG o y- S 2 e BB it A 22 b B A =, I
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4(b)3 MEFIEFUZ L7300 447, 430 Fi1 412,
BT 5FBE T RMZE 17 M35 NRTFFRE, K
m/z 447 P 5 H B R AL 430 1412 73512
447 (PR EES T [M(447)+HH-NH; ] " 0 i 2= i 7K 2
F[M(447)+H-NH;—H,0] ¢, BB m/z 447 5+
HHR miz461 HE 4 DMETE, 2 HIIREER
R T £ — AW (-CHy) J5 Jr BE 1 %
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B 5(a) it i B s 20 B BT miz Ry 443,
b+ R B I 18 AR T E T K, &+
B E WK TE R 8 [M+H-H,0] I . 155 ¥ 1% m/z
426 5 443 fHZ 17 NMEF R E, B m/z 443 W)
SHEERE. TERSTAZANRECON) S,
WS H HEE H e fiiRFr EERE(—OH) 52 &
(H)RABK L. m/z 2y 443 P AE 3 A A

TR, A& miz 447 Py — P R 14 R E
T, T m/z 433 B2 miz 447 B FRIE T L5
— WL (—CH3)#¢ H- UM A5 1) & 1 [M(461)+2H-
2CH;] . P A(d)FT7m B8 T A% ol 279 1 261,
HH m/z 279 &1 5 261 A% 18 A5 Fi 24 m/iz 279
BT G WK S50 o WL g = ) To i A 1 1 U,
TR & BRI R, B R T4 5,
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Electrospray ionization (ESI) mass spectrum of OTC and its degradation products by irradiation
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TOIRIR, R FE B AR T R B A R AR B AR, HL
Bfift o b v B A R IR ARG M . B 5(b)
R m/iz 4 218 M1 I m/z S 230 A1 174,
SR m/iz 218 A2 12 A1 44 DNET R, T
m/z 230 P)J5 R & T B (—CH) S5 H, PiANH
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Fig.5 Electrospray ionization (ESI) mass spectrum of OTC’s degradation products by irradiation

2.3 Gaussian 03 FEREEFE TS RMEMEER

FIF Gaussian 03 #4, M8 % 3z R
(Density functional theory, DFT){E B3LYP/6-31G(d)
KFTR, X EBTERST L miz 57508 461, 433 Al
443 [EAE PN T LR G5 A AT AT SR, AV
AR Y CPCM., BT 4514k . NBO FIGE R
THE, SAF SV TR L NPA J5 I J5 1 LA
SN Re A

JFEF 5 WK 6 ffizn, Gaussian 03 i+H THE R
g5 R E IR NQ7)-C28)F1 N(27)—-C(29)%#: 4% 43 7l N
0.9704 #10.9659, #/NF N-C #HIIHE 1.0677, 5
BAE NG)-C3)8EF 1.3691 MER K, #HK
R(27, 28)F1 R(27, 29)7E N-C #K K5 5N
1.4652 #1 1.4732, oW E. C(28). C(29)
JR 7 E AR B 7 43 1) N —0.46498 F11—0.48357, {ERRJER
TP M N-0.21173 R B, XS
S5 MNER T HO- 456, KA H-BURH MR
Moo BAJE T C28). CQ9)HEL /5N 3.7970 I
3.7899, Jeli TR T SIS, FEH HEER
HIMTFWAIE ik o5 . SEERS T
C(28). C(29)fr H % b fif A= Bl m/z 447~

[M(461)+H—CH;]"F1 m/z 433 H[M(461)+2H-2CH;]"
g RME . Rk E P mz 43 F T
[M(461)+H-H,O] W (15 7 p ] P b -5 485 SR A e

T m/z 433 YR I, CQRSNREA. &M
R PR f s R, R R IR R R SR dR N
C(25) % 5 HO-#E VU R AE P Al . S5M PR R(12,
15)72 C-C ot R, SR HOCER A &) Wi R(10,
25) KT C-C W Pistdc, B0 C(25)-C(10)/hTF
YIE 1.14541. R(13, 184 1.5412 5 R(12, 15)#H
ZAH 0.0089, 587 C(13)—C(18)t 5 Wr a4 2 I,
P ALK R C(12)—-C(15)>C(13)-C(18), HJ5i T
B C(15)<C(18)<C(12)<C(13) T il 4 1ty thr 2L M
C(15)F1 C(18)4b & AT C(12)F1 C(13)¥5 %2 H-Triki o
C(13)/ F 4R Hifaf N—0.29504, C(18). C(12)F1 C(15)
43 N—0.11177+ 0.17438 A1 0.56046, C(15)f)5% IE
P A HL 5 e H- XAt g TR [ b e e PR AH B HE S
PPN E R R E . miz 433 Ym Bl & AR AE
C(25). C(18)F1 C(15), KNG =FAHEN 3 Mt
(BT . 55 SO0 W 22 21 (1) B8 [M(433)+H-CH; ] "I,
PRI m/z 419 BT ATES F[M(433)+H-154] 1§46
ML RARF, 456 ok Bs vt 55 45 SR vl 15 P Al it
m—1El 6.
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Fig.6 The first degradation pathway of oxytetracycline by y-ray irradiation

Fegss il 7 s, HEEERS TIER
L, O(30)-C(10)8Z: N 0.8942 /NT C-0 P8
1.2143, AREMHAKRT C(12)-0(22). O30)5ELH
KA 1.8010, HHE/ANEEZ 026)1.7634 FHZEAL
9 0.0376, WARIRFHEHIME 1.9369 H/h., #EK
R(10, 30)9 1.444 -k, KT C-O P& O(30)
(1) E AR Fer A BRI A PR 9 -0.75812, S5 4BAL
0.27714 IEHRAEREAHE RG], HIRBEAN 0.2884
) COOYVK#RIZ A % H- 2l . W C(10)hi#z
BAE B HELGE N S dREiE, S A A MK,

M. mz 43@ it EE R KD, 027)
—C(14)Z A N, O DT MR E, 5 IEHfr
49 0.42915 1 CADHE R 5] . RS 75 O(20) 7
HLPEELSS, O(0)-C(7)ZMA — Rk T 5 K A&
¥R, C12)-C1)EHN i/ MER C(12)-C(15)
o 0.0168, TEKMIE S F Wi . OQ27) %
—0.75471 fUKXTF 0(22), KEAIIEHMEGER C(11)
4it. CADYE OQNEHAREIFE 074G IR
TERIERS, CO)EIREET S C9)—-C(10)XU Al
RINTE TR G5 . TS S i B HE S S5 fa tn &

g m/iz 443(a) B T [M(461)+H-H,0] 1§ 45 7 W m/z 443(b), PE TOAIES TR

HOSD

o K Ao A

A 20
HO “ OH Hg @ (2)1H 14 o (0} COOH
OH OH 13 OH

/ / /

HO CONH, HO CONH, HO CONH,

A E=-0.012 C1N04H
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Fig.7 The second degradation pathway of oxytetracycline by y-ray irradiation
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B R M0 5 5 1) b W 4K . miz 443(b) o TS
FEIR, C(13)-C(14) 8 H AR/ 0.9698 J& H &5 44
C-C B R/ME, /N T C-C ¥ 1.1911,
m/z 443(b)7rF WhkIR 1 Z 8 R A B, C(14)5 55
IIEHPEA 0.0898, f#i C(14)7F 2 H05 6 L 14 B
JEF R S A RS H- 2w C3) B & A
—0.30915, Z# A1k B RS BOR A B8

PL_ B iR i rh m/z 443(b) 71 C(13)—-C(14)%

KAWL, AR S H IR RN T
(COy« H OV, MRS F=4E miz 230 B+

[M(443)-113]" 0. k2B m/z 230 BT BEE
IOl B (—CH ) A R FE AR S5 1 miz 218 B+
[M(230)—CH,] &, m/z 174 22545 F b i 5 R AR 5
TR S T [M(218)—COOH] 14 . i 5 45 B fid Bk
5 B T VA PR TR OB
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AR v & SR B A v h B 0 A B ML RS
R FBRAW MR, B —RER NQ27)
EBANFIER C(10) EFIE; 2 )5 A B 2RI R ik
M C(12)~-C(15)F1 C(13)—-C(18)fr B P&fi#t: Jak
A K AR R R ARIR M o B4R T S R AR K
TS AE ARSI R A A AR B AR E s e
M C(13)4ab P i B 285 R A B a2 R B B A il 7 25 B R
ghky, 16 H HIEBGE T R CH, AR IR JE 1 1 B
i ok T2 A R ZE IR L

3 g

T RAE KIS P B 52 3 B R IR AT
FE pHAE. y-HLFI =AM .. VI E R, pH
RS, SR/ P AR SRR, = # R
My~ 2 4 B AR ) HH R K/ IN SR R i 8 R i
oy 2R IR B R KIS 2 PR =)
LC-ESI-MS £l B =) (1 BERS T m/z 447,
443, 433, 279 F1218, HETFEFUE m/z N 444,
426, 430, 412. 416, 426, 261. 230 f1 174, =&Ht
B & RRIR S B IEANE B L Y 25 R . Gaussian
03 T &5 R - H R R BEARIR AT, B2 —ok
B NQ7) LA HIEA C(10) L H L 2 J s ok
IR IRFR A C(12)F1 C(13)BEfR: ) KAER K o
PRAT T e RAEMOK s TR LE KR P R AR R Ak
AR E PR FEIE AN C(13)4b B fift B 25 2K 3E
O TR AR B ZE A 51, 7E B BRI R R
AU CHy FIARTRFE ], Az RS54
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Engineering

Study on y-radiolytical degradation of oxytetracycline in aqueous solution and

its degradation pathway

LIU Huaping HU Xiaodan ZHANG Xiaohong ZHANG Haiqgian

(Department of Nuclear Science and Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

ABSTRACT To find out an efficient and no second pollution method of degradation oxytetracycline (OTC), the

effective reasons of y-ray absorbed dose, initial concentration of OTC, and pH value were studied. The results showed

that y-ray irradiation can more effectively degrade OTC in aqueous solution with higher absorbed dose, lower OTC

aqueous solution concentration, and lower pH value. OTC and five main degraded products (m/z of 447, 443, 433,

279, and 218) were identified by liquid chromatography-mass spectrometry (LC-ESI-MS). Gaussian 03 program

calculated molecule energy, Natural Population Analysis and bond rate of OTC and its degradation products. Result

shows that there are two main pathway of OTC degradation. The first pathway: three methyl groups on N(27) and
C(10) degraded firstly, product m/z 279 break from C(12)—C(15) and C(13)—C(18) secondly, and molecule m/z 279

departed at C(10) and a dehydrated molecule m/z 261 is found finally. The second pathway: dehydration and

rearrangement are happened; then break at C(13)—C(14) and a thickening rings m/z 230 is formed; at last, carbon ring

embed with oxygen degraded CH, and COOH. LC-ESI-MS detection combining with Gaussian 03 calculation is an

efficient and accurate method to find out the degradation pathway of OTC.

KEYWORDS 1y-ray irradiation, Oxytetracycline, Degradation pathway, Quantum chemistry
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