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Abstract: In this study, the UV activated periodate (PI, 10,) system (UV/PI) was investigated to degrade PhACs in urine (UV(10W
low pressure, peak at 254nm), Pl (Smmol/L)), the results demonstrated that the degradation rate of 12 selected Pharmaceutically
active compounds (PhACs) exceeded 60% at 10min; based on this, the influence of urine matrix on PhACs degradation was further
studied. In fresh urine matrices, urea and citrate reacted with the radicals, inhibiting the degradation of PhACs, with the rate constant
k; decreasing by about 0.0083~0.0129s™" compared to the UV/PI system. Meanwhile, CI” reacted with the radicals to form lower
reactive chlorine species (RCS), which negatively affected the degradation efficiency, with the k; decreasing by about
0.0015~0.0056s". In hydrolyzed urine matrices, urea and citrate were hydrolyzed into NH; and HCOs . Then, NH; and HCO;
reacted with the radicals to produce reactive nitrogen species (RNS) and CO;-, which further reacted with PhACs. UV/PI system
exhibited significant structural selectivity for the degradation of PhACs.

Key words: periodate; advanced oxidation; radicals; pharmaceutically active compounds
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(periodate, PI, 104 )] AOPs [XH: Hi 4 (4 AL A 75
PERET 2% 32 RF 22 ZH O 5 S AR (R A TR -
AL SR A SR )AH LE, T 25 1 PT LA P S 4k
S ReE M AT TG AF R ORI8 B SR A IR £5 (105 )
Y PI IR 740, LUAR BE 10 G 75 o 22 410 M o
FESR BT R WILPL Ar R, Rt el
S LN v s B I BV R e A S A B U
FLANUV)IEAL PL AT EARAME AL 2% S Bn o
R R D RE DR 4% 52 el

PI nJ 4R AN AL 77 A5 -OH 1 1053k 1M B Af 1
eyl SR, B AT 55 T UV/PL A4 28 b B PR v 6 ot o
PhACs [IRIFFEATY 24T 4300 . 48 AU V) HE SR i 5K
A B BTN AU A PhACs ARFE T 1
BB SRR BT — 2 1 TR, DR L AN F 9T 3
PEANF 45111 PRACSOHEIZE R L TS . L frmsig
Hy IR WETETNR K OR CRERTEE N R E TS
Y Rt T UV/PL %f PhACs FIBFRGEAH T &
TE R R — {5 52 2% i 5 0L, e rh i e i L
191 4 AR 7 o 273 e Kb T o R 25 RO A g 9 3
PR PRIE P ISR, 58 T UV/PL AR RN A R
AW PhACs (1) B 100, 08 AN [) R BUE B (1) 5% il
HATHIL VRS 5505 19018 T UV/PL AR R X} PhACs &
fiff (00 A A5 B 4 R 3 Rk, DA Dy B S PR VR
PhACs [1) [ AR OLBES A B S AR 4.

1 SKWAHE

1.1 MRS

IR, JRFE(CHNL0) SFALHI(NaCl).
i R EM (Na,SO,) . FHALEI(KCl). 2 /K(NH3-H,0).
FABEMeCL). IRA B (Na,HPO,) IR 4L
W (NaH,POy) 1 B2 (HsPO4) v — /K & & AL 5
(CaClyH,0). BRIREH(NHHCOs). /K& F R
1 (NasCitrate, H,O) Fl i A B 5 4 (NapS,05) Hi
A At VD 22 (enrofloxacin, ENR). ¥4
70 /2 (ciprofloxacin, CIP). MER(estrone, E1). M %
(estradiol, E2) . M = B¥ (estriol, E3) . 4k M f%
(ethinylestradiol, EE2). “KFf&(benzoic acid, BA).
% (phenol, PhOH). X} A (bisphenol A, BPA). H
A KN W (trimethoprim, TMP) . K & J§ *f
(carbamazepine, CBZ). fif3& K (nitrobenzene, NB).
fifi i FEEME (sulfamethoxazole, SMX). ik ¥

(venlafaxine, VFA). i (metronidazole, MNZ)F1 5
M (ornidazole, ONZ)J [ Sigma—Aldrich 23 7). H
M B b2l SCi R B A7 B A\ AR
A2 S 4y B 4l Jo /7 13— P Al S5 KSR H
Milli-Q Zifk R4 (18.2mQ-cm) il 44 At K.
1.2 BRI E

F 5 6 PR AR i A7 T TR 388 o, PR (R840 4
JFUS R AR TR DAL e DA K At PRGN T A7 I PR
DAFRISIAS [FR L PRI B A PR e AN L T PR
PRI B IR EE 1), 73 34 B R (pH=6)
FKAR IR B (pH=9) . i F R T pH {HAFISN Brie SR
TP 1) JR 35 R A5 TR bl A A JR B P e K R PR
SR FITIUAR. B PR pH {EFH NaOH Al H3PO, 1
A5 AL 10mmol/L IR ZE MU (PB) U 15

F 1 B BUREEPRIGFIK R bR TR E R B4R R
Table 1 Composition of synthetic fresh urine and hydrolyzed

urine
il MW(g/mol) — fﬁ(mom —
BRI KA R
JRF 60.06 0.25 -
AL 58.44 0.044 0.06
T RN 142.04 0.015 0.015
SALHR 74.55 0.04 0.04
2K 35.04 - 0.25
AL 95.21 0.004 -
TR — A 119.98 0.02 0.0136
TIKEEMNES 147.02 0.004 -
i3k 79.06 - 0.25
KGR TR 294.1 0.0027 -
pH 1H - 6 9

1.3 SRk

10 WEJE |7 [k
BIMT S~ B
—> 5 R4k

—
Bt
Bl oscaede®
Fig.1 Experimental setup
WK 1 Frzs, 4 1.0mL PI(Smmol/L)E B A H
b 7K JE B 1 (100mL), 75 45 5 ik ) 456 $ 45% (200r/min)



10 4 PoWeRE: UV AR IR 6 A o RV 2902 e K e S B 5511

() AT T A 2 i )3 22(200mL) 1 2857, UV/PI 1K R, 45
AN (LOW A 22 4MT 254nm) 7645 F BT Fii# 10min.
Horp V5 94) PhACs WG B2 34 10pumol/L, 15 ik
PR ) pH 18 F] NaOH H1 HyPO, 11 % e 28 il 4 i
10mmol/L  H IR Sz I ¥ v (PB) i 15 . 4 by — 5 I [1)
T¥1) B OB Ji 7 B A L PR A 0 K, 8RR A T 43
FE 7K T SR SE G I T I N = AL A7 )

JF(CI'v HCOs + NH;. JREAMFTELIREN). T S5
I3 APATHE.
1.4 ik

S PhAC (PR I LAY C18 A 1H3:(4.6mm
x250mm, Spum) FHEES MR 1) im0 15126011, %
FEAD, 2 [0, ELAAR IR A% WA 2488 pH THI
O pH {H(FE28K M B2 A i ).

#&2 PhACs HYKHEBIENEFH
Table 2 Liquid chromatography test conditions for PhACs

21 IR 4K VAN MR (L) K mm)  HUE(mL/min)
MRS/ I/t /M =% EE2/E1/E2/E3 LK (60:4017V) 30 280 1
it fiig P L s SMX ZNE10.1% ZFR(45:55V1V) 20 268 1
L LiRE CBZ LK (80:207/7) 5 286 1
KR BA FEE/0.1% LFR(60:4077/7) 30 230 1
A A BPA LIEIK(70:3077) 20 210 1
it B NB /7K (30:70V/V) 20 254 1
ENL PhOH FEE/ K (30:70V7V) 20 278 1
B A ENR ZE10.3% BERR(15:85V/V) 20 278 1
EINSRA CIp ZJiE/0.1% HH(20:8017V) 20 277 1
FH i 4 MNZ LK (20:801/V) 10 316 1
R e ONZ I 7/7K.(20:80777) 30 318 1
R4 Mg TMP ZJi10.1% HR(30:701/V) 20 270 1
SCRIE VFA FFEE/0.1% W & 2mM ZIREE(60:407/1V)6:4 10 226 0.3

PAE PhACs F9%d b 27 00 Shpridk, Bl
D05 RN PR PR B it A S v i £ LU S A
B ) TR (14 e A 3k, B ik Ty A
FF it PR JEEAEL, B4 pumol/L.

2 FHR51E

2.1 UV/PI & % %k PhACs fILRE

Wik 2 Fros, BTkl 12 B PhACs 7E 10min ]
LBRARIL R 60%LA 11X K] UV/PI /& & XF PhACs
HA T Z B AR GE T A, 12k 250 s T i 2K 25 )

B VD B FER TR 0 F2 ) PR 8 A A0 36 vy 1 g 2 Ik e
WA MR RS I).UV 6 PL BVEALTT 4 K
Hah . FTAEMZ A=A B(EE )M Ao M
105§ AN 0 2 = 22 575 4L ) B fif 1 3G 9
Fh,-OH FE N ARIE R 1 i &, nld iR Ak . A
F 2T 3 iR 45 5 PhACs 2 %Y -OH 4 L%
JRHLEAL S 1.9~2.7V, A uE B v 5 2 Fh 2 P pesk
I (k=105~10""L/(mol-s))" i UV/PI 14 2 3 1
KL bR RS T 10551, XK E 24
TR R,
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Fig.2 The efficiency of PhACs degradation by UV/PI
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Table 3 The photolytic reaction process of periodate

S
104 +hv = 105+ 0O
104 +hv — 105 +O(3P)
O +H,0 — ‘OH+OH
OB3P)+0, —~ 03
10, +-OH—I0, + OH
10, +105 — 104 +105
03 +105° — 104 + O,
2:0H — H,0,
2105 — 1,04
1,06+ H;0 — 10, +105 +2H"

SRS B
EIRHBL

FTLERT B

ZOEpr B

2.2 UV/PL (K FABHUBTEF IR PhACs )54
it

PhACs 71 UV/PL A Z IR B AR A4S LRGN
(B GAE P 8 )
kobs = ka + ki
A thgns AN — 2 B A R M sk A DU
BRIy — P ORI R H Bs sk 1)1 g
KRS
F 4 PhACs EAEERH R EREABREEH

Table 4 The direct photolysis rate constants of PhACs in

different substrates

YR kAPB6)  kAWTEF IR ko (PBY)  kOKARIRIK)

BV E(ENR)  0.0018 0.0011 0.0033 0.0018
HNVPE(CIP)  0.0008 0.0006 0.0014 0.0006
HeERE(EE2)  0.00006 0.0005 0.0002 0.0003
HERA(ED) 0.0021 0.0022 0.0021 0.0012
M~ (E2) 0.0001 0.0002 0.0001 0.0002
M= WE(E3) 0.0002 0.0001 0.0002 0.0002

45 (TMP) 0 0 0 0

K14 5F(CBZ) 0 0 0 0

SChEEA(VFA) 0 0 0 0

T 1 PRI
0.0076 0.0074 0.0028 0.0033
(SMX)

FRSME(MNZ)  0.0002 0.0002 0.0002 0.0031
JRYM(ONZ)  0.0002 0.0002 0.0002 0.0028

B IRSRIBOE PhACs [ ELE G 3% 5
(3R 4), 327 B i TR RS A 254nm AR 9
AR SRR Vb L PR v 2 R FVEE A m A R '
AR S PP AR AN SRR AN AT O
Hh R PRt g R VB A L B o R S i SE B, i J2
WA SRR VD AR B KRG 1) pH AR AT
i 15 7 8 H1 A GO R ) K e 28 2 40 (LA
ISR FERFS ) £ K A8 PRVB AR DG e 8 A< T34 AE PB

ST (A 3R S 1 2.3 b DA

0.020

72 vs (oui6)
BikE R

0.015 -

0.010

k; s

0.005

0.000

UV/PIA %

B3 UV/PLAR B T PhACs AR AR RE
Fig.3 The degradation efficiency of PhACs by UV/PI in fresh urine
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Fig.4 The effect of matrix on the efficiency of PhACs
degradation by UV/PI in fresh urine

ENR  CIP EE2

W 3 Fr7s, UV/PT A4 SR AE B f PR 1 R e
) S ) G v SR s R A A A LT e 4
JOsh it B v R IR T 0 R A B R O R Al e A
], 33X 3% HH 12 1 R 70 0T B PR3 T T R AR B T
Pl AT R B R A RE D (S e B 3200 T
BCE PRI IR B — L O UV/PT AR R K520, R 2R
ClAIFT R AN 1 IS4 T PhACs [ BEAR (] 4).
BT O A7 KB SOk R -OH B 10518 UV/PL 4 &
fH) 25 3T R R A 2R PR s e PR L
H1-OH 5 JR 2 AP AR 36 10— [ % 5 500y i ok
7.9x10°L/(mol-s)Fl 2.4x10°L/(mol-s)**), it Ji# 2% Flf7:
BN UV/PTAR R 1) B Rk LA B I K AE
JHI,J52 17 3 2R 5 B0 ke RO/ T 49 0.0083~0.0129s .24
WP ARAE CUIN, CLURE 3 4+ 1 #6-OH A1 105131711
A EGE PE AR RCS) (N (D) -(@)! LA I 5T % ]
RCS X} PhACs [ WAKT-OH, {1l 1,C1 F Cl, Sk
WA 2 16 S5 7 38 % 023 391l 2.08x 10°L/(mol-s) AT 1



107L/(mol-s), Ml -OH 55 b i 15 (1) S I 3 2 4 % Ny
9.8x10°L/(mol-s)*® P& 11, C1 % UV/PI 14 2 [ fi#
PhACs 7= A i1 FH R 5k /N T 24
0.0015~0.0056s ' JL 1T CURIZR N FE-OH Ky
FE,(H A A7 /5 -OH [ PR 38 F A= i # (CIOH —CI
+-OH, k=6.1x10°L/(mol-s))*"]#4-OH Fl RCS L [F]Z
55 TR PhACS %A

-OH + Cl — CIOH (1)
105 + CI —I05 + CI- ©)
CIOH- + H" — -Cl + H,0 3)
CIOH- + CI' —>Cl, -+ OH )

2.3 UV/PHRRERRIK IR 2Bk PhACs [F1K6E

WE 5 Br7s, UV/PL AR R ALK R PRI B3 e
B 302 0 o) L A0 61 205 SR 5 0 PR A LU B PR
KA PR IR R 3 T R R B 4 /K fi# A HCO5 il
NH;. pH 18 T+ 754 5§30 PhACs LA L S U AEAE (R L
138 0,10 RCS S 5 #7400 A 5 i ) S v )
CI 7t PBY J& 5 (14 1E FH /175 PB6 it (&
6).55 CIZHLLHCO; 1] 5-0OH Ml 105 [ N A2 1% CO5-
(X (G)~(7)) 54 1E,CO5 71 pH8.4 I A% ALIL 5
fr 2 1,63V 3 3 W H B AT P 4 48 Ak g ) 0 3R
WYL R RSP HCOs B IR RE T HAE UV/PI
PR Z R JX W] BB F TS COs- FRAS IR BEHIK
W T H-OH 5910 s N — T TR 5 Ik g 2K 24 )
AR T HE ] (-NO, FI-CI), 55— 5 [ B Aif e Al
FRAHMAE pHO Rty f1 L FFHE R COs- il HCOs 1M
AN JUT- 56 A3 T SRR e A0 S A P 4 i

0.020

2B (pm9)
IS 73

ki (s™)

K5 UV/PLAKRRR KR PhACS BRETE
Fig.5 The degradation efficiency of PhACs by UV/PI in
hydrolyzed urine

‘OH + HCO; —»CO5- + H,0 (5)
‘OH + CO;* »CO;5 + HO' (6)

UV Ak s R 6 A B B R 29 283 e i) 2 re S5 ML) 5513
105 + HCO; —CO5;- +10; +H' (7)
NH3 +OH — NH2 + H20 (8)

0.020

22 PB(pH=9)
Ecr
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A0
Fig.6 The effect of matrix on the efficiency of PhACs
degradation by UV/PI in hydrolyzed urine
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A CNH, (3K (8)), 1M -NHo (35 M &4 B RNS) A
— PR 55 B AR R IR HL T 05 A A B A AR
52 e PRI R 3OV A ) s 7K A8 R YR v P L s Y
TEPELE AN P IS AMNISS R AR T W (1 F&
i WSCAR TR 0T 7K AR PR R (1) B — R Bt G o At 11
SEMIHEAT T WESC B 7 Feos, SRl NH; ok B
BEAE T HAE UV IS AT ] PR B S A e, UV/CT
FTUV/HCO; |~ B ME ) 3 3% 5 B AT PBY
PR AR AR AR — B, X e s R[] 3% W K R DR R
() SR Il B A 2 th T UV 6 NH; S AL, 2R 17,UV
XF NH; 3 A6 HLET H FT AT 4 A A =W
72, HCO; X} UV/NH; (R R AWHIEH 58T ClLIX—45
5 RCS Fl CO5- % BLAH M S A AH— S 6),
Rl UV 6 NH; &6 AT BEJ2 45 T RNS [ AOPs.
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Fig.7 The effect of on ONZ degradation matrix in hydrolyzed
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Fig.8 The effect of mixed matrix on the efficiency of PhACs
degradation by UV/PI in hydrolyzed urine

T 2 UV/PTAR ZRTE K AR PR S o 6o 7 4
Wy o At 1 2 S TR PR 3 TR P A SO0 TR A R
'~ PhACs [MFEAEEATHEIEA0E 6 A1 8 Fras,™ Cl
F1 HCO; B¢, NH; JE &I ,PhACs (K] PR 5 A N
ClUAHALZR W] RCS XF 254 1) B it DT ik A1 1T 4 b
HCO; FI NH; [ 53 FIVE 4 56 5T N PhACs [ B A RE
RIRGEFUT N kAT A HCO5 8 NH; 25t 1
F) ki, 3X 22 W] PhACs I A 1 COs F1 RNS L [F] 4 H.
2.4 UV/PLAE RN E R

FRAE SE R SE,-OH 534 PhACs (1) M 3d
B (konpreps) W3R 5. HH I 9 1] 411,PhACs 7E UV/PI
WRPH ki 5 kowpeces A — € AR IHE A 10, FR 4
7o BRI B ME B 5O 1) s N R R B4 il ol
2.1x10'"° 1 9.8x10°L/(mol-s),iZL & T komonz(2.6x10°
L/(mol-s)),FH NI V> BB MERE 7 UV/PT fK &

(1 A AP 3o 22 A1 326 vy - B M AR i) b, R 4 e R
LGP 55-OH (1) i WV 6 5 4 ME — T 1) K 350AH [+
e AT R B8 i 2% 35 AN R M — I3 A fig 2 i 1
105 X5 Y 45 R LR X 105111 55, A WF IR
A G I A 1 O K 2 By Yo, T 105 %) &
HL W 0 B AT R 7 1EP? Djaballah 25024 37 3T
F L (1) 30 ) 27 AR i 1 SIS0 UF B -OH FH 105755
e RG] At L SRR TH B HE -OH AT 1O+ ) DT iR
39 79%AM1 21%. H1T--OH A1 105- 3L ]2 5 PhACs
(IR AA, BRI UV/PT AR R I W% 1 F— 52 1 &5
FIERENE, S5 UV/PAA AR R AN B4 T LL-OH
b R EY ) UV/HL0, 44 235 2 P E
J&-OH MEF AR & T 8O IE PR A LA
B2 Sy B /KL ST A 52, U V/PT AR FE A B 1)-OH K
1054615 b4 T A, ELG K B8 7 I T3 g

R,

%5 A[E PhACs 5-0H IR RIREEH
Table 5 The rate constants for the reaction of different PhACs

with -OH

PhACs k.onphacs[L/(mol-s)]
Y (CIP)P! 2.1x10"
Htems (EE2)R! 9.8x10°
M= (B2 8.5x10°
Tt e s (SMX) P! 6.3x10°
R 1557 (CBZ)! 8.8x10°
Tl A (NB)! 4.0x10°
I I (MINZ) 27! 3.5x10°
B I(ONZ)PT) 2.6x10°
FIAL e (TMP) 27! 8.5%10°
LHIE(VEA)P 8.6x10°
W A(BPA)E" 8.7x10°

A A L L S R

UV/PIEF

B9 UV/PLAEZ AR PhACS ) ) F s fif o 4 7 4
Fig.9 The indirect photolysis rate constants of different

PhACs by UV/PI
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3 Hit

3.1 UV/PI AR T-OH Fl 105, i ¥ AW 5T Bt
P& 12 Bl PhACs 7F 10min P 2588 60%, 1%k % [
I A5 -OH () e A1 105 1Y S5 R 6k

3.2 ERRIEHETT,-OH M1 105 BEME K sl Ak A
SSPEERETERIFI(RCS. RNS Fl COy),ffi73 UV/PI
R R M PR EAR T2l KRR P A BECR.

3.3 XTSRS M T ,-OH Fl RCS 25 T
PhACs [ FEfR X5 5 T 5L 10 25 5 R I R

3.4 SKF KR PR M o NH; & 580 22 B UK 1)
T BEHPHEIFN,CO5 FI RNS L[/ 2 5 T PhACs 1%
A A ) L NTHL ol i 56 1K AR 2K 25 ) 1) 5 M BRLA.
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