364 HoW E7 R = Vol. 36, No. 2
2017 4E 2 H ENVIRONMENTAL CHEMISTRY February 2017

DOI:10.7524/j.issn.0254- 6108.2017.02.2016060204

MA Jingshuai, LYU Wenying, LIU Guoguang, et al. Degradation of propranolol in aqueous solution by heat-activated persulfate[ J ] .Environmental
Chemistry ,2017,36(2) :221-228.

REN TR R KPRERBER
L BXET MEL HEYW HEA

(7RI R AE B2 5 TR, 7, 510006)

M OE ANRGEAE IR (PS) BORFE K 5 2596 /K (PRO) L R5T PS WIURMRE IREE B0 4h pH LI K
FI SRR VA B3 %8 LR A (052 M) 25 SRR T PRO. ARt R 1 — 2 0L 80 7 2 UARE , 3340 PS 49) i e JE2 11
T IR AR AT LU 2 5285 PRO AR AR A B (k) RIESRPE T PRO Y RSO W 0 T R A A b 1 2%
5. B R BRI H R B TR A P 251,80, AR R R ALY B M TEGIE 2 7F T, HO- XF PRO
1 R T AR AL ZROKAR TR THCO; X PRO 9 R AT S35 (9 At BEAE 1T, T JE BRI ( HA) D5 2040 ] PRO
FRRREA . 15 PS F) bk vk BE AT L2 35 5 PRO I L%,

KR EZRR, AL, TEREREL, AR,

Degradation of propranolol in aqueous solution by heat-activated persulfate

MA Jingshuai LYU Wenying*" LIU Guoguang CHEN Zhiming HUANG Junlei

(School of Environmental Science and Engineering, Guangdong University of Technology, Guangzhou, 510006, China)

Abstract: Degradation of propranolol (PRO) in aqueous solution by heat-activated persulfate (PS)
was studied. This research focused on the influences of initial PS concentration, temperature, initial
pH, and natural water constituents to the degradation efficiency. Experimental results demonstrated
that the degradation of PRO followed pseudo-first-order kinetics, and the rate constant (k)
increased markedly with increasing concentration of PS and temperature. Basic condition was more
beneficial for the degradation of PRO than acidic and neutral conditions. Radical scavenging tests
revealed that SO,” was the predominant oxidizing species at acidic and neutral conditions, while
HO- played a critical role at basic condition. The presence of bicarbonate manifested enhancing
effect on PRO degradation while humic acid ( HA) reduced it. Increasing initial PS concentration
could significantly improve the mineralization rate of PRO.
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2.0 pg LY EZKIR(PRO) J& H AT FHECAT 120 B A2 PRBHIE R, 35 2R IA YT 3 L O 200 Al
BEANTF A KT 2 B K IREE FP IR FE Y PRO XK A sl 40 4) A B 22 48 A W) 6B VR FE R A B
IR K BB AFAE B PRO 28 ™ 58 RS B /K P 68 5 122 4 | a0 T A s N S A A B 2 i 2 4 L TN
XK IREE H PRO 5% BA & A 45 il A L bR B S0 5 5L

TR A T 2R R 2 2L B /K A B i AT 2 FOME R A A AL G 19 A SO AR R AR B i = G A Ak
T2, leln UV/H,0, .UV/TiO, F1 Fenton 15302 L= Az s A AL PE i 32 38 B 26 (HO - ) Sk A HLTS
Je'® TS HRER LR (Persulfate , PS) I fL AB B i G S AL 1220, T 4F SR T L 38 At /K A9 B 47 4k
22 AAAB B DL S HMERE A AT WL A AL B P 5 R AR S AR 32 563 FHO - ML, i B ER R 5 1k 7™
A BRIRAR A B 3L (SO, ™) AMUEA B 5 B EAL IR JFHE A (B, =2.5—3.1 V) 'O R 2 g2 1 i HLA
Ak, EENE I B TR RO AR A LIS e PS AT X A PGEAL Y UV %
B G A R B IR RS AL A U 4 R B IR AL pH SRR il R A T A A
AP R BRACR G LA UV 354632 pH SR/, Ak tnm B b SRR, © 4 T+
HEAHL R K S e LB HET, PRO RIANBE L R B R THO - MRS EAT 2, FEaiHHt
LA UV 0, (UV/H,0,"" FilHL Fenton AL 45 SR TMIFE T SO, Mg AL T 2 Ab B 5 14 )
T A

AT LA IS At SRR ER H R PR K RS T Y PRO, 3 548 PS MR MR IE IR W 4h pH
DL SRR AR 18 43 X LR A ¥ sz i) (] e Ao 1l 2 0 R S 0 48 e TR AR RTE AR pH 25 F R ke 22
YERI) A RS, DU Z R R TE T AR SEBr 5 AR I B2 AR SC BRI A4

1 #ES 1 ( Materials and methods)

1.1 MRS

BRI ZEIK IR (2 >99% , L 1H] Sigma 23w ) s b BREREN (434l , K KAk 20 ) 5 BAC AR
TN BT S AN B IR — 2 (bl , B 25 4L AL 2= R A IR A R ) 5 AR ( I RTRL T A5 5 OBE .
CTEFIRCT B (i o, 56 [ ACS BB 2 A W) ) 5 5250 A5 F /K Xy 8 4l /K. R 4l K e K 3 o
3 mmol - L™ ) PRO &, T 4 °CvKARARAT, S V% PR B3NN8 2 K A A5 51
1.2 SR 5k

H 150 mL WM EA 20 wmol - L' (1% PRO SNV A B 250 mL #r G HEIEIEH, H 1% H,SO, F1
NaOH T pH J5 B IR/ I 26, R AR E 48 2 1R, in A G 5 R B JF 4 I 17 . B B 10 min, B
1.0 mL B S IE S R S AR AR FR TR A LAk R, 2R J5 A HPLC I E PRO F ) A3 vk
JE AN B[R]SO RE B AR 3 AN A S5 RECE(E.

FEZMR R AT 35 AR PS WAV B R B4R pH . NaHCO, ¥k B Fil HA YR B 2% PRO HF%
ff I L. SRR L SR EORCT BEAE R B BR A, FERIRE S5 T 542 PRO Y REARIR L.
1.3 bk

PRO & B2 R H A it LC-20AT {5 880 AR (i G AT % , (5 25 - 03548 o 55 3 VP-0DS #:
(4.6 mmx150 mm,5 pm) , G ZHE : pH 3.0 BIBEER S A = 35:65 (ARFLLL ) , Rr 2% 4 >t fi — 4
BB #% (SPD-M20A ) , K% 1K 4 213 nm, i A4 1.0 mL-min™", #EFE R 10 pL, B3R M 40 °C.TOC
KA H A B H: TOC-VCPH BLEA HLAR 73 B A4 700 2 %5 W pH R H L1 B85 1% PHS-3C #Y pH 147
7.

2 5 59718 (Results and discussion)

2.1 PS WA RN PRO 47 1Y 520
PS WU RERS EL 52 SO, Mk B | IR I XTI AL 1A 28 b i YL 58 At i S i) AN ml 2206021
AWFFAER UG pH AE N 7.0, 16 R 60 CHIZKIF T, %% PS MILAWE (0.0.5.1.0,1.5.2.0 3.0 mmol - L")
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X PRO B2 ANE 1 (a) s, B PS FILA MBS 38N, PRO 9 6 i 0% 10 2P, > PS W1 4R Mk
J£°4 0.5 mmol -+ L' i, PRO 7E 60 min N 2 AT 45.5% B2 BR25 ;1124 PS #1 4R LR M E] 3.0 mmol - L' i,
60 minPy PRO [ 25 bR RNGEF 98%. 1Lk, 24 PS WILAHREE K O mmol - L' B, PRO JL-F-1&A KA B, iX
ULH] PRO HA #ESE PE  PRO MR AR £ 202 5 G LR R DGk B i B R A g 1 45 3% AE A0 fh 1A
R0 B PS ARV E I, SOV AR R 16 AR IE B AR R 3G 22 T PRO 1) R&fff s R bk, 1t
Ah,PRO AR A T LA IE— R g ) 1% 05 B AU A

d[PRO]

dt

k. = z k,a, [PS] (2)
Kk, A FR G R F L (min™' ), [ PRO] N PRO FER I E] ¢ AR o —E BT PS 61k
AR E LN SO, 45) B3R k.o PRO 53X Fh ) i SE A0 — 20 SR (L - mol »min™").S0, ™ il
W RS Id BR FR R A SRR TS Y i [ 22 SR A [ 2, LA HO - SE T RE
TE PRO (Rt B A AR LI 1(b) JEos T Rl A8 40 &, P PS WD UG R BE 028 ARAE 0, AT 1(b)
HRT Rk, B PS D ER VR BE BB I ZEMERE I 3X U] PRO 1 3 e 3 238 R W ST 300 10 v J3E 52 T L.
A TG R AR R TP PRO FEAf AR T2 220E B2 PS 34k 7= AR 145 Fh A e 36, BRI o] AR UK &R A
FELR) 7= 5Bl PS B Ak B 3 i Ze vk .

=k,.[PRO] (1)

a b
1.0 —— ————a 0.07F
0.8F 2 0.06
- T i 1=0.02274x-0.00418
g oor 00 R2=0.9910
g2 | = e
S E 0.04
g ER
& [ —=—[PS]=0.0 mmel-L"! 0.031
0.2 ——[PS]=0.5 mmol -1 L
| —a—[PS]=1.0 mmol-L"! 0021
ob—v—IPS|=15 mmol-L™! ‘
—e—[PS]=2.0 mmol-L! -
[ —«—[PS]=3.0 mmol-L! 001 u
02 1 1 L 1 1 1 1 1 L 1 1 1 1 1 n 1 n 1 1 1 1 1 1 1 ]
10 20 30 40 50 60 0.5 1.0 1.5 2.0 2.5 3.0
t/min [PS]/(mmol-L™")

1 (a) PSR B X PG AL R ER AR PRO FSEIR 5 (b) E—FNHCR R k5 PS WY R
Fig.1 (a) Effect of initial PS concentration on PRO degradation by heat-activated persulfate ;

(b) Relationship between observed pseudo—first—order rate constant k;_ and PS concentration

2.2 IREEXT PRO AR 520
IR RERE B PS BTG ARROR  7E GG AR R I 15 Gy i F b e = G BT At
FEBERE PS IR EE A 1.5 mmol - L™, 914 pH (A 7.0, 7E 40—70 °C A3 Bl P9 % SR FE X PRO R fifk 1)
SN AN 2 (a) Fitzs , PRO (Y 5 fifk 2 22 A IR E 1 0Pk v T 5 P, M 022 A 40 “C B hn %) 70 °C, PRO 7E
60 min N B ZERFM 12.5% 3G NE] 100% , B A 3385 k,, M 0.00215 min™ #EHNF] 0.13171 min™'.j
RN EE () TR, PS S A0 3G 0, SO N0 R T I M R R Ak B A 22 34, AT AR PRO
PR A AT ARl BTy 27 A, B R B ke, B S B TR P TR 38 . T 2. (b)) Bl ok, BB R
TR T BYZARAEIE L0, AL 2(b) HRmT 0, W =22 1R 0 56 2R AR AT e 25 1
Ea
In kohszlnA—E' (3)
K E A OV R IETLRE (J-mol ™) , A AP ET T, R WA R 40(8.314 J-mol “K™") , T R4t
FE NI 2 BT Ik, BE 1/T 30T S 00N, B T DA 5 S TU R R g PRO SO 1 26 WL TG 1k
fiE R 120.66 kJ-mol ™" i%AH 5 LATE Hi 38 1 1 FH A TE AL B R B At B 2 1A B 71 b &R % /K (BIS) 15 31 Y
119.8+10.8 kJ » mol "™ A % 432 3, {H 2 A% T 1 FH #4375 Ak F A e A A 3% 25 (1BU) 15 2 19 168 +
9.5 kJ-mol " X B HGTH LA Z X PRO 1 BIS 74 AHIT AR A BE 1, AR EL TR RR 5T, TBU U 5 fin
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M LI A L.
ra —=—40°C —4-60C M
1.0 -2+ u
0.8 3k
-3 y=—14512.4x+40.15
Z 06 E S R=0.9932
2 0 g4t
=t g
S04 £ 0
0.2
- 76 -
0
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B2 (a) BEXEILSGRIRE A PRO WM ; (b) Ink, 5 T R FR
Fig.2 (a) Effect of temperature on PRO degradation by heat-activated persulfate; (b) Relationship between Ink,,, and 7'

2.3 WG pH X PRO FEAF 14 52 0

WG pH W LISENR SO, ™ BYTE LR 4, W] R AT g ko 28 05 e W M AF AR R 2 IR L AE AT fh iR R
U rh g B e AR 0 ARG R IR EE R 60 °C,PS WA UKBE K 1.5 mmol - L', ZEW 4 pH HTE
4.0—10.0 (LI PRO (REMETE DL A 3 m] 1, B PE A1 sp dE 25 T PRO I L bR R I A W21k,
60 min P PRO f /5 H A 83.8% 11 5% 1 44046 pH il P ML AL BT , PRO 1 23 bR Rz i it =
TR S 0746 pH (EHENE] 10.0 B, PRO (1) AFRRILE] 97.8%. AR il 25148~ PRO B FEMERUERZ 4T
TRt AP 2

[PROJ/[PRO],

0 10 20 30 40 50 60
t/min
B3 whh pH X HUE L BRIR EL A PRO BRI
Fig.3 Effect of initial pH on PRO degradation by heat-activated persulfate

FRPERIPE ST PRO P RRAR R M2 T 25 14, AR T BB AN TA] pH 254 T RO AR & H i 361

TS AT P AS ) 5 A ZE R YE 25 14 T, PS BR AT A BTG AL 7= £ SO, ™ A, ) Hh 38 45 28 by R A Ak )52 1oy A=

BCEZ ) SO, ARRIER SO, S EAEMERRSE S PS RN ALK ELRE ) 8510 B th 3, IR

THFEIR Z 1Y PSP FEREMEAE T, S0, AT LRI H,0 5 OH™ S 4= sHO - 0 4=t (4) #k(5) .

PR, ZERRPE R M S5 F T R 2R 200 [ 2 SO, TAEBRIE 5500, HO - TTRES il £ A

$£.80,” FIHO- FARHEAT s A A M: (B X5 Ge My g B AL 20O AR [R], e SO, ™ F 2838 ook fa 5%
B AL TS Y™ HO - WS sia) ¢ =C X, 8 M C—H N—H 5% O—H # [ $2H 1

SO, +H,0 ——HO-+S0* +H", k[H,0]<3%10* L-mol 5™ (4)

SO, +OH ——HO-+S0%", k=(6.5£1.0)x10” L-mol s’ (5)

HR 4 SCHk[ 3114575 PRO 19 pK, =9.53, Kl PRO A PIFMEAEIE S A pH 2544 PRO IIEA 4

AU 4 FroR K& 4 L, 2 pH<pK B, PRO 3222 L — My BH & F AL S A2 7E ; 11 24 pH>pK, I, PRO

FF LY TIESAFAE AL R IA pH M 4.0 TFE 2 10.0 9372 R FALIEZS PRO MY HLHR TR, 255
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F4L PRO W LR T b, L FAL R 3 B R ECR B A9 v R MRS i, R 2 TS E A E R 5 %
FIHO- X, FrLA PRO TERRME 251 52 B0 HH 558 v B At R TR M 25 T PRO T84T 52 B 15 P ok fi ok
R OMPEH T SO, BYAHE R K Bk 3 SN Ak CRE 1 S 55 R R 25 21

10 = == = = = = <
08 —PRO
r — = HPRO"*
0.6
N
04
02
0
L 1 1 1 1 1 1 1 1 1 1 1 ]
0 2 4 6 8 10 12
pH

4 A[E pH 414 F PRO WIFEZE AR IA
Fig.4 Species distribution of PRO at different pH

24 HHEMEE

N T B PRO TERGE AL IR R B EALT], XA TE pH 2500 T 2 SR 328 A i b AT 585 h 7
LBE(EOH) 5 SO,™ FTHO- #REA 5 im 1Y J b 3R, Al LA [R) i3 PR AR &R iy SO~ FITHO - 5 i T
(TBA) 5 S0, M9 5 I s R B e eI T 5 HO - A SR, o] LR BRI BRHO - 27 T LAARF 5% LA
EtOH F1 TBA 1E4 B H ZL G BRI S HIANE pH 4508 T R 2/E M B 5L 3 B IR R 60 °C, PS PR HE
JE 1.5 mmol - L™, 3 BIFERI 46 pH (M 4.0.7.0 F110.0 FIZLET |, I A [R]#e BE 86 FE (1) EtOH 5 TBA ,
#5E PRO I A% 150

r pH=4 r pH=7

t/min

—a XTHR

—e— EtOH=60 mmol-L!
—a— EtOH=600 mmol-L!
—v— TBA=60 mmol-L!
—&— TBA=600 mmol-L!

[PROJ/[PRO],
o o
~ =N

o
o

=4
T

-0.2 1 1 1 1 1 1 1 1 L 1 L 1 |
0 10 20 30 40 50 60

t/min

B 5 EtOH F1 TBA A [ B B 0 #0 i i R ER KA PRO 520
Fig.5 Effect of EtOH and TBA as radical scavenger on PRO degradation by heat-activated persulfate

HIPE S AT, ZE AR A pH 4544 F,60 mmol - L™ 1 600 mmol - L™ EtOH YA I T PRO Y F#fit
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T ELAR VR F B EtOH ¥R BE A3 N i 458 , 24 EtOH Jin A 355 600 mmol - L™ B, PRO 1) R JL-F- 4% 4=
AN X UL A F pH 25048 PRO (R 812 SRRl (SO, FIHO- ) FERAE . A SEREME T BR
HO- ) TBA J&7,60 mmol-L™" TBA %f4J4h pH {4 4.0 F17.0 () PRO RS JLF- B A MHIME R, 24 TBA
K hn#) 600 mmol - L' B, PRO B Rt FURRS Tz 2P0 . LA L3RG R 01 | R 1k A rp M 2% 0 R ¥ W h A7
FEMR BERS R 2 SO, ™, HOXT PRO MR AR 3 VR . S I i pH {3 0 2 10.0 B, 60 mmol - L™ il
600 mmol+L™" TBA X} PRO F&fi# (30 i/ FHAR B 8.3 T 45 pH {0 4.0 A1 7.0 50 T WAl /e, iX
UEAA B 2514 T HO - TR MR R R EE AL Rl HonT BEXT PRO WY R 32 SVEH.
2.5 ASRIKIRE X PRO [ 05 0

HCO; Fl HA 7E FHARZKAR T 3z A7 4 T ELVR BE# m , P HC O 2 XK AR I i B2 7™ A2 5 1 1T HA
45 BT I B 5 SO,” FIHO- 4525 [ i 3 oty | 3 % #8490 5 A i 3L BR A1 09 A
@ I EATTR PRO B 52 R 28 ZA0 A ST AR IR BE 4 60 °C ,PS PR EE A 1.5 mmol - L', ¥IHR
pH fH4 7.0 BYZ0F T, B 4EHCO; Fl HA X PRO A 170

AR EHCO;(1.,5.10.20 mmol - L") X} PRO F&f# IS AN 6 (a) Fias, NE 6 (a) FRIATHCO,
XT PRO AR ffAT 2 A A (ER AR HEAE FH BEHCOS Vi B2 (% 38 I i 9 55 . K i AHCO; B, PRO 7E
60 min N A 82.4% Ay B4 M4 AN A 1 mmol - L™"HCO; i}, PRO (=% ik 5] 99.8%. Bl HCO; #e
FE BN, AL VR FHAE I8 55 , (H HCO; ¥ B 5 2] 20 mmol - L™ B, PRO 25 [ 3R AK SR AT LAGA #1) 98.4%,
HCO; % PRO [FEM# AL HEVE FHANZE ZA0. HCOS FICOY 1R SO~ FIHO- X5, a] LU Ak A= sl HCO,
M Co, ™ sk (6) E(10) FiR.HCO ,FICO, ™ 55 & H T b A W Bb U 5 R e 45 5L W 5 A4) S o 3
RO PRO 20 F45F P i 285 A IE 2 B i 756 T, IR IHCO; B A St PRO YRR L 41, HCO;
BN S G BB , T PRO TEBRE S5 18T BB M ROR S 47 TR VE A b P 5518, BT LS Jn sk 22
FH% &, HCO, FIIMAB AL PRO B R fiF.

HO-+COY —CO, +OH", £=3.9x10" L-mol s (6)
HO-+HCO; —CO; +H,0, £=8.5x10° L-mol "s~' (7)

S0, +C0O; ——S07 +CO; ™, k=6.1x10° L-mol 5™ (pH=11) (8)
S0, +HCO; —S0; +HCO,, k=1.6x10° L-mol "s™" (pH=8.4) (9)
HCO,<H"+CO,”, pK,=9.5 (10)

AR HA(1.5.10 mg- L") %F PRO F&A& B2 WAL 6 (b) fr , B 6 (b) H ] AT, HA X%} PRO
RS R ZL ARV E T, JF BRI R EERE HA YR BE AR IN3E 58, HA M7 IR 1 mg-L7'B), PRO
FE 60 min IR 7 7.0% F R BREE, TSR Ik B M E] 10 mg- L' B, PRO MIREARR KA 24.2% , i iE
TR HA B 1) 82.4% . HA 4313 A R i (1 F2 5 e 56 45 6 W 736 M e AT | 3 26 ) fi, 1 L A 25
PRO ZEF WY SO, FIHO - S5 ALl TS PRO B 3 fifk 2 8 AR

[ a HCO3 e X [ b.HA
10 "o 10
—e—1 mmol-L™!
I —4— 5 mmol-L™!
0.8 —v— 10 mmol-L™! 08
<=t —&—20 mmol-L™! =
% 0.6} g
& | =06
-
= F 04 —a X
02k ' —o—1mgL!
' L —A—5mg-L7!
I 02 —~v—10mg-L!
o 20
1 1 Il 1 1 1 1 1 1 1 1 1] 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t/min t/min

B 6 HCO;(a)Fl HA(b) XFATH AL BREREL A PRO RS2
Fig.6 Effect of HCO;(a) and HA (b) on PRO degradation by heat-activated persulfate
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2.6 WALRIFS

WA RTIR , PG A B IR R R 2 mT UA S K i PRO (B B T 05 I A ALY 45 4 B e M
HAERE A AR b R o e A i B = ARMESE 0™ kA CO, T H, O. T AH G AT 28 BH 76 #A0 fL 1R &
HETI PS W ARV BE W] LI SR A LTS Y A AR R IR AR o S 1 BOAE PSS vk B ok
5% PRO WY AL TR, LIHAR B HUR ALK 2 b PRO OB L3 & SOV IR EE A 60 °C 91t pH {8 K7.0,
S NEBE] R 60 min, AN PS WIIRYEE T PRO B0 AL LR ANIE 7 Fiw , Bl PS HI 4RV BE B34,
PRO HYW LR Z W N 78 PS W GA M BE 7 1.5 mmol - L'}, PRO 7E 60 min P 4L3 R A 13.5% ;1 24
PS WA EEHE A 9.0 mmol - L7'B, PRO B & fL 33K 5] 95.1%. B UL, 34 PS ) 4 vk B ] LA i 25 4 =5
PRO W™ LR, B 2355 58 201k

100 -
80
60

40

Mineralization/%

20

1.5 3.0 45 6.0 7.5 9.0
PS/(mmol-L™")

B 7 PSHMARWKEEXS PRO 4 LA A

Fig.7 Effect of initial PS concentration on mineralization rate of PRO

3 4512 ( Conclusion)

(1) RPO PRI Ak i i 1 6 1A 22 bl LIRSS R e, Lo ik oo AR A5 5 o — U 8l ) 24 A 4 n
PS W el o RN B A 0T DL S R PRO ) R i 38 ARG P R b e 2 i, B S R R T
PRO FR# .

(2) AT RS e ] ZERR P AP v S E R, S0, IR R EE ALY R , M 7E B E ST,
HO- X} PRO fYR&fR = SR H.

(3) ARKIEPRHCO; X PRO BREARA B3 AU, 1 HA WSRZIPIH PRO (REfE. 4N PS
WILG MR 1T DL 25 8 = PRO W fb .

2% 3 ik ( References)

[ 1] TODA N. Vasodilating B-adrenoceptor blockers as cardiovascular therapeutics [ J]. Pharmacology & Therapeutics, 2003, 100 (3):
215-234.

[ 2] BLACK J] W, STEPHENSON J S. Pharmacology of a new adrenergic beta-receptor-blocking compound ( Nethalide) [ J]. The Lancet,
1962, 280(7251) . 311-314.

[ 3] ASHTON D, HILTON M, THOMAS K V. Investigating the environmental transport of human pharmaceuticals to streams in the United
Kingdom[ J]. Science of the Total Environment, 2004, 333(1); 167-184.

[ 4] HUGGETT D B, KHAN I A, FORAN C M, et al. Determination of beta-adrenergic receptor blocking pharmaceuticals in United States
wastewater effluent[ J |. Environmental Pollution, 2003, 121(2) : 199-205.

[ 5] ZUCCATO E, CASTIGLIONI S, FANELLI R. Identification of the pharmaceuticals for human use contaminating the Italian aquatic
environment[ J |. Journal of Hazardous Materials, 2005, 122(3) ; 205-209.

[ 6] HUGGETT D B, BROOKS B W, PETERSON B, et al. Toxicity of select beta adrenergic receptor-blocking pharmaceuticals ( B-blockers)
on aquatic organisms|[ J]. Archives of Environmental Contamination and Toxicology, 2002, 43(2) ; 229-235.

[ 7] STANLEY J K, RAMIREZ A J, MOTTALEB M, et al. Enantiospecific toxicity of the B-blocker propranolol to Daphnia magna and
Pimephales promelas[ J]. Environmental Toxicology and Chemistry, 2006, 25(7) ; 1780-1786.

[ 8] OTURAN M A, AARON ] J. Advanced oxidation processes in water/wastewater treatment; Principles and applications. A review[ J].
Critical Reviews in Environmental Science and Technology, 2014, 44(23) . 2577-2641.



228

7 A 14

g3

36 &

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

TSITONAKI A, PETRI B, CRIMI M, et al. In situ chemical oxidation of contaminated soil and groundwater using persulfate: A review[ J].
Critical Reviews in Environmental Science and Technology, 2010, 40(1) ; 55-91.

GUAN Y H, MA J, LI X C, et al. Influence of pH on the formation of sulfate and hydroxyl radicals in the UV/peroxymonosulfate system
[J]. Environmental Science & Technology, 2011, 45(21) ; 9308-9314.

NETA P, MADHAVAN V, ZEMEL H, et al. Rate constants and mechanism of reaction of sulfate radical anion with aromatic compounds
[J]. Journal of the American Chemical Society, 1977, 99(1) : 163-164.

KI5, E AR , B 2 ale , O BT AL SRR R AR K R i 2- SRR [ )] 3RBE 4k, 2014,33(8) + 1396-1403.

LIU G Q, WANG B N, LIAO Y Y, et al. Degradation of o-chlorophenol by heat activated persulfate[ J]. Environmental Chemistry, 2014,
33(8): 1396-1403(in Chinese).

GAO Y, GAO N, DENG Y, et al. Degradation of florfenicol in water by UV/Na, S, Og process[ J]. Environmental Science and Pollution
Research, 2015, 22(11) : 8693-8701.

RAOY F, QU L, YANG H, et al. Degradation of carbamazepine by Fe ( Il )-activated persulfate process[ J]. Journal of Hazardous
Materials, 2014, 268 . 23-32.

BENNEDSEN L R, MUFF J, SOGAARD E G. Influence of chloride and carbonates on the reactivity of activated persulfate [ J].
Chemosphere, 2012, 86(11); 1092-1097.

S 537, THIEIE 55 T AL R R AR K T TP ) A T4, 2014,66( 1) :410-418.

DENG J, FENG S F, MA X Y, et al. Degradation of carbamazepine in water by thermally activated persulfate[ J]. Journal of Chemical
Industry and Engineering, 2014, 66(1) : 410-418(in Chinese) .

SANTIAGO-MORALES J, AGUERA A, DEL MAR GOMEZ M, et al. Transformation products and reaction kinetics in simulated solar light
photocatalytic degradation of propranolol using Ce-doped TiO,[ J]. Applied Catalysis B: Environmental, 2013, 129, 13-29.

KIM I H, YAMASHITA N, KATO Y, et al. Discussion on the application of UV/H,0,, O; and O;/UV processes as technologies for
sewage reuse considering the removal of pharmaceuticals and personal care products[ J]. Water Science and Technology, 2009, 59(5) .
945-955.

KIM I, YAMASHITA N, TANAKA H. Photodegradation of pharmaceuticals and personal care products during UV and UV/H, O,
treatments|[ J]. Chemosphere, 2009, 77(4) : 518-525.

ISARAIN-CHAVEZ E, CABOT P L, CENTELLAS F, et al. Electro-Fenton and photoelectro-Fenton degradations of the drug beta-blocker
propranolol using a Pt anode: Identification and evolution of oxidation products[ J]. Journal of Hazardous Materials, 2011, 185(2):
1228-1235.

JIY, DONG C, KONG D, et al. Heat-activated persulfate oxidation of atrazine; Implications for remediation of groundwater contaminated
by herbicides[ J]. Chemical Engineering Journal, 2015, 263 . 45-54.

PEYTON G R. The free-radical chemistry of persulfate-based total organic carbon analyzers[ J|. Marine Chemistry, 1993, 41(1) ; 91-103.
GHAUCH A, TUQAN A M. Oxidation of bisoprolol in heated persulfate/H, O systems: Kinetics and products[ J]. Chemical Engineering
Journal, 2012, 183; 162-171.

GHAUCH A, TUQAN A M, KIBBI N. Ibuprofen removal by heated persulfate in aqueous solution: A kinetics study [ J]. Chemical
Engineering Journal, 2012, 197, 483-492.

KOLTHOFF I M, MILLER I K. The chemistry of persulfate. I . The kinetics and mechanism of the decomposition of the persulfate ion in
aqueous medium[ J]. Journal of the American Chemical Society, 1951, 73(7) : 3055-3059.

ANIPSITAKIS G P, DIONYSIOU D D. Radical generation by the interaction of transition metals with common oxidants[ J]. Environmental
Science & Technology, 2004, 38(13) : 3705-3712.

LAU T K, CHU W, GRAHAM N J D. The aqueous degradation of butylated hydroxyanisole by UV/S,0% : Study of reaction mechanisms
via dimerization and mineralization[ J]. Environmental Science & Technology, 2007, 41(2) ; 613-619.

LIANG C, WANG Z S, BRUELL C J. Influence of pH on persulfate oxidation of TCE at ambient temperatures[ J ]. Chemosphere, 2007, 66
(1):106-113.

MERGA G, ARAVINDAKUMAR C T, RAO B S M, et al. Pulse radiolysis study of the reactions of SO, with some substituted benzenes in
aqueous solution[ J]. Journal of the Chemical Society, Faraday Transactions, 1994, 90(4) ; 597-604.

PIGNATELLO J J, OLIVEROS E, MACKAY A. Advanced oxidation processes for organic contaminant destruction based on the Fenton
reaction and related chemistry[ J]. Critical Reviews in Environmental Science and Technology, 2006, 36(1); 1-84.

KIBBEY T C G, PARUCHURI R, SABATINI D A, et al. Adsorption of beta blockers to environmental surfaces[ J]. Environmental Science
& Technology, 2007, 41(15) ; 5349-5356.

JI'Y, FERRONATO C, SALVADOR A, et al. Degradation of ciprofloxacin and sulfamethoxazole by ferrous-activated persulfate:
Implications for remediation of groundwater contaminated by antibiotics[ J]. Science of the Total Environment, 2014, 472, 800-808.
ZHOU L, ZHENG W, JI Y, et al. Ferrous-activated persulfate oxidation of arsenic ( Il ) and diuron in aquatic system [ J]. Journal of
Hazardous Materials, 2013, 263, 422-430.

WESTERHOFF P, MEZYK S P, COOPER W J, et al. Electron pulse radiolysis determination of hydroxyl radical rate constants with
Suwannee River fulvic acid and other dissolved organic matter isolates [ J]. Environmental Science & Technology, 2007, 41 (13).
4640-4646.

LIANG C, WANG Z S, MOHANTY N. Influences of carbonate and chloride ions on persulfate oxidation of trichloroethylene at 20 C [J].
Science of the Total Environment, 2006, 370(2) : 271-277.

LARSON R A, ZEPP R G. Reactivity of the carbonate radical with aniline derivatives[ J]. Environmental Toxicology and Chemistry, 1988,
7(4): 265-274.



