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WS RBRACR, I Bt — 2L T /& S5 R AL . 255 R . & 30 min RN S5, 3 Fh A Ak ki & X
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MRt pH 4514 T, 78 2 h P AT S 30 BR R A Bkt o i T Ak, X 5 R 0 R K R T A R ]
4o SANTANA-MARTINEZ “EU' PR T H,0, Ak B AL Ik A BB R0CR , 250K, TEpH I3, H
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Y EAT SRR R BRACRE SR R A Ak 5 A 1A R 06 A 1 25 i R BE L BR SR FL I R i IR B =, A
I, ARSI T 3R IR R, FH T HO, W E . O, B | R FE R AF R 2 %
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TR R LBk LAAR I 25 AR R 17 PPCPs 2875 Y # i 2 5%
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(BHAT 18.2 MQ) BL il , 5256 HoAf ¥ Z5 0 W %) o2 it ¥ B2 R 10.mg-L s
1.2 LWRE
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Fig. 1 Experimental device diagram
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WO HZ, FRE Y 12 000 nmemin™, B 200~500 nm, SR O 220~600 nm., AR SR
Jit 5 v B 3 o Waters = 00 AH (35 AKX, @35 HE Y Agilent TC-C18, FEHR D9 30 °C, G 3 K
220 nm, AN 75% HEEFN 25% LK, WEIAHTE 1 mL-min™', #EAERTR 50 uLo KAEE A L
Wy 2 WL 53 ¥ ot £ 53 A1 >R AT R HEBH 833 -5 1 23 B A0 5E (SEC-UV), 8,38 #: 2k H] TSK-GEL G3000
PWxI %441 F (H 7K Tosoh Bioscience), s A 1.2 gL' BUBEIR SN 2.5 ¢ L B IR AR &
VSV, W 1.0 mL-min o A3 25 AE SN FE AR A HR )7 4 R A i RCRORH € T R R A T ) R
T TR (UPLC/Q-TOF-MS)(UPLC, Ultimate 3200, Dionex, USA, micrOTOFII, Bruker, Germany),
WA KK (2 mmol L' B R 4% ) M1 MG, K A Waters Cortecs C18 {43 A+ (1.7 um, 50 mm x 2.1 mm),
N 04 mL- min”', PRI 10% M R IR, F52E 2 min, SRJ5 4 23 min NHE N E 60% 11 2 Uk
W, PRHE S ming SR I B PP A (0 FR 3K R 3k ((OH) SR Waters /8 80 OH (6 3% {0 2, -OH fY
JH 350 A % -G E R (0.5 pmol-L™Y), (AR K Agilent TC-C18, #&3 i74< 4254 nm, 43R4 30 °C;
TBNAH A 75% W BERT 25% 2K, P A 1 mL- min',

2 #HR512

2.1 HBENBEARNHETHNER

h 7% 5% H,0, i 4 Ak 5 Al 14 5 0 A 1 25 1Y N e
R, S Hm 3, 6. 9. 120 15 H1 17 50 |
mmol-L™" () H,0,, XA/ 30 min 858 J5, 1151 Sl
EISILBRE ., M 200, BEE HO, & *‘;
RS, KPR ERFRET S 1 HO, X 40
43 mmol-L™ B, A5 % 25 1Y 2 Bk R4 34.1%, 35t
H 2 i A T 2030 i A 19 22 B (46,29 N
e 7E Hzozjg 17 mmol- L™V i, A7 3% 25 1Y) 22 B 2 4 6 8 10 12 14 16 18
HH 54.1%, TS T 58.6%. HLAb, A i 3% H,0, iR /(mmol -L7)

(1) 22 25 AL 1 LA Y, L0, VN OF R f 2 H,0, BN LG RN RS ERENTN
BaAEEmB SN ERR X 2R K Fig. 2 Effect of H,0, enhanced electrocatalysis system on
e H,0, & /it % 120 15 f 17 mmol L™ Py ibuprofen removal rate

T R BR R IEARMEFAAE . W 0, A R F-OH My A i, H A sl R 2 Z 0wk i . J v 1 F2
HH,0, B INA A T -OH B9 £ iU RGN0, H,0, 75 B H 55 20 it £ 1 -OH(K (1), {HEEH H,0,
FERHE N, -OH By A= B R 2 32 B . X2 KO H,0, 2 Ml -OH (9 4E 1 (6 (2~ (4)). LA
) HO, AMUAHTILEFT A, WABERALLBRAT IS S, 45 RR], e g e L0 3 mmol - L™
H,O, Fr kA A i 55 25 B R A0 L b e AL A 22 BR AR, mTRE DN Ol HLO, ¥R 2 B39 I il 1 - OH 19
HE 5 NS IR T A1 3% 25 1 i

H,0,+H" +e” = -OH+H,0 (1)
H,0, +-OH — H,0 + HO,- )
H,0, +2¢~ — 20H" 3)
2H,0, — 0, +2H,0 “)

K3 B THE O, BT v B 43 5 5. 10, 20, 30 f140 mg-L™', O; Jiif >~ 0.8 mL'min™', JZ )
BFE R 30 min M55 F T, O HLAEIL IR AL IR R XA I8 OF 19 L BRACR . B 3 0T 0L, O, HLfifhsm ik
EA AT ERBORB N B . 7E O, AR 5 mg L BN #) 30 mg L' B, fIKINE LR R
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56% & 17 B 84.5%., X =K O, ZE MR R
AR, J&—Fhienm i AR, AR SR A
ik 2.07 vV, FIAE G WEEE L R IR S — R A
R il L BRis de s MR, 76 f i A ad A
O, WY I el 4 o =2 7 2 A% v A %0™ A4 -OH, it
XA 3 S5 AT A 2R R (5~ (7))

0, +0; -5 0,+ 05~ %)
0;" > 07 +0; (6)
O0-"+H,0<=-OH+OH" (7

TR EG 3 R A Ak b AR R A I SR Y
TR, /i%EEET 17mmol-L ' H,0,., 30mg-L™
O, (i = & 0.8 mL-min™") A1 17 mmol -L"'H,0,+
30 mg-L™' O, (i ft A 0.8 mL-min")3 M4 £ X £ii
WIS LRGN . A& 4 i, Bl N ]
MIE, &7 L BR el E A, RIGEHE
gpsm, 3 FheR Ak 7 XAERT 10 min 2B Y 25
bR LT, 5k %] 31.6% (E1). 45.1%(E2)
F1 55.8%(E3). 7F 30 min J5 , XT 40 18 2% iy 25 %
F P o E3>E2>EL,  H & B R 4
93.2%. 84.5% M152.7%, = THfLL (E0) B 46.2%
12 BR

SN RN | RSN R A A N
H-OH W A4E it , mT AR AT A B bk A 1% 2%
LN ESR . mE 5, B3 78 LAl fE
fb i AL i B2 o Y -OH A Bl ey I FLH AR
St B S ()3 i SR 2 R R B FRIA AR i R
o -OH W AR FefeE . Hrp, EOfK R
-OH M A i B fIK, 7620 30 min 5, -OH {X
S 0.13x107° mol-L ™", D LA Ak Sz 7 AT 3L 1) £
K, TH R IE I AR Y H AR R R 2 1T BB
AALK T A BTG ZY), (R B b ek i et
k22 M R = cE A o A AR D0 1 Bl JE 3k A
(ﬁ% E EE% (:OH). ﬁ/%jk E Hﬂg ('Oz)\ Hzoz /—:g)
] AL K R A AL e, I ZGR B L
BRiG U H 1Y . 7E O, F H,0, [A] I F8 ik £
e, RO it R T 1,0, 538 A 0, KA I
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Fig. 3  Effect of O; enhanced electrocatalysis system on
ibuprofen removal rate
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Fig. 4 Effect of electrocatalysis and enhanced electrocatalysis
system on ibuprofen removal rate
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03 + H202 - 'OH + 02 - +H+ + 02 (8)

22 BT HIBFERT T

1) 6 5 TR 1 o o TR 52 e 43 T o 5 K AR BT g K DL R b R K R v YA S R Y R AR
ALY BT (natural organic matter, NOM), NOM AN AY 23 5% Wil HE i A6 5 A6 AR 28 O A AL SR, Al 255 mi A
ORI R BR . LUK R T f vk BE  JES A R (humiic acid, HA) WACER YT, 2% %8 HA X #i 25 2 BRACR
fO 52 I o R A SR AR S 38R T AT 4 P B 5258 2 80 (17 mmol- L H,0,. 30 mg-L™' Oy (it 4 0.8
mL-min™") F1 17 mmol -L"H,0,+ 30 mg-L™" O, (i £ & 0.8 mL-min™")), SN AFE]SA 30 min,

T 6 T 0L, FIA B ¥ 1 T A .
e XA 34 25 0 2R AR . 2 HA 10 7K
R 1 mg L™ #4Jn %] 10 mg-L™' B, E1~E3 80
A6 S5 1Y K BRI T AU HA IS,
an, E17E HA FUREYREE N 1 mg- L7 B i £ BR
N 33.3%, TMiTE 10 mg-L™" ik B T Y 5 BR R
N 25.4% XTI FE T HA BRI 2 W
BR ) -OH 19 A= i, W55 H,0, Al O, 1Y 5 fk 1F
FH L NI A0 0 35 25 0 2 BRI, RS, Ak 25 CNT oo
25 B A 7E HA J5T B K 2 ) 10 mg- L' B AH 1 HABEI ft/(mg - L)
I mg LA B ENFE . X&EHE K HA S 4dit & 6 FEERL R 2R EXHIRITRRENFND
B A e R MR AL T A6 & 2R a2 Fig. 6 Effect of humic acid concentration on ibuprofen
B, ik SR T 2 RN Z L. removalrate

60

LR %
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40 +

2) o> T AT . A — A A K AR B 140
28, A PG G o3 i A X PR A LTS 120}
ey ) R LA B A 39 25 A Fe AR A i AL i 7 o Y 100

e firp N 25 SR LI R AT E AR AR e RS HRRH.
% - BT 45 2R, ARG R K e 2
A28 T B AT B 7 A,
X 2 B0 A HL Y R R B I TE] 23 %0 4 7.1 min Al
8.6 min, ZME L TR E AL LA bR HEY) T
f H WIS R, 2 B s e MR 44 Sy R g3 ) T S ST R
A1 28 800 Da £12:900 Da., #5H:F M, HLfH{LGE VBl /min

PR ZR X 02 B AL W) R IRBOR AN, B7 EBRUERLERNRESS TR ER
R AR AR 2 X 2900 Da B9 75 YL % & Fig. 7 Removal of pollutants with different molecular weights
e, i 6k 28 800Da [ 5 YL by Rl kAT A5 5k 14 by enhanced electrocatalysis system

fifto TE 7.7-min KA E B9 58 AP WO L, X LA S 00 T R D 11 150 Da, 245 R ERW],
Y AL AR FR (BO) T 45 28 800 Da YA HLT5 Y M) K AL F8 Iy B AR, TRl L7 A T3 AT5 4. A
U R MR i AL (BO) B9 Bk, LR IR AL XT3 2 Fhi5 Qe W ] AL L BR . E3. E2 MEL KRR AT 584
Bk 28 800 Da 1975 e, E3 Hl E2 X 2 900 Da 175 Y ¥ 19 2% BR AR W 53.1% H1 41.2%, 1 E1 4 It
YW ERVEN . M mT L, H AR B A A R X Ry 1 RN G335 G XA B 1 2 R AR
ML IF H E3 s AAE A BT /N e Tis e 5Bk o g R ik — B IE B E3 18 3 Fh i A AL s Ak
PR & P AR i, AN URE W R L BRAT % 25 (] 4), X HABA HLTS Gyt BA S 8 o Wi 5 TR
4 1 7 4528, %R I3 T U W I AR R PP 23 F R D 28 800 Da Al 2 900 Da Y 75 B M AR 1 A %




%7 B RAGAE AR ARR AL XTAT I T R BREOR KL 2161
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3) BB HT . HE SBT3 T W5 450
715 9 S5 1 PR A AR A 3 5 A 22 B R S o i |0
BB LA TR . i 8 LU, ke g 10000
T TG 2 AL, KRR as0 20000
R RKIE RS Y. 2R S 30 000
2 FR ) A 3% 2 2B ) R R A . AR i [ e 40000
SR FEE (75 LA WA, 9 At e B 0 P 250 i

ST R AL & W0 A & Bk, i HL 28 J 5 R
A6 Py Lo i P 2 Y R TR AR T R BR
mE 9 LA, £ 30min 45, El. E2
FE3 X R IR A W 0 2B 853 0 R 47.1%
69.2% 1 84.1%. X 5 F AN XA HLT5 449
MY IE IR R A B ER R, TERIF R
LGRS T FEL Ak 2 S AT IS T B R 1Y) 2 R R B
T E R
23 BEXHIEFEREN

Tifi 3 325 3 A7 76 T Mo K R K, i
1) B R 2 o8 AT P A A4 R X A 9 % 1 R BR A
., JF HAIs A7 A P, R R X H A Ak TR Ak
A& Y 2 BR R 25 B an 1] 10 fr s o B R
XA U S5 A B B AT W B I A L B hE
FERIYG N, 3 Fi i Ak aiR A AR AR 0 2 B R A2
B, EWA TR A TAER B3 W A g O
& BR% R 93.2%, e 15mgL " CaCO, Kk
HWET, MEF LR 684%, FRET
26.6%; 1 E2 Al E1 Ay 25 BR R WAH N 09 F BT
30.6% F1 40.2% . K& T HAtE Ak bR Y B i 3
K 5 B - 2 A A I e S AR TR 1) B AR AT
B, A5 BRI R T Rl TR B 1) R B Ak B o i
M, G TEWARM B RDTTE, MIMREIR T
IVRINR R S 82 S - i TR SA N e i
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2.4 &SRS RRAIE

K PR RO AR 5 5 6K AT B TR 5
(UPLC/Q-TOF-MS) 43 #r T LA Ak 55 4k S iz 1o 2
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Fig:8 Fluorescence spectrum of water sample
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Fig. 9 Removal of humic acids and soluble microbial by-
products by enhanced electrocatalysis system
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Fig. 10 Effect of hardness on the removal of ibuprofen by
enhanced electrocatalysis system
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*1 SPREEREHK CTHE ISRV HEFER NI RERNDE~Y)
Table 1 Intermediate products of ibuprofen in the reaction process detected by high performance

liquid chromatography-time-of-flight mass spectrometry

5 SR 2z mlz LR ER 15} ] /min
1 2-3-FHk-4- R T AL N R C;H,50, 222 25
2 2-FRHE2-(4- 7 T EA N IR C;H,;0, 222 6.6
3 4-(1- R L FE) R C,H,,0, 150 13.9
4 2-(4-HER AR C,H,0, 164 8.2
5 1-(4-5 T ORI 2 1 C,H,;0, 178 11.7
6 1-(4-(1-38 2.3 75 38)-2- H L - 1 -1 C,H,0, 192 2.7
7 4-(1-F25E-2-F JE N 3L 4 2, C,H,0, 192 14
8 1,2,4- 8 = CH,0, 126 1.7
9 LB 1y CH,0, 110 2.1
10 4-2 FER By CeH;,0 122 2.4
11 X CH,0, 110 1.8
12 4-2 FEIE P C,H;,0 134 3.5
13 1-Z.3-4-2-H LR )R C,Hy, 162 3.9
CH3
{e]
CHj
OH
HsC'
] 2= 2
CHy CH;y
o] {e]
CHy CHy
OH
OH OH
HyC HaC'
oH m/z 222 mi=z 222
| st mEsaER =
CH, CHa
CH, CHy
CHy o CH OH GHg OH
OH
s ‘ e OH Hoe H3C
3 o
. 4 . m/z 192
m/= 162 /150 o= 164 m/= 178
CH, CH,
HO
CHy OH He CHa
‘OH OH
H;C X 4
I m/z 192 oH  m~=126 - 110°0 O‘ m/z 122 o m/z110  p-132 0 oM
| smsees i
CO,#1H,0
11 TR BERESN
Fig. 11 The analysis of ibuprofen degradation pathway
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FRAR IR A O, + Hy0, TR Ak HiL i fb> O, 3 Ak Hi fi fb> H,O, MR Ak L fit Ak, BR800 il 3k 3] 93.2%
84.5% F 52.7%, 1o T LM B AEAL T A9 23 BR %
2) A AL FRE B () AE AR S BRI T F AR AL R A A U SR R e BR E, Hr SSJR BE IR RAA ME TUE
YRy 2 B A 0 25 2B BRI o 3 Al R R Ak R AR AR R AT DS 25 B 43 F BT i 428 800 Da Y
By, O+H,0, 1k R Al O, 1k R XF 20 F i i g 2 900 Da 1975 YL 1 i 22 B3 253 1 Ky 53.1% F1 41.2%,
11l H,0, 3 Ak HL A AL X2 A DTS Je W IF A L BRACR .
3) M SFAERE MR AR R AR T 13 Bl Rl e, RO A AR P AR Y SOH DA [ o7 B T A i
oF, TR IE IS AR, SRE R AR DA U OF i — 0 R B IR S — R R,
2K 15 e A AL h CO, Fi H,0.
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Removal effect and mechanism of ibuprofen by enhanced electrocatalysis
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Abstract In this study, the performance of O;+H,0, enhanced electrocatalysis, O, enhanced electrocatalysis
and H,O, enhanced electrocatalysis on ibuprofen removal from water was compared, and the degradation
mechanism was analyzed. The results showed that after 30 min reaction, the removal rates of ibuprofen by these
three types of enhanced electrocatalysis were 93.2%, 84.5% and 52.7%, respectively, which were higher than
46.2% by electrocatalysis alone. The three enhanced electrocatalysis systems had good removal effects on
macromolecular (28 800 Da) and small molecular (2 900 Da) pollutants detected by size exclusion
chromatography-UV. Humic acid in water significantly reduced the removal effect of ibuprofen. Fluorescence
spectrum-analysis showed that the humic acid like and soluble microbial by-products were the main reason for
restricting ibuprofen removal. The hardness of water significantly reduced the removal efficiency of ibuprofen.
The removal rate of ibuprofen by O,+H,0, enhanced electrocatalysis decreased by 26.6% at the 15 mg-L™
CaCO, in comparison with that in deionized aqueous background solution. The degradation path of ibuprofen
was clarified, 13 intermediate products were produced during the degradation process of ibuprofen. In the
reaction, the ibuprofen was finally oxidized to CO, and H,O through a series of reactions such as
decarboxylation and demethylation.

Keywords electrocatalysis; ibuprofen; organic matters; degradation; molecular weight
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