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T AL IR - R TR R KRB
b
SR, A 2! s B

LR RSBt , PR 5 75 Qe i i [E K o S S0 10 %, bt 1000845 2. [E AR AL e B, bt
100191

B B IFEAMRS AL R A T2 (0/MnCe-CM) % — 4% H K Fh i vs Je iy Aw s ey i LR e, IR
JE-RA T2 (0,/CM) Xt B, #F5E T iRl (L id- L R T e s itk . LA BN 2.5~5 mg- L™ B, X4k
4 R BTG Y AN A L G 2 bt . S5, SPEE-RE T AL, Shsm - R A T X e
HE ORI SRRSO AP I A LB AR R, AN 5 mg- LT B, BRI R T R N B 1w Ak
- R T 200 1.7~3 4% SRAm AL - R A T 57 R KK R h i R E SN 5 mg- L7, i T2 %o s
Py BRI R T 80%, W E R ASIAEER OKEIFHIERT A K H 28 fh A A3 #8525 ey A B A )
(T/CSES 42-2021) KTl @5 Y bR AARE . BRI ILIE- R T X 9K TOC RBREN 329%, Xt UV,
FRRN 66%, KEEWAIY ZERFEHRATIE, HKRITaMEE.,

KPEIR  FREMmALE; MRERL; BUsYESl gk

V5 KA PR K GETRE B A 0, TR 5 Yeire 5 /AR ok P e, Ak A
KA, TR R REEAC I T 20K R BRU 2, 5 FROGREE R BR PR 2T AR b s . Ry B35
FEA AT, o, TR BRI B R AR SR S YA T T AR, R TR S SR ARG A LS
IEYIRRARD Y AR E s IS AR, Sl R AR R I AR o R4, 51
KA RGN, BAAARE R, ROVECRE, IERVER)T, BRI ATRRS, (B
PHER | ISR )it

W R AR AL S PRI ARG A, WSR-S T2, URENT LR, fER 29K
RIS YA B ) R AR PRS2 GUO 20 (i oy 6, 2-33%-4-F 483 — KW (benzophenone-
3, BP-3) FRIHATCRRIE A 0.5 mg L' i, PRS- 54 T 2% BP-3 I LBRRAN 75%, CuMn,0, Sk
VAN AR T 2% BP-3 ML RIRE 2 90%. LEE 25 (53R, 76305 A(bisphenol, BPA). %
F£ =Mk (benzotriazole, BTA). F IR (clofibric acid, CA) FIWIIAFEMIE N 3 mg L' I}, SHEIHH-RAE

ML, CeOx BPERIFPEMEILIE- AT 22X BPA HRBRFEH 20% 55 80%, X BTA KBR%H 50% 14
2 57%, % CA MZBRFRH 30% B E 40%. PARK ZUY fUffFos K1, EXHEZEFER (p-chlorbenzoic acid,
p-CBA) MIWIIR BTk R 5 mg L™ B, S5MERR-E T2, Fe,O, dtM:mBH R AL S T 2% p-
CBA M EBREH 28% % 46% . iR TR G- R4 T2 LBREeR IS s, SEgaitky L
LN R HBOK, XTSRS EMEA R SR K= 2%, s ) 5K b A yLse
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G S E A IR T E R, T B B A - RS T 2 A BRSBTS K TP i Vs Y i)
Rl

PSR R TH, BYUN S0 FUA TR . ARSI S 8 B B A B ki v i
AN LR, K SHAMYALL, e NP LT TOC MR R, SHEAAY
FHEE, ARFEENE R E A R T A B A e, B S e rERE" ", B, gt — e
HA4 B A MnMeOx(Me=Fe, Co. Ce) eilF gt bimvRe.

AR RTINS NI4T 4 FET a-MnO, BY%E 2 M ML, (U35 A0 a-MnO, FOfALIEF
T a-MnO, ) MnMe X4 )8 E Y (Me=Fe. Co. Ce) (IFEAMEILIE (Mn-CM . MnFe-CM, MnCo-CM ,
MnCe-CM), AT FEMEIIPIAISEH, W T G- AU RS, Ao T HAE ST e 4 X
BRI R, SHEIEAI, 2T o-MnO2 (1 Mn-CM b R AR S AT BT RHRL i Je B s 1
21.15%. 5 MnCM F1 MnMe-CM ., MnCe-CM X Balhir H it 52 i s R H 8 K (1.62 min™"), 255K
I (99.99%), fEfbtERERAt. PE—BRPI TR, AR = & B ROK RO a7 R A b SR AL
WGP EEVER, B, FBEAE AR RIS T SR A T A R Sl R 2 T AL NI A
I ORI DORY . R, i - B A8 T X BT A LB Rl 79%, Hirp, BRFLIN AL LA
J 7 X BT 2B RN 61% , AL S i uE 5 e BRI TTRRR N 77%; #4E XPS RAE, EPR 3%
TEA>THRETSES, MnCe-CM 1 2 ZHAE MBI (Ce®/Ce™ Fll M /Mn*") il A L S f Bt S 22
HIEZSL, ATk R AR M K «OH(9.82 pmol- L) F1+0, (1.3 pmol-L™"), [ HiBE b2 4mbti Ak il 5
SAE AR Y B AR

AT RS R ACR, 57 THR AL R A T2 (Oy/MnCe-CM), FFIFRE T i#8HE1T5C
s VEAE T HAE AR A B FAFSEbR gk 4 Rl RIS YL, BiE T IR R S
i, I TR AR SR T AR SEBR K TR RS G R, B R AR S T
ZRSEBRI RS

1 MRI5REE

1.1 SEWFRSSEIE K

AW PP ERE (0.1 pm, TIEHEE, HE) NTREEIER, FERE S ERRZEHR o
ALO,, 3 AIMENT, R 10 em, 98 10 em, 5 0.5 cm. iladfH-1Bbekhil s e b, B
PR L Z BTSSR PRI 0.03 mol-L™' Mn(Ac), F110.01 mol-L™" Ce(NO,),-6H,0
FRATART, WG, U 10 mL-min™', SEUERTEY 16 h, HhuESERUE, Wk TR, £
PEZAATVEW . B W W IS8 58 T 0.04 mol- L™ KMnO, 1, il iEahF itk , 3 93 > 200
uL-min™', iHIERHEY 16 h, 7EiTEEFEF, KMnO, 54 BAMMRER & A EARIF N, IR A ilishsm E Ak
Y, HEEHEILIEIC R MnCe-CM., FHrilif AL TCHLRCE /eI Frh, R4 12 h, Rl 2aERERImT
fdiH.

SEI AR L KON 5, 3 T 4 FE Gk PR G | SRR TS e RIS
(ko,<10mol-(L-s)™") . A= (ko,=20mol-(L-s)™"). BPRHRE (ko,=6 mol-(L-s)™") . P (kp,=8.7 mol-(L-s)™"),
Hotkg, R e 5 BRSO BN 124 i 8, 28 R TS eI E SEhn K R B B, i
FIHEA 10 pg L0, g kR ALt ARk, T 2R RS M- 4R M- DR AR Bl da A4 - 0o
Toi g, DOC By itk g 3.7~4.3 mg'L™', UV, BN 0.11~0.09 cm™', ZHMiR R IE N 12.6~
132mg' L, EABRMBRERIKEN 0.037~0.04 mg- L',

1.2 I

P AR S T 2R SC e BN 1 s, REAUH AR AR E, G R TR A
i, TR AR, IRV 1 L, EAT BRI AR . Sk i S AR A
h, RAMEASPIERIEE T, B KGE I A B AT . IR T A R R R R R S HE
e RGalTl=UnESHarT, WA g, SAARER 100 mL-min™', @R R AR,
Pl BB 500h 2.5 mg- L™ A1 S mg-L™' BE AN 60 L-(m™-h)™", SRR 100 min, ad gt

&
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Fig. 1 Experimental setup of the O;/MnCe-CM process

[ 180 min, HEFE 5 min 7EHZKARFPE—RAE . KRS ERT 0.45 pum RIUIRIGIERE, KRS TS
YRR S G B R, AR IR B AR T 2 A N R SR & XS e i) RBRACR . R
%%ﬁ%ﬁiﬁ%%%z’?&%&&%, Hrr C A C, 400 ¢ BT AT G imTaa e, me L' 80# pg' L' 7EAH
[FIZET, PrASERER 3 IR, RE/NT 10%ERIEEHE TR .
1.3 Dtk

K BA MR ST (TOC-L, SE:, HA) W@ S AP Rk RS OLE T
(DR/5000, W37, SEME) ME@RES AN K 254 nm FAOWGEE; R BER-HBR He g e Rt s rh i
SR, DA, BRI ARIBOK 0.4 mL, fiNA 1.6 mL EERIRH, 1B, KBEAHZESE
M, MEREATE 620 nm ARPIIGEE s SR S i e S R0 & i, AR IS L& bR
i, BURESL 0.1 mL, A 5 mL %Sl G-250, RS, #E 2 min, MEFERAE 595 nm AbRYIEEER,

K FHRAR - BRs IR FH R 40 (1290/6460, (e, 3EHE) KR5Sk iE, @ikt Acclaim
RSLC 120 C18(2.1 mmx100 mm, 2.2 um). AGAFEA 10 min, BalfphiEe | hEiscie . 2R0f =k PHIgEERY
R[] 53508 3.09. 4.01, 2.58., 3.57 min. JENAHHEE (A) F14lizK (B), #EH: 0 min-10%A+90%
B; 1.5 min-30%A+70%B; 3 min-50%A+50%B; 4.5 min-70%A+30%B; 6 min-90%A+10%B, ¥ K
0.2 mL-min", FAEACA ESI IERFA 2

KPR (F-2500, HAar, HA) RlAE S AL oy o MRS e
12 000 nm-min"', #AEIEH 200~500 nm, KFHEIHEK 200~450 nm, AHKIH 5 nm. #3455 CHEN 456 F
TCEAR X IFIEEETRY, AR ERE L 5 A X, AFRERRS . &R, RIS, MEmk
A R =2 . FIH Matlab R2018 XPEE A THEAL AN S, 15 218 KRR AR A b L, A
TXTRE S A LAY & A Tt e T

KBRS (Rid-20A, S, HA) WEKEER s oA, Rligs s 22 rekaigs, @it h
IKAHEEIE (5354 (TSKgelGMPWXL, TOSOH, HA), #if 35 C. WahiAHA 0.1 mol'L™' 1Y NaNO, £l
0.05% I NaN, ik, JishAHimE A 0.6 mL-min™'c RAFHTHEA 903 000, 580 000, 146 000, 44 200,
1000, 600 Da AYER 2 —Fsbrkega b2

KA LA Z D RERNAL (Promega, SE[E) e K & CanE arkdert, Ml rE2% 1S011348-
324 1 mL NaCl &7 9% [CHRE (NRRLB-11177) W TRy R I, K5 180 uL RFIFEHAN 20 pl BRI ZE
96 fLANAEIGFMR (Corning, SE[E) H, TEZINRERANCHIE AR, ST o BT IR% .

2 FR5ITR

2.1 RERMEMNHESREIERIIR
AR SRR T Rl i PR S SR T X DU R A e Y5 Gy i KBRS ANTE] 2 iz, Bl %
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Fig. 2 Removal performance of the O,/CM and O,/MnCe-CM process

FF=me | IR SRRSO SR K ERIR TR 10 pg L' TG KNI TR, Bt
XV e ) S BR 2R B A B (R A i , SRR ML EA R TR e ngek s . o, s17
180 min, P 2 FEast Y BTRERL A | T = | PR REROR 0 R BR R BN 50% . 20% . 58%. 52%
(Kl 2(a)). BHFEE 4 MRS I TIEA K, FERRXBTRERE (s 215.68 Da), PEI3HEL (43
FFiE 201.6 Da), #EE (43 F iR 191.27 Da)3 A/ F BT R BTG Yyl B R Bem, 41/ NG
ARIE = (119 Da) # B REBAR. Ht, X FRGEUE LB =K IR R T5 32, FLAET ke E2ER
FREmAEA LB eI BT AR . DR = | BRSOV I SRR 56% . 22% . 60% . 45%, FBREE
PG R AR, BRI U ] A Mg (B 2(b))o AT e AR A AR ) R B A X
Fean#l 3 Fon, SibuERiEr, g iE e R A R R U, RIS, 2R
T AL AR R ARSI L SRR TS e R B . X SR MR A R 2, Zguhkrh
() SS M5 Y BB B 5, B ISR I TR ML A R TR 15 4

FEFIE N 2.5 mg- L7 B, P RE- AT 27E 180 min XFPEFRIAL . JKIF =Wk | BRI P L)
EBRFHIH 23% . 28% . 65%. 56%(IK] 2(c)), HEREHMEMIE- A AIAE 180 min XFRARFAIAE . RIf =k |
ER ANPGRS RN 25% . 30% . 69% . 62%, e THIENE (K 2(d). H1 T gH/KaHIHIH
A, TETs IR Tk se Pt A thLsk, i
TEHK P EAIIES. MAILLER 25053t
R FACBR g K A LY S5 e
AR A, TP B S RS Y o
HFEIK, B KA TS e A L s
IR KR A AL Ny
T, IHFE TR, TR, AER KR BRTU 7 :
Y5 YW T T A A s I S ) R R R ) R AR A (a) 1HIERT (b) iF I8

T8 3 HERIESEEIEREN SEM

FARINE S mg L' B, BER-RATZ Fig.3 SEM images of the MnCe-CM before and after
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7E 180 min PNXPIRAHE . Z0F =1 | BESUHAIDY %1 FRRSEME MEhENE-RET ZHMER-RET

I R BR R BN 40% . 72%. 78%. 55% ZIMRITRIINR SENNFE

(F 2(e). W2 1 o, Th— s i s 127 L Table 1 The reaction kinetic constants of the O,/CM and
4 0.003~0.009 min", £ RAEAFNNE 2.5 mg-L! 0,/MnCe-CM process

Y 1~8 1%, FRANHEMLAS-RA T A 180 min N g cpnpiy B R i
XBTHRRE, AP0 BRSO LR meiy L e A me

N 80% . 94% . 96% . 92%(IK 2(f)), th—2k
TN EN 2R 80N 0.006~0.016 min™', 2)°H R4A
Bohnie 2.5 mg L' B8 2.7~8 15, 29 M Wi - 5L

P e - LR 0.002 0.002  0.005 0.005
FREAEILAE- R 0.002 0.002  0.006 0.004

UL 173 65, WRI-UA TS Mgl g PO 000 0008 0009 0.005
e LA T e e VS e I R S b 2 B A Ay FREEIIE- 2% 0.006 0016 0.016 0.015

T AT N, AR A T AR
B s mg L', iz 7HFE] 180 min AFXT 4 R 5 Yt 5K T 80% .

E Z ARG COKIBHAER FA K o 25 8 A A9 B 5 2R 5 e A PR E R ) (T/CSES 42-
2021) FHEFERIA DOC BYSLEHNEE K 0.35~1.50 mgP, FERIARFFY LI HEKE) DOC, &N (3575 )
WFERL AR 1.6~7 mg L™ AWFFT ST AR AT A - B AU T 2R S BN S mg L™ 44K T,
XF 4 BTG Y EBRR T 80%, L (H8RE ) SRR YY) BRR KT 80% W HAR, i it
XHERAEER 12 FERY) BB E T 80% HIBRAERT,

WA CT{E, BV (C) FVEFIINE] (7) RIS, LA SH AR R . it
- A T 2 A E R AN 5 mg L', /K EEEY 2.5 min, ERilEANIEE- R T 200 CT{EN
12.5 mg'min-L™", X} 4 PRI Es Yoy KRR T 80%, il EZ A SINER OKIMIATER FiEK
2l AN APPSR IS YU R ) (T/CSES 42-2021) X T 15 Yy 2 BRiibre . Z5/eaess) bt
5T RENEAEC N KRR, G5B BIK I REE] 15 min, SAEHNE 30 mg L', CT{HN
450 mg'min'L™", COD FEfIKT 27%, AEEM 450 f5FEZ 40 5. K oS RSN G T ZXN5 KA
I TG, R Rk R] 55 min, RAEBINE 18~25 mg- L', CT{H 990~1375 mg'min-L™", {4
FEFT COD MIEBRZF AR 70% F 15%, WAOKEAFEIrE. 5 FaRRENE T 20 CT B, it
- AR T 20 CT RN TS AU €, i b - L 480 T 25 e A S AT S 4R 43t AR i %)V R ) S22
(e LNy EN
22 BRI ERYR

KT IRA MR- R T A0 g /KAWL LBRRE, BGS1TAHE 30 h (1K, i1
JEAAMT . DO EERAE B ACH MR TR . SRR AR A T 250 gk sh TOC, UV, £
B EATRAERRE 4 FR, BPEBGLIEST TOC BIERRRN 5%, FAMELIEITIEST TOC ALBRRIS
TR, AT AR T 2% TOC 2:fr
H 32%, e AL 5 A, R
TLUEXT TOC LB TABR, FARATT LR
X TOC BB, PEBRREm LI e UV,,,
HIEBRAR AR 11% F1 15%, Faaie- RAa T2
R AR AR T 250 UV, BIEBRZFA
MAETIERY 4.1 550 4.4 %, DA S LT IR
KB FEIRE K T M5 R B Kbk B
- R T 2 SRR - R T X R

TOC [ ZZuv,,,
ZHk HHR 7

RUACES R SARE SO N N 1 o BV LS AL WAL
R T L L o L B B 0B R

T 10%, b8 FF LB H B IR IR 2 4 4 TEBIETEXEMTRIIEHRGR
T 4%, RN EREBEN SRS IEDFEVER S Fig.4 The removal performance of conventional pollutants by
FEERHE A A, SRR A R different processes
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P Eat e . Pl S T2 A R 8 | AR - AR T A A AL B o o e
SeRAEAE 5 FE 6 B, BT RiE A, 155]0.01~1 000, 1000~2 000, 2 000~3 000 Da [HF 53
I, SEPR R K5 TR AR 684~3 586 Da, T ELIEFEBRZEYIT N T, ShAHEALIR- R A T 27
0.01~1 000, 1000~2 000, 2 000~3 000 Da [WFS A /N % T2 AR MoK TP IA R, SEExT
HIWIEEFBR, X5 T A% TOC ERRREER—E.

PRI CTEHA T ARGy, 13BN AR A K T 1 o DGR EE | LU DL S4B . —
KK AT CREE R 246.38, BB IEX PO R B RBRFHR 6%, MAREG, TPt
KRR R 18%, HAMELBI IR RO R LB R 10%, IMAREG, V5 RER LR
LR R 48% ., SLAEMIINATT LAREMOK o T, At - S T L0 LR R g ik T 54
LRI S IE R FIE] . — KA L B DUERRR . e =Y. & B BER AN E, A
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Fig. 5 The removal characteristics of conventional pollutants by different processes
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Fig. 6 3D EEM characterization of conventional pollutants along the O,/CM and O;/MnCe-CM process
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a7 B3R 29% . 26% . 19% ., 19%. FEEAIEEIE S, & BEIR . MER . @R ZLBRR0HN
18% . 22%. 20%. & RET, PRI R T 2 RGR i IR S T A TR A LR, PR%
SRR 24% TN 51% . SRETEAR- A T 2 XK TR IS I b m TR G- RAA T, iR
A BRI S EE i BRI R R B, SRR K R R SRR . ARA AL IR - SRR T BT
180 min, 4 & T HBEIRE N 0.06 gL, RAEMBNEE FEE, M ek NTFER (F
UK DAEARAE) (GB 5749-85) HUE(H (0.1 mg L™, Wif& T RIASIGE CeOx MPERIMIEMEILIIZTT
60 min, FfifY¥ H RN 0.61 mg-L™', MnOx SRR EMEILIEIZTT 60 min, 27 I H IR
H5.99 mg-L™'ON, EREH I R T 2K 3% FO B &G0 R 3.95%107 cd, ~EXHIHIER 5%, HK
(3% FCHIER A GO BESF-YIHIR 0, RIS R T L AT YAtk stk

3 4

1) FLARG A E L 8 2Bk — g KR R a5 e E2E . Al A e B . A —
W SR LR SRR 56% . 22% . 60% . 45%, EIGFRBEL T 2 iat it e fss s .

2) SHPERE- A T2, AR AR T 20 By . R =k | RSO R I A R R
FRE, RS S me L, AR LI R T 2 RN s O B - LR T2 1.7~3 £

3) ARAT AL AR TS g KR R i R AR R S mg L', BER T 2% 4 PPl a5 gy
YR LB R T 80%, L EZE AT OKEFER FAKR 258 A AP B e o5 Y b #E,
AR (T/CSES 42-2021) STt i5 e ZBRIbRITE,

4) YRR 5 mg L, SRAEILIE- A T 20 T KT TOC IERR N 32%, W UV, 1Y
FBRFER 66%, T Zamid K P EEIRTOCYIR ERANY, T 2K aR M.

& % X
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The removal characteristics of pollutants in the secondary effluent by a MnCe-
catalytic ceramic membrane-ozonation process
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Abstract  To comprehensively reveal the removal characteristics of micro-pollutants and conventional
pollutants in the secondary effluent by the MnCe-catalytic ceramic membrane-ozonation (O,/MnCe-CM)
process, the removal performance of O,/ MnCe-CM process for four typical micro-pollutants and conventional
pollutants was studied at the ozone dosages from 2.5 to 5 mg-L™" with O,/CM as the control group. Moreover,
the removal performance of membrane filtration for MnCe-CM was investigated with CM as the control group.
The results show that the removal rates of atrazine, benzotriazole, DEET, and simazine by the O,/MnCe-CM
process were significantly improved in comparison to O,/CM process. The kinetic constants of the O,/MnCe-
CM process were 1.7-3 times those of the O,/CM process at the ozone dosage of 5 mg-L™". The optimal ozone
dosage of the O,/MnCe-CM process in the secondary effluent system was 5 mg-L™', the average removal
performance of four micropollutants was higher than 80% under this condition, which could meet the standard
of { Guidelines for water reuse—Treatment technologies for pharmaceuticals and personal care products in
reclaimed water ) (T/CSES 42-2021) of the Ministry of Ecology and Environment. In addition, the removal rates
of the O;/MnCe-CM process for TOC and UV,, in the secondary effluent were 32% and 66%, respectively. The
removed organic was mainly fluorescent humic acid substances, and no acute toxicity was detected in the
effluent of the O,/MnCe-CM process.

Keywords catalytic ceramic membrane; catalytic ozonation; membrane fouling; secondary effluent
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