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W OE RS MBRIEFRMEGEIF G IS Gy, R G 1 B IE A W SR A0 REE AR W) S 4% (hybrid suspended
biofilm enhanced membrane bioreactor, HSBE-MBR) Ab ¥ A= ¥ il 25 Pk 7K , 2% 8% 17 JE R 45 in 77 28 % HSBE-MBR A7 it 7
SR L BRFRE . AT AR E M SRS QAR (S, IR0 T RS LB, AR AR AR DR AT AR XU
HUBHE) (T 1), TCOD. NH;-N Fl TN 3 K BR3E451 0 91.61%. 97.08% F1 79.40%; 40X . 4 4 X I B X %
PRI (T8¢ 2), TCOD, NH;-N Al TN ¥ ¥ £ B 353 | 24 91.09% . 97.24% F1 83.66%. 1t Lk 2% T.OL T,
HSBE-MBR %} TCOD, NH;-N #ll TN ¥ A R4F i L brtkfe, Hgfrf etk RE, Tol2 % TN LBRFR &S T
426%., fETH 1R, BisfrmfEh 0.02~8.17d; FETH 2 F, Bz 7HEl N 0.26~138 d. 2 Fh T4 F B T5 e bl
DL yE U2 s g o T, BEUEE B 1 5 FE A A 94.7% F1 90.1%; K IX U8 in R BE % Uk 2% B 2 i D& D 2 1Y B
W, fEUEYEE B ST REAL 8.07%; RN, YRV b ¥ ik A= ) 1R 7 9 (soluble microbial products, SMP) ., #4 B 4%
4 EPS (loosely bound-EPS, LB-EPS) F1 & %% 4% 4 EPS (tightly bound-EPS, TB-EPS) ¥ & 43 Il By (63.70£12.95), (13.97+
2.03) Fll (153.82+12.64) mg-g '(T.# 1) K&K N (31.77+3.17), (9.1120.40) il (78.12+18.92) mg-g (T 2). i E 43 A
ELRFEY, MEERMECEE, 1592 31.35 pm( T80 1) 3 K Z 34.71 pm(T00 2). ARIETS Ye W 2 R ASE
B RS Y R AiE , B E AR IO SO BLEX . IR X ORI X R kL . R i gE 45 R T 4R R MBR 12178
TE MR I 0 IS Y iR S

EEIE BB R AR AR Y 2  #% (HSBE-MBR); AEWHl 258K s BURMR N7 2 BEis g IRAW
PE 5

W 2K — R EAL B R SR EE A ALK, BA RS, shififm k. AVLY & &
. AR L BT R SRR R AR AR, A W 2 P K AR A A A R R
R MY 2% (membrane bioreactor, MBR) K H A 5 Y45 B B (B K . 75 08 7= 5 IR H 7KK i
AR AP, ARk C N AW 25 R K A AUk T A2 — o R, WIS g — R 2
MBR T2 Z M M FELEHN R,

Wi BE: 2019-10-14; FEAHHEA: 2019-12-24
EEWE: Py &SR 1 AR (2017KCT-19-01); BEPE 45 5 577 Mk 4% (BF) Wi H (2017ZDCXL-GY-07-02)
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AW R, AR S . RS TR 5 WA I R0 T 2 R R 25 7 1 AT Mg M e AR
Hrr, RS —Fhaeag s | A RCSGE IR A WOR I O T 2 i IS e 9 5 vE Y. HAZRATI %58 78
5845 58 MBR(R1) 5 JBE X 7S IIEL 17 38 0 DR MBR(R2) X RS Gy R AIE 9 52 e B % B, 78 I I i
BT 95 K, R1 1 R2 ()15 % & 22 (trans-membrane pressure, TMP) 435l & 12 kPa 1 5 kPa, JEUFZ
BH 743904 12.15%10" m™" 1 5.83x10" m™", V5 Y& UKL F- 0042 43 518 44 pm Al 119 pm. 53X R W] IX
IR RE A3 KI5 e hiAe , FEARUEDFIZFH 7, #F el iy 44 . RAFIEL %9 FE A W B IR AE )
S 4% (bio-entrapped membrane bioreactor, BE-MBR) & X 75 il & s Sk, & 3 BE-MBR [ 517
JEIA A 21 d, HEBPERUAE DR =) (soluble microbial products, SMP) HH 2 [ 5 & & 4 33.1 mg-L',
It % 4t MBR(conventional membrane bioreactor, CMBR) iz 17 i I #E K 17 d, 25 F Bk BE BRI 164.6
mg- L™ 31X 3R WY X VS N DR RE A% [ P R 26 1D A 1 BT A G RE, SER RS AT A . R S AT R R
R OIHBURINAE] A’0-MBR HYSFE X, RBLAPLIA A 0.66 kg (m’-d) ' #5412 1.98 kg-(m’-d) ' I,
7K COD, NH;-N fil TN ¥ JE ¥ REMR 575 50, SHI 15mg L' IR, REER B RIEFMNBITRE
PE o SEURMRR IS SO 0 75 20 92 i B 75 e BB/ ] . CHENG S50 48 i, B AVIEDR B ALK
Rhr . WwREBAK, LR BEEAKWAEYERZ | 032 RN A E0E Y0 6e ) S0
R, FEMBR AN ) TZ o ROKEEPIN R0 SR SR R U SEDRL IR M 2R 20 B TR SEUR) B 68 A AU
RRERE Ty, e m Myt ugvene . BB B, SRS N 5 =X 32 20 B — 4 DS U s st Y,
AN TRV i 7 = (48 DX DX ] B 35 in SRR ) X075 e ) R BRARAE 32 47 AR MR RN B TS L R AE B R G
5% i UL A

AR BT K —Fh 52 & R 07 A8 W) B 5 Ak B5E A= 99 KO 2% (hybrid suspended biofilm enhanced-
membrane bioreactor, HSBE-MBR), i i 78 MBR A~ [a] IX 4, (Bl 401X . 480 DX AT IX) 08 o2 v ),
53 B ML YL Wy ) 25 BRAFAE . SMP FLLAM 5 A5 1) (extracellular polymeric substances, EPS) ¥ & & H:
WorAR Ak T UeRLAR S A FEAE AT, IR EDRLES I Oy X A B | is AT AR M AR TS YRR Y R
M), b BTG G AILBE, PRAR RS I 5K, S AR 25 K SE AR E AL A SR IS
1 MRERE
L1 SKWRE

HSBE-MBR & A2 BN 60 L, MHFELAX 100, A X 33 L, X 170, B4R AR
HIERR (Kubota, HA), ARGIIEEAAN 0.11 m?, FIFLAE N 0.4 pm, FESRAE X FEEE, i
FESREE N 10 Wom™, DARIESDRAL TR A G 48 IXORM B X 23 1) 5 fl L P /= 20 8 TR R A0t e < e
B, BECORIE N 2.73 m' (P min) ', PRI AR A AE 2~5 mg- L, DLSCELep R B ER T, 980SR TS
QR A TROE S B Y. KR 5 IRA el
Pz im B R ARk A%, Hhid ity & | o -

TMP 925 f, % TMP k%] -35 kPa I, R 4l ‘ 1 ﬁ%@ B R S
WREAT . BRI URA 2 . Sofdi v g L AR
PR I s LR kbt o .

25 0.5% F B 0.2% Yk S R H T L o 56 B AL S BRE g  e| ] o et
PV, LI 4 0 %9 8 h f1 20 h. HSBE- % Se ik 4

MBR 5256025 B AN 1R @% f"{éﬁv_. '?e;@%'__ by +L%ﬁ
12 EITEMEREREKKR o e e A

ARWFFEREICT 2 FlE T A YRR, 0l

v g 1 HSBE-MBR LI E[E
7 SPR-1 Y B 77 R} RN 38 2 g #10k . SPR-1 A

Fig. 1 Schematic diagram of the HSBE-MBR
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BVRIERN HAR 25 mm, & 10 mm Y 2L, RN 500 m*m”, BEH 096 grem”, Y
NEJE B 258 0.3~0.5 mm; RSB~ 10 mmx10 mm>10 mm B 37 7, FLEZR N 98%, %5 E N
0.45 g-em™, YR 2N 1~1.5 mm,

HSBE-MBR L2z it /K . [AlaR oK B9 77 0z 17, 147/ BRI E] 24 9 min/6 min, 7K J7 45 B4 i [A]
(hydraulic retention time, HRT) A 72 h, & & & 12.5 L-(m*h)", & & W& PR o 400%., HSBE-
MBR # 8 2 i T2 17 76 00 1R, 7864 X HTAE S0 X7 Jin SPR-1 AU 77 HORL 3 i Ee 471
35%CERHAT/A XKL, a47HHE A 120d; 76 TOL 2 F, FEBRE X 5 X 4 0 SPR-1 AU & 77 3H
BE, EL7E BRI 0 3B S R OB (RN LR 35%), s AT i) g 173 do SEEG DR K H A B PG S A 9
25 EOK AT, R K SRR L 1.

F1 FKKR
Table 1 Raw water quality

BRI /(mg L")

T BURED K i A
TCOD NH;-N NO;-N NO;-N ™

L 2652.26~7483.91 291.41~630.22 12.89~45.50 0~14.29 317.49~653.16
EIMEAAREZE 4 034.4941 238.23  394.49488.55  21.25+6.96 1.34+3.15 417.08+89.72

L 1903.07~5026.94  191.02~662.29  0.57~52.89  0~1.90  204.09~681.86
PIMEAREZE 3317.342698.34  413.14495.61  16.99+7.92 0.2240.39  430.34+96.18

1.3 MESHHFEE
TCOD. & A (NH;-N), R Eh & (NO;-N), iR £h A (NO,-N), MLSS 1 MLVSS %5 & #L 45 br
SR FH SCHR A0 D7 g2 o B IXORE i B IX 35 R TR A TRE 4 000 rmin R &0 6 min, I HU
W, 1045 um JEEE, JEH 13 E] . SMP. %5 & EPS (loosely bound-EPS, LB-EPS) fll & % 45 &
EPS(tightly bound-EPS, TB-EPS) 42 HCR HUMAGED & H BT 285 5900 2 4302 H Folin-fi a5 341
FIVECER - R v A1 5 VR4 B I 5 SR FH SO R BE A (LS230/SVM+, 2 [E), SMP Fll EPS 124 649 i
A HLY) B e A A9 52 23 901 R FH 2¢ 96 43 Y6 6 B 31 (excitation-emission matrix, EEM)(F-7000, H 7<) Fll
R L AR 4 21 AP 1% AX (fourier transform infrared spectroscopy, FTIR)(IS50, 3&[E)., AEBH Jfy 3158 gy kel
(1) A= (2)o
AP
J= TR )]
R =R, +R.+R, 2)
K. JABEEE, m’m>s)"s AP AWML )22, Pa; w MBI EE, Pass; RS
(Y F Gt TMP ik 5|35 kPa B 4TI E ), m™'s R, A MEE A BH ) EAEE K PlE), m™'s R NARAL
BEL ) (B A58 0F 2 5 FEWE K th il sE), m's R, WIEDHZEBE S (1 R-R,~R, W IM1E), m',
2 #ER5TR
21 HBSEYEBRIFEREITREM
1) TCOD £BRFFE M ia i e, mE 2 Al A 2 T8 1 K, #7K TCOD by (4 034.49+1 238.23)
mg- L', 7K TCOD # (327.06+76.26) mg-L™", HEERFE N (91.61£1.84)%, FIEFILFRE R T 1.24
kg-(m*d)'; 7 LW 2T, #E/K TCOD K (3 317.34+698.34) mg-L™", H 7K TCOD A (288.93+59.25)
mg L, ZBRFEN (91.09£1.75)%, FIEFELBRE R K 1.01 kg-(m*d)'. Fibg5 R KW . HSBE-
MBR KK kg, 78 HBE X | 4 4 IR X 38 3R X TCOD 1 25 B Z ] 35 %] 90% LA I,
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Fig. 2 Characteristics of COD removal in HSBE-MBR
BT REM RAF; TCOD P AL BR#R TR T 18.54%, HIFHAE T, T4 2 # ik TCOD
BT T 1, =2 Ao, E2F T, BEXT TCOD i 2Bk 51 #k %435l 8 (12.44+4.19)%
1 (14.2247.59)%, FEREX IR IMEUENS , RS B X TCOD 1125 Bk o3 ik 3w A 14 i .

KHAN 4§ U7 43 5] 1] Fi CMBR Fl R X 75 i 2R 2 fis 50 BL (49 B % % MBR(attached growth MBR,
AG-MBR) >k 4b B D) /35 58 B A2 6 75 K I N T4 MUK K, #E#E7K COD 24 1 000 mg L™ (9 & 14 T,
COD £ R ZEH 4 90% L) |, CMBR 5 AG-MBR {7k COD ¥ {3578 20 mg- L' 2 47 . HU %1% 38 i
PR TR B AT YR A FLE AR, WESE T R O U5 A T B kX K B 2 R AE R AN
o, 4SRRI, 2R N #% TP AY kK COD 24 280 mg- L' A, R IAl 414 T AY COD 2 B K 3 ik
90% LA L, B DX InSEUELXT TCOD /9 5B tEREJC W 3552 M . fh b v 41, MBR A & Xf COD 1) 2B %
W, ik, #OmBEORHS 9 HSBE-MBR X TCOD 2 32 @ A+ 8.,

M 2 8 . 7 T80 1R, TCOD #E/K V-394 ML ffaf i 1.15 kg (md) '3 32~85 K) T =
2.49kg-(m’-d)'(3£ 90 X), BIFEAMLGMHER 2 2.17 £i51F, HiZK TCOD 24 302.41 mg-L™" f1499.19 mg-L™",
XY 25 B Ol 91.21% F1 93.33%; {E T8 2 F, TCOD ik /K F 4 45 HL 1 i H1 0.88 kg-(m*-d)™
(5 216~225 K) FH i & 1.5 kg-(m*>d) (5 231 K), BIZEA WL 25 & 1.69 5 ), Hisk TCOD Ky
279.41 mg-L™' Fl 389.60 mg-L™", =5 Z K 89.44% M1 91.33%., b RZEREH, A Amits =z
21745 (T 1) A 1.69 % (T8¢ 2) B, Hi /K TCOD 2 B 3R 4k F5: 1F 89.449%~93.33%, 1E 2 Fp A [ %
7R, TCOD # Brfee M s .

2) NH;-N ZBRFFIE . NO-N AE sURHIE s ATk . IEI 3 Al 7E T4 1 T, #F/KNH-N i
& 9 (394.49+88.55) mg-L™', HIZKNH-N ¥ FE N (11.74£10.42) mg- L™, ZEERFEH (97.08+2.34)%; 1ET.
B2 T, #EKNH-N W R (413.13295.61) mg-L™", /K NH;-N % & hy (10.89+11.63) mg- L™, EBEFH
H (97.24%3.58)%. 7E 2 Ff THL T, NHI-N P22 LR E R N 0.13 kg-(m*-d) ' L IREEREI,
FEE XS I IFURE X NH-N 2 B R RS- 3 A B A Bl 00 i 5% . R R 78 T, HSBE-MBR Hi it
XL G S DX RIS DX ZE i, B A R A5 P A P T A A A A e 200 T e g 20 v 3 0 ke #E LA R,
R b A 2 HIE YR R, AARAVE ARG, DX N SRR} 5 A I8 5 348 n i £ 400 T ) B i

ME3ATA,:, ETH 1R, 5115 KaF, PEKNH-N V43 B il 396.95 mg-L'(55 47~94 K) 4%
% 63022 mg- L', SFHMR RS E 1.59 £%, (HNH-N ZBR RN RIFRE (96.51% 1 98.45%), HiKHk
JEA R 14.36mg L F19.76mg L5 [AlkE, ZETHL2 F, 25274 Kitt, #/KNH;-N SFH4€E R 409.23mg- L™
(5 237~268 K) Ft i1 & 662.29 mg-L™", F ¥ 2 &2 154 4%, {HNH-N £ B R R F5 R
(98.88% F11 98.43%), Hi7/KNH-N ¥ J& 43 5 & 4.60 mg-L™' 1 1037 mg-L ™', Al LAFE H, 782 ARG
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Fig. 3 Characteristics of NH}-N removal and NO_-N generation in HSBE-MBR

R, NH-N B R BRE e AT .

HE 3T H: 76 T 1T, HKNO-N ¥ R (65.29424.98) mg-L™', NO,-N ¥k & F (5.85+
14.77) mg'L™", NO-N 4 25 B A= il K 2 0.02 kg-(m>d)'s 76 .00 2 F, 7K 1 NO-N #k i
(55.94+31.07) mg-L™", NO;-N ¥ &} (0.62+1.06) mg-L™", NO-N -4 25 F 4 pl i 2K 4y 0.01 kg-(m®-d)'.
FREEREW, fE 2 FERIR M TR, HKNO-N FEH LINO-N B RAEAE,  H X 3 2R 4 55
TRV ARTHNO-N I R . R BRI INEDRHG 5 i SN SEDRE R T 1) H S Y R, S A
WL BB S O EE , A B T m ROV AR Ry s fie o, 5 T00 1AL, T80 2 g il /KNOS-N
WEED D T 16.71%, NO-N V- B2 iR AR T 50%., BCTH0 15, LA 2 785 XA okt

Ja . BRGFEIXAE, R DA H BB A A R B, NOC-N Y Sz AR b RCR Bk —

NO-N 1 SR 55 -

3) TN % BR ¥
mg- L', K TN ¥ B h (82.87+31.75) mg'L™',
F R ABRE N 0.11 kg (m*-d)';
TN #¢ & Jy (67.45£27.94) mg-L ™",
HR N 0.12 kg(m*d)y'. ATLAFEH, T2

fit iz friagtt. mE4nm: A£TH 1T,

358 . HSBE-MBR

HE K TN ¥ BN (417.08+89.72)
TN 258 Hy 57.84~90.25%, V3 EBRZEH 79.40%,
E T8 27T, #F7K TN N (430.34+96.18) mg'L ™',
TN £BRH N 73.95~95.41%, VX LERARN 83.66%, FHEMEER

K

ik o INE BB
TIN 2 e 5 1 2 25 B 25 ik 30 30 He T80 oo WK R
P T 4.26% F1 8.33%., KURITA 45U 58 i Hb ol Al r& fy \ 'Q\ . 5
Xt CMBR 15 76 [ IX U i 4 7% BORH MBR AT £ |l V I i
TN LBRPMEREM S R BE, IR INEORHS TN Bk é” 900 °/ \h 60:&4- %"
A 19.2%, 5 CMBRAHIL, TN Bk 342 & 2 ool Y 40424 e
T 10% VLB, TN EBRPEAEV B IE T CMBR. £ \/\ \ “101%
NGUYEN % VB 5 % B, B DX % i Ak o 0k of v ‘ 1% Yg:
o A TNIREZALT 7.0 mg L7, TN b5 Oo 100 150 200 250 30%
ik 64.0%. FIREEREM, TO 1 TN & &AL/

MtEfeE R, T 23— 4 T 42 %5 HSBE-

MBR I i & fE J1 . IVANOVIC %5 RO ) B 57 &

4 HSBE-MBR fJ TN 89X BRHHIE
Fig. 4 Characteristics of TN removal in HSBE-MBR
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B, & A9 TN 22 B 3R £ 220 (K F [] 25 6 1k /)2 fil fk 4E ] (simultaneous nitrification/denitrification,
SND), i Ok} R 11 4 S8 S NP B SR A ARG, IR 44241k T SND W 22 R A7 2 F . BRI, AE 47 S XA
B DR BRSO SND fE R WOIE A, RS mBoRH , #F— 2K T SND 1EH & A= i ik
R, (0 AU RE ) A5 2R A

UeAk, 2 BORFEE 2R, MBRXFF TN M A BRBCNRE . X RIAEL 90 AT, #EK
TN -39 B /1 393.23 mg-L'(3F 51~85 K) FHi & 623.56 mg-L™', M ZE 1.59 5, KBRFM KMk E
Iy 9 K 84.48% 1 96.77 mg-L™', 5 Z A f 80.35% F 77.26 mg- L M I, EEAFF; FEE, £
274 KU, K TN P9k B2 1 424.87 mg L' (5 225~268 K) TF i & 681.86 mg-L ™', 2/ & 1.60 i,
FBR AN KU 53 51 84.03% 1 108.87 mg-L™', 5 ZFTAY 82.24% M1 72.52 mg- L™ M HL, FEAERF-,
2.2 FEISHRAFER RS RAIE BT

s Al T 1R, BHsfrafalhy 0.02~8.71d; T2 K, BEisfrmfahy 0.26~138 d, JiE
XA sk G, Bz frat K nl ik 138 d, b T00 1 B K BGE 17 B (Rl 3 im 15 f% . i I 5 i8]
Al. TH1F, TMP7E8.17d Wl N % 35kPa; T2 T, BT Od A, TMP MK &4, 1 2.01kPa
- TH5] 7.41 kPa, {HAEZS 10~110 K, TMP 8K 2548, 45 111~138 Kit, TMP M 10.72 kPa Bk T+ &
35KkPa, PRI, JBEDCUS ITAEUREBE A2 2 428 il s e ik A

140 36

. . *
Lot Lotz v TR % TH2 ¥
30 g
135 *
s 7 24 + A
= 9 < #
E 2 *
= = 18f *
Lrs = *
& 12 * ;
o
_ Xk
i AR -
: v
] e
0 // 0 \ 4 1 1 1 1 J
0 50 100 150 300 0 30 60 90 120 150
BATHT A/ JBATH R/
(a) BEIETTET RS ALAEIE (b) MR RE JE] BA () TMPAS AL AFAIE

5 HSBE-MBR HJ % iz 1T A} (8] & TMP 2L HHE
Fig. 5 Variation characteristics of operation time and TMP in HSBE-MBR

MR 2AH .. 2R T, JEVHZ S (R) TSP 1 (R) TP A & HL 43 51 R 94.7% F11 90.1%,
WOS B B LIS DRE B o, IS LB O OE R 5 0, TO 2 IR DR B ) S R T 1
TRET 4.60%; WAk, T80 2 P B OH R DB T00 1 AR T 8.07%., L& W], B X HORE X
I T R Y A A P B e 2 T U DR JR AR Y, TR I T s AT I (E]

M 6. T4 1F, SMP, LB-EPS, #2 FEIRTHIEE NS HEIE
TB-EPS 1 TEPS Y & & 43 % & (63.70£12.95). Table 2 Characteristics of membrane resistance distribution at

different operation conditions

(13.97+£2.03), (153.82+12.64) Fll (167.79+12.95)

mgg'; fE TH 2F, SMP, LB-EPS, TB-EPS M Tl T2
F1OTEPS 19 & 4 4% B (BL774317). Q.01+ o BEAQ0T ) ditee B0 it
0.40). (78.12+18.92) Fl (87.22+18.94) mg-g', 5 B 071 17 054 14
THAEL, SRR 50.1% ., 34.7%. 49.2% AN R 149 36 342 83
48.02%., FMTATLIF H, HSBE-MBR fy 3 % i ke 3928 7 sol 201
R, 41.48 100 40.07 100

15 YL Y 5 S SMP Al TB-EPS, 76 I X 78 il 30k}
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Fig. 6 Characteristic of component variation of SMP and EPS in HSBE-MBR

&, SMP. LB-EPS Fl TB-EPS 5 f ¥ 45 i [ A .

Z W AR A 0N 2 418 SMP Al EPS (19 EZE 4, i El 6 v Hl: T4 2 F, SMP. LB-
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Influence of the filler addition method on characteristics of operation stability
and membrane fouling in MBR

FAN Jiawen', YANG Yongzhe"", YANG Hongbo?, LI Yaguo®

1. School of Environment and Municipal Engineering, Xi'an University of Architecture and Technology, Xi'an 710055, China
2. Shaanxi Microbe Biotechnology Co. Ltd., Weinan 714000, China

*Corresponding author, E-mail: yongzhe.yang@xauat.edu.cn

Abstract To improve MBR removal performance and alleviate membrane fouling, the hybrid suspended
biofilm enhanced-membrane bioreactor (HSBE-MBR) was employed for biopharmaceutical wastewater
treatment. The aim of the study was to explore the effect of the filler addition method on the removal
characteristics of typical pollutants, operation stability and membrane fouling and to determine the membrane
fouling mechanism. Results showed that the average removal efficiencies of TCOD, NH;-N and TN were
91.61%, 97.08% and 79.40%, respectively when the fillers were added in the anoxic and oxic zone (condition 1).
The average removal efficiencies of TCOD, NH;-N and TN were 91.09%, 97.24% and 83.66%, respectively
when the fillers were added in the anoxic, oxic and membrane zone (condition 2). Under above two conditions,
HSBE-MBR had good performance on TCOD, NH;-N and TN removal, and maintained the good operation
stability, TN removal efficiency increased by 4.26% under condition 2. HSBE-MBR operation time increased
from 0.02~8.17 d (condition 1) to 0.26~138 d (condition 2). Cake formation was identified as the main
membrane fouling mechanism under conditions 1 and 2, and their cake resistance ratios were 94.7% and 90.1%,
respectively. The fillers added in membrane zone could effectively mitigate the cake formation on the membrane
surface, and reduce the cake resistance by 8.07%. Meanwhile, the concentrations of soluble microbial product
(SMP), loosely bound-EPS (LB-EPS) and tightly bound-EPS (TB-EPS) in the sludge mixed liquor were reduced
from (63.70+12.95), (13.9742.03) and (153.82+12.64) mg-g™" (condition 1) to (31.77+3.17), (9.11£0.40) and
(78.12+18.92) mg-g™' (condition 2), respectively. The result of particle size distribution showed that the average
particle size of the sludge increased from 31.35 pm (condition 1) to 34.71 um (condition 2) when adding the
fillers in the membrane zone. According to the characteristics of pollutants removal and membrane fouling, the
optimal method of the fillers addition is to add them in the anoxic, oxic and membrane zone. This provides the
reference for further improvement of the operation stability and membrane fouling alleviation of MBR.
Keywords  hybrid suspended biofilm enhanced-membrane bioreactor(HSBE-MBR); biopharmaceutical
wastewater; method of filler addition; membrane fouling; characteristic of mixed liquor
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