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AR S #£P, DUDCHENKO %510V R F eio vk S 6, @57 T BB MBR, A BFE-3V FI-5V FiBfT
100 min B, TMP 43 51K T 33% F 51%, SMINEE 3% 7] A 30 2 i 5 4 . (B AMINE 389 MBR R 4t
7 FH A B R K B BFIT 48/ o AR 5E R FH 5 AR A P i MIBR(E-MBR) Ab P $B1 A 96 7K v Jo]
K, i 5154 MBR(C-MBR) #E47 %1 b, %5 T E AR F B E T 4NN % MBR &4t 6E .
IR 2R TS MRS TR At LA B R G 47 B P RS e AT oM W AR AR R, DL A AR e 3% MBR AL B R
15K B S B R RS 2
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E-MBR 3 8 40 1E 1 s o KON a5k FH A B o
PR, AR BUN 12 L(20 emx 15 em=40 cm). 1 :
WAL A%y 0.1 pm £ - AR M s B T g L |
e SRR g, A7 BT 0.05 m?. ®of |
B 244 AL e 5 R L 0 G B A e ool N
o E-MBR (4 Bk o 2 )1 F1 SR A BH AR B T AL A = C T :
95 A0 B T 3.5 e b, 2 e B AR B A e iy b
B 0,025 . Hh BRI BRI ML . K B TR g
Fh 0 1 A R 2 ARG T 552 0 W*{ wﬁmiﬁﬁ |
S . BB R K, PR o= AR :

. bl &1 N E-MBR £ Kt

14 20 L-(m*h)"', T.4F 10 min, % i 2 min,
L E K 5 LRI . % — A R /ML El1 E-MBR%EREHE
it i e 3% i) C-MBR 5 E-MBR F47i2 17, 1E Fig. 1 Schematic diagram of E-MBR reactor
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ARGH 1, 2, 3BT BB E A R E B 20 2.6, 3.2 A-m?, XN AY LI 23 58 0.1,
0.13 F10.16 A, R Bos Tl B o fH i I fE E o SO0 #% PR 5 U8 8 PIE 5 35 B 10%0%E B2 15
ARG LTS I8, SNLAE A WI R MLSS 29 3 gL', 45 2 R 3 By BoJF R 23 % E-MBR il C-MBR 3
FrHEYE , A5 I HT 0% F O 4 BT 2 0 SN g N B MLSS PRHFTE 3 g L A4 o itE K AU /K i
K, 2243 K 500 mg-L oK Z R 4N, 400 mg-L' NH,Cl, 30 mg-L' KH,PO,, pH & 7.5~8(F% il
NaHCO;), 10 000 mg-L™" 7K &fy, &k BRI & o0 R 3 h g K b 4t o BT 48015 /Kl 2o 05 20 28 aF A
MBR 1, Z3d BEA UK, AR G S = =0, Fe e e E w0 T iatT . FIHECT R
JIFAC5E TMP (972846, 2 TMP L F+- 21 40 kPa, HUH BEAEF, FTRE 49 Bk A8 08 JF FH 25 85 F /K nh e i 5=
MUEVHZE, WEGEREAIARE, H 0.3%(AF 540 1) NaClO W =i 2 h, FHI 5B /K i ik i
2 h I Yk 5 min,

12 MR

COD. NH,'-N. TP I MLSS %R I [¥ Z¢ BLAE f bn #fE J7 ik 5E , & A L 3% (SAOR) Y I E
TS 2 SOk SR O R E 43 BT AU 5 15 Je R A% 43 A (particle size distribution, PSD), i5{IE &
WY Zeta HLA R FH Zeta HL A3 53 M1 (Zetasizer Nano Z, Malvern Instruments, UK) Jll %2 . SMP(soluble
microbial product) 1 EPS(extracellular polymeric substance) & 52 Wi 575 Y i B B N K . R A E O g
$EHLSMP, R HAASEIOE$E I EPSM R $R B 34 28 0.45 pm JE RS U8, SR AR be (ki 2
Wi 5E, SR M Folin-1 43 ' BE VL I e 88 11 Bt o 38 il Vs e sl B v B 3 43 A 43 Fr . R LAAS: 8 AR
TGN FEZE K R . ARIEIAPY (Darcy’s law) e HA AT LIS RIS ) Ry, BEEIABHT R,
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18 90% Aty , AHECTHT 2 4B BoA Fri . A A 360 2 S Bir B E-MBR X COD 2 BRCR BT
C-MBR, ItPi B E-MBR ' COD KRR EA RF R, 5 C-MBR X COD #Y BRI . X &N
N ARG G VRS P R B VR R B, TS BURSEH COD Y LB R T REN,

2) % NH,-N £ BRBCR 20 o a8l 3(a) Frzs, 7ERREE R 2 Am > i, 2858 — BUinf ) Ay i
Vi , E-MBR Al C-MBR "' NH,"-N i 22 Br Z8 ¥ Al 3K 5] 98% LA I S % FE R 2.6 Am” B, E-

180 _.T;_’jv" :Q-‘\ ,;3*{4 R 100 6 ]
160 L% .\Vf' N 1 s g-_ll\\/[/lgfli
~ - LY E 180 ~ 1 N
g '?» b
on ' N ks ' 160 § < \
§ 100 F 7S ' ] . % \ 27
= | —e—C-MBR H} 7K ¢ J& & = \ U
% 80 | —a—E-MBRH ke i 140 4 \ /
= | -e-E- PRFR A
40 - oo . . ]
“ 204 2A-m? : 26A-m ! 32A-m2 20 § %
00 208 1216 20 24 28 32 36 40 44 ° ) 2 32
Hifa)/d HL I B/ (A - m™?)
(a) NH,"-NEBRER (b) SAORJH7E4L,

3 FEERBEET NH, N B ERERF SAOR T
Fig. 3 NH,"-N removal efficiency and SAOR changes at different current densities
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MBR Z 4t £ I By B iz 47 AR W6 NH,-N ) 2B R I8 8 T 99%, & FILE BE T C-MBR R 4t 95% 1)
NH,-N £BR# . #/i 2 NPrBOoR S, E-MBR K b NH,-N 09 5T & v B SR KR 7E 1.5 mg L A2, #F
SRR E (AT KA BT 5 e Wy HE bR ME ) (GB 18918-2002) — 2% A A E!Y, KK i B i, 46
3Bt (B %l 3.2 A'-m %), C-MBR X NH,'-N ¥ £ [ 4K IH B &, 735 95%, {H E-MBR Xf
NH,-N B £ R R0 BT, FHEBRRN N 88.33%, BET I —Hr Bt 96.37% W F-HEBE, X
J2 Kk MBR 5 e 9 16 M A6 2o 1R 0 R T I, NHL N 25 B Rt il 2 B AR

] 3(b) Sy HL UL 2 XU ) SAOR (5% 45 51 . ml UL, BB FL IR B K, E-MBR R4
SAOR SET e s, Mm% M 2 A m> HN%E 2.6 A'm” i, SAOR H (3.86+0.18) mg-(h-g)"'
(LA MLSS i) 84 in % (4.88+0.12) mg-(h-g)™", Fhi T 26.42%, L% T E 3.2 Am? i}, SAOR [#1K
7 (3.06£0.15) mg-(h-g)™", FHEL T4 2 B BERRAK T 37.30%. LR 259, 7816 B AY L 1758 B 3 1l
P, MR B T DL S e R G A AR TR TS PR A e O DU o A A TR T A
WIVER . e RSB m%E RN 2 Am? 2.6 Am? F NH, N LML R ES T 32Am %G TF
NH,-N L BRECR 145 58 —5.

TR R T R A L BRAE T AE W AE R 9 AR T RS I e 35 5 7 A 00 L AR o TR = AR
TP A D ol R ] A K 1 i A TR R ST A TR RN i PN S B R R S A K B ) R e, O Hok
TR E R Oe, i R o SE 4, MU Al IS K A RO B B R AR S — T, 7RIS RS
Bl , Bl % B B, A Ve AR BRG0P 2B 19 HL0, 1T LUK NH,-N &b b A<
FK AR T G e B B AR,

3) X BB L BRBCR S . W E 4 R, 124755 1 REF, E-MBR R&48 TP () 2R %8 49.22%,
% 5 T C-MBR X TP 1 22 % % (4.22%)., %5 2K, E-MBR &% TP Y 2R THZE 99.17%, M5
TP M RBR 2 — HEETE 99% UL b o 55 2 B BCAES 3 i Bt E-MBR 1Y TP 2 B et — L 4E Rf 7E 98% /2
i, EIEE T C-MBR 24 TP (I EFRF., 7855 1. 2. 3B, MEBERNSNETT, H—HEBoK
1] C-MBR fY TP (R R FEEAE 35% Aihio FEL2 MAZR TP 22 55 5 22 S Wty K i JEE DA ] 8 091 g LU
T2 B RBER AR, I R T MR R — K R A HL0,
N A HLAR P9 53 0 77 HE KR O, 2 32F 40 0 A% P I B S8R IR AE L 802R T X /K A i IR I %,
AR U A DG 4 T P AR L DT R e X

TP Ay £ B R, BB b NSRS ROSASIES T
SR 1 TR B 5 IR A W I e [T S R
T RVEULRED, M 4T, EMBR R4 -l | |

MLH AT 32 Am B, TPIOEBREIF %l | & /cmer \ ] &
WAL ik COD FINH,-N EBREMEMHESE & Tlevsnige . g L, 28E 1 s
TR B AR R m T EA i £ SO smE

Tif 5% % 5 VS M0 2% BB O BUE B 5 2 et A L
COD il NH, "N f 34 491 % Hh 37 £ 0 37 5 40 RSN T A AN
it 2 AR R [R], BIFER R ORI R, £ 0 4 8 12 16 20 24 28 32 36 40 44
COD Fil NH, N [ fi 4 491 5 o 1 26 % 3300 4l e

TTT 25 53 8 P B 0 5 AR T35 B4 RRRREET TP XERHR

22 H 7;i|f, & ,-E‘- 355 3R Lﬁ A i Fig. 4 TP removal efficiency at different current densities

1) FELU % BE XS e R BE 5 o B8 TR LI B R 2 R4 MLSS A2 4k, 45 R Al 5
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30%, I Fr B E-MBR i MLSS By Bt K H B B 70 : . e EMBR |
WK T 69%. HE N 2.6 AmPH, C- 65 | | ~e-CMBR |
MBR B Bt H B B9 K T 37%, E-MBR B ool 2a-me | ' '
B B BRI T 93%, LA R 3.2 A'm 2 ss| |

i, C-MBR Wi Be A LL B Be 9134 K T 36%, E- 2 50f =

MBR B B ¢ W B BERI 0 T 59%. B 1 25 2 as

FW, it 0 3E 4 % B 3 AT 42 i MLSS /9 & a0}

HL 25 5 K 2.6 A'm 2 If MLSS #4 K fe b, HL i 35t

WM 3.2 Am 2 B} MLSS 8K e 818 . Lg% 3.0
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iffhl/d

35 U I 1 R 2 5 DL P % B 0 v
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Mty (VL2 . RN . R R R A R
it P 5 0 T 5 ) 00 306 e L B S,
7 P 22 T 1 2 0 0 P s I P2, 3 R e H A
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TN A

2) HLILE XSG R AR BRI, IR RIS TRk AR AR AL LR 6. FR &L 6(a) T LA H, 45 B
Bf E-MBR 2 4 15 I 9 FBRi A2 1 B 35 K T C-MBR R G iy 75 e ide o e hn i v 3% 77 4R i e &2
HEAE T X5 YR 0RE ) die 5 Wi 2 — B S 4 1 V5 U8 JURE A SR P 7R 58 1 B BE, A g0 5 U 1 F
i A o BRI 8 1 89 pum &N ZE 165 pm; 55 2 BBt 89 pum BE AN ZE 193 um; 55 3 Fr Bt 108 pm
Hahn 2 234 pm, H— P TEBE 2 PN RET ISR MG . HIE 6(b) 7, E-MBR H175
e R AR oA S nAE v, 15 UeRLAR B 43 A nT BESE N34 5] o ¥ 5Pk ] LA 2 35 U 43 Bk 48 £ (DST) %
fit, DSUHME/N, 5lea i@y sy, #E— 0B R 54 BB DSIE A 1% : Mm% E R 2 Am?
i, C-MBR &%) DSI } 0.931, E-MBR Z %) DSI i 0.815; ML ZE K 2.6 Am 2, C-MBR %
4t i) DSI & 0.908, [t E-MBR R4 K T 0.062; L% B H 3.2 Am? i, C-MBR RS DSI K
1.08, E-MBR R %) DSI By 1.072., X ULBH, SN G, DSUHEREL, K FR g ekifs i85
R T AR WEVHEBL B KN RS g B KN R E N R 2 —, IEUEERIE S R

5 TEIBREETSRRENEZL
Fig. 5 Changes of sludge concentration at
different current densities
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Fig. 6 Variation of sludge average particle size and distribution of sludge particle size at different current densities
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GE DSIIR/INVE —E R FR , DSIFEAR, 3 W B35 16 11K 3% 1 1 98 F 2 BT B/, R 0 I8 F )2 B A
AL e el A, AN R, BORKLAR (I R T U8 AT L AL B 3 2E e e R T B i AR
JEECO TR I T Y6 2R A SO 1 Y R R (R AR 2% T

JEE Y5 Gy BT macmBr
3) FL UL B BE X Y5 U8 Zeta HL (S A B0 L A s SYEMBR e

7 .

2
NN

DDOOWW

%

B 7R, B EE N2 Am? i, BE-MBR & \
i1 Zeta LA (4 XHE 13.53 mV) B$ /T C-MBR
A4 (13.67 mV), H % B K2 26 Am”
Bf, 2 RS0 Zeta A ZE(E B EZ K, C-MBR 6t N
Z G W) Zeta H v/ 4 14.53 mV, E-MBR [{J Zeta
HL 7 4 6.67mV, FFET 7.86 mv‘o HL 3 %% B A N N
32 Am?i}, C-MBR K Zeta H {7}y 15.07 mV, 2.0 26 3.
E-MBR [ Zeta {7 7 12.47mV, FFT 2.6 mV. PRHL/(A - m)
HL 3 B AR5 B 1Y Zeta HL A 2 B H 3 19t Jon e 1 7 FEEREE TSRS R Zeta BN
T {g{}@%ﬁ*ﬁzlﬁj 5] j:_”gﬁ: jj , 1% 1%': 75 U8 i *EE 5‘7 Fig. 7 Variation of zeta potential of sludge mixture at different
S ek 95 8 IR R 5 ] R e, current densities
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1) HL 30 %8 B X 5 e W o (9 5200 . SMIP Al EPS J& 52 Wi Y5 e (g R &, & 8 Sk T AN [al
UL B R EPS. SMP W AR I BT 20 & AR IS L. P R GIR AW EPS H AR 1R 28 B hE
Kl 8(a) im. HIZE A2 Am? B, C-MBR M & &0 133.62 mg-g (LA MLSS if), ZHi&
H oM 1848 mg-g'; ME T C-MBR, E-MBR {8 i £ KT 22.16%(104.01 mg-g ), ZH& 2%
K7 31.01%(12.75 mg-g . %52 BrBt, C-MBR HEH &8N 95.08 mg'g !, ZHEE N 16.08 mgg ';
HH 3 F C-MBR, E-MBR W' [ & & FE AL T 54.94%(42.84 mgg"), Z M & E MK T 66.54%
(538 mg-g"). B3MEL, C-MBR FEME TR N 108.8mg-g!, L& EN2661mgg’; T C-
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Fig. 8 Variation of protein and polysaccharide contents in EPS and SMP at different current densities
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M &R EW D, NME—cBRE LZMBEY ., AR EWEFRTREA T 28 —&
37/ FH AT LR S il A= 6 1, i G 9 AR RE O, (R A A AN T B T4 WA B 2 1) EPS 2R
MR A AE AT, LA E T EPS A AR Y —RESIEH PR RSP AN B A m E AE
H,O, F1-OH A LAFL i EPS 1Y% s B,

ARG — FEBEG YR SMP R E AT ML RS &S EPS — 2, E-MBR R4
SMP H [ 5T Fl 22 0 5 ot Bl A F O 2 R B R MR AR . X AT RER FR TR Gt 7iE 4,
HAR S AP YA BR0%, b T Ra b iE s e A LT s, AT FEAIR T SMP A&
FIZ M ) 5 oo

2) LU FEXT R 48 TMP W52 o 5 5 e 22 2 S oy T Y P B A BB AR 2 —, B AR 25 B g
JEE s e e E B B b, ABESY E-MBR R GEAETE I ML AR T S R A s e 1 0, DR 7K
HHE . BB B TMP Bl ] B A8 R B S 9 frs o Al 0L, A4 B BE 2 A0 4% TMP (48 16
Bl RV A FA R K AR Sy R I K . 7E C-MBR 1, TMP 7Eiz fT RIS A B, M5 4 RIF 4R
TMP R HNE % 40 kPa, E-MBR H7, M5 6~8 KIF4G, TMP RUIGK AT B, BBk
], C-MBR ) TMP {4351} 403, 42.5. 45.9 kPa, AHX ) AF[H] N E-MBR () TMP {8 & 18.5. 14.7.
13.9kPa, 434kt C-MBR [&fiK T 54.09% . 65.37%
F169.74%. Xt [t 3 4~ B Bt E-MBR & 4t TMP [
B, FTLVE, RRE RS, TMP KB 40
getg, L RGRAR R IE . DL S5 R AT L
HHAFLLF 3 8 —ZHFHEMT, BEAHfR
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TV SRR HE R TERT, mizE ok
BRI Yy 1 A5 B0 B R BB A IR T A TS
YR SWHIREWTPTEZIEHT =AM 0 TR 2 16 20 24 28 32 36
H,O, F1-OH 45 A AL 7 B A2 R A, 575 4 AT I/

RN =g T 5 ek R & R B9 ARREMREET TMP AL
ﬁ , fﬁ'J ﬁl:l 15U Zeta HL 1j @f /J\ ’ = *E # i j( , Fig. 9 Variation of TMP at different current densities
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2.07 ff o X R BA AN e 37 n] A o A B RE O
SRS, ST IR . kT B &1 3B E-MBRH C-MBR F %I 7157 7 &
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Effect of current density on the performance of electrically enhanced
membrane bioreactor
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Abstract In this study, an electrically enhanced ceramic membrane bioreactor (E-MBR) was constructed in the
form of an external electric field to treat simulated seawater toilet flushing water. The effect of pollutant removal
in the system at different current densities, the changing laws of activated sludge characteristics and membrane
fouling behavior were analyzed. When the current density increased from 2 A-m™ to 2.6 A-m? and then to
3.2 A-m~, the average removal rates of COD and NH,"-N in the E-MBR system increased first and then
decreased, the average removal rate of COD increased from 90.88% to 94.81% and then decreased to 86.74%,
and the average removal rate of NH,-N increased from 95.31% to 96.37% and then decreased to 88.33%. Due
to the electric flocculation produced by the external electric field and the difference of bacteria tolerance to
electric field, the removal rate of TP in the E-MBR system at different current densities was stable above 99%,
while the average removal rate of TP in C-MBR was only 20%. MLSS in E-MBR was higher than that in C-
MBR system, when the current density was 2.6 A-m°, the fastest increase of MLSS in E-MBR occurred, and
when the current density was 3.2 A m % the slowest increase of MLSS in E-MBR occurred. As the current
density increased, the sludge particle size gradually increased, and the sludge Zeta potential (absolute value) was
less than that of the C-MBR system. The content of polysaccharide and protein in soluble microbial product
(SMP) and extracellular polymeric substance (EPS) also decreased with the increase of current density. As the
current density increased, the growth rate of TMP decreased, and the proportion of the cake layer resistance in
the total resistance of the system decreased, which showed that an external electric field can effectively alleviate
membrane fouling.

Keywords current density; electrically enhanced membrane bioreactor; nitrogen and phosphorus removal;
sludge properties; membrane fouling
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