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0.5) Tiz174 200 d, 5T HREREENMHE T AnMBR REEPERER [ WO AT WK ) (0.45~10 pm) 172 Az S HAR TS Yeq T
Ko GEREH, BEE COD/SO MR, i+ coD EM 2 [ FF; 4 COD/SO, HfE Jy 0.5 if, -1k COD
FiT4000mg L', H,S thBINERLA 1.6%, F=H L™ mmmsl. MR, SoimREhbha T E2E TMP MR R
RN WA SRR IR SR R I, EAHE TSS YR T, MEiiRER AnMBR RIS IRIR A VAR E I il g ok
g, Hoh FIiSWGTETERE S5 URIR S WL MR ; 7EAHIR] COD B T &SR th 248 g i g i A8, FLISERE )
=, DEUHRERE I 5 T 95% . BRI RS e SRR, SBRREEMNA T AnMBR i W AT LRI
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A UL AR AE 12 5 AnMBR BEER TEIEUHZ L HA TR RS ), HEEZ W 7594 (MINREY)
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RIS . AR A N EA R RRER I E T AnMBR 381 T 5 5 YA T 0 FSE LA Sdk—b A 34k
G YRS %
1 #R5ERE
1.1 TR 5 LRk

VAR ARG IE R H L E KR 22 7R % AnMBR, FH5IR5ERRAFHDE 3 AN
(R1, R2 Al R3) AT RISE 45005 9%, MIUR B 5 VR R R vk 2R 8.5 g L7's AN A TECE IR K,
COD 2524 500 mg-L™", RGO CE UM EYIER, BRI pH #HI7E 7.0 224, AT K,
SAFEEWIEIT . A 1025 mg L. 4-WE 35 mg- L. #%98 350 mg' L', S04k 192 mg L. #
MR &8P 25 mg- L' BRIREEN 1250 mg- L™, L/KBHARTIAK 0.42 mg L™, L/AKEEIFE0.21 mg L', 1M
KSR 0.1 mg L', “UKEEIRREN 0.32 mg L', A/KGFEIES 022 mg L. A/KEFEER 0.07 mg L',
TRl 0.16 mg L™, & fk45 0.73 mg- L', #ifR 0.1 mg' L', b8 032 mg' L'
1.2 SWEESET

BN EARN 3 L, AREREN 2.5 L, AREAEN 20 cm, ARGEEN 35 em, B EH =38
PVDF Has R4 fiEife, BOmAl 0.025 m?, AL A 0.4 pm, BGEFHN 10 L-(m*h) !, WS IEHRTE
2.5 L-min™', FERFA A RSB AIEE . AR K — I ZEREAT I TMP BE136, i iife
4 0~30 kPa, AERERUEHEEIIFCSE. 24 TMP IAB—&8UH (2 25 kPa), XFREIH ik, HAEuL
WS SR ST R

TES T BRI T S B3R TR MA I # 1 AnMBR BEhE(T8%
ML, i 3 N FEhigs (R1. R2 A1 R3) #)ik3fa @ Table 1 Operating parameters of AnMBRs

IR Fﬁ)ﬁ RS TR B I e 24 Rz 4t RNids BrBr BfEl/d  COD/(mgL™") SO/ /(mg'L™) COD/SO”
(R2 1 R3) Hr s A [w] Joz & R B i i PR 26 (200
mg- L™ Al 1000 mg'L™"), PAFHLEAIE COD/SO,”

R1 AL 1-207 500 Jo >10

o (>10. 2.5 1 0.57 %} AnMBR iEF7HERE. F g 0 0 x ~10
TR B O . RS TR T 00 200 -
HEKSAESES ) 2 DBATHEE, JEBTT4 200d, L, 1 10 S0 x >10
B BIGE TSRS | Rk, S S e I 111207 500 1000 05

IKIBFE TR KIRAE 35 °C, U s M iELSL it
JK, 45 HRT 4 10~12 h, SRT H 200d.
1.3 HAFHNYIN D BESRIT 2R E

M AnMBR H UG TR IR A R S AT ES.C (3 500 rmin!, 15 min, 4 C), $ FIEWZ 10, 5. 1.
0.45 um JEME (RAEF4E, TOYO Roshi Kaisha /A F)) BHGd0E, HIIETRRIASHIGEEAME T, RS
AR BRI (AR LA 1), [LL, 7R IEZE5Y 2 5 (TMP 2 25 kPa) , R
R AR IS 2E DRI, S IR 5 B, T TS D AN B AR IR TN [H]
REHUREAR . T HERANEYHZE 28 (PS) SHEH (PN) & & SIS T A ERVIRR, aflH
R-ARARE S AN Folin-Fnifinl gt A Al 2 i e AN R RHOBURIAR Y PS Al PN 1,
14 HBRHBRISRITASI A

KFIWHE TR ARSI S (5IRIRA . T5Ue 8k, FIERBR MG A ML) X5 YL Tk
B, ARG A GRS IRIR AT, AR S N A KRR R 2 2 g L' (P TSS 1), IFH43AL
A YV, AR GHE SO (3500 rmin', 4 °C, 15 min) B 3 AR RIS IRTTIEFRIR . N T3k
PR ATE VR A, I A AR5 TR TTE BRI B RARY, FoomRAIs . Hak, AT 95
Te LI AR, 10 pm JEREIERIFR, ZBRARM A INGIRE M. BLAh, i 0.45 um
UERLE LW, RS RA A YY) SMP IR fdn, XTSI B IR S (AR
FITR) DIPEAR 5 TR A 45 L o R 5 Y i 52l

3, RJAWT TSRS YL, K LIRS IR COD (A IR E 2 S0 mg L™, Fl)S
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JEFEWI0 pm #eic225.1,0.45 pm
EAN PEACT I8 (F?EEJJ_‘_/F
—— ——
3500r - min™,
15 min
HIRIR G V5 KA 2 WAk W TBAL(S~10 pm)
= é
7RIN0.5% NaCls i
B JUAR TR (1~5 pum)
)

60 “C/K i, 30 min
IR
12 000 r+min', 15 min
: i AN P AR IIURL( 0.45~1 pum)

AN R W

HRAEAT P (0~0.45 pm)
1 SRRERP LERFRAHRINS £ B A2

Fig. 1 The extraction and separation process of micro-particles in the supernatant of mixed sludge solution

T/H\Lﬁﬁﬁlﬂﬁkdﬁp’v@{\ SIS FH A5 B A B L A LA H 3 AN AR R A UE AR (0.1 um, PVDF), #&il
50 kPa faxE , TERIVESEISTIRRT, REBIEI R T4kt 24 h, FfiJ5 208 7 TBUEA (iR
ARRA ) ﬁmﬂﬁp&ﬁf 30 mL A& /KRS U R G AR AR Al i SRR T, FE R —
IRFRIRE W/g{ﬁl&/\ﬁ{}ﬁﬂ i, PR AR TERE R 2 300 r-min”! LRSS AR TR ik 22
WAON;, A — B LR EE??EW“U;’:HTE@?TE% TUEE ISR ARV RSO, S UESCEREs s, F
ﬁﬁl_@ SRS LR RBE ) (R,), BTSSR (R), IEVHERETT (R), FURIEZETSYHTT (R), AL
SETSYTT (Ry). BEAA ﬁth*az?”%%f'ﬁﬁuﬂ?ﬁi[‘”

1.5 HEftothrsiE

AW 43 e R AR 42 (BIOGAS 5000, Geotechnical Instruments Ltd., UK) VR 1T (LMF-

1, USRS A FRTHE A R M EY S FATR, (4% CH,. CO, 1 O, N,. H, Fl H,S &<
KE A e & AR 5 Rk RS R SO CRIEE 434X (Microtrac S3500) FE1 704 AR/K RG]

AhR 2 ALHE PS. PN, COD. TSS Il VSS L K@ifbdy, BT ESIER IR K5I 4752 ) $h
1T, ¢ COD (EHHEANBRE IR AL 2

2 GRS

2.1 WERELHMET AnMBR E1TIERE

K2 BT 34~ AnMBRs 7EARRIF B COD B ABRIGENL. XHELL R1 B8N T 7K COD 24
9 (79.36+41.78) mg-L ™', X LKL 85%, 1 R1 &K COD fHFEik 2 000 mg-L™', FEAYHEE FKix
96%, LEAIRFLAE (0.4 pm) KNI F WA HLY 2 LUBUR SIE R AEAE . R2 B R3 7645 1B BE K
COD 4314 (44.98+24.49) mg L™ Fil (56.23+33.01) mg-L™", P-4 COD EKRFHRIMHLIN 91% Fil 88%, Y
B RS R (B4 T BLAR B RR L) R2 A1 R3 Hi7K COD 2353 2 (91.69+34.11) mg- L™ Al
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i E/d
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0 30 60 90 120150180210
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2 A[E COD/SOEEfIT R1. R2 1 R3 ZEREIMEL T COD MIRIZR
Fig.2 Removal effect of COD in the stage I and I of R1, R2 and R3 at different COD/SO,” ratios

(148.54+62.16) mg-L™", V- COD EBRHFEZE 81.38% Ml 72.39%., IR, TERMBMEEZ G, HM T
R2 1 R3 H1ili7k COD 23 LT, COD LB TRE, [ anibnersit. s K BRmEhk 2 5
i, R2 Ml R3 HIEWHFEAA ML B8N, 7658 1 BBs 1 COD A FHZE 3 000~4 000 mg-L™'; &
B, BFRAERE, HK COD MRARMFHFERMUK T, WAL N # LR T Rk S A L)
ERDIRENCELEBI 45" 11 % Bl 7£ COD/SO, bl th 10 F# %] 5 B, UASB 1) COD £ BR* Hh 95% & &
80%~84%. 1M SARTI 5" FEMHAHKBIREL T i LIEHL T, AnMBR 1Y COD EBRFIFARZEM, X
ARESH COD/SO IR T 10 AP, SRR, UBRRRER VR BN, HIPA S R EY A K
MR AR R 24 COD/SO,” BT 2.5 JoHURLT 0.5 i, BEKEiRER2% AnMBR FFAER
AU LRI RAEE A M0 A B B GE

HIE 3 ATLE N, BEE RN AHETT, TSleiftsing i, Arh B benyr= s m e, <
RS EIB T R1, R2 F1 R3 MBS 43 5k 49275, 495.65. 529.22 mL-d™', MZEAE (PLe R
PIREETE 025 Lg ! 247 (LAABREY COD 11)). 765 11 rBORInGRiRE)s ., sy R2 Hhe Py iz
31452 mL-d™", WEE=38/00 0.15 L-g™', UlHIBRRRERA SR 57 G XA ALY A T HRRTES, &8
AN TIRRER AR, [FlRT, Xtnibii

5 COD/SO, Heffily 2.5 i, 7=V ok 51 L FELT FET o icn)
AW, T H,S BIRBUMAEE 0.9%. RN w0l o R

% R3 TE5E 11 FrBoi (110~125 d) BPESnaiizER ~ L5 <
Ji 15 d, AR UR TR BIRINAS] 67.39%, B T g %
AT RO FEILE 373.81 mL-d . BEHHIR £ o B
SRR, [RGB a0 =
Z AR ES | RS T P ks & p
L2 189.94 mL-d ™!, WifEs 155 KZJFILTA 200 199
P, X5 RN A PR A R A d o

TR R TR S HU R R IR obaliion £ S bt o

X%, HRKHEEM T HS M7r=A (IR0 ik
1.6%), X7 e R AUHAD 4 7 A T Ry 2
PRI AAH5ERY B, SVREE HLS MY HLATE
I 7 R ot DA 1) 20 M RS 2 (L Y D BB AR 1 R AR AR
P, DI F350™ F B R R %
2.2 WREAERBMET AnMBR [ESRIMLIER
i 4 R, TESS TR B, R1. R2 A1 R3 BTG QL3R — 2, “FIRETE Q%558 1.10, 113,
1.13 kPa-d™'; TMi%F 1T BBt R1, R2 il R3 IS YL A HE K SR ER v BE R Immss i, SIS YR 4Rk
9 1.00, 1.86 F12.64 kPa-d™'. WU, FERINGRARELZ J5, R2 Fil R3(COD/SO, 4351k 2.5 Fl 0.5) M5 Y
BORBIA KIFIE N, SAHINKAYA " iRtk W, #E4% COD/SO,=0.75(COD 4 1 500 mg-L™" Fil

BT a)/d

3 7A[E CcOD/SO LT R1, R2 1 R3 ZEARME T
# CH, 71 H,S &=S1ER
Fig. 3 Methane and H,S production in the stage I and II of R1,
R2 and R3 at different COD/SO,” ratios
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SO, K 2 000 mg-L™") f5OL T, RMARGIEIR AR 40 ¢ G -
HIRr T SMP il EPS H4finskfl 82, M5 Sk ort lamr  —ems
HENECERENZ, BRAGFET=ERNES Y. %

R A, e i7K COD(>7 500 mg-L™)
AT, BEBRERERRE (>300 mg L") 355
# AnMBR {5 el A W SMP Fil EPS ¥ Ji 14
i, PEMES I TMP 2R3 nY, KOBAYASHI
G MR R, WD S SR B (>200

B I 2/kPa

me-L ) KKHIN T UASB I3 ik 454 R e 0 e
FIE USRI, SETE S BER EE DA 00060 0 120 15
FALBREEZER) . MAEAIESE P RS B = iR Eh iz
21 (200 mg-L™' 1 1 000 mg-L") 2 2erbis i -3 (@) BRI 2L
i COD KTt (&l 2), AR HEE 5 R2 Al 5.
R3 PGSR R 2R . B2, dKEmER S
R SEUT RIS B R, R T R _ o
BT RSREE , B R EIERA NI IR R j
I, R T ETE Y gl
23 FESELMMNET AnMBR SSERARRESE 4,
SRERITH |,
W5 AnMBR fERRRER A R TS Jero L RSN
F, X BTSRRI (5 1 N\ N
PR, LIHWOR SMP) 617 T RABETIESE S, L R2 RS
Kl 5, £ 39 AnMBR R2GH, RIKSIRIE (b) RFIW B s g
BWLIE ST BB S TR, Hp 4 7FE COD/SO ELBIT R1. R2 #1 R3 5 TMP Byt
R3 R 22 iEERE, X5 4 % TMP 1Y TS SR RIS
WA GRS QR AR 2 ), SMP IR Fig. 4 Changes in TMP and fouling rates during the AnMBR
A EERE, ZREAERA<0.45 pm operation at different COD/SO,” ratios
30p 30 30
;E, 20 E 20 E\E] zo
2] A VLA B 2 FRRETEATILY
0 5000 10000 15000 0% 5000 10000 15000 00 5000 10000 15000
g A ]/ g A ]/ ST UE TR/
(a) Rl (b) R2 (c)R3

5 KM RI1, R2 7R3 SEREREEESMESHITEImITIELZ
Fig. 5 Dead-end filtration of the mixed sludge solution and its fractions in R1, R2 and R3

f) SMP O IS AL N BB, R1, R2 I R3 i B A IR AR W TI5 IR G,
XU BT B0 BTG YRIR S A B PR RE AT B STk BRSO I SRR B AR RN
U] AnMBR 1598 FI A HIB 5 Qeid Rerh s SCE T

W 2% S e EFROTRBEZEAHIE] COD Jritfrotimidug. Wi 6 B, R3 BRI o™ AR
HYAT R, OIS, ORI R, 17 R2 (Ot g et Forp, R3 LI I8 SBH 71
4.38x10'%, KT R1 19 3.76x10" Al R2 (1 3.26x10", [iRFEu IS U045 AR R3 7655 11 BB il
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e R B AR Y TR, XS TMP 3
KR 4R —2 5 R2 ikt

MEMT R1, X5 ERE 4 B Qep 8l A Bror
J&, XATRE S VSR AR IR DG, ST
WFFEE B AnMBR IS5 YR KA 2157 b
TR AR A AR R TEISON 452 [f]
FERARIE T TR R R R 2 S EORIR )
TG YAT R, ZHOU 250529 Fff5e el b b Aok
Bk E B REDEETE YR ST, i/ IVRIAR AR
5 RIS ZER 1. ARFIRAE R, 3 AN
o EIHRGE IR UHERIBE T R, o HEASAE 95% LA

TSR RYmL

b, BRI B T RE R LR A R A A 0 200 400 600 800 1000 1200
N . s—s S S s Al g ]/

24 WELSAMET AnMBR 52 EREURTAL FLEMTS
BT 6 [ COD/SO LT R1, R2 71 R3
=7 e _ EERITISIT

mEl 7 frs, S5 TR R1, R2 F1R3 LI , . _

YT _ o R Fig. 6 Dead-end filtration curve of the supernatant in

WORLPRLA S} AT AR, U485 5 R1 R2 aud B3

27.39. 19.46 F120.42 pm. 745 1 B, TRINGE

fRih 22 )5 3 AN IE R BRI kAR i 2 AR 22 5, P R2 A1 R3 _BIF W P R/IVRIAR
(1 pm) FYEUREY) &7 LB S, HUABUF SRR/ BIREARE 12.41 pm A1 9.9 pm. i, R1 _BVERPICA
30% BYRRIIRIAZE/NF 10 pm, {HAE R2 A1 R3 H, B3R R AR/NT 10 pm B9 & FL Gk 75%~80% ,
JEHZRAEAE 0.45~5 pm. X—Jr A IREEBRRRER WS IN, Bk S Am b=z, T Red Yt
s e R IAfAAR, SR R 2 B s 5 — T, BRERER AU I R LR P R R R SR
HEERAK, nTREFECREIEFE MR, SERThFTT 3 B NG 0RE A i) o s ik B P 1Y)
PG P HAE B T A AT A R A B SR YAO 25 dE— AP 6, 4niuih o
BoTElE  ERUHE NGRS, SECE BT YEE . 25 LR, R2 A R3 ISR A s E n
JE P ECH P H T YL E LR A

5 5
4 —RI . RI
IS IS i
3 T R2 =3 N /N R2
& —_R3 & \ —R3
Zl 2 e 2 \\
- ] ~ 1 j
0 " " N L 0 " " " Wi i "
001 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Fift/pm B/ um

7 7[E COD/SO LI TR ERE MR RBRHINER 1 #0 11 S EERPEARAIZA ST
Fig. 7 Distribution of particles size in the supernatant of AnMBRs in stage I and II at different COD/SO,” ratios

2.5 FEEELHMET AnMBR RREEHETRAIRIER

wE 8 prn, FES WK B, R2A R3IFERMIEVIZ T 1~5 um M GRLAN TR (5 B A LD Y
10%~38%) I IRAL R1 BB 3G 0, FeBHHAEMER M A SRR R ), X5 Z R 45330 —34.
AN, BEE AnMBR i&17, SMP(< 0.45 um) FIBCEURL (5~10 pm) 7682 A b 5L A AR 3w 1) i 465
R, XA[RES IR IR AN A o, XK 2 B FER COD FHE A R—8. 1, MiE
COD/SO,” HLBIIRRAR, AR (1~5 pm) [ E FEHRWARE N, X5E 7 5 R2 Al R3 H<10 pm JEAJ
DUBRIIE T R1AIZER—3 SR L, R2 Al R3 R R AL 0] e S EUB 5 YL soR b
TR, SIS R R T RIS
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B 1 FirBe 1T =31 B 10 Bt 1 KB 10
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8 AEME R1, R2 71 R3 [RRAEHEHHEFART 575 PS. PN § COD KEEENT
Fig. 8 Size distributions of micro-particles in the cake layers of R1, R2 and R3 and quantitative analysis of
PS, PN and COD concentrations

3 g

1) COD/SO,” L% AnMBR #5290 LB A= kR4 TR . 24 COD/SO,” Ll 2.5 F
0.5 B, LIEWAIH K COD AT T, AYIEBRF TR, HS HEIRIEEm, CH, /=55 E0%
fi%. >4 COD/SO LLfil R 0.5 if, JBA 7/ G 52 2™ EAi B 2ok e H <

2) {iX#Y COD/SO,” FLBIAT /il s AnMBR Ji54y, H BIEHATREANG IR SRR s T s mid K. 78
AR COD EL T, itk AnMBR 2457576 iS5 Yede A=, Had g it B fm .

3) IWINBREAEL 5, AnMBR &R G075 I8 L i W 3 o] WKLY (0.45~10 pm) &5 H 35380, &k
75%~80%. Bfi5 COD/SO,” LLBIFEAL, 0.45~10 um M BURAEIEDHZ PRl s 5, JUH 1~5 um AYfK
YR AR TR U E T HA R A EERE T

2 % x B
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Formation of sub-visible micro-particles in the supernatant of AnMBRs under
sulfate stress and their fouling behavior on membrane
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Abstract Anaerobic biological treatment of sulfate wastewater has been a research hotspot, but less attention
has been paid to the effect of sulfate on the properties of sludge mixture, the micro-particles composition of
supernatant and their correlations with membrane fouling behavior. In this study, three identical AnMBRs were
set up and operated at different COD/SO,” ratios of > 10, 2.5 and 0.5 for over 200 days, respectively, to reveal
the effects of different COD/SO,” ratios on the performance of AnMBR system, the formation of sub-visible
micro-particles (0.45~10 pm) in the supernatant and their fouling behavior. The results showed that the COD
concentration in the supernatant increased significantly with the decrease of COD/SO,> ratios; at COD/SO,*
ratio of 0.5, the COD value of supernatant increased to 4 000 mg-L™', and the ratio of H,S was up to 1.6%, and
the methanogens were severely inhibited. Accordingly, the growth rate of the transmembrane pressure (TMP)
increased significantly under high sulfate stress. The dead-end filtration test indicated that at the identical TSS
concentration, the sludge mixed solution of AnMBRs showed the worst filterability and the membrane filtration
behavior of the supernatant was almost identical with the sludge mixed solution. In addition, at the same COD
concentration, the filtration rate of the supernatant was the slowest for the high sulfate stress group, and the
membrane resistance was the highest, where the percentage of cake layer fouling resistance was over 95%.
Furthermore, the concentration of micro-particles (0.45~10 pm) in the supernatant under high sulfate stress
increased distinctly (the percentage of <10 pum particles being 75%~80%). More importantly, the proportion of
particles in the range of 0.45~5 pm in the cake layer of membrane surface was higher than that in the
supernatant, indicating that these micro-particles in the supernatant had a higher accumulation potential on the
membrane. Overall, our work could provide some theoretical basis for understandings and further control of
membrane fouling in AnMBRs.
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