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RAER AR TG W BTG Qe BR, M5 Qe T IR — kel e v fed5 e b . A 9mb A2 (OFL) I
HEAMRRERA, R SIS IRBAFM M), 85 R AT e ok ik B2 s e A R0
SUCR, RO U R A RN T, B S nT 5 BRI rh A e R A S G A TR G 5 T
F4 P SRAACT P B FE AU 5T 2 Fof ol 2R 5 e W 0 R 407 R e R GE IR 5 20 o 8 TSR E L0 (PS) 3t
FURLA OFL 2y HAni5 e, 165 56 Fo s — i AE A SR b, 2f— 2 %5 de — H MR m T~y &
FYEHL, BLT &1 g i T BRI AL O PERE o AR E 5 al S 38 A 5 98 B8 IR Ak i 7 9 35 Jedil 42 42
HE%,

1 MR5EE
L1 il #

SRR Ve A KD TG R AR BT, G O b BR R 2 R UKL B R A T, R mS Je s v . SEER
FERh {5 e o 52 0 % KA R B B K IE A R e, o B AR RIS e 0 IR, B3R iR B o 37 C,
pH #ZE Ml 7E 7.00£0.10, SEETFUAHT, 3 EIEfT O RFRE o S50 R U8 S Fh 15 P i 25 1 BE AL 1 5 i
KPR PSHUBRSNIL N B AR AR, SFEKLAE T 50 um; OFL A2 308 C\¢H,FN,0,, 4% >98%,
i AT A7 T 2~8 C 4510 F .

R 1 OKWRIEREMSIRAELMR

Table 1 Physicochemical properties of substrate sludge and inoculum sludge

bERI et pH TS/(g'L™) VS/(g'L™h) COD/(gL™) SCOD/(g-L™)
LRI 7.20+0.01 38.08+0.23 14.75+0.11 30.74+0.02 1.76+0.04
Hefpigie 6.75+0.02 18.12+0.54 5.95+0.25 16.11+0.06 1.82+0.03

1.2 LIt

1) AL H BE (BMP) SE5 . R 43 51175 42 PS 18k S OFL B — 5 Y N 575 42 2 B a4 T %t
HIRIRATH R, Al B — OFL 4. H— PS BB LI K 2 A 20 3 R Si g 451, 21—
OFL AN/ OFL 475 L4, OFL Jit & ¥k £ 4371 & 50 5 500 mg'L™', RJl R1(OFL50). R2(OFL500)
;o PS OB AL AR I PS S SERE S5 Ge By, PS SR BT VR B2 43 0 0 50 5 100 mg L,
B R3(PS50). R4(PS100) 4 ; & A4 N A £ PS ¥k 5 OFL, Horh PS ¥R} i 2 4k ) [ 2
100 mg-L™", fij OFL Ji & ¥ & 43 %1 4 50 55 500 mg-L™", Bl R5(OFL50-PS100). R6(OFL500-PS100) 4H .
KRB INTG G R X RE 2, B RO 4. A4k B JE 3 (Biochemical Methane Potential, BMP) 41t 2 52 46
TE4 1 3h T 15 1L (AMPTS 11,  Bioprocess Control) F1 JF &, AMPTS II 4% ik i K & 35 2 i A
R R 400 mL, S5 U N A TS Yo B & 43 5k 75 A1 225 mL. ROV IFLRET, Rris i 515 0
ARG A, A PBS ZZ i . i AR S min HERR T2 25, B AR . LR R K
A E AR HIRIETE 37£1) C, BEPEA L TR R ANR G o PP R U N 7R 445 3 d
H =i 2 B 810 1% R R,

2) IREH LW BEA AL SC 06 . ARWF ST B 4 AL S0 06 LA 8 40 15 e i AT DRAECTS AR 35 %
KA R . PR 4 AR BRI AR Ak o B S LB TS e I ALY, I gL AE R
41k (SCOD) 11 JoT Vi B2 2% S8 ML i (AR BE 5 /KM S99 LA 3 4 135 28 11 (BSA) 195 BU% K R
Yy, SR ARE BMP S R SEEG R, WLEE 3 d 5 BSA MR, RSt e EA AR .
I BE 43 B LR L RORE RIS, I I R R R B R (VFAs) P2t 7= FBESE B0 R H 2R
PR, e b= . A OREERUE W R E W AR, A RE K EEA 1.0 gL KH,PO,.
0.6 gL' MgCl,-6H,0, 0.4 gL' CaCl, A &% 1.0 mL-L ™" f¥ & o0 R 6k £ Wi (& Fe**. Co*'. Zn*'%), [~
HBESC g Ah, oAy 3 A SEB 4R I 10 gL' H B i 350 20 e B R 4k, BELUT A ML) 1) FR o 1) B
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fb, HAEES BMP LR AR RF—3K .
1.3 MEEREFE

BMP S50 705 AMPTS ITAXES F sh kA7 it Se g A vh e HBORE XA 4 8,000 rmin ™!
BLL . 045 um HUE AL FLE , JU5E FOAT G AL HE 4 . COD SR R I MR 49 6 b B sk 00 Wl s ol i 28
R 22 0 0900 % J7 ¥ 53 3 i Folin-Lowry ¥ U2 10 HR & 1R 75 15 VFAs B9 I a2 >R FHACAR 035 12
(7820A, Agilent Technologies)!'"; fifl 4} 5 & ¥ (EPS) >k F ##2 B vk ) % it A ML (DOM) K
EPS 41 7345 ¥4 14 0 22 >R F = 4k 2 7% (Horiba Aqualog, HORIBA Scientific)
1.4 BhHFEH

RHIE IE Gompertz B ST A B ALERE , #E—B1HE 2 25 R M BIAE AL . BMP 9550
GEHIG , W R AE BN 7 T B RdE S A Origin B #E17304 . & 1F Gompertz B8 U= (1) BT .

} )

K. PREBH L&, mLg (WVRAL VS 77 i1t); P, R R H G 71, mLg™; R, Wik
K= R mL-(g-d) (VAR VS 78 B B (8] A P2 ) s A R S W, ds ¢ S OBiRfE], d;
e 1 2.718 3,
1.5 WEYEEER ST

16S rRNA W J¥ TAEZFE5 = k47, w5 5w 0 5514 53 5 4 338F-806R 5 524F10extF-
Arch958RmodR. BMP L2505, SRAE RO, R2. R4 K R6 AL, 8 H AN S5 & 21k .
2 #BR512
21 OFL5PSHEBHNE—REASENBRFENEN

1) — 75 gt BB B = w2 m . & 1(a) Brs o RO, R1, R2 0 B L= (DL VS
B BEr= i) s TR, AT BRI AT B K%, 50 mg-L™' OFL 2 47 A X 7= <0 5%
WA /N, S WA R P W 1488 . 17 500 mg- L™ OFL 4548 F F1 00 01 stk 522 900 s e o A 3 o o 28 I vy 4%
HORF, R1 2R R ALK T 15.95%(P<0.05), R2 =S T4 18 d AN, &A™
553 MR 2 AH HE B 25 PR AR T 81.36%(P<0.05). I WL, OFL 4l T H by~ , HBEZ OFL i ik & 1 2
Fh, A0 2 5

1 & 1(b) H H B SRAR = K AT LUK B, SO W3 PS SR AF AR S B T H b A R
o, MIB AT 20 d J5 e~ M KB OB W98 . [N 45 AT, R3 Al R4 H o 5287 i e % IR
SBEAR T 5.78% M1 4.25% "] WL, PS G SR — & B FE b 253 )™ B RE 0 09 T B, (BB A 4R
FH A BE B A 58 T 0 S 5 . A RSN ERE h, — S RSF RN TS Je T PVC O R

R, xe
pP= meexp{—exp[l)— 1-H+1

m

—a—R1 OFL50

T, 200 ~ 200 ~ 200 _s R5 OFL50-PS100
M ‘_.'_.l-.".'-"-". ‘00 -| - -0 - ‘5‘0 “_-'_.l-."'-"-"
2 150 JURRRRTeR e 2 150 g 150 s ARRREE
= = = el
ﬁfj 100 F A~ RO = 100} —a— ROXFE2H I8 100 f *
=2 PAA -~ R1 OFL50 iy ——R3PS50 & A _'_ﬁ(zﬂgg%gsﬂoo
v — Y - = ——
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Fig. 1 Cumulative methane production under different conditions



2338 ok L B ¥ W Fl6 &

YR TN BRI G5 PhUE SE T A R TS R ARG SR R, LGRS B D R AR e, X T
REJE PS T ¥R w1 A = R B e dEE M IR R . SR, PS MR B A 2. A
WS LI, PS OB 1 EPS WY 4R 11 0 45 40 R R TH B e A1 A AR s S ), d S g R G AR M B
WA, E 1) Frs, SC5 )5 B PS OB A W R T 7 R A, R T T R
K 22 DL B B R BRI

2) B A5 Yt BRI s w5 . & 1(c) M PS (IR 5 AR R B vk B OFL & 475 g% F 1
7 B SR I ) AL . T RN AN, RS 5 R6 Y A B IR 21 B L A (P<0.05). ¥
R5 5 R1 AW b= b K B S g7 X0 L & 30, A 100 mg-L'PS {8 RHIE B A 2 k14 A T 715 2%
100 mg:L™' PS i # ¥} 5 500 mg'L™' OFL B & EHET, R6 /<& A5 11 dERILH B, H5HX)
N — 54 R2 5 RA X EL, A4 LB A Prdg . BiRSCIe 45 I R B, AR IR S Ak e ik
B 2 Fis ey RAREMEER, BERFEZAEMT, Y0 EE AR A AR K
WA Z R A PS OB AL T E A5 e = A R R, T R BB AR RS PS SR A 2
FHEOR MR AL .

3) PRATHE AL 7= W e ) 0124 50 1 o 3 2k B UL nT R A5 die K% e v ) (P, I K™ F e R
(R,) A IS A ()3 MEHESE, AR IE?2

) : ‘ %2 EE Gompertz BN F BB A S H
JiRe TETA T, MR AEE N 0d, &

Table 2 Modified Gompertz kinetic model fitting parameters

VO SR A A Gl A M PR RE R A, B S N

SRHOFFUIAT BT, I TRtV I OFL ) e o) L) g |
WEHIF . R1FIR2 4100 PR Bext 2R E e RO 181.07+0.66 11.780.15 0 09943
BFWEAE . 335 DA OFL. 231 K S fl 7o RI 151.92+0.18 7.49+0.03 0 09999
Fi. B DS MBS . R LA b el R2 31.150.11 3.2940.10 0 09890
BERK . P RS 5 RA H 5 I £ R3 169.06+3.66 12.76+0.32 0 09805
R4 175.26+0.72 13.3240.21 0 09935
MRAYER R SSULIRIIT, ATEETRL, RS AL R5 158.86:0.76 5.43+0.01 0 0996
R, FHE T 27.5%, X5 A L(c) H'RL SRS 4™ R6 28.34+0.35 5.27+0.13 0 09882

SRR 25 5 A — 20
22 OFL5PSHEHNE—REASERMNABEBNINEN

R A8 Ak 3 5 T SCOD A4 8 Ab 2 vt S5 I 6 2 D E AR L R B T B0 B A A R . WK 2 B,
RO /) SCOD HF£E A% . 1T WL, G4 W el 2 535 40 A A ALY IR, ORIIE T be Ak ad 72 1§
FEME. R1FIR2 H BT SCOD i i B 4

14 r-

BRI, ORL (7 16 /R RT3 Lt B i 45 L LS §p 7
f R fif . R4 21 SCODFE: 3d A BTt . BlJA LB M N
U A BB R4 A L I R B 2 S \
KT REHE R 0 4 41 9119 SCOD A7 21y I I ]
ST %, B OFL 41 (R1 5 R2) A HLY R RIN 7
W i 49 fie oy W 55 T o — PS BOMRELH (R3 5 Vi i
R4 AN, A ZHAE 10 d 5] 20 d 9 SCOD L 02
BN . XEWRE, BEAAMT ALY TR0 RI R2 R3 R4 RS R6
A e 2 — 2Lk WA, o 0 At ) i
PR R SO A SCODI R

Ayt — ARG DOM AL Iy 224k, et = B2 FRE&HT SCOD M LIER

e EEE ARG RO, R2., R4, R6 I W#s N 3d Fig.2 SCOD variation under different conditions
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FESHPEAT TIAE o R Chen #2159 X435 (FRDPY, OB = 4506 IX 4 R 5 MK, R A A
FIZEAIR A LY . X T (Ex/Em=200-250/250-330) FAF & 2 BRI W it . X 38 T (Ex/Em=200-250/330-
380) FAE (A RIS W T . X 48 1T (Ex/Em=200-250/380-600) F 1 & HL AR 254 0 . X B IV (Ex/Em=250-
600/250-380) & 1iF ¥ fiff M ok A= AR =4 . X 38V (Ex/Em=250-600/380-600) 2 fif & 58 25 9 Jie,  IF
MR 43 DX TSR W] 2 g o o S i A 43 b P, fE . W] 3 Tz, RO g A 90 am B fe &, i
FER2, R4, R6 UGG T N, 75 44l X IV 1Y P, 580 B AR 4 (35 3), XM
B, 2 s Ye 25 B AR A W vl R IG A HL A AR G B k. AHAE RO, R275 R HGI% B 5% C,
HIXB . VP, bS5 R i m 2K . thoh R6 Hhid B Mg C 2 650 7 R2 SLah 75 B
W5k, HR6 W C7E Em Jrin) b BRLLRE . X 3RIR, R6 HVREFH BT S5 4 ot (9 9 O AT vk B B LR e By
A A Br i =, s LR S T R B B B RS R T AR W R e RT L, AR A AR T
PEA WL LRSS R LB TR A, 3t 2 ek B ™ FR e 1k B AR A e R R = —
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(¢) R4SV (d) ROJZ i #

1) XA B B0 o BV B B A R E R BUC AL A i E 4(a) R 3 d
SCOD 1) i e i 5 88— B A 75 e X ik — B Be i 2 i . WA 4(a) s, R1 5 R2 [ 4% SCOD
OFL AR A EA LR B . M Z T, PS i

T WA , W B 5 C ol R R
B3 TEEHET DOM =45 HIiEE

Fig. 3 EEM spectra of DOM under different conditions

23 OFL5PSWEHNBE—-—RESFRIMNRAHLZM RN

J B B IR T R BR4H (P<0.05), BT L,

R BT BL AR B, S IAAHEE, R3 5 R4 IR HICA 3.81% H 8.37%(P<0.05), E &
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154G 0L N FAE R FEIAE N, RS 5 R6 BXT HEH %3 DOM & XA ML & EE (P,)
0 2] 2% 48 1 25 44.36% Fl 55.66%., LT 2 Fhis Table3 DOM ﬂuorescen.ce response
YRR B B B — S, LB, e peroentages by region "
4950 T OFL B0 I fE Fl A F £ S Hy i, 0 PO PO ROAIL ORIV T RORY
PS (MR A B AL T OFL ZEXG By B 0 20%7 33003 ma 6
B, SIS RA R M E s R 0 e e e Te
ﬁ%}ﬁ%ﬁu@, PEBE%{'E&M&E@&@D R4 27.53 34.90 17.74 13.78 6.05

R6 26.17 33.33 19.99 13.01 7.50

2) XK B B sE . FEAKFRBY B, TR
Yk Ky 5 SR I 53 it R /N o A DL, [ 4b) R 155 3 d & 414 1ILTE 82 1 (BSA) 1 i
., OFL FEAR T BSA M REMEA,  H 30 AE FH B 2 45 o i) 388 0 i S22 s 34 ke 35 o AN IR e W i A7 AE
S A A W o A D R (oK A Bl A AL, 5l i S IR R LS A O RE R R, i
il K SR W B R R . ASTA T8 — OFL 4, & PS ¥Rl R3 Al R4 41 BSA [ il M = T X R4
KT OFL AR /E S, A PS T 2 )5, RS £ BSA F&fif 48 RIFEML T 10.63%(P<0.05), %
FW, KM OFL 5 PS St ¥k &2 & sk T OFL X /K fi AU Ml 5 28 . #RiM, A% R2, R6 7 BSA [
ffREE R T 18.19% . HJFF AT RE L, PS B Ak ol K WL RE 1155 T =5 ¥k B OFL 78 IR AR &R i)
P ES 00, W OFL SHE sk il 2 [a] () E e ik, — e s AERe T KAl A ) 1E o A 70,

5000 70 -
7 7 ?7 60 F
4000 F
= 50
A &
: 3000 F i
on N 40 |
H 7 =
8 % % 30F
2000 F 7
S 7 Z
% 20}
1000 - é ol
0 / 1 0 ]
RO Rl R2- R3 . R4 R6 RO RI R2 R3 R4 R5 R6
AR k= AR A=
(a) BB (b) KRBT BL
1600 200
~ TN NN
£ 1200 <150
n E
& =
:
il ) -
%@ 800 i 100
5 5
:
= 400 = 50 -
P
0 HH HH nm HHH | 0 1
RO RI R2 R3 R4 R5 R6 RO RI R2 R3 R4 R5 R6
SN A S
(c) F=MRprEx (d) F=H BB B

4 TREISRFHMREHEN 4 M ERBTE

Fig. 4 Effect of different contamination conditions on four stages of anaerobic digestion
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)X IR BT B R . PRERRAL LI IR R R . AN EY, R T KEE4IERAEN
VFAs U W B A8tk . OR . TR AN T R 45 32 22 7= ) 2 4% Hb ] #8057 AR R COD SR8 B
VFAs JER e, B RIEY BN .. W& 4(c) Fin, VFAs Al B % OFL £ 0% v 1 fin
MR MR, XKW, OFL X MR B Be B A MGIEH . AHEXT AL, 50 A1 100 mg-L ' PS {3 % AL X)
FER I AR K0 RS ) A 1.68%(P>0.05) Fil 8.18%(P<0.05), ZHANG %P9 4541 T 5 um PS4 88 RF 55 4
PR R R 52, B 50~200 mg L' PS G SRE AR W 3 S e 7 IR, Y T s vk BEAA 250 mgeL ! B
Rt R e B N T 3.81%. X RWT, BARF & 1Y PS OB A BEAS & DA™= 12 . 1o, BH
15 YT PR IR TE S AR O I, JUHUE R6, TESE 4 AR IR B VEAs AR L. R, E4&
SRUE TR PR B R, SO R . A AN A AL T A U A ™ B B TR AT R IR
Wy, DA RE M A 2R 1) e R R FH RN i ARG

4) Xf e e B BE R sE . IR 4(d) B, 7 e B BORE I SR SR HEA T T 10d. RS L R R O R
ORI, RS R2 B be 7= i 4t B8 40 18 3% F B (P<0.05), ] Il OFL £ BH % 2 R £k i 5%
fbo MTER—PS ZcF T, R35 R4 H L=t 5 % B AL AH HE oK I 35 ME 22 5% (P>0.05), XUl , 7=
I BE T A= 9 52 PS TR 52 e A X /I o TR G 2R AR, RS AP HUBE i B B9 808 5 R BRI T
6.68%, %M BRI T B2 T80 BMP S5 RS P G BORATT R MR HE Z —. R S
ZANAABE WS, Z I UE WA BE TS G o R S e 7 HGE T AR RKAREIHE P, BRI, AR
5 B — OFL 40 5 & & 41 h 7™ H Be By BERCR 0 T BEHEDN, X I 45 1 °F 7 R e D e A 0 1) A R ARl
KRl REAZ 2 T BRI .

24 OFL5PSWEEREBE—KEGITEI EPSHF

EPS 1 53 W 2 i A= Wy B A0 A =2 G AL 2 — . MBI SalAE S, PSS e ik T
EPS 13, BEAE B A<, EPS it & i (LA KR COD i) ek m. B — %M T,
R1. R241"H 22K EPS i ik E 4 M R3 Ra4l. XKW, OFL # PS ¥kt H A Ham i ik .
A5 — OFL 4 A7 % IR 2 3, RS BYEPS AT vk B 5 R1 JEASAH 4 (P>0.05), R6 % R2 M| &
FHE T 7.03%(P<0.05), X FW], UL OFL 40 N AW #E b 2 6 %00 TR .

400 800
) ZH HA CJ 20 &2 #H:
] —E
300 — 600 ——
3 o S I _: - o —=—
- I - —F— 7
on on
£ 200 £ 400 7 7 7 72 7 7
z % 7] ¢
o 7 72 7 % o]
m m
= 100 7 = 200
0 0
RO, RI R2 R3 R4 R5 R6 RO RI R2 R3 R4 R5 R6
PNk 72 RE2 SN A
(a) LB-EPS (b) TB-EPS

5 FE%# T LB-EPS (a) 5 TB-EPS (b) FREKE
Fig. 5 LB-EPS (a) and TB-EPS (b) mass concentration under different conditions
15 Y AE BA MR Z AT H 2205 EPS )2, Jld =B I AN [7] EPS 9 20 43 42 Ak AT DL R 3k
7R ARG G 55 F X B8R WY B AR TR UM . WIET 6(a)~&] 6(h) FT7n, R2 FI R6 AP A 1§ B 1Y
PR KR B T DAL DX P, {2 I 04K o8 B ZE,  BIDHG vl T A g 6 ik ) Jo ) AR ) 5 kA O
flk. BTH4, RAPIIXE VXA P, H 55X A FEAR Y, mifinT OFL Y R2 5 R6 4 &
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Fig. 6 EEM spectra of LB-EPS and TB-EPS under different conditions



557 4 L ARAE: IR R SRR IR S TS R R R TS I R A TH AL R R 2343

iRy i (X)) 55 B2 i (V IX)RIAXT %4 LB-EPS 5 TB-EPS & XBTEAME SLE (P,)
ST T, HiX 24 hEi T g E 5k Table 4 DOM fluorescence response

ercentages by region %
F, UL EPS LR 5 0 BR E  H percentages Py ree
115 OFL 4 HH: R . EPS QAL @ ok e A DORT ORI ORI BRIV b

W B S R 5 RS R RO 3784 4237 612 1259 1.08
(M), JE 5 o wfE DA A W i . PRI, EPSHY 5 LB-EPS
J B AR A 2 80 T AN A AN 2 A A 1) Ak
PE, AR AH OGS S5 A ALY Rl Az R, 30k

R2 2677 24.86 33.46 8.70 6.21
R4 37.12  41.90 6.07 13.75 1.16
R6 2598 2475 28.23 13.25 7.80

RO 3749 3832 5.81 16.74 1.64

IR fifp 7 TR A5 4o A 3 JRCAS R 2 i 7
25 OFL5PSWERE—-—REATFTRIMHE TB-EPS
ki3 d-0bA

AR A 20 R R KPR SR (I 7), R R

R2  27.55 2448 26.93 13.98 7.06
R4 38.57 3820 5.83 15.97 1.43
R6 =~ 2820 24.65 23.29 16.54 7.32

i = B 40 T B R MK IR N - Hydrogenispora . Dechlorobacter .  Clostridium: sensu_stricto 1. L % & J&
Hydrogenispora B A7 BB P= BR PR BEY, 7E R2. R4 FIR6 F Ay AN 5 BE K T %R, MR PRI T
55.63%. 57.93%. 60.47%, X5 OFL il /MR i 45 AR & o 455 2.3 WINE R, PS (IR x 7
TR B0 A A B OFL M G154, R4S R4 ' Hydrogenispora M F B KIRRRAL, (B H4— &%/~
PR B, N I K f# 2R I PR BRI Lutispora . Proteiniclasticum®s - 2OE R4 w4 A % 35 B 2200 & v T4

100 1 B Gracilibacter B Others
W norank_f Bacteroidetes_vadinHA17 W Hydrogenophaga
W HN-HF0106 W S50 _wastewater-sludge group
80 - W Aminobacterium W unclassified_p_Firmicutes
W norank_f JG30-KF-CM45 W norank_f norank_o_Izemoplasmatales
. W Sedimentibacter W Proteiniclasticum
i 60 W Petrimonas B Terrisporobacter
h W Lutispora W norank_f W27
= W Longilinea W Syner-01
ZE 40 W norank_f norank o__norank_c_Dojkabacteria W norank_f 67-14
W unclassified f Syntrophomonadaceae W Proteiniborus
W norank_f norank_o__norank_c_norank_p_Firmicutes W Pelotomaculum
20 F B Romboutsia W norank_f Caloramatoraceae
¥ Clostridium_sensu_stricto_1 W norank_f Syntrophomonadaceae
W Dechlorobacter norank_f norank_o_RBG-13-54-9
0 W Hydrogenispora B Syntrophomonas
RO R2 R4 R6
E7 WMEERKFOENERE
Fig. 7 Relative abundance of bacteria at the genus level
R B A e L. KB, HOK A R T o
SRR S B T ARG . O SER Dechloro- . . . .
bacter B JIE 55 H A W ff i A= F A B 1 BY, 1E 80
R2 5 R6 "1 AHXS F- BB KT RO 5 R4, #5 S g = Others
s N @ W Methanofastidiosum
ﬂi’jﬁ bl 5 12 =] ﬁg 72:—1_3‘ T *f[; *t %‘% A % Ipq-%ﬁﬁ pul 1 B Methanomassiliicoccus
o . = ® Methanoculleus
o TEWR 4N A Clostridium_sensu_stricto 1 1F % z 4 w Methanosacta
YR T RA, XRY, R Methanosarcina
s . . . 20 m Methanobacterium
XA R EA —ENTHZEET), Xi5H
AT 4 R — 2 R0 Rz R  Re
- ~, - A
)& 7K R 719 Methanobac- s .
S LETR TR R 50 B8 R f e

terium .  Methanosarcina.  Methanosaeta(Fl 8. Fig. 8 Relative abundance of archaea at genus level



2344 ok L B ¥ W Fl6 &

X 3R A AR TSR P B e . T B R B9 Methanobacterium J& Vg E 7 W BEE , TE RO,
R2 1 R4 HAH X =F B 43 51 R 60.22% . 95.62% H1 61.51%. %4 4 R6 W Methanobacterium & K -5
R2B N, 7 9534%., XU, HEHRKRN SR Z OFL g £ 5. B TS H LW 7E
OFL 3% m FJL-FE 3 T R2 5 RO M B #FE o B, 763X 2 21 b Hofth 7= FFY g 17 104 A 0T 2 8 j
%o LLLTR N EY B Methanosaeta 75 RO 1 R4 H (A X 3= BE 0 11.40% F1 11.17%, v AR 4E 5 2210 7=
btz —, M7E R2 5 R6 H A b7 FbAXU R 0.28% F11 0.21%., FEILH#EN , OFL ™ & FHA% T A 2 iR
FEF G AR 2D, KL B Methanosarcina JHEYEF= R Be i, I RIHAEYIE 2k, HE
FEHET K. RO(20.29%)>R4(19.14%)>R2(1.14%)~R6(1.13%), %5 b Rl A1, OEL Rl B RE 7% (1) 5% i 6 31
TEMCE T H FEEA bR ie, 454 2.3 7% OFL X /7= iR oo B2 A 3l , 9k E 76 IR AR itk i /2 v
R2 5 R6 LA 32 BN BRI, T80 SR ™ W e A D IR 4 ok, DA 5 5 oty R ARE V% 1) U8 9o &
SR EhE R R

3 g

1) 24 R4 A 52 3 OFL Wad inf, P e 7 2t 2 il G50 o 5 fin i ol 35 B AR . L3 0 i R B
OFL £ 75 DOM A= Wy % i PR IG, EPS Z5H#9 &2 241k o 772K 4l I Hydrogenispora 55 L4 J Vg £ 18 7= H
LE W Methanosaeta £ FE W I/, FEUZRMERE T B, AFAFH L.

2) PS s S8Rk X H B 7 0 40 I 55 T OFL,  HLOGE R0 91 HBe A= b e g A 42 55 5 PS 8k A A
F Lutispora. Proteiniclasticum %55 #6817 [2 1) 41 B 10 & 4

3) MR &E OFL 5 PS UMb 515 e o3 0 e ~ MOBe i 3, S W OFL 5 0kt &2 &5 75 el 25
F o BE R IR 1 AN 0 E AR . A A RUE YRR I L £ 22 OFL &2, R BRI &E R H
F AR R

2 £ X M

(1] 55, WRimies, IR G, 45 v5 K AT 5 Y i A 23R AN L rY 5% emerging contaminants in reclaimed water production processes[J].
W BIFSE R R (D). IO -5 3R A4 274 , 2020, 26: 479-488: Frontiers of Environmental Science & Engineering volume 2021, 15(5):
[2] NI B J, ZENG S T, WEI W, et al. Impact of roxithromycin on waste 104.

activated sludge anaerobic’ digestion: Methane production, carbon [8] LUO J Y, ZHANG Q, ZHAO I, et al. Potential influences of exogenous
transformation and antibiotic resistance genes[J]. Science of The Total pollutants occurred in waste activated sludge on anaerobic digestion: A
Environment, 2020: 703. review[J]. Journal of Hazardous Materials, 2020, 383: 121176.

[3] FU S F, DING J N, ZHANG Y et al. Exposure to polystyrene [9] SU Y, ZHANG Z, ZHU I, et al. Microplastics act as vectors for

nanoplastic leads to inhibition of anaerobic digestion system[J]. Science antibiotic resistance genes in landfill leachate: The enhanced roles of the
Of the Total Environment, 2018, 625: 64-70. long-term aging process[J]. Environmental Pollution, 2021, 270:
[4]  ZHI S L, ZHANG K Q. Antibiotic residues may stimulate or suppress 116278.

methane yield and microbial activity during high-solid anaerobic [10] HOLLIGER C, ALVES M, ANDRADE D, et al. Towards a
digestion[J]. Chemical Engineering Journal, 2019, 359: 1303-1315. standardization of biomethane potential tests[J]. Water Science and
[5]  WEI W, HUANG Q S, SUN J, et al. Polyvinyl Chloride Microplastics Technology, 2016, 74(11): 2515-2522.

Affect Methane Production from the Anaerobic Digestion of Waste [11] rdess PR8I p sl K 5T A2yl B A I A B I o ot

Activated  Sludge through Leaching Toxic Bisphenol-A[J]. HE[S]. AT ARE-FRE. 2007: 12P. ;A14

Environmental Science & Technology, 2019, 53(5): 2509-2517. [12] LOWRY O H, ROSEBROUGH N J, FARR A L, et al. Protein
[6]  WEI'W, HAO Q, CHEN Z J, et al. Polystyrene nanoplastics reshape the measurement with the Folin phenol reagent[J]. The Journal of biological

anaerobic granular sludge for recovering methane from wastewater[J]. chemistry, 1951, 193(1): 265-275.

Water Research, 2020, 182: 116041. [13] MADHUSUDANAN NAIR P, VAIDYANATHAN C S. A colorimetric

[7] MENG Y, LIU W Y, FIEDLER H, et al. Fate and risk assessment of method for determination of pyrocatechol and related substances[J].


http://dx.doi.org/10.1016/j.scitotenv.2017.12.158
http://dx.doi.org/10.1016/j.scitotenv.2017.12.158
http://dx.doi.org/10.1016/j.cej.2018.11.050
http://dx.doi.org/10.1016/j.watres.2020.116041
http://dx.doi.org/10.1016/j.jhazmat.2019.121176
http://dx.doi.org/10.1016/j.envpol.2020.116278
http://dx.doi.org/10.2166/wst.2016.336
http://dx.doi.org/10.2166/wst.2016.336
http://dx.doi.org/10.1016/S0021-9258(19)52451-6
http://dx.doi.org/10.1016/S0021-9258(19)52451-6
http://dx.doi.org/10.1016/j.scitotenv.2017.12.158
http://dx.doi.org/10.1016/j.scitotenv.2017.12.158
http://dx.doi.org/10.1016/j.cej.2018.11.050
http://dx.doi.org/10.1016/j.watres.2020.116041
http://dx.doi.org/10.1016/j.jhazmat.2019.121176
http://dx.doi.org/10.1016/j.envpol.2020.116278
http://dx.doi.org/10.2166/wst.2016.336
http://dx.doi.org/10.2166/wst.2016.336
http://dx.doi.org/10.1016/S0021-9258(19)52451-6
http://dx.doi.org/10.1016/S0021-9258(19)52451-6

57 e RIS R LR BIER 515 R R A 5 e IR A AL B

2345

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

Analytical Biochemistry, 1964, 7(3): 315-321.
XIE S B, MA J W, LI L, et al. Anaerobic caproate production on carbon
chain elongation: Effect of lactate/butyrate ratio, concentration and
operation mode[J]. Bioresource Technology, 2021, 329: 124893.

WANG H, CAI W W, LIU W Z, et al. Application of sulfate radicals
from ultrasonic activation: Disintegration of extracellular polymeric
substances for enhanced anaerobic fermentation of sulfate-containing
waste-activated sludge[J]. Chemical Engineering Journal, 2018, 352:
380-388.

BATSTONE D J, TORRIJOS M J, RUIZ C, et al. Use of an anaerobic
sequencing batch reactor for parameter estimatiorr in modelling of
anaerobic digestion[J]. Water Science and Technology, 2004, 50(10):
295-303.

D7 25, FIr, PRI, A5, AT BT IR AT AL R0 1 v 8l 32
FERI[D). AL T 2441, 2017, 68: 2042-2048+2217.

FENG Y, FENG L J, LIU S C, et al. Emerging investigator series:
inhibition and recovery of anaerobic granular sludge performance in
response to short-term polystyrene nanoparticle exposure[J].
Environmental Science:Water Research & Technology, 2018, 4(12):
1902-1911.

QIAN J, HE X X, WANG P F, et al. Effects of polystyrene nanoplastics
on extracellular polymeric substance composition of activated sludge:
The role of surface functional groups[J]. Environmental Pollution, 2021,
279: 116904.

KAFLE G K, CHEN L. Comparison on batch anaerobic digestion of
five different livestock manures and prediction of biochemical methane
potential (BMP) using different statistical ‘models[J]. Waste
Management, 2016, 48: 492-502.

CHEN W, WESTERHOFF P, LEENHEER J A, et al. Fluorescence
excitation - Emission matrix regional integration to quantify spectra for
dissolved organic matter[J]. Environmental Science & Technology,
2003, 37(24): 5701-5710.

WANG D B, DUAN'Y Y, YANG Q, et al. Free ammonia enhances dark
fermentative hydrogen production from waste activated sludge[J]. Water
Research, 2018, 133:272-281.

REYNOLDS ‘D M. The differentiation of biodegradable and non-
biodegradable matter in wastewaters

dissolved organic using

(A% #F: £ B

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

fluorescence spectroscopy[J]. Journal of Chemical Technology &
Biotechnology, 2002, 77(8): 965-972.

RN SR PRI T I Yo R0 A 15 DR DR LT A ik R S A T S B AT 590
D). Kb MR K, 2019,

LI J, HAO X D, VAN LOOSDRECHT M C M, et al. Relieving the
inhibition of humic acid on anaerobic digestion of excess sludge by
metal ions[J]. Water Research, 2021, 188: 116541.

ZHANG J J, ZHAO M X, LI C, et al. Evaluation the impact of
polystyrene micro and nanoplastics on the methane generation by
anaerobic digestion[J]. Ecotoxicology and Environmental Safety, 2020:
205.

FERNANDES T V, VAN LIER J B, ZEEMAN G. Humic Acid-Like
and Fulvic Acid-Like Inhibition on the Hydrolysis of Cellulose and
Tributyrin[J]. BioEnergy Research, 2015, 8(2): 821-831.

WANG X Q, LYU T, DONG R J, et al. Revealing the link between
evolution of electron transfer capacity of humic acid and key enzyme
activities during anaerobic digestion[J]. Journal of Environmental
Management, 2022, 301: 113914.

JIANG X R, LYU Q Y, BI L F, et al. Improvement of sewage sludge
anaerobic digestion through synergistic effect combined trace elements
enhancer with enzyme pretreatment and microbial community
response[J]. Chemosphere, 2022, 286: 131356.

WEI W, HUANG Q S, SUN J, et al. Revealing the Mechanisms of
Polyethylene Microplastics Affecting Anaerobic Digestion of Waste
Activated Sludge[J]. Environmental Science & Technology, 2019,
53(16): 9604-9613.

SONG H L, LU Y X, YANG X L, et al. Degradation of
sulfamethoxazole in low-C/N ratio wastewater by a novel membrane
bioelectrochemical reactor[J]. Bioresource Technology, 2020, 305:
123029.

LIJJ, LIC X, L1 Y L, et al. Elucidation of high removal efficiency of
dichlorophen wastewater in anaerobic treatment system with iron/carbon
mediator[J]. Journal of Cleaner Production, 2022, 330: 129854.

CHE L X, YANG B, TIAN Q, et al. Iron-based biochar derived from
waste-activated sludge enhances anaerobic digestion of synthetic salty

organic wastewater for methane production[J]. Bioresource Technology,

2022, 345: 126465.


http://dx.doi.org/10.1016/0003-2697(64)90136-8
http://dx.doi.org/10.1016/j.biortech.2021.124893
http://dx.doi.org/10.1016/j.cej.2018.07.029
http://dx.doi.org/10.2166/wst.2004.0663
http://dx.doi.org/10.1016/j.envpol.2021.116904
http://dx.doi.org/10.1016/j.wasman.2015.10.021
http://dx.doi.org/10.1016/j.wasman.2015.10.021
http://dx.doi.org/10.1016/j.watres.2018.01.051
http://dx.doi.org/10.1016/j.watres.2018.01.051
http://dx.doi.org/10.1016/j.watres.2020.116541
http://dx.doi.org/10.1007/s12155-014-9564-z
http://dx.doi.org/10.1016/j.jenvman.2021.113914
http://dx.doi.org/10.1016/j.jenvman.2021.113914
http://dx.doi.org/10.1016/j.chemosphere.2021.131356
http://dx.doi.org/10.1016/j.biortech.2020.123029
http://dx.doi.org/10.1016/j.jclepro.2021.129854
http://dx.doi.org/10.1016/j.biortech.2021.126465
http://dx.doi.org/10.1016/0003-2697(64)90136-8
http://dx.doi.org/10.1016/j.biortech.2021.124893
http://dx.doi.org/10.1016/j.cej.2018.07.029
http://dx.doi.org/10.2166/wst.2004.0663
http://dx.doi.org/10.1016/j.envpol.2021.116904
http://dx.doi.org/10.1016/j.wasman.2015.10.021
http://dx.doi.org/10.1016/j.wasman.2015.10.021
http://dx.doi.org/10.1016/j.watres.2018.01.051
http://dx.doi.org/10.1016/j.watres.2018.01.051
http://dx.doi.org/10.1016/j.watres.2020.116541
http://dx.doi.org/10.1007/s12155-014-9564-z
http://dx.doi.org/10.1016/j.jenvman.2021.113914
http://dx.doi.org/10.1016/j.jenvman.2021.113914
http://dx.doi.org/10.1016/j.chemosphere.2021.131356
http://dx.doi.org/10.1016/j.biortech.2020.123029
http://dx.doi.org/10.1016/j.jclepro.2021.129854
http://dx.doi.org/10.1016/j.biortech.2021.126465
http://dx.doi.org/10.1016/0003-2697(64)90136-8
http://dx.doi.org/10.1016/j.biortech.2021.124893
http://dx.doi.org/10.1016/j.cej.2018.07.029
http://dx.doi.org/10.2166/wst.2004.0663
http://dx.doi.org/10.1016/j.envpol.2021.116904
http://dx.doi.org/10.1016/j.wasman.2015.10.021
http://dx.doi.org/10.1016/j.wasman.2015.10.021
http://dx.doi.org/10.1016/j.watres.2018.01.051
http://dx.doi.org/10.1016/j.watres.2018.01.051
http://dx.doi.org/10.1016/j.watres.2020.116541
http://dx.doi.org/10.1007/s12155-014-9564-z
http://dx.doi.org/10.1016/j.jenvman.2021.113914
http://dx.doi.org/10.1016/j.jenvman.2021.113914
http://dx.doi.org/10.1016/j.chemosphere.2021.131356
http://dx.doi.org/10.1016/j.biortech.2020.123029
http://dx.doi.org/10.1016/j.jclepro.2021.129854
http://dx.doi.org/10.1016/j.biortech.2021.126465

2346 ok L B ¥ W Fl6 &

Effects of combined ofloxacin and polystyrene microplastics on anaerobic
digestion of waste activated sludge
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Abstract In order to explore the influence of combined antibiotic and microplastic on anaerobic digestion, the
effects of two pollutants, ofloxacin (OFL) and polystyrene (PS) microplastics, onanaerobic digestion were
investigated at different mass concentrations by BMP tests. The mechanism was explored by analyzing
dissolved organic matter (DOM), extracellular polymeric substance (EPS), four stages metabolic process of
anaerobic digestion and microbial community. The results showed that the individual OFL and individual PS
microplastics decreased the methane cumulative production’ by 15.95%~81.36% and 4.25%~5.78%,
respectively, compared to the control. However, under the combined conditions, the two showed synergistic
effects, leading to the further decrease in methane production rate and the reduction in effective gas production
time, in which OFL stress was dominant. The mechanism analysis revealed that both individual OFL pollution
and combined pollution greatly increased the humic substances in DOM, complicated the structure of EPS
components and inhibited the efficiency of the -four stages of anaerobic digestion. The individual PS
microplastics pollution increased methane production rate at the beginning of the reaction, and caused relatively
less effect on the four stages. Microbial community analysis indicated that the combined pollution had a more
similar community distribution to the individual OFL pollution. The relative abundance of acidification bacteria
and acetic acid methanogen decreased significantly, which resulted in a severe suppression of methanogenic
pathway of acetic acid nutrition. The results of this study can provide a reference for the process regulation of
waste sludge resource treatment under complex pollution situations.

Keywords ofloxacin; microplastics; polystyrene; anaerobic digestion; microbial community



	1 材料与方法
	1.1 供试材料
	1.2 实验设计
	1.3 测定指标与方法
	1.4 动力学模拟
	1.5 微生物群落结构分析

	2 结果与讨论
	2.1 OFL与PS微塑料单一及复合污染对甲烷产量的影响
	2.2 OFL与PS微塑料单一及复合污染对溶解性有机物的影响
	2.3 OFL与PS微塑料单一及复合污染对厌氧消化各阶段的影响
	2.4 OFL与PS微塑料单一及复合污染对EPS的影响
	2.5 OFL与PS微塑料单一及复合污染对微生物群落的影响

	3 结论

