http://www.cibj.com/

(Y R7 A SIS LESIR
H
DOI: 10.19675/j.cnki.1006-687x.2019.10014

IN J APPL ENVIRON BIOL

Heoloadi, W Th, Xk, R, YR, WHROR, FRESE WEUG T MANE S (EPS) IR G FE 5 i 3R T7 IE AT et e [J]. RS 3R 58 A 424, 2020,
26 (5): 1282-1289

Jiang XR, Ji GS, Liu Y, Fang JN, Xu LS, Xie YD, Yan ZY. Overview of extracellular polymeric substance (EPS) generation and disaggregation in
municipal sewage sludge [J]. Chin J Appl Environ Biol, 2020, 26 (5): 1282-1289

BT REINE &4 (EPS) K RIZIZES
REBREMRHRE
Bt e s A 2| 020 BRSNS BT RS EEENY

o E R A B B A T T, P RSB IR S N R E M S sE s s R 610041
2 E BB RS 6 100049

SIRBIREMIN 148 B S SE 0 % RS 610041

TTENYE RS HEAR 541004

 E OBUS KA KBRS VR AT S UL A BRI T b, Vs YRS QR A L BT L CHETL”,
{H R B R 575 R Ml EB &) (extracellular polymeric substance, EPS) ()[4 fE B PIA <. 45k T EPSHIE ML
LRI IR ML R B R . T B A5 NEPSHZ RS, G, . DNALL KL RN F R 456 &
MR, RIBYT LG EERLE, EPSH 47 NAANZ U, [H I EP SR I 7 1018 ik e 3 25 b i DR 72 P AN [R) 1 e B H
ANFMEPSIEME R, MR VL KRBT AW EL Ak RS, A AEYNE R B RN SR N I FE AR AE AR
HIRETe ks gy, B BRI AT 5. EPSZ 4 ke il A i WM EPS 4 J8 B+ JEAE IR /KA S5 1L B Ll &
TSR EE A, VP EPSEE MRS, IRV e IR AR BRI F2  $2 m0v5 Y IR S R T2 03 7 (5397 1 A A7 RO A, (R Ay 5
L5V R AR BETEVE R AL R PR (0 8. R R IEPSIE NG HUR &K, A AL B A A 2, fEfE 2 =EPS
T8 SR I R I PR RS S A P A i, SERLTS U AR SRR A AR . (F4 2 267D

KR WS e RAH: AIRANRA Y TilAbEE

Overview of extracellular polymeric substance (EPS) generation and
disaggregation in municipal sewage sludge

JIANG Xinru"*°, JI Gaosheng"*°, LIU Yang"*°, FANG Junnan"?°, XU Lishan"°, XIE Yandong®

& YAN Zhiying" **

" Laboratory of Environmental and Applied Microbiology, Chengdu Institute of Biology, Chinese Academy of Science, Chengdu
610041, China

? University of Chinese Academy of Science, Beijing 100049, China

* Environmental Microbiology Key Laboratory of Sichuan Province, Chengdu 610041, China

¢ Guangxi Normal University, Guilin 541004, China

Abstract Municipal sewage sludge anaerobic digestion can turn sewage sludge organics into methane, which
makes it reduction, harmless, and recyclable. This previous studies demonstrated that the reaction efficiency is
strongly linked with extracellular polymeric substance (EPS) degradation. The paper introduces the formation
mechanism, disaggregation methods, and detection technologies of EPS. The main ideas include the following:
EPS consists of polysaccharides, lipids, proteins, DNA, and smaller molecules bound together. According to
the strength of the binding substances, EPS can be classified into four layers from the outside to the center.
Therefore, the dissolution rate of EPS is determined by the different destroying degrees for the structure.
Disaggregation methods can be classified into three types: physical, chemical, and biological. Biological methods
have features that are advantageous. These include significant degradation, mild reaction conditions, low energy
consumption, and no secondary pollution. Developing detection technologies evaluate the EPS degradation
level by monitoring the migration of metal ions, humics, water, and EPS components, and changes in the sludge
structure. These technologies offer new perspectives on the process of sewage sludge anaerobic digestion
and how to improve the efficiency of anaerobic digestion. At the same time, they provide theoretical support for
the agricultural and forestry utilization of biogas residues. Finally, we propose that, as EPS consists of organic
polymers, it can be used more effectively after biological pretreatments because of enhanced dissolution and a
reduction in the generation of inhibitors for anaerobic digestion. Only in this way can we utilize sewage sludge
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biomass appropriately and safely.
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Fig. 1 Municipal sewage sludge disposal method.
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Fig. 2 Sludge production and treatment capacity over the years
and predicted sludge production in 2020.
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Fig. 3 Granular sludge formation process.
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Fig. 4 Cognition process of stratification components of EPS. TB-EPS: Tightly bound EPS; LB-EPS: Loosely bound EPS. S: Slime; P: Pellet.
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Table 1 Depolymerization methods of EPS

J5'¥% Method HLHE Theory %% ik Reference
R WSRO FATME ), (L EPSIFME. 22, 97.28
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s R AP A P TV AR = A RO L, R0 R 7 £ g o (R EPS S5 Ry B L. 29-31
Physics Ultrasonication The EPS part of the matrix under the impulsive pressure that is created by the sonication.
bR T8I AR 73 TR AR UK e ] 365 /R S EL R LA S 70 45 4 22 32
Freeze/thaw The increased mechanical pressure made by ice crystals destroy cell structure.
i IKRY: LT 4 2. 35
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Chemistry 4 557 P2 B S 10 B BT B 5 Y AT SR AL 2 5 6 SR B 7 WREPS ML S 1E .
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Bioaugmentation

Using hydrolytic bacteria enhanced the EPS hydrolysis efficient.

JikE, X e ARk A WIS 5t s A R T B R B
AT DA 36 3ok A A P p HAL Sk e A8 v v v s i T I
88572 TR B 5 s HE R AT R AN R ) Ak AR 5
(BRI » BB pHAE, (#i5 e Bk A B HER, 7 755
T ML T 2, WIS Y8 SR A 5, RO WL ™9,
sl ) 22 S5 R LI T Ak B T R AT AR AL R B, AR
A5 5 SR Ah A VR Bl 191 4k #4395 B SCOD#R 8.4 5 4% 1“7,
Guang-Huan YuanZil i xif b B2 Bifi . 15 sl 1E¢ FH 3 93 Ak 2
T U8 7 ORI el E kb B BT B HE SR 1Y SCOD & i EU R Bl
B HF16% 5 Song X5 FIFRE A Inak b i g 191 Ad 28 25k L 5
UF, 2 PR A P B0 B R A A By iy £ e A 1) EP SBURE 22 (1] 1) HE
JRFTINGR, RS Ve SRR IR O B T R R .
BE R, 15IR R 2& 4 I R A FE I 2 Bl A B IS, H T
T VA K B R B0 i sk pH L R 45 PR R K I f 3 (Pt A7 R
1%, BRHAZ 7 vE AR A K, A &

A — R RRINE BB T & RSN, o
R, BRPFLET ZMENEBET, XEEF5EHY
Z AT AR 2, BEAT T e 45 4100 3 B IR, I e ik
AN Gy AT S S S B B R A 4 R T B A N
EDTAE & &8 BT, RIS S B EFR5 AN
RAEAER, tHRE DT il 2 &Sm0 PO R MM S E . T iaiE 5%
JE IS AR I EDTANE 15 U8 PRAUR B A7 F e 7= S 3 1 748%,
5 B 0 22 4 J 2 G R R T 4 )8 B+ 5 B ALY Y it A
SE SRR, 15U DR AR B = A PR TED R I P R B B
B e B B8, AIE B S T I S EPS Y 4 Jm 4 B 0% 0 B vs Y8 R 1k i
T2, SRS U8 A e f b Y (L BRI A S S e
PR, HEDTASE A 5y B A (1 4k 2% 32 70 40 23 BR )5 ) R %
FEA L MR P, HE SR 5 2 2 AR RS (1 4.

VF 2 5 W AE R 2R R 5 Ve SRk 25 1 Ik A At 77 =X
WAL # 5. J. Wawrzynczyks: & BLiG PE5 V8 i EPSRELE B
A= TR B SRR NI R SR, AR S TR
BH 5722 et fig (cation exchange resin, CER) AT %5 5
LR AN R R R K TS5 e Bk
B4 B B TR EERTE R, AZHAMEAXYRRE
AIREDR L EE AR e 1% VR HE 2B R I T R AR TS YR I
ELEMASMACF NS S, AT LS I S 2 SRR

A2 EP S L DA R 25 BB 4 ) < R B R R AR I
Be B A XM AR R TEPSIE M B AR L, il
AT B35 e J 415 15 100 (1) e it 75 222 25 b A X AN [/ T2 1 7
e 2B (K PUAL B T 3505 M, 4 mTREMIIR i 5R35 YR EPS.
2.3 YR

A BAE BT 2 3 B N R ) Tl B I R A
BARHI L5 A1

WRIGEPSTE AL IR [ S = M di, RN Nl 21 4k
BRI AL 3T I AT K AR EPS OB AP, b3 1oL 5l AT
L BRI S BN N R AP N e R D W& A5 A b
REWait, R 7R/ T, R BIA TEPSE %4
Hey, A 22 B TS PR AT WL AR AE K o, ISRt O T IR AR
A 0 2 S R RV S xS U L A R S T B AN
AR, FATABLEP S M R AP T AR A & R R A L
Ji, PR 2 R AR TV TR X S VR TRAC B RO, A 3
R R S B A AR AT B AR OR35S N TE S e XU
BN 2 o R JE RIS ¥ e AR 3 7y R

Tolb AT AL 2R AR 2. Qi Yang %5 il i iR 50 UE I TE 44
15 U8 SN AR g I 5 e W VDI N 39.7 %, AT A g I 1
n54.24% 9. WA HWIE A BRI, FIRASER
BLEPOE AN, WM. a-JER B, P YER 1010 1R
> 5% (w) LLBIINATS Je iy, BT HLA K T8 g f i 4
G ¥ LA B0 R e ViR A R AR AR A
T4 2 57, (EAERCR 2 — 2, B AR & i RE X N
TSI B RILR . AL T HAL T BT i, BEACBLREIR iis
Je b A E B P AN B BE R R D S M R, AT 3 v U
AR

Mg Ak 39 20 SR 5 ) 7 P R S LB G, AT Y B v R
A BRI T2 BRI ol L 3l s R AR 7 AR K i
B2 W I L R 0 25 e AR R Tl Mg R AT AR BE, WK
RERAREE A BE A AR 24 TF AR T B3 s TN AL b 2
AR, JFIRMG TN R, HE3h 15 TR I AL i A M B R 4T
MR . R AN S DL SAT R 2, AN BRI T TR
WA B, Hayato Sato%i i Vs I AN A= HE ¥ 4y
WHEHREEY), BRI S5 JEEPSTRRRE 1, 3271 T
L5 18 FR e 7= 4

1285/



\1286 26% £E5H] 20204:10H

At 55

A 2538 W B B X R R A T AR ML R, B L
SRR TIEA R pHAE RO & T ¥ b 225 Ve B FAUR, REL
75 Y8 4 A IR R A8 PR B AR AL (pHBIIR FE) 1M AN R R i
AR T 330 T30 B BRATT X il P o it 20 SR S 22 /D e 1
HUERIRATTIE o 58 45 T M, 3B TCVE iR I 8 52 24 3R 85 o 2 ]
TAE.

K7 S8 = HUASE IR 7T 4h, A8 T RE AR U5 56 o b 300
Wb V5 Ve T Ab T AR AN B R . Diak J&5 5K I 2404 7 b g o N
A V5 U8 B AL 2 b B AT TRAL BRI, BREEEE A, oAt 5 i R R
R BRI Fa bR i SCODAE H- B ™., SR UESL T A 4h—A
B, 75 U8 FLOIR 45 e 2 W B 1 AT A5 L R0, ek Bl Ko+
0 5% B Ao 20 P A B O, R e AT il ik A FR Y R TR B R Kk
A BEMTE R 2 S RONBEIR 715 V8 SR B2 850, M5
it 7KV PR AT O, o 5 o i (0 95 S R P 3% A A 1 R ] LA
K. ASREFTRAL B P4 AR EPS I M) 45 4 5 0 JUK AR ik R FF
it 70 52 2 IR 5 P R3S M AR AL K A T Z 2 500 U7 ) R .

3 EPSYEZHEMAE

EPSE A #15 AE 10 AE i 37 Bl 23 77 A B 1) R4 T
VIR W TR 5, o IS Ve IR AEUR BRI R, B2 RS U
LAREG . BbAh, IR SR FAL B VA T e AN R S
IR 53 R A3 AT 77 HE AR, AT 5078 75 Y RRORE 18 258 A 28
HXTEPSH BT 1 8 i AR IE BR, T RS
e 5 i Ji T R At g e TRUAL B A R B B AR 4R 3 R
EPSH S5 (1A% A A U 75 LA 5 BOR T ERIG B Ak 28, & 2571
2T HATEH T 5 e s XA/ AT HoR, BE s N4
THEBARNHTEPSHIT IR,

31 SHTH A

=496t (3D fluorescence excitation-emission
matrix) 38 i A M B8 K S OGN B B Re 1 9T 5 5 0 XK —
&AL A (fluorescence regional integration, FRD #E47%#E
ST, BB S TV B A R AT MU & AT = 4
T LTI R MR NT5 e LB RS RYIN: AR EA
Ji IR R AR AR AR Y. E R R R
. KSRV BOE B AR E A, 1 HEPSH ML
RO R B R 756 T0 B R A 1 DL R AR ) 4 I R 75 i R A
zhik.

S HED G OGIE A AL 8 W J — Rl A 5T 1 AR A, I e
AT W5 N8 (AR A AR W R R R ) 5 e R AR
R AWM AR R, MEPSHRER. ERAEEAFKX
oo UGN g v e oy B T VNTTRESS 2 X e o e D /S
FE R W) B /D I, 5 e IR AEUR BERCR x4 &, JFANIXAS A
JRE 75 Hh A A T R Al i A L R A B R B AL M FRATTSIN
JE AR (HIXD AISE R (FD SRERAL TS Ve £8 A B AN A
FRF 30 170 J5 4 A 2 8 AN e AT A LA (dissolved organic

%2 EPSHSWM T E
Table 2 Detection methods of EPS
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3.2 #ZHiHER

B3t 3% (nuclear magnetic resonance, NMR) J5i #l{
5 BT R T R SR A0 T P S A ) 25 4 B 358 v A ) ) S sk, e 3k
AN FE R 3706 W0 P o S HE FR B R B BRI S S A X — Ak
JRFA% (AL BN 2, 8 vy DL 22 ) 4 R P 58 1) 45 A PR 15
NMRE AR H T3 7T EPS 5 4 8 55 12 M A BARFH, kAl
LRRIGIRE SR R THE VA AT BE M B AL EE R FE e,

Daniel Lattner&s 7| 1] "°C-NMR$; AR 52 1 A= 10 o 40 58
MR N e B S THEPSINE SR X ERNIT HT
AL, AT R B4 R BT T B R R s P I Y e
A 100, SRk B AR A R AT A RS0 IRATTER T LR %
JEUCER, 3 3 T T A B A AR R, T A A B AR
S IREE AT, RARRR S JF 3T 0615 U8 FURL B % 45 # 1) AL/
F, 35 B0 B A5 P 10 B K. AZRE LR th 3R AL T R (1 A0 A F 9
5 Ve UK 2% [A) 45 44, Wei Zhang s ) IR 7 kg L 4R 7% (LF-
NMR) #5835 e Fh Ko 70 A 15 0L, B IR 5 Ve & /K5 VS
TRIEMI, BR T RANIER S # 75 Je K RE 1 o8
R, MR R REHRE TI5 VA WL, 4k J5 75 8 I B 7K 1 R
18,
3.3 ZI5h e

i B IR 450 4T Al ik 32 R (fourier transform infrared
spectrometer, FT-IR) A LLRAEV5 e EPSH Re 145 44 - Al
B 52 5L B RE A R AR R 2 MR, Ik e S 1R R AT 0 3R
TN UL, T T TR A U AR SR R 1 43 1 A7 s 0 PT DLd ik
6 0 fit [ B 3 A AR A KGN ¥5 Y8 EPSZH. 70 16 % B o R v 1 ik
A3 AR kR 0 5 43 BT LU 50 S T AL B e IR AR TEEPS AL
AMETEARAL R, BT 25500 & DNAZEPSH = Z K 4,
BB EIrRa AZEPSH £ 5. B I)ii. DNAZH NI 45
Fal T A5 A LA ) A 184 AT 5 v 75 Ve R PR 0 7,

J71% Method

%l br Detection object

%% ik Reference

SATOR I VU B IR L BRI A L e
3D-flurescence excitation-emission matrix The concentration changes of aromatic protein and humic acid

Bl W LEPS 5 2 J B9 722 [ ) 4 1.1 49-50
Nuclear magnetic resonance The interaction efforts between EPS and mental ions

4P KEPSHIR, & MBS T . AHLIITL A4k ow
Fourier transform infrared spectrometer Morphological and structural analysis at nucleic acid, mental ions and organics in EPS

ERELLH WG HE f2R  5 53.55

Scanning electron microscope

Observation of the microstructure of granular sludge
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2T N TR 7T 45 SR BRIt — 20 1 s iS5 e X 4 B S T I 4
AU, Wen Juan Song%5:F| H 41 4h 6 e 7875 I8 vl ¥
HEPS (SEPS) fl4s & HEPS (BEPS) 5 M4 &R &
KIL, LT BEPS, SEPS5Pbi%k & e fE i, HAalv
EPSTH LN —OHE R HIM1IC—O0—CEREH, EA+
f—OHE eI IC=0F it 12 5Pb&% &, a4 itigt R
T EERIRI SRR RE EEN S E
3.4 FAimERE

I H T B4 (scanning electron microscope, SEM)
FIRBE S RS G R M E R R, AR
B ROK A B, 4 58 1) 4 B 2R, DR L g 1 4% B EPS R
BRI LSS, N IRATT B AR EPS A% I 45 Ky Je 4%l 931 Ak
HE ARSI RAER A EES % E L. Xie ShuiboZ:F|
SEMZ> 5l K I R -4 FR BB 45 o A L U 10 95 e R B, TR Ak
H Y5 8 I AN REAE 5 U8 2 18] 45 W R A0 il oA 2 210 B B R R, T
Tl 1 -8 A B 6 1 5 8 B R W AR 2, L 220K 400 1 P 5l e
400, ik B\ S ) IR ST BT AL B U8 A JREE B ER
15 e A EPSTUREHE T PR 5. 39 1 L 4 R R R L 2L
F 75 8 T AL B8 7 9 O BMOVAE 9. i, % SEM&S B (i figisz, —
SE B HAD TR PRI, A 68 T A ML B R RO, Lu Caids
i# 13 SEM. TDR. EEME R EL & 73 SSBM i #2 K B, il ik
B 215 e SAA Th i 55 75 1t 2R I MTDOM, RE % 12 i3 EPS £ A i
A, HL3E I ey Y8 AL BT 5 SEMEIER] TEPSk %45 4K
BE AR 2 A I35 0 5 A AR AL, AT 26 81 S84 R A PO 28R ), A
05 ik Wei ZhangZ 4516 — 3.

15 U8 KL T SEM P 1% 1 A8 40 2 5 U 45 #0 fiA 3R 1 B WLAIE
Wi, BEE 2 HE R 3R A R AL B R I R R, RN
NIHORE A8 FEE Ao o 0 A SR L Bt (L 37 S B B R .

4 HESRE

i LA I TS e Ak B EOR, AR A8 ARG e IR
AT AERRAR . A T 5 ) L, (LB 2 %
SO AE P BOR AL BTS¢ K5 9 TT R N — b 2 S AR AR

S Hk [References]

1 Li DH, Ganczarczyk JJ. Structure of activated sludge floes [J].
Biotechnol Bioeng, 1990, 35 (1): 57-65

2 Bk, M, Amesk, BT il AN RS MEPSHURT ST E R [J]. L
LF2ii, 2009, 6: 35-40 [Wei G, Pu X, Zhou XT, Ding C. Research
advances on sludge extracellular polymeric substance (EPS) [J].
Chem Eng, 2009, 6: 35-40]

3 RAE, ERI) SRR ANES VWEPSH o 2 4 0 R AL 5
AR LR AE T 72 [J]. P8R 2%, 2012, 33 (10): 3522-3529 [Yuan DQ,
Wang YL. Study on the stratification components of extracellular
polymeric substance (EPS) in activated sludge and their variation
characteristic in physicochemical properties [J]. Environ Sci, 2012,
33 (10): 3522-3529]

4 BRhudl, BRR, WA R IR R R RS e A LA AR AL R
[J]. M REE Tl R 22244k, 2015, (342): 1-8 [Chen YJ, Zhao QL, Liu
CC. Effect of freezing temperature on freeze/thaw sludge organic
matter transformation [J]. J Harbin Inst Technol, 2015 (342): 1-8]

5  BUILIE, M50, SmesE, EULE, BaF, HEL BRI A EE,
MV R, B S = B TS U R R R R s U], FREE 4R, 2019
(342): 34-39 [Hang SJ, Fu T, Dai XH, Wang KJ, Yang XP, Xiao Q.

M A B e BT R B I R T A5 B
VA T BAL” BOBLSE, SEPUE “TE BT B
[ AR

RE b BRI B R G P TR IR H AT S
R PR B R R 2 B AR T 00 &
i (50%-65%) « I 1 4 6 Jis R TR I K™, 2 4 TR
A, 8D %0 3o A0 97 7 o L 7 B
ARG T A B G BRI B, R HLIR, 7
B, JRETSEREE. VA TN TS FEEPSH RN
B RREPYELHE RS, B ECK I R ). A58
AT BR85S AT I, WA A B AR, T
FLIART 5 B, DU SIS U A R SRR AR 5

150 S DL A T AR 47 72307 T B R A
i B 5 T R LSS VR B Bk
A KR # A F SRR IS 12, FLRA T
B T R N P 05 B 2 0 BRI
PELT AR B (UK IS 0 B BB e 7
BRI 6 SR B 15 s VI DR T U 575 0
o OB G DI A A RO, L 25
T SR R U (B R ARG 5 U 2
B R 25% L L TR A T ARSI AT B L
5, RV IR AU IR R G T 37 LB,

EPSHRI R BEMUSIE A HLIR SRR B, R %
WIS IR A8, IR 4B BT IEPSHIAR
TR TR KB MR A BT 107 R . 15T
KRR 5 A 25 Tk ELYG TR 25 25 B N RIS 22
RCVE MBS BT . A5 B 6 LR R SRR 0
R, A PRI H R T BRGS0 SB B RS0 R4 A1 KA 5
AL T4 R A B DR U I R O 2 T 10
. I IRT RIS R AU A S 1R, B
FR B SC BRI 2, (RN, BB R R
i, RANLA KA IFEPSINIL, MBIt 3 T7 i
FREPSHERAARFT 15 TR THF I IR FURBEACE R BATS
VEVERALATAL 105

The technical route has not been passed, the industry has not been
fused, and the policy has not been connected. How can the sludge
exit dilemma be broken? [J]. Environ Econ, 2019 (342): 34-39]

6 I R R IS K A B TS U Ak B A B IR [J]. T R AL
1., 2016, 43 (11): 204-205 [Yan YY. Analysis the status quo of
domestic sludge treatment and disposal in China [J]. Guangdong
Chem Ind, 2016, 43 (11): 204-205]

7 Kor-Bicakci G, Eskicioglu C. Recent developments on thermal
municipal sludge pretreatment technologies for enhanced anaerobic
digestion [J]. Renew Sust Energy Rev, 2019 (110): 423-443

8 Hanum F, Yuan LC, Kamahara H, Aziz H A, Atsuta Y, Yamada T,
Daimon H. Treatment of sewage sludge using anaerobic digestion
in Malaysia: current state and challenges [J]. Front Energy Res,
2019, 7:1-7

9 Liu X, Han Z, Jie Y, Ye T, Fang Y, Nan W, Bao Z. Review of
enhanced processes for anaerobic digestion treatment of sewage
sludge [C]//lop Conf Ser: Earth Environ Sci, England: IOPscience,
2018: 1-7

10 EF, SR, B, W& A B R ANE R IR & R[], i

1267



\1288 26% £85H] 2020410R

1"

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

A, 2006, 24 (3): 140-144 [Wang J, Lu ZW, Tian S, Tao JJ.
Existing state and development of sludgy researches in domestic
and foreign [J]. Mumicip Eng Technol, 2006, 24 (3): 140-144]
Yang G, Zhang G, Wang H. Current state of sludge production,
management, treatment and disposal in China [J]. Water Res,
2015, 78: 60-73

AR, SEIETE, B — 8. FRTG R EH AW [J]. FREER
4, 2011, 31 (1): 1-12 [Hao XD, Cai ZQ, Gan YP. Review of
pretreatment technology for excedd sludge [J]. Actasci Circum,
2011, 31 (1): 1-12]

Lehne G, Muller A, Schwedes J. Mechanical disintegration of
sewage sludge [J]. Water Sci Technol, 2001, 43 (1): 19-26

Lu F, Wang J, Shao L, He P. Enzyme disintegration with spatial
resolution reveals different distributions of sludge extracellular
polymer substances [J]. Biotechnol Biofuels, 2016, 9 (29): 2-14
Sheng GP, Yu HQ, Li XY. Extracellular polymeric substances
(EPS) of microbial aggregates in biological wastewater treatment
systems: a review [J]. Biotechnol Adv, 2010, 28 (6): 882-894
Christensen BE. The role of extracellular polysaccharides in
biofilmschristensen [J]. J Biotechnol, 1989, 10 (3): 181-202
Nielsen PH, Jahn A, Palmgren R. Conceptual model for
production and composition of exopolymers in biofilms [J]. Water
Sci Technol, 1997, 36 (1): 11-19

Wingender J, Neu TR, Flemming HC. Microbial Extracellular
Polymeric Substances [M]. Berlin: Springer-Verlag, 1999: 52

Liu Y, Xu HL, Yang SF, Tay JH. Mechanisms and models for
anaerobic granulation in upflow anaerobic sludge blanket reactor
[J]. Water Res, 2003, 37 (3): 661-673

Ding Z, Bourven |, Guibaud G, Van Hullebusch ED, Panico A,
Pirozzi F, Esposito G. Role of extracellular polymeric substances
(EPS) production in bioaggregation: application to wastewater
treatment [J]. App! Microbiol Biotechnol, 2015, 99 (23): 9883-9905
Sheng GP, Yu HQ. Characterization of extracellular polymeric
substances of aerobic and anaerobic sludge using three-
dimensional excitation and emission matrix fluorescence
spectroscopy [J]. Water Res, 2006, 40 (6): 1233-1239

Ramesh A, Lee DJ, Hong SG. Soluble microbial products (SMP)
and soluble extracellular polymeric substances (EPS) from
wastewater sludge [J]. App! Microbiol Biotechnol, 2006, 73 (1):
219-225

Li XY, Yang SF. Influence of loosely bound extracellular polymeric
substances (EPS) on the flocculation, sedimentation and
dewaterability of activated sludge [J]. Water Res, 2007, 41 (5):
1022-1030

Yu GH, He PJ, Shao LM, He PP. Stratification structure of sludge
flocs with implications to dewaterability [J]. Environ Sci Technol,
2008, 42 (21): 7944-7949

Baird BH, Thistle D. Uptake of bacterial extracellular polymer by
a deposit-feeding holothurian (Isostichopus badionotus) [J]. Marin
Biol, 1986, 92 (2): 183-187

Flemming HC, Neu TR, Wozniak DJ. The EPS matrix: the “house
of biofilm cells” [J]. J Bacteriol, 2007, 189 (22): 7945-7947

Yu GH, Tang Z, Xu YC, Shen QR. Multiple fluorescence labeling
and two dimensional FTIR-13C NMR heterospectral correlation
spectroscopy to characterize extracellular polymeric substances
in biofilms produced during composting [J]. Environ Sci Technol,

28

29

30

31

32

33

34

35

36

37

38

39

40

41

2011, 45 (21): 9224-9231

FIGE, B, 2N, REE. RS TR RETE R IRAT 7L ).
[E 25k $E7K, 2003, 19 (9): 1-4 [Wang ZJ, Wang W, Xia Z, Wu SX.
Experimental study on thermal hydrolysis and anaerobic digestion
of sewage sludge [J]. China Water Wastewater, 2003, 19 (9): 1-4]
Kor-Bicakci G, Eskicioglu C. Recent developments on thermal
municipal sludge pretreatment technologies for enhanced
anaerobic digestion [J]. Renewable Sustainable Energy Rev,
2019, 110: 423-443

Jorand F, Zartarian F, Thomas F, Block JC, Bottero JY, Villemin G,
Urbain V, Manem J. Chemical and structural (2D) linkage between
bacteria within activated sludge flocs [J]. Water Res, 1995, 29 (7):
1639-1647

Bhaskar PV, Bhosle NB. Bacterial extracellular polymeric
substance (EPS): a carrier of heavy metals in the marine food-
chain [J]. Environ Int, 2006, 32 (2): 191-198

ZETHRH, BRI, SRobEE. R A R TUAL B S e 0 Ak R (U], PR TS G
IHHLE R 514, 2003, 4 (8): 70-72 [Li DY, Chen G, Zhang GM.
the research progress in ultrasonic pretreatment of sludge [J].
Techniq Equip Environ Pollut Con, 2003, 4 (8): 70-72]

Xu X, Cao D, Wang Z, Liu J, Gao J, Sanchuan M, Wang Z.
Study on ultrasonic treatment for municipal sludge [J]. Ultrason
Sonochem, 2019, 57: 29-37

KB, - IRETT IR R L PR HEPS 5 SMP AR AE 4B 46 #LH[D].
P2z PH2e BT K%, 2018 [Zhu L. Study on characteristics of
SMP characteristics variation and mechanism of freeze-thaw
dewatering anaerobic reduction [D]. Xi’an: Xi'an University of
Technology, 2018]

fE AR T, RHCF, 2, @RI DR IR AR BE AT 75 e 1) vk i Ak 22
[J]. N3 fi 5 TR R 2% 244k, 2000, 8 (4): 370-375 [Jian DS, Zhu
JP, Lin DZ, Peng XF. Freeze-thaw treatment of sludge in natural
climate [J]. J Basic Sci Eng, 2000, 8 (4): 370-375]

Tk 7S AL S A JE b 3 7 Ve T R R SETH A B B2 W (D). 5N
JrINEHE K%, 2016 [Zhang Y. Effect of ultrasonic pretreatment on
two-phase anaerobic digestion of food waste and sewage sludge
[D]. Suzhou: Suzhou University of Science and Technology, 2016]
Zhen G, Lu X, Kato H, Zhao Y, Li YY. Overview of pretreatment
strategies for enhancing sewage sludge disintegration and
subsequent anaerobic digestion: current advances, full-scale
application and future perspectives [J]. Renew Sustain Energy
Rev, 2017 (69): 559-577

Tyagi VK, Lo SL. Application of physico-chemical pretreatment
methods to enhance the sludge disintegration and subsequent
anaerobic digestion: an up to date review [J]. Rev Environ Sci
Biotechnol, 2011, 10 (3): 215-242

Zhang D, Chen Y, Zhao Y, Zhu X. New sludge pretreatment
method to improve methane production in waste activated sludge
digestion [J]. Environ Sci Technol, 2010, 44 (12): 4802-4808
Tk, RE, R, FF, K, XEE. TR TR 5
VE THAL BI85 SR J R B P R S [J]. PR LR 44, 2018, 12 (5):
1517-1527 [Zhang WD, Yu L, Liu H, Fu B, Zheng ZY, Liu HB. Effect
of alkali type on sludge pretreatment effect and fermentation acid
production under project scale [J]. Chin J Environ Eng, 2018, 12
(5): 1517-1527]

FOGCIR, FGSK, MU AR, TR - TR AL B 0Lt ) % ¥ U IR SEUTH A R
F[J]. HEERL, 2012, 33 (6): 1918-1922 [Yuan GH, Zhou XQ,



HBS MANEE Y (EPS) MJE UL 72 5 1 5 7 VA W 7C ok e

Vol. 26 No.5 Oct 2020

42

43

44

45

46

47

48

49

50

51

52

53

54

Wu JD. Enhancement of anaerobic digestion of excess sludge by
acid-alkali pretreatment [J]. Environ Sci, 2012, 33 (6): 1918-1922
Song X, Shi Z, Li X, Wang X, Ren Y. Fate of proteins of waste
activated sludge during thermal alkali pretreatment in terms of
sludge protein recovery [J]. Front Environ Sci Eng, 2019, 13 (2): 1-9
Morgan-Sagastume F, Allen DG. Physicochemical properties and
stability of activated sludge flocs under temperature upshifts from 30
to 45 degrees C [J]. J Colloid Interface Sci, 2005, 281 (1): 136-145
ST, YRR, R, R, BRI AR A S SR
SEAL DA A RJ). SRR, 2018, 39 (1): 284-291 [Lu YQ,
Xu'Y, Dong B, Dai XH. Enhance of anaerobic methane production
by removal of organic-bonding mentals from sewage sludge [J].
Environ Sci, 2018, 39 (1): 284-291]

Wawrzynczyk J, Szewczyk E, Norrlow O, Dey ES. Application of
enzymes, sodium tripolyphosphate and cation exchange resin for
the release of extracellular polymeric substances from sewage
sludge. Characterization of the extracted polysaccharides/
glycoconjugates by a panel of lectins [J]. J Biotechnol, 2007, 130
(3): 274-281

Sesay ML, Ozcengiz G, Dilek Sanin F. Enzymatic extraction
of activated sludge extracellular polymers and implications on
bioflocculation [J]. Water Res, 2006, 40 (7): 1359-1366

e, BRI, SR, FARFE. SA AL B0 VE VIS VR VA R 1 3
D1 HLRIEFE[J]. #1585 TR 244, 2016, 10 (10): 5840-5846 [Bai
RY, Chen K, Zhang WJ, Wang DS. Kinetic mechanisms study of
activated sludge solubilization under composite enzyme treatment
[J]. Chin J Environ Eng, 2016, 10 (10): 5840-5846]

TR, YV, Mk, VRS, EREOR, BZ A N R AR R AN ) )
PRIk b B RS VR [J]. PR AR, 2017, 11 (3): 1947-1952
[Zhang Y, Li MZ, Mei RW, Xu QL, Wang HR, Wei YF. Reduction
of excess activated sludge production by combine citric acid and
enzyme treatment [J] Chin J Environ Eng, 2017, 11 (3): 1947-1952]
Yang Q, Luo K, Li XM, Wang DB, Zheng W, Zeng GM, Liu JJ.
Enhanced efficiency of biological excess sludge hydrolysis under
anaerobic digestion by additional enzymes [J]. Bioresour Technol,
2010, 101 (9): 2924-2930

R AR VA R AT U R W IR BCRE 5 WL WF AL[D]. MERIE: i
R Tl K %%, 2018 [Xin XD. Volatile fatty acid production
performance and mechanism from waste activated sludge
frementation enhanced by enzymolysis [D]. Harbin: Harbin
Institute of Technology, 2018]

Guo L, Lu M, Li Q, Zhang J, Zong Y, She Z. Three-dimensional
fluorescence excitation-emission matrix (EEM) spectroscopy
with regional integration analysis for assessing waste sludge
hydrolysis treated with multi-enzyme and thermophilic bacteria [J].
Bioresour Technol, 2014, 171: 22-28

Sato H, Kuribayashi K, Fujii K. Possible practical utility of an
enzyme cocktail produced by sludge-degrading microbes for
methane and hydrogen production from digested sludge [J]. New
Biotechnol, 2016, 33 (1): 1-6

Diak J, Ormeci B, Kennedy KJ. Effect of enzymes on anaerobic
digestion of primary sludge and septic tank performance [J].
Bioprocess Biosyst Eng, 2012, 35 (9): 1577-1589

B, TR AW -CTMAB/CPAMIEE & 1 2 X6 i 14 5 I it
IKPEREM E I [J]. BB TFE 224, 2017, 11 (8): 4467-4475 [Cao
AQ, Wang YL. Effect of combined enzymes-CTMAB/CPAM

55

56

57

58

59

60

61

62

63

64

65

66

67

conditioning on activated sludge dewaterability [J]. Chin J Environ
Eng, 2017, 11 (8): 4467-4475]
Wen C, Paul W, Leenheer JA, Karl B. Fluorescence excitation-
emission matrix regional integration to quantify spectra for
dissolved organic matter [J]. Envir Sci Technol, 2015, 37 (24):
5701-5710
Monique R, Elisabeth GN, Etienne P, Dominique L. A high yield
multi-method extraction protocol for protein quantification in
activated sludge [J]. Bioresour Technol, 2008, 99 (16): 7464-7471
PR T = O IR R AR TG e R R B ST A [D). H
R EFE K%, 2014 [Lu MM. Investigation of excess sludge anaerobic
fermentation hydrogen based on three-dimensional fluorescence
spectrocopy [D]. Qidao: Ocean University of China, 2014]
Zhang Z, Guo L, Wang Y, Li F, Zhao Y, Gao M, She Z. Degradation
and transformation of extracellular polymeric substances (EPS)
and dissolved organic matters (DOM) during two-stage anaerobic
digestion with waste sludge [J]. Int J Hydrogen Energy, 2017, 42
(15): 9619-9629
Gao P, Guo L, Sun J, Wang Y, She Z, Gao M, Zhao Y. Enhancing
the hydrolysis of saline waste sludge with thermophilic
bacteria pretreatment: new insights through the evolution of
extracellular polymeric substances and dissolved organic matters
transformation [J]. Sci Total Environ, 2019, 670: 31-40
Lattner D, Flemming H-C, Mayer C. 13C-NMR study of the
interaction of bacterial alginate with bivalent cations [J]. Intern J
Biol Macromol, 2003, 33 (1-3): 81-88
Zhang W, Xu Y, Dong B, Dai X. Characterizing the sludge
moisture distribution during anaerobic digestion process through
various approaches [J]. Sci Total Environ, 2019, 675: 184-191
Wedbler, ANKHE, AR, A, S, VR, BEOCH. B ARG
AU S AT R TS R T AN SR S R A AR A S [J]. BB R
2, 2011, 32 (6): 1665-1672 [Yao WT, Sun SY, Zheng L, Li CH,
Xu YB, Tong WJ. Variation of extracellular polymeric substance
and dissolved substances in sewage sludge anaerobic/aerobic
digedtion by ultrasonic treatment [J]. Environ Sci, 2011, 32 (6):
1665-1672]
Song WJ, Pan X, Zhang D. Lead complexation of soluble and
bound extracellular polymeric substances from activated sludge:
characterized with fluorescence spectroscopy and ftir spectroscopy
[J]. Biotechnol Biotechnol Equip, 2014, 26 (6): 3371-3377
Xie S, Wu Y, Wang W, Wang J, Luo Z, Li S. Effects of acid/alkaline
pretreatment and gamma-ray irradiation on extracellular polymeric
substances from sewage sludge [J]. Radiation Phys Chem, 2014,
97: 349-353
MRER, B, EEE, #E, bR, RE R ARG R A
SR [R] 3% R 5% e AL A 7 2 R (D). 46 T HEE, 2019: 1-14 [Chen
SS, Yang DH, Pang WH, Dong B, Dai XH. Main influence factors
and influencing mechanisms of anaerobic transformation of
excess sludge in China [J]. Chem Ind Eng Progr, 2019: 1-14]
Romero-Gliza MS, Vila J, Mata-Alvarez J, Chimenos JM, Astals
S. The role of additives on anaerobic digestion: a review [J].
Renew Sustain Energy Rev, 2016, 58: 1486-1499
Damasceno FRC, Freire DMG, Cammarota MC. Impact of the
addition of an enzyme pool on an activated sludge system treating
dairy wastewater under fat shock loads [J]. J Chem Technol
Biotechnol, 2010, 83 (5): 730-738

1289



