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Abstract: It was reported that the conductive carbon particles could improve anaerobic digestion process
stability, substrate degradation rate and biogas quality. In this paper, the studies on the influences of
conductive carbon particles, with activated carbon and biochar as the representatives, on sludge anaerobic
digestion were summarized. The mechanisms of enhancement of anaerobic digestion by conductive carbon
particles were discussed. The role of conductive carbon particles induced direct interspecies electron
transfer (DIET) was illustrated. Then, the research progress of DIET in the complex anaerobic digestion
system and the relationships between characteristics of conductive carbon particles and their effects on
anaerobic digestion were analyzed. Finally, the future studies on promoting sludge anaerobic digestion
with conductive carbon particles are prospected.
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RIS Ve YR T A TS TS K AL B LR
L o 25 AT A A 75 K A TR A v R SR T
IR BN, 15KHF 30%-50%1 A HLYI 1A B o 7
sk A5G R, R 5 X5 e i A7 A BRA R A B
AbE, B k7 A TS Y R RS o PRAE AL A B
RERSSCELTS TR AL B A b | R (e g iAk, 4R
M5 VR R AR AL AL B T 2 A A e A A2, BRI T
e, BARGEE: (1) AV, %
PERCRAR « 15 8 PR AR T Alad R4 K 1 B 7 [ AR e i
I H AL 40%-659%61Y ;5 (2) PRAA N bt B AR E T
22 Jashitia . REBMEY A RS, Jfbid i
Hi% & VENE IR (Volatile fatty acids, VFAS) & 2 A
S T R RS 2w BUH AR R AR 2
JR BRI BN 5 (3) CO, 35 Ml o R MAVA LA
o 5 R IRAEAI =B Ah COo, Al ik
15%-60%'3, CO, 1w FAR Ty HVE, LS
I 15 Ve DRI AL AR BEAE TR [ (175 Ye Ak B
H 2 3 T PR

VFZ2 2835 %15 U8 RAECTH Al A B 4 A By 5ik Ak A
e TR T AEXHERF ST, AT EhT BB SE B UE B
TAETS P R AR A A R T 3 1 5 Ak R B P 2R
ARSI CO, By R, HE— 2B i BFIY K BLVR Ik
KA T WReigdEst ca® . Mg Se iR S
CO, Wy LK N, PEEFRICRE M, KFI58
35 AW AL BOR B B g™ S, %F
SHUBRARHNTE VR . AR . BA . RO
8 RIS B A RIS RS T RS A ML IR R
THAC P R R WA 4 o T Ao AR R e P LA S 4
FHIH AL =1 AORVE ) o o 2 1 A F 9 <2 )
THok) i, b BEgE R B S Rk
TURL I A [R] P B A e Jsokt L il T2
P oRiAR L LR TR AE)TEAS [F] T804 T X5
TR AW B R HEAE A fE 22 5, A DK
HIF 9 B 2 e B S o B R o T DR T A o R T
BEAEAEAM VR I3 WS 23 Wil 5 v Bk R
(I B 1 R pH 28 rhfi R R T BE Y BR AL
PLFE, (A4 052 5N F S F R IR A 2 B

A W) B E D E) o 1% 3% (Direct interspecies electron
transfer, DIET)7EAE 15 U8 DR AUH fL A BRAICR # FF
Hh R T E O S R IBOR A 0 R
A i ) B 6 R R Ak R 4 R T T8 IR AT AL
RIFRE T — 0 0 8 8%, A SRR EIN b b 2
RRe T, (AL TS YR 55 52 24 ML IR A0
PR AR Z B A SRR R B SRR A B 5% 38 A5 T ik
— R

PRI, AR SC AT 1 2 R0 A 300 i g B 760 5 e il
Wokr, £ T HAHH Je A TH AL RO 52 5 X 5
HL B ORI i DR AR T AR B TH A AR DG AR, 4
BRANGIVER . 32Tt pH 28w 1 DA KR AL IR U
WPIRIE) S R T T G, F A5 S R R A
S DIET 5 AL ] B8 56 FR X — X H R AL WL RS T
W3R 5 35z Je % T DR DR AR Ak M 2R v 3 LR SR 1
15 R AE T AL B AR AT 5 0 kAT T 2R
1 SHBBRL NG Je R ETHAL B e LB
11 SHEEENERREETEN

— 5T, VP2 E WS TR F T T 5
H, e UKL WS Jin xoF 35 e DR AT Ak AR VR T,
Wang 251 % BLLE 15 8 4 T 5 3% TR 43 IS M R DS
SN AR 2 TR AR 1 ¢ I 23 (I pH 22 g )
F LI, JFReiE N mA ML . R R AR
(kP BE 7 R B4R 85 Yang S50 et TS e IR
AL RGP YRIN 5.0 glL B93E TR AR A 35 e e i
i 39.1%E R 45.2%, Hilgrm B dis
17.4%; A BFTEHE AN LE W) R R TR I BB 8 D 2 X
S A R B DRI, A B R i AR Y
IHAh, Shen 2L B0 Sl S A AR I SR
15 U6 IR AU A6 2 8 v s in A= W e Re A% 18 s R e
IR B JR A B COy, e AT RS H bE & it
e E] 95%, BERTE T RATHIL RG - RERUR
1 B TR B 5T T F R URL A DR LT
PR Z R B RV T, S e F 3 2 25 4
FH ot JEE i 1 58 e DR LT b ot R e 1 A B 3 e R
Berr e 7 e AR SE T, FR AT IE R B
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BV, WAL TRk e R, B4
JE AL TR Ak 15 U8 L A AL RE (g T
BRIGEGR . IRk )22

—J5 I, A WS R BT R R T
PLUBT IR A A A AT REAAAE A I VE T, 4n Salvador
22 SRR KAE BRI AE 5 /L I 2w 4l 37
ARAS T RS B ek R TE k4 L, 18 24 A
AE 0.5 g/L 1 1.0 g/L B I REGS L HE I A= P 2
JLI] A% B R, S B sl = R et R AR
FFE RIS INRAE N 0.02 um-0.35 um fl 5 B
it PR AETH A B B R A 5 e,
el ik ) 515901 1 Li 25 BU7ET R A
AR Z IR B 1.0 g/L BORRANKAS SR & R
Xof F e P e A W S SR, AT BB DR R TS
etk 2 A WA 35 W (Extracel lular polymeric
substances, EPS)Z 4K RHE AT, FH 1R
SR & A AR E AR o AT UL FURRAUR A RS
R IS DL RAETE AL T LA AR 2 3
T A 76 DR AT A A R v & FEAE FHTE s i), Tk
PSR D0 R, L0 O R DR
T2 118 HE 0 e ot DR 4RI A 7 R ot R R 1 B M AN [
I/ INARE A% A ) e B SRR LT AT 23 7R 25

ANHET 5 HE B ORE X T PR AR A AR A i
HEAE O 29l KAt 5 38 AEAS R  SICA 2 (n
WA . AR K A5 U6 DL SR 6T by 3 )
(F 1)L R Sebrig A A TR AR RO RiESE, (A
RFVEEEAERE, H& T2 W ki, kb
F A B T B R AR R [R] T80 254 T A
PUT DR A TH AL S R A s i v] BB S AEZE AR TRl (R,
PRI T B kT A R 5 L AL ML R )y T
RIS [ T AR 2225 10 %8R .
1.2 SHEBRBREHERSECHNIE

H AT, AN A AT 38 %) 5 F B ORI 12E IR 41
THALRT PR LA AL Z PR , S R R ATURE 11 5 o
PERE . pH ZZ P RE S DL SR R S A R )
oK ZR A AT BE SR VTS e IR AT AL SR B T B VR
YERIBLE . (1) S H AR HA B H R TR

A 1 R O B, 0 R B [ SR T T RE AR )
A2 A R B 0 2 w3 o DR AT A el R v o o
PEHI T (U NHs, NH;-N. VFAs, B8 K B4R
VX PR AR I AL ROR i S 42037 (2) T E R R
REAS 1T 42 8 B T LB A DL e 2R T R A
SEPLRIR TR S AR R pH ZEnbag 11151022
AeRpir b FE pH o, FRATACHT o8 ik
HESE TIRE WA R pH 22 nfg )y i3 7+
pH A5 15 B8 T $ w5 15 R AR I AL RO B
PEVEVERT, X 5 05 M R Al 27 21 DA S T ik
SRS G () VR A IR T s Uk,
I Tl A= 2 () R 12 38 2 T 58 e IR AU B A A
I 75 26 ZR I D R B T DR ST AR RO i ]
2, IS X — LA 2B R R T A AR
) ZALas5k . i R E AR L E A R
WL (4) SRR IR R ALK
FET T RE A DL R SR AR 0 M S R Mt i 4
A COp =R PLI R i 10 - b ) 1 e 4
P22t o R 1 JAZE TS R R ORI AL
o IR AT A SR B T A A S ATLEE DL B 5 =22 A 56 1
KR

HL 4% 32 76 SU2E P 1 A B R ) o e Ak
RARE RHAER, MTEAL G ny 5 Ve R AR A 72
w7 IR R R o TR 22 () A ] T B DG R
N TR Hy sl LAl w4 /N9 o (a0
FH R ERA5) J WA HEA TG, S — ] 422 1 o ] H
1% )7 . (Mediated interspecies electron transfer,
MIET). #8111, Ho S H R R A A S LAY HIOE X
PEF T35, T P 08 FLAL ST R v B R A S A 1
SR TR, R AL aoRBY peah, 2R
AUHI IR R T &0 S R, S BIL G AT i3 50
S SAARA S v R VFAS i1 FEARL R, il =
BRGS0 0 LA = R T R 7= FY g B i) oL 1 L7
KR, BMAFERAM bk R
PRI, P 7 FR ol R HR AN [] DR B A 2 o [ Hl 7
B DR FR T W R 2 A BT R A At 72
1 5 o R g oy B 449
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Porous conductive
carbon particles

ZAL T R
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R il Z4LH% Ttk W Fii M L || S

| Physicochemical Porosity Conductivity Absorbability Surface Chemical Redox activity

{ characteristics groups composition
|

e it H4SpHZE AR H] fiE ik L WE: B o FEREPS il i g2 )i

AL Tl 41: g 3 TR HeFIA] FECO, R HG PR PRI _

| Relative Disinhibition|| Increasing pH Enhancing W {1 Absorbilng/ Removing EPS: || Stabilizing heavy | |

| mechanisms buffering syntrophic Promoting converting || reducing specific || metals: holding |

i capacity relationships DIET o, resistance nutrients

Fer e R JuN v A ekt L]

SRR a2 1IN PESES 3 4Rk eh JTifiE Tt

i Promoting Increased Increased Improved Increased [mproved

Peffects methane yield methane process biogas land application

‘ production rate stability purity ability

Bl SEBEFAXEETSREFECTRZREEREMELRR

Figurel Relationshipsbetween characteristicsand the enhancement of anaerobic digestion by conductive carbon particles

FIEET MIET BTG FEdH0, B HER i) 115
% DIET A% LUH %&b 7153 Ak 1 9 T2 4 2 it
ZE AN EE N SRE T epili) LR
L4 o 1 36 B8 7 10 A0 50 5 (0 5 W 5k 0k
24 ST I A 5 R HL T DR A [ AL 8, [
T MR N S, AR
o B R ] T3 2 O L2 S e
KiA G B0 DIET FEAEIT, (U 0 20 i i B g 5 24
FIF T 15 v 1 6 L 40 e 2 2 1 S5 v T 1%
Sob AR 1 33K 4 B, A DR S W IR g
35 S ) B 5 R, T AU S TS A b
PR RS TES AUSY R L L VFAS I BB 1Y
WAL R B B, ST AL PR FR 035 1 R ) RS
FE i 0 DR 40T AL ASOR i 4R TS 182 R
VRN S B BURE A 9 DIET 145 56 R By v T U
i T 3 VR DR A T AL 8R4 T, RN R 2 B
B A% Ve 15 U8 IR 480 Ak BT A7 8 ) B0 — 45 2

i £2.(26,36,42
el I

2 SELBRBUNLSRALF M BT 15 (e BE R4
AR A
21 REEKIEES DIET 2B L I
ST g

Summers 1T 2010 4FE R RIRIE T HIAT B
Geobacter metallireducens F1 Geobacter sulfurreducens
HRE IR R P AEAEN) DIET 34, FF#5IN T DIET
RE A% 52 I Gl AR P ] B Sy v A% L 1A% 38, 1T
Pt T HEMAEYILFEAK, BEE, NFEHE
KRR AETER AL DIET B854 Y244 uflist
B, F T2 28F S0 DIET B & ME
B 2, Hp, Liu % % Rotaru 2197 SE AT
FE YA AR SE T AT R RN TS e AT A FR rp
UL A7 F B I (40 Methanosaeta, Methanosarcina
Yz e E IS DIET @B FHERRTH
fot, T B R TR 92 Chen 2510 Liu %95 — 4
(Y AIF 5 2 3 S - P B SR (3 P o R 2B ) ¢ ) g
A Pk DR A AR W) DIET BB LRI, XA
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Table2 Syntrophic microorganisms capable of DIET in identified co-cultures

EIESE B BB A A (R TR AT - T2 R ) i37] SR
Defined electron co-cultures (donor-acceptor) Substrates References
Geobacter metallireducens-Geobacter sulfurreducens Ethanol [43]
Geobacter metallireducens-Methanosarcina barkeri Ethanol [45-46]
Geobacter metallireducens-Methanosaeta harundinacea Ethanol [46]
Geobacter sulfurreducens-Prossthecohloris aestaurii Ethanol/CO, [47]
ANME-1 archaea-SRB Hotseep-1 CH4/S [48]

E—25 & R T DA A PR ] B A i 1Y
WA, Wi T W E R AR G DA AL ™ bt i AR
TATE, A i Ak T U DR AU T Ak Ah B R B T DR 46T
ARG RERCR IR L T — 4 20 S8 B

LU 0T R AORL A DIET 7 b & 28 4F
LR FRIR R AR R BGUE , (HX — ML 7E 52 A2 ik
AR5 RIKAN ) P A A B, Sk, Sk
SRR B BN ] T B R A TS AR R iR
ZRE IR BN A P DIET B8 56 B2 RA N1k
e A
211 DR WA E-~RiRE) A
RE;E4 DIET EEXRRKIE

Zhao %:18I4E UASB 14 Z th i) FH AMin e 3552
BT A AR X M AT T (Geobacter) F1 77 H ¢ TR
(Methanosaeta), il H1 S i A2 i E T LY 7
W TR ER R T DIET 7= BB ok o5 1L
il 50%, XIS KR X DIET 77
H BRI BIIIEIIE ;s 359 Zhao ZEV28IF FIRR A . 2
Wy AT B2 A TR AE UASB W AR 2 R R RE IS
UET DIET 7EARHE /= e LA K 32 T I AR R e
PEJF T s 2600, Zhang %1 Lee 451
[ 7 S DR T AR AR 3R TR B8 UE T 336 1 2
AT HUAF B A B BE R Z (B DIET B XA
R ot RS A F B AR 0BV A . Bl ST Y
ek, Zhao ZEM LI W AR IR SN AL T2 g S, 42
TR T DIET B X RMIKE NI R
AL RESRTE M . R AE A {E T R A Uk
BUI) 53 FR RN AR R/ Ny F I IR | VFAS 4%,
P AT B S5 P B A M B A, SR gk
ot A R AT I 5 7 B e R A A DIET B CR, 4

FEON A R R e, mZGR e FLeny H iy,
T 3 — 3¢ W A 715 3 1 oAl A 5 gk ar 9
Zhang ZEP g 4R T — Bl B R A LA R
Hi4% il Geobacter sulfurreducens PCA T4 FIE i 14
Fh DIET BB H L 5 Ak S m

212 UEMBEDAEMBKRSEL DIET BEE
ERRE

T o AT B A DIET 138 56 R [k B — 4%
RAF I B AR, B 1T BB RSN HAE TS Je R AUTH AL IR R
HE ) R A BRI, DR A MR o e TS U P R AR
%, HBTCHA Y B A B 4 ) XA
T A 2R AR SR A o R B R, o — S F
5 H EIRTEE DAL IR R R At DIET B
B TAIFSE o 38 3 V5 0 7 L B FOURE R 18 512
PRAE R R PR AR 2Rk B Uk 77 H e A3k R, OF
3 16S rRNA i R J 1 3 R 21 2 43 B 55 B o
Wt , ANTR) T8 25 1F T AT REAF7E HAh R AR A= i He s
5B b S DIET Mydfhie] 58 2 R ARE T,
3 ML TRAAEVRIREN IR R AT R 1E
DIET BB RAMMAEYAS .

ATUAE 1, BARAEILRE SRR R HPiIESE DIET 19
AL B X PR AT Ak ™ b AR HEFE R
PR 10 47, (HAER 24 WL (AN ¥4 ) R 4R T
TR A4 22 v R AR 4 DIET B8 56 R AR R AN 1k
BORAR T WIS B AE e X i P i
R REAE A Z8 HP UE S AT 18] A9 7776 1 4F00 DIET J&i%
A Z2 R A ) B A G R EEHLR T REAS 22
PRl AT IF 9 2 oo 2o T A P e
i U0V 2 Al A gy (Chn T 587) 14 5 2 2 DR R B
Y1 DIET B35 3¢ R A2 &2 24 ML DR AU Ab sl R 42
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Table3 Proposed DIET co-culturesin complex substrates anaer obic digestion

FIRENY DIET SR YZH & (T HUA R - T 32 /K ) 7] B S5 3R
Proposed electron co-cultures (donor-acceptor) Substrates | dentification technique References
Anaerolineaceae-Methanosaeta Waste sludge; food waste 16S rRNA gene sequencing [16]
Sporanaerobacter-Methanosarcina Dog food 16S rRNA gene sequencing [28]
Bacteroides, Sreptococcus, Leachate 16S rRNA gene sequencing [29]
Syntrophomonas-Methanosarcina, Methanospirillum
Caloramator sp.-Methanosaeta, Methanosarcina Synthetic substrates 16S rRNA gene sequencing [52]
Syntrophomonas-Methanosaeta Waste sludge 16S rRNA gene sequencing [53]
Trichococcus spp.-Methanosaeta Whey DGGE/gPCR [54]

Tho ANAl kb2, TR AR P (A0 A A7)
TE A A LT (N p s e . 2 ot dy 3 5 ) v =
MY, BEATREICHAG T, AN E & JE HARK
A WITEREA DAH AR R 7T BRI AN 2 AR & 1E
M, RXTE—E R ERRS A E DIET B ML
M5 AT WL AR TH AR RCR TS FIHES o 15 )8 55
AL PRI A R P i A ) DIET BB SC R
X DRARTH AR SSCR A2 i L B DIET 35Uk 44 & A7
o g — DRk
22 SHEKFAMERSHAMEBRFEIEN
SERAR

SHUBRBURL RS S IAEY) DIET HAESC
FHH A SRR YIAEDE, BRI T HL 8
A M 2 e
4 FDIET

Cytochrome C
e inducing DIET

IS [

epilifr SDIET
e-pili inducing DIET

i) Bl ARGEEC

) ) o epili
Microorganism  Cytochrome ¢

jEm  BRIRR Y AR G

Quinones Hydroquinone  Surface groups:

5 DIET HAECRA KM F A dh R
R, ZALE50 . MRS R DL SR AT R A (AN
FHEH) S, Hrb 5B A IR (S
Pk RIAE REEISE) B AT g S e 0k DR A AR Y
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