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RILTHIRCRSH T, FEF, EWmwa] LIAEYE Chloroflex, Proteobacteria, Bacteroidetes W41, M3 & IR & TH
e E = . Y ISREKRET, IRETH R G = H ik 2 DL QBRI I B g 32, 8O A= 4 e vl LIAR i 2 1
BUp= PLE s BEE ISRIB/D, 77 W b i 2 R 2 i 1] &R T B8 5% 28 1y #a 5, [6) I Methanosacrina % 8 % 1R
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B R L (inoculum to substrate ratio, ISR) J& % J&f 357 3% PR 48014 fk b ) — > BB B 52 e [ 28, X6 s o FY)
R W) B as A7 ke A 252 M, ISR A AN [R) R 23 (R AATH AR R A XA HL A far AN R), AT
LR . AR R, EYx BEARESZ R, 7T L& IR EE A pH!'™ B R0,
Az W) e Ko A [) PR A R B 1) DR B80T A 52 el v AN B BT . AS B 5 3 0l i I R AR L, RS B
[F) R A 2 T 28 Jod o IR SR IR A A 3R, W8T Ve 35 A6 ) e % ik T AR A o B BB 0 5 3k o3 7 Y e
BRI DA SR I 2 T A W R T R AR AL, R 5T TS Ve 3 AR 1 e 8 e ORI AR S IR, AT R TS
e A= W o A2 Dot b S R AR TH A Y S B i P AR RS %
1 MRE5RE
1.1 LI

AW R B AL RE R B BRI R L DX T s K AL B K TS U . RS YR A R — {5 K A BT
Dt PRAET5VE o T8 by 2 457 R AR Jod 457 3 e B L
2 R A, BTk 65%!,  HLYE M 2k
Wy o AR AR Tt 3 R AT A B e el R e 1) 56
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Table 1 Characteristics of seed sludge and food waste

BEVEAE P, MR SaR P AT b T R TS Ve vets EiR
R R T VR B A R 2 1 epaE A
o BRI (TAEYETER)  99.04  98.64  99.60 0.96

. 1734 AR A

15 e A ) aE S B R, LA R AR B A S QRIS R A R
Al NAR 74 mm, A R IX K 400 mm) HE A Ny (99.99%, HiH o 400 mL-s™), FEA TI5RA
Wi E TEXP IR E, RE 5Smin, DUSKGEEFR A ER RS X Ao X, &
WL 10 Comin! ARSI E 500 °C, FFARIR 0.5 h; SRR rEYR B RGOk 0 0
BERLAE g 425~840 um FIERL, BT 105 °C MR T, BET IR A L
1.3 LIt

KR ATE T, AR, 250 mL (9 I35 B4R S R AR, T 4 R ASRIEEA L, B 2.0,
1.5, 1.0 F1 0.5(LA VS it), HERhEERD Lk 23 AT A= W s 41 (43 il i 44 4 2-SSB, 1.5-SSB., 1-SSB A1 0.5-
SSB). BB RN AL LA Mo A Al o Ak IE R 5.0 gL', A=W e L AN X HR 4 1 28 S o k1 S Uk
FES 4.0 gL' AR MRS, BRI AK, RN #5480 TAERF A 200 mLo X 52 W Y
#B, FHN,(ZlE 99.99%) Wik 2 min DAL, fRUETRAINEE, G ZERERSE & H . BNy ETEIR 35 C
EEFRAR AR, BRI SRR, R SR oy (I be . A Ak bk); B B — B i ) A D W 44 1
pH, BRI H . RECSLIII (3 7 X) FSLgs d s 81 GF 21 X) B S, TR
BEEINY o RS RE 3 A PATHE, DULRIE SE 00 5000 i v aff M
1.4 SWFEE

1518 TG/DSC 43 A it IR AL A A A (A 4 R 2, B b)o R 3 B 22 520 W) A PR 2 1 FY
FIFLBR 5 71X (ASAP2460, US), WAL S BET e BURMIBAL tb R A . fEkE LA L,
AR R Jak 2% 5 pR £ PR IS (non-local density function theory, NLDFT)! ¥E47 43 #71 o BF AW o 5 HE 4 7K ¥
Fa AR =1 g: 10 mL Y LW BINE & 3924), THEIERG & (25 °C, 150 rmin') &% Sh, H pH it (i
e, Ft) g EEW pH, BDNAEW R B pH. 15 U 3 A2 40 ¢ e HE R R G 6 43 #H 1 FH RE B
O X S 96/ 11k (EDX-LE, Shimadzu, Japan) 730#7, ToL3#7 75 :3% GB/T 17664-1999, 15
e 3 A= W e B LT A ) 04 0 B 2 T L 2.
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Table 2 Characteristics of raw sewage sludge and sewage sludge derived biochar %
AR ) Tk sy TR
IR kRS KA BEBR ALO, SiO, PO, Fe,0, Ca0 K,0 TiO, SO, ZnO MnO CuO CrO; PbO

HREME 779 560 336 105 113 96 53 26 19 08 02 02 02 003 001 001 0004
HIEAYR 48 162 17.0 669 230 188 165 205 11.8 42 13 20 12 0.16 013 0.17 0.03

fdi FH 30 mL A1 100 mL HRAS 119 3% 35 1 S #8000 SRR R, R4 43 (CO, Ml CH,) 38 2o AUAH 3%
GC(ZHER 78908, ) #EATAI, DL He /EMEA, Kl &% A SRz 2%, HEAE T | FEA FAS DU
AU 3 5k 80 80 1250 °C. YWAAMY pH i pH T (M4, b)) ELEARI .

1& IF 1) Gompertz A5 U 7 R AAUTH AL 5 3 A2 b i 90L& I AR 532, A S S 800T LAYE S 41 il 2
R AT AR A AR Y, i ] Origin Pro 2019 Xf HgEAT L4, BIEITFE L= (1),

} )

K. MO R B2 54 VS B BRU= %, mLg'; M, WIRZAPA VSH &, mLg';
R WE KA VS LE R, mLg's ANERY, d; (LW EFLEE, d; e=2.718 3,

MAEYRIE B4t Ll E AV EARFARA G #1700 i H EZNA® soil if 7 &
(Omega Bio-tek, Norcross, GA, U.S.) #& HUFE 5 H ) DNA, DNA ¥ B #1146 i ] ] NanoDrop2000 435t
JE 11 (Thermo Scientific, Wilmington, USA) #E47 K5, F1J F 1% Byt fig b 56 g F Uk A ) DNA $ HU5 &
Jl 338F (5'-ACTCCTACGGGAGGCAGCAG-3') il 806R(5' -GGACTACHVGGGTWTCTAAT-3') 5| #J %
V3~V4 0] 28 [X JEAT PCR 788, P IGFEFE K. 95 °C HiZ8 1k 3 min, 27 PMEH (95 °C 251 30s, 55 C
B K 30s, 72 °CAEA 30s), HeJm 72 CAEAH 10 ming SRS, 29 Bls BRI o1 Wi PCR 774, A
A AxyPrep DNA Gel Extraction Kit (AxygenBiosciences, Union City, CA, USA) # 17 4li fk., Tris-HCI ¥
W, 2% B G B B 9k A . Al B QuantiFluor™-ST (Promega, USA) #f 17 4 Il & & . R #& Illumina
MiSeq *F- 5 (Illumina, SanDiego, USA) bR ifi 52 VE KRR , (# H 4lifb J5 B9 9 3% 7 Be 44 2 PE 2*300 (1) 3C % .
FIH Tumina 23 7] () Miseq PE300 ~F- & #4790 15

2 HER5118
2.1 SREEYIRERIE
E 1R TI5RLL 10 °C-min ' B9 18 3 715 2] 500 °C 1) TGA/DSC fhiZk . M TGA gk vl LLE H,

Rmax‘
M(t) = M ~exp{—exp[M—e(/1—t)+ 1

max

MR AR ABOR 2 AW B A B R A “0s
K#5250 °C AT, % B 32 205 YR RE i A I oor

KR/ 4 ) TR 4 R B B 4 2 B 9 o
(250~500 °C) 3= B 2 75 U8 B £F 4 2 AR AL ¢ wf 15
BRSO B H RGBS B ol e &
MRFE ARl . %t H DSC ik AT LB, 15 ol £
U6 A fige i 300 Ol W AL AR AR 200~300 C 5 BE sl -25
1AWk I ELE] 500 °C Ri#ud . 500 C “ 0

T QTR R, BLUTHCIN 5 b 4 AL oot s s
fm )2/ G
INGRFA R TR B AN P
%jc? ]‘j\%ﬁn}i’ iﬂ%#%l}ﬁujf(n ﬁmm“ﬁ?j\j 1 5RAMER TGA/DSC Bhzk
o IR I I ALY T (%% 2 H EE T P Fig. 1 TGA/DSC curve of sewage sludge
B AE R, TGS AE Yk h Feo ALLL KB 43 )@ thermal decomposition
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K. Cafil Mg %5 J0 K o Bl 38, 3% 7 90 9% 1Y 037 a

pH £J ) 7.22, 5 REGKOUZAS % 2175 5| fiy 44 Aﬁ

SR WY BET R RE K, 4% Lot ] L

5418 m-g !, 4% B 15 REN 25 29I 5 i A By o 1

L LR L N 5423 m*g”', 5 BET §0P A iﬁ %%Y
KRR . PESAHIRLIR N 500 C, s [l oa / L

M AL S 05 W28 P 2, gl R A AL R WY -

(2~50 nm) {1 bW ds 22, Ul B % AR W e LB , , ,
quj;’%’o 1 10 100
22 FEREEMIRR F PIRH R s

V3 A B R LT BB e BB H2 BRELMROALHH
. . Fig. 2 Pore size distributions of sewage sludge derived biochar
6] () A8 AL B 0 o dn & 3¢a) ATEE 3(b) s, 24
ISR B mbf, (RRA SR R R, REA
THAL R R A shfa o B, BLEHS U8 58 Az P e XA 2 7= F e 19 5 i - JC B B . 24 ISR h 1.5,
1A 0.5 B, #InAY ke, 4w 174 bR EH B P eea, H ISR BN, UL 0 A P ik
AR . BBV 57 K (SEER 45 ), 1.5-SSB. 1-SSB Fil 0.5-SSB it fix 2% H1 e 2 A= 43 i)
4 363.02, 316.19, 202.24 mL-g (A VS i), HHEEXTHEAL, 1.5-SSB Al 1-SSB X 52 A 7™ F St 7 Il $ i
T 7.7%. 23.8%. 145 ISR A 0.5 B, BRACIIGEIGE— L, XA T 5 A fH A I 45 ™~

e, $hnama, reHEei S LIKE , 0.5-SSB fr 2 R H e it 2 Jy %t BELH 0 5.12 1% .
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Fig. 3 Comparison of cumulative methane production in anaerobic digestion of different digesters
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4 FL e T 4% 4 RO s T BE H A8k . 24 ISR=2 I, IR NS VR LA W B 5 75 R 5 48 J6E
P IR A A 7= B e (9 A s B A ISR MY 98i/DN AR W e 21 55 T R 2 ) e I 7 0 O 4 3 3 7 A 2%
o 1.5-SSBFESE 7 KikB| T =W b g, X BBALIR AT T 3d, H KW b H = s Al H Xt B 412
7 20.59%. ISR A 1105 B, NP E L H = REAERE, SABRRAZ 7 m
W o Dy B AR 1 R S A L 23 0 A W R P AR s e . [RIR, AR R R R K T AT

THXT AL, 1-SSB Fi1 0.5-SSB 1y K e H 7 £ 43 51l v T X R 4H 15.29% F11 79.8%
60 —=—2.SSB 50 ¢ —=— 1.5-SSB
—e— 2-%fHHZ
o 50 f 225 i % 40r —— 15514
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e £ 20¢F
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B 10t =
0 or
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
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Fig. 4 Comparison of daily methane production in anaerobic digestion of different digesters

FEFR EE A /N 7= B Bt i B Az ) T AN TR RE BE B T, R FAE IE (1Y Gompertz A5 Y X B8 il {5 e A
AWy B B IR B AL S B AT G, SE RN 3 B, AT LA, R AT LA G i R A0 A [
ISR ¥ Y8 3 A4 Wy e o R AR T AL B 7= T Bt sl B2 o P15 A A B X R e 7= R M, B % TSR A Ui
NGB, 5 SR R T BRI AR B AR — B b, A AR A R T IR
AHAL R P R, A RO R T R RREE . 24 ISR O 2 5 1.5 B, A HY BRI ek A 45
W, ULRHUCRT R R EIE E, RWVARRBCONFAE . M ISR IB/NK 135 0.5 BF, $nis Je 5Lk Yk
7 F ot 455 0 108 40 S0 4 6 T 22.19% 1 28.9%

L X H A A B L R B, ISR R AE K, B RIG IRIR R R, RIS VR AR g P s B
XoF JEE W0 P 3 07 ot R O, LA A et e A W o 2 R R B 2 ) R AECT Ak R e 38 B A5 i W =2 )
FE PR . A B IR, B s VR BRI/ o S ISR D, KW 2 i IR AT
A g B2 08, R AR VEA 7= B kg, 80 VEA b R, BRI T 585 7= be i
AR TG P 28 A BT HRAEL VSN W A T AR B I 3 DR AT Ak Y R Ak 4 HE R IR] . SUNYOTO %01
MR T RMMRR ., miGlREAEYRIME RO ERER, AfLnfERE, HESMILER
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Table 3  Fitted results for anaerobic digestion process by modified Gompertz model

. il SRH B =%/ (mL-g ")
205 {5 A/ } R
R (mLg ) BUAEM, W5 fi

2-SSB 0.001 49.26 415.38 432.95 0.92
2-%F HRZH 0.001 49.13 411.18 421.77 0.94
1.5-SSB 0.340 37.77 348.36 363.02 0.98
1.5-%F BRZH 0.770 34.53 325.52 337.09 0.98
1-SSB 12.610 17.22 314.35 316.19 0.98
1-% R0 16.190 13.08 243.69 255.36 0.97
0.5-SSB 23.490 9.08 198.23 202.24 0.96
0.5-%] IR 20 33.050 5.42 38.01 39.49 0.99

A AR R T AR A S, W T REY R, R T N E &, e T
VFA R FRCR, T H b =12,
23 SREEMRMKREIEWE pH RN

5 2 i5 Je A Wy e o DR AT Ak pH 52 o RV R 1~5 d, 2% SN 2% 19 pH Y45 AS [R) R 3 11
TR BfJE, NIE ISR T A pH 3K MR . ISR R 2 B, $omA:Y k5 7 X R & T L pH %A
WRPER . M ISR 15, 1 A0S HF, R BN, RREMRI, SLEromEy mitam T

8.0 8.0

75k %\, 757 K’—f——‘\'—‘
7.0}
7.0t
as) T 65T
[=9 [=9
65t —=—2.SSB 6071 —=— 1.5-SSB
—e— 2% MR 55l —e— [.5-%FHAZH
60r —— 2 —— 15254
50
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
SNl /d SIS /d
(a) HeFhib=2 (b) =15
8.0 851 —=— (.5-SSB
75k 8.0 —e— (0.5-XFHAZH
25l —a— 0.5-25 4
70
7.0+
6.5 6.5+
T 60 T o60f
55¢F
55F —=— |_.SSB sol
50 —e— XA 4'5
i —a— 4 '
4.5 40}
40— . . . . , , 35l . . . . , ,
0 10 20 30 40 50 60 0 10 20 30 40 50 60
2SRl /d 2SRl /d
(c) HeAlt=1 (d) $ERiE=05

B 5 A[ERKEIFH pHXTEE
Fig. 5 Comparison of pH of different digesters
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pH bFHEE, [H5 A Y A BRI R FE e T HXT A o Bl ISR M0/, SEERaSoimy, AW
G XTHEQEEﬁpHﬁ‘H%@“jt ISR [ 0.5 1, pH KA THARMAE, E'ﬁfiﬁjﬁi%%@ﬁﬂc}m
L, 2K VEA JF R, 0.5-SSB A 0.5-% B ZH 1 pH e AR A 53 551y 4.29 F13.95. 0.5-%] Hi 21
K pH YEHFAE 4.5 Zcfn, H PSS, WIe W & 200 T RS AL ™ e Y (6.8~7.8)0Y, LI
W UF B A B s, BT R R R . 17 0.5-SSB K pH )5 818 L FH5 6.5 647 . U BT Y R 1k ™
HIN, BT LG IR N, e 2ROV R E M. AIRAr R (36 2) th T LUE Y, s e
s A K, Ca Fll Mg S5 58043 J& JC 3R, JC 3R 78 RS Ak b T RE BRI Hh Ok I 5 CO, B b A i
HCO;/CO3, MIMi$2E RE MG b EE /1P, PAN Ik 8, LWk PAF7EM K. Ca S50 % AL
AT LME R R T RE AR EFCER, RIS TR R IR vPEe )y . SUN %1 Fl WANG 45
U ok W 50 BAE W) o 1Y) 2 i ) T LA Bl 9% it DR ARUTH AR AR 22 v VA i 2R
24 FRELEWVIRN REHUMENEZEMRFNT

1) A EREIR A o B o &6 & B 0 (BF 7 R) 4% 2H DR 480 Ak B s s v At TR A 0 AE 1T K-
AT E R . AE T LS S5 A LR A B R FEAR SIS T, RIS e
W BE 9 5l A Chloroflexi (36.06%). Proteobacteria (19.39%). Actinobacteria (9.62%). Bacteroidetes
(7.96%) F Firmicutes (5.83%), ¥4 DK AETH AL 0 H WA FECY, 24 ISR O 2 IF, 2 21 [y s Hh 40 e
WK A E B2 5. BEE ISR B/, RZRH AR A ML K, BLI Chloroflexi 1 AT =F
JEE N, YIARPT kB, Bl RS TH AL A LR Y)W B 093 K, Chiloroflexi f4 T80 40 AH X = B2 I
/o Chloroflexi 18 # ¥ & AL BRIK AL G W)Y DR ETH AR IR FR v B9, AR —FloK i 2 WA i, wT LAAn R
PR AT A BB B HEA TR S AR LE XS BRAL, A=Wy 41 %) Chloroflexi AHXT 4= BE W W 0 &y, HAE W) e X%
B4 ey LU 19 B TSR A D8/INTTT 3G DR o 3K 6 WA 2B W) ik A 3UE 18 T Chloroflexi B4 4 . SHEN 4587 4y
R IGS N AE W) e v LIS Chloroflexif AR X FE EEHS N . 5 Chloroflexi #{L, Proteobacteria B A Xt 3 B
W BEAE ISR B9/ 52 B /N 3, Ui B R PE AR B S i W R 0 AR K o MGy, B AE P o
Al DLTE — 2 R B 42 15 Proteobacteriafl = K A2 E M . Proteobacteria () 3 EAE H I 43 ff VAP, 15
B WS I A= e W] LAARE 2F VEA 9 53 AR o AHBC,  Firmicutes W AH X 35 B i 25 ISR B sl /)N 128 347 14
K o Firmicutes 3 % 7] LU i AR = b K2 79 BT, B AT LL3E B BE B R 1Y IR 40 TH Ak BF 45 BY,
Firmicutes [ A X} =F & BR ) b Hh a9 28 vk BE A O, XT L= H e L nl LLE H, ISR 2 2 1 1 IR
HALE B N A 4, U 2R, W RAMERAZ , 5 Firmicutes #XF £ BRI, FIBF, 7E
FHFE ML . BIAE Y kAL Firmicutes AHXS FFEW/N, X ™ HUGE AT pH S B0, 15 B AR H o Al
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Fig. 6 Variation of bacteria at the phylum level in different anaerobic digesters at the early stage
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DA S 56 490 1% e gt AR

WE 7 s, ERN S, AEM T W RMEWREE R T —ERENARL ., 5 RN
FIIARML, 7RI B BER , ISR O 2 A9 A= Wy e 41 55 0k B AR A0 i 2k e e R B AR AR R O AR R o i
I, 1.5-SSB 1 1.5-XF HRZH 1Y 7 H e AR AR, XF LGz i AR W REVR o AT BT, 0 B0 38 I g s R i 32
TR AR EEZEL, UEHAIE I 3 R ROV AR R CRE . 5 R BIAML, B ISR B8/,
Chloroflex 1 Proteobacteria RARXT BN, HAEAW B & . 76 ISR 2N 1 3 0.5 B, Bacteroidetes
[ R X = B TE A W e 20 5 0 BRZH 22 6] HY 0 T 8K 22 591 . 1-SSB Fl1 0.5-SSB 19 Bacteroidetes FH % 3 i
O3 ) HE X R AL 1 (1 4.25 1% R 2.52 4% . Bacteroidetes 52— Ff T LLKE K40 T80 Bt (A BE ) 7K itk 1
VFA W4T . A=Yk 201 Bacteroidetes FAXf B B, BEBI A Wy v] IR B RE R A0 A 1, AT
PR EHE AL TP R P A . S5 — 5T, Y ISRy 1805, SRIAH, fEhEl, YR
55X} BRAL 1Y) Firmicutes AHXT = B2 22 FRIG A, 100 B VS I0 AR ) 0 08 5 oy JYG 400 %) I e 238 T bR
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Fig. 7 Variation of bacteria at the phylum level in different anaerobic digesters at the later stage
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Effect of sewage sludge derived biochar addition on methane production and

microbial community structure during anaerobic digestion of food waste
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Abstract In order to investigate the effect of sewage sludge derived biochar (SSB) addition on anaerobic
digestion (AD) of food waste (FW), batch experiments with 4 inoculum to substrate ratios (ISRs) were set to
produce AD systems with different acidification degrees. The methane production and microbial community
structure in AD systems of blank group, FW control group and SSB addition group were tested. The results
found that when ISR=2, the effect of SSB on AD performance of FW was not obvious. However, biochar
reduced the lag phase by about 28.9% at ISR=0.5. The less ISR was, the more obvious effects of acidification
lag time reduction and the methane production rate improvement under SSB addition were. At the same time,
SSB could promote the growth of Chloroflex, Proteobacteria and Bacteroidetes, and the production of
intermediate products during AD process. When the ISR was large, the methanogenic pathway in AD was
mainly acetic acid utilization type, and SSB addition could promote the acetic acid type methanogenesis. As ISR
decreased, the methanogenesis pathway gradually shifted to the hydrogen utilization type. At the same time,
Methanosacrina gradually replaced Methanosaeta to use acetic acid for methane production. This study
provided a reference for the practical application of SSB addition in the AD of FW.

Keywords  sewage sludge; biochar; food waste; anaerobic digestion; methane production; microbial

community


http://dx.doi.org/10.1371/journal.pone.0102548
http://dx.doi.org/10.1016/j.jclepro.2017.05.135
http://dx.doi.org/10.1016/j.biortech.2015.10.100
http://dx.doi.org/10.1128/AEM.00489-06
http://dx.doi.org/10.1016/j.scitotenv.2018.06.007
http://dx.doi.org/10.1016/j.biortech.2019.02.025
http://dx.doi.org/10.1371/journal.pone.0102548
http://dx.doi.org/10.1016/j.jclepro.2017.05.135
http://dx.doi.org/10.1016/j.biortech.2015.10.100
http://dx.doi.org/10.1128/AEM.00489-06
http://dx.doi.org/10.1016/j.scitotenv.2018.06.007
http://dx.doi.org/10.1016/j.biortech.2019.02.025



