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Abstract: To explore the enhancement strategies for the methane production efficiency of anaerobic co-digestion systems by
exogenous compound enzymes, corn stover and food waste were adopted as the mixed substrates. Subsequently, the combination and
concentration of exogenous compound enzymes were optimized through batch experiments and the response surface methodology. In
the single-factor experiment on lignin, the component and concentration range of the compound enzymes were screened. Moreover,
20groups of experiments with the concentrations of laccase, endo-f-1,4-glucanase and xylanase as variables were designed by means
of the response surface methodology, and with the methane production promotion rate as the optimization objective. Based on the
experimental data, a model was successfully established and variance analysis was carried out. The results showed that response
surface analysis identified enzyme combinations within the ranges of laccase (1.5~4.0U/mL), xylanase (12~20U/mL) and
endo-f-1,4-glucanase (50~85U/mL), which could achieve a high methane production promotion rate, was finally determined as the
appropriate component of the compound enzyme. The continuous flow test validated the efficacy of the composite enzyme,
indicating that the addition of the compound enzyme promoted the proliferation of hydrolases and aceticlastic methanogens, released
lignin, cellulase and anaerobic digestion enzymes with higher activities, and thus increased the methane production rate of the
anaerobic co-digestion system by 19.5%.
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Table 1 Physicochemical properties of inoculum, food waste

and mixed substrate

ZH Herisie AR VR
TS (g/L) 35.4040.65  83.20£0.05  83.30+6.00
VS (g/L) 28.60+0.59  81.20+0.68  77.70+5.60
ML (TCOD,g/L)  45.2043.90  204.60+4.50  113.20+1.20
VR PEAL 2 il
1.9740.23  84.70+1.30  14.70+3.40
(SCOD, g/L)

pH i 7.75+0.02 436+0.01 4.06+£0.25

HH Fi(g/L) 1.95+0.44 2.98+0.02 2.72+0.88
Z¥l(g/L) 0.27£0.02  81.5041.20  12.20+0.41
HA(mg/L) 63.2040.05  305.60+1.41  537.00+3.00
% (g CaCO4/L) 3.50+0.78 n.d. nd.
LR (mg/L) 6.40£2.90 1875.60+74.18  884.70
N (mg/L) 135.10+7.64 n.d. 13.00
T8 (mg/L) n.d. n.d. 83.30+6.00
SR (mg/L) n.d. nd. n.d.

C (%) 47.80+0.53 44.70

H (%) 4.72+0.13 5.10

0 (%) 27.30+1.18 35.60

N (%) 5.71+0.05 1.97

S (%) 0.87+0.04 0.62
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Table 2 Operating characteristics of the batch experiments

BRIREE M) HEDT B4

R 7K(mL)
(U/mL)  (mL) (mL) (mL)
. / / / 9.70
A
/ 7.20 / 2.50
0.50 0.25 230
1.00 0.50 2.00
Mt 1.50 7.20 0.75 1.75
I ' ' ' '
2.00 1.00 1.50
) 5.00 2.50 /
B
0.50 0.25 9.45
1.00 0.50 9.20
fi§ 1.50 / 0.75 8.95
2.00 1.00 8.70
5.00 2.50 7.20
5.00 0.25 225
10.0 0.50 2.00
e 20.0 7.20 0.75 1.75
R X . . .
" 25.0 200 1.00 1.50
1-B-1,4- .
j] B ) 50.0 2.50 /
iy 5.00 0.25 9.45
W N ’ ’ ’
10.0 0.50 9.20
ity 20.0 / 0.75 8.95
25.0 1.00 8.70
50.0 2.50 7.20
10.0 0.20 2.30
20.0 0.40 2.10
it 25.0 7.20 0.50 2.00
- X . . .
75.0 1.50 1.00
- 125 2.50 /
T YN
10.0 0.25 9.45
20.0 0.50 9.20
I 25.0 / 0.75 8.95
75.0 1.00 8.70
125 2.50 7.20
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Table 3 Experimental conditions and response values for

response surface optimization

) B API-B-LAHIE ARRBENG 7B AR
st . .
(A,U/mL)  FER§(B,U/mL) (C,U/mL) HE#(%)
1 4.13 413 413 163
2 4.13 80.0 413 13.3
3 4.13 413 413 26.3
4 1.82 64.3 182 17.6
5 4.13 2.50 413 21.7
6 4.13 413 2.50 20.4
7 0.250 413 413 12.7
8 6.43 64.3 64.3 -135
9 6.43 182 182 20.5
10 1.82 64.3 64.3 20.9
1 4.13 413 80.0 2.69
12 4.13 413 413 7.09
13 4.13 413 413 14.4
14 4.13 413 413 10.7
15 6.43 182 64.3 11.0
16 4.13 413 413 5.41
17 6.43 64.3 182 10.8
18 1.82 182 182 14.9
19 8.00 413 413 -125
20 1.82 18.2 64.3 6.56

Q—M RMAER
4 B A it
4 . v
pr— o
L oo Eh#% HHE

o HEE O

e DMBR
1 LIHH RGNS E

Fig.1 Configuration co—digestion system used in this study
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Fig.2 Changes of methane production potential (P;) and maximum methane production rate (R,.c) with added of different

lignocellulose degrading enzyme doses and mixed substrate with S/I of 0.30g VS/g VS in the anaerobic co-digestion

system of corn straw and food waste
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Fig.3 Changes of P, and R,,,, of added different lignocellulose degrading enzyme doses to anaerobic co—digestion without feeding

substrate

50 -
L
=
-
- /l
0 et
yd [}
. /
£ /
= 50
= /
///
/
100 = /'
-150 | 7
1 | 1 1 1
-150 -100 -50 0 50
S

4 PR R ) S R S TOE
Fig.4 Actual vs. predicted values of the methane yield

il 5 fion,AB 5 AC M I T g 5, 35 I R
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5(e, DATZR, BB FE A 41.25U/mL, A S BEBHE T
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(1 i 2H 455 BBl R 21 gy 7 FR e 2 3 6 A V2 D, 3 B
% M (1.84U/mL) « K 2K ¥ B (18.67U/mL) Fll ) 1)
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Fz4 MEEEAERFESHER
Table 4 ANOVA for response surface quadratic polynomial
models
KIE P AW By F p
AR 4.131x10° 13 31773.98 4195 <0.0001 B3
A-A  1.038x10° 1 1.038E+05 137.06 <0.0001
B-B 388.37 1 388.37 0.5127  0.5009
c-C 1716.98 1 1716.98 2.27 0.1829
AB 40939.48 1 40939.48  54.05 0.0003
AC 30984.32 1 30984.32 4091 0.0007
BC 21289.13 1 21289.13  28.11 0.0018
A? 85304.71 1 85304.71 112.62 <0.0001
B? 1236.50 1 1236.50 1.63 0.2486
c? 71.37 1 71.37 0.0942  0.7692
ABC  29957.40 1 29957.40  39.55 0.0008
A’B 7999.45 1 7999.45 10.56 0.0175
A2C 7938.16 1 7938.16 10.48 0.0177
AB? 17345.80 1 17345.80  22.90 0.0030
Rz 454476 6 757.46
KL 1377.94 1 1377.94  2.18 02002 R
a7 3166.82 5 633.36

MBI 4.176E+05 19
E: P<0.05,2 57 8.3, P>0.05, %% AR EHE. (R” = 0.9891, Ry’ = 0.9655,
M = 23.4095, brfE%=27.52, C.V.% = 8.32).
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Fig.5 Three-dimensional (a, c, and e) and contour plots (b, d, and f) for the response variable (methane yield) with respect to

different experimental factors
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Fig.7 The efficiency of continuous flow DMBR co digestion system for methane production before and after the addition of

exogenous complex enzymes
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VFA (A8 3 S, U HOE ZR TN IR, 5 4
MR WNIRAESE & BB BU R — 2 7a).
DRI, 7 D A0 U 2 WA v R0 A v Y X A BT
SRR ER [ N (e BT A5 e 1R FR e 1.

%5 SNREEABEERINAIE DMBR RS LEEA RS
HERBGTEE
Table 5 Anaerobic digestive enzyme and lignocellulolytic
enzymes’ activities in the DMBR system before and after

the exogenous compound enzyme addition

TSURFE NN (Day 35) Nk (Day 123)
it oA T 39.7+3.0 36.4+3.1
HH M 741.4+26.0 905.4+33.0
LT 64.7+10.1 187.8+5.6
:é/ﬁi 7 TR 156.1+4.6 260.0+3.5
A A 91.5£2.4 127.0+2.1
7 b 4 Fano 791.5+75.1 1673.5+97.1
AT 42.7+13 86.4+1.0
NS Y
AR B 174.0+13.7 291.8+11.1
YR WYITERIEE  (1.9120.16)x10°  (1.69£0.17)x10°

(UL) 2P RWIELTHR . 5
s (2.13£0.03)x10°  (5.46+0.03)x10°

PLTHEE KRN

109.4+3.7 100.2+3.8
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9 T S AL FR Gox £ 4 R IR AE ) T B AR RE ) AE
M J@ 7K I, Bacteroidalesnoname JBAF Jy 3 F AL,
P BN S R T H(&] 8(b)), R N &2 & s
A ARG 9 S D K A e 0 64, Smithella v & )
A FERE RN, A BT DMBR 2R 4t ikt N IR SR 5K
PURS R 84T B Ah S N AR IR 2 5 il S A SR
Methanomassiliicoccales_noname K1 Methanoculleus

DRSPS S 1A < I a1 (2 R S 5 R ]

a
(@) 100 [ Bacteroidetes
2 Proteobacteria
XX Chtoroftexi
80 - 28] Firmicutes
m EI Euryarchaeota
e
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3 et @ =25 Bacteria_noname
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® N 2 ES58 Spirochaetes
; wl ///// 7 other
-4 / /
7
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DA A Bl 12 4y o0 BT K A BRAGAR I S 08 7R 1R
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Table 6 Removal rate of cellulose, hemicellulose, lignin, and

TS of substrate and sludge in the continuous operation mode.

TV FE I T (Day 35) NG (Day 123)
YR 19.46 20.20
FERE (g/L) JefYi 12.39 13.30
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FE i 84.61 94.36
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Fig.8 Changes in microbial community and metabolic genes before and after the addition of complex enzymes (Day 100, Day 153)
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