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Abstract: The aerobic hydrolysis process of rice straw was enhanced by biological reinforcement method,

and the effects of green Trichoderma and its addition amount (3% , 5% , 7% , and 9% of the total feed
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mass fraction) on its fermentation characteristics were studied. The biological enhancement time in the
aerobic hydrolysis reactor was 24 h, followed by anaerobic fermentation methane production potential
testing under 35°C conditions. The results showed that compared with the control group, the addition of
Trichoderma wviride for biological enhancement resulted in varying degrees of improvement in the
degradation rate of lignocellulose, production of volatile fatty acids ( VFAs), and gas production rate in
each group, with acetic acid being the main component of VFAs. The cumulative methane production was
fitted by using Modified Gompertz, and the fitting results were good. The cumulative methane production
of each pre-treatment experimental group with 3% , 5% , 7% , and 9% addition of Trichoderma viride
was 198.28 mL/g, 211.351 mL/g, 228. 44 mL/g, and 234. 78 mL/g, respectively. Compared with that
of the CK control group, the methane production was increased by 18.89% , 26. 72% , 36.96% , and
40.76% , respectively. The results showed that the comprehensive effect of adding 7% Trichoderma
virtde was the best. Under these conditions, the degradation rates of hemicellulose, cellulose and lignin
were 36.86% , 31.57% , and 7.43% , respectively, and the methane production was increased by
36.96% . The dominant bacterial communities during aerobic hydrolysis were Firmicutes, Chloroflexi,
Proteobacteria, and Bacteroidetes. Among them, the relative abundance of Firmicutes was decreased with
the prolongation of hydrolysis time, while the relative abundance of Chloroflexi and Bacteroidetes was
increased, indicating that the addition of microbial agents could change the structure of bacterial
communities and promote the progress of aerobic hydrolysis reaction.

Key words: rice straw; anaerobic fermentation; aerobic hydrolysis; biological reinforcement; green

2024 4

Trichoderma ; methane production characteristics

0 3]

KFEEREFEMWREEYZ —, BE" 7Y
2 x 10° t, 7K R 7% AT 9 U 28 & A SR A A%, Hob 173
FE A FERT RSB Sk B A 008 2 SR HE il A0
TR Y A5 T H I T 05 T R AU v AR RS AT T U
SRR T A BT ST MR, AT, T FE K RS RS AT b By
AR EAALFESERE  E A W MR AE s iRk R
SRS TERZ Ay b R AR Kk I BE 65 W)
B 7 A T SRR B, 2 — Tl 42 2 5 4 Ak 38 DL R3S ity
B VR A (A AR R A 7 T — R i R AL R B R,
HA TR B R RT50  H T K RS R R R A
B4 KRR 4R A 55+ K HIE By & 45 &
1) b AR S5 R AE A SR A5 1 T AR MEBE 4T 1, 5 BOK g o
FEP2 T A JE IR R e A DR O 3 S A AT
SEK A B B o 7 R S S A7 95 A B R AR 5 7 4
RG5O 5 B2 IR R B R s i T . B,
FEFF AL B vk A Y Ao Wk ik
) P A 3L B AR R X IR A SR ™A T Ak 2 T A 3
25 7 ks g ) B, AE SE B N sz 3 R
H 2Ry Ak B R — el AR G S G Ak B S,
LR R FA IO W B L 7 A B 4 T O R T R L 4F
MR LR HA REFEAC R o RN AR
I FREE A b R0 A 3RS I 2 SR AR A5, A T Y A
Mo Y WAL I B IR L B R B LR
£ T ) T R G e vk 40 T AELOK R Y B R
SRR E S E G W IT A B, i A
BB 5 IS W K R R R K Ay A L i Ak R T i

il

PEE B A5 AR I W e (VFAs) | O 7= e il i 9 1t
WX E g, g AR KRB RS TR
g

BhE SOARE FREE. s ZRIAENA
T LA 4 BN S AR R AT e R0
IR 32 24 p 7 R 80— R R & T R A
21 A 3% W - 21 A 2% TR B2 i R T 4 3R i O
WA T B ERCR T AT R RS 2
AR E M 22, & 5 LS ST AR T, 52 ma 1ot 4d 2

ARSI 7 1 4 3 W P e B TR R —— S (0
ARFEAE AT IO G2, R FEA R U 0L Bl 14 2 00 K 5
Xk K R AT G S K S 28R B9 5 i BF 5 A ) ik AL T
Ja A JRET 4 3R W i A< pH B VFAs 3R 25 2 K
A W AR G A B0 A1 B0, O I 5 AR i Ak )i oK
RS AT 00 7 R e v 77, LAY DA fige phe 7K s 3% T DR 4k
i o A7 1 (1 MR R R — b i A R AR 119 b BT 5
L BB IR A R P I AR S H o

1 #M#EEFE

FBERBER

2R AR B R AR AL AR R A SR e VAR JE LAY mT
P AR BEIRM B BRe 95 T R S e = I e AR 1T . 37
RBE IR 0 85 5% 2 O S 4% B A 0 3R B R AR
(PDA) . FrEL46. 1 g B AR IR IR AR, T L LK
H, T I21°C K B 20 ming AR W) i Ak BB B 57 45 19
BRI A 35 IR B WA B R 2k R G 1 R 48 h R
A G- S8 K fifp R A 52V 45 T o

1.1



R

ol 35 45 0 SRR Wi A TR ARKRE A 4 S DR S 0 A 24 I 7 TP 6t A5 PR AT 5 403

1.2 Re# A E

56 BT FH KRR RS FFEC A AR db Aol R 2 it g 55 )
F M 1E) BH AR 3 (K 2 1260227 ~ 126° 507, db 4
45°34" ~45°46") . F AR KT Ja FH # LK K RS
FEFEA B, BRI 52 JE AR BEALHR A, 28 A 35 BHAS BB 17
o $EFYIEL A S % A AT IR0 % 22 IR AR I
T R G H e S I A VR o R TR ) R )
AR ES R 1 PR,

F1 REEMERELSEMESH

Tab.1 Basic characteristics of raw materials

214 7K e e By
S R L % 90. 42 5.24
R A Ak 53 K % 76. 86 3.88
22 35 R % 41.97
LT U R TR SR % 35.45
VNN O 8.24
KBS % 9.58 94.76
C JR &4 50/ % 40. 61 19. 68
N 7 3 5350/ % 1. 12 1.24
WAL 36.26 15.87

RIS R FHARER R 2.5 LIS DR RN 2
i, R PR TR B 35°C R AT 4 AR K R ER SRR I8
- SRR B B i T D Rk 1) L A4 (TS 5 4 B0
10% , #E 450K i 24 b J5 i A VE W EE BT B2 R, IR AR
7 e e I B BE TS R A SO T N 8% o FELF R
KR I R A SR R B TR AL R
B AN o (TR o R ROTT 55000 4y B R 3% 5%
7% 9% . 5 AR 564 W30 A A [E 30 He ) 4 o K
T (BN 3% 5% 1% 9% H 9 Fm K Al A2,
A3 A4) B XFRRZH (CK) o FHHEK R IEE 7= R 1
SR, A R B — AR AR I D e SEK
i J5 45 b B2 DA S VEAs FIUR AR 4E 38 3 i, s ER
OARBEIIMNE 3% F1 9% Wi~ 1K 56 21 Ko X 18 26 ) 5
Ui AR KA I I 00 TR 2 4 R AR AR 1
1.3 MEEBRKRF X

SER(TS) & & ¥ KM R (VS) & & pH
(8 R AR 7 dk AT I o B B 220 380C |
2 h Wif# )5 R B Kjeltec2300 %1 9] [T 2 &AL 3 47
2 AR CRUR VRS TR AR ) L
K ZTER VEAs 5 i 95k F1 2 5842 6890N 7Y S AH £,
TEE AT A2, €60 A ME TR L SCHER [16] . R K
VFAs B3R FAMR LR 2

YR PR R E F E R ANKOM
200i B2 [ B 2 4 4y BT AL . X9 £ AT 4
(XRD) Il &5 4 JH fF 2% X Pert Pro X % 5 2% 7 51X

1E 40 kV i1 200 mA &4 T #:4E, Cu — Ko %8 5 7
1.540 60 A F 47, X% E K 10 ~90C , &
KR 0.02°C, FHH#H K 2°C/min, MAEYMHEZ
FEME K H AR fE 2R B 16S rDNA il )3 35 AR 817 50 #r o
AR 6 B S BORE B ) DNA SR sl R E M
S FER 4 DNA 42 B0 &, #0626 5 v 45 1 94°C
AR M 2 min;94°C 20 5,55°C 305,72°C .1 min 3£}
25 ANEIR IR IS TE T2°C S8R SE Al 10 min, f% 54
HB T 4C 40 A7, PCR(EBAMER ) ™=
it A JH 2% 350 W B e L Uk 43 A7, B 9 %A ) DNA
I a1 14 50) & 1 Wi, 9K 5 FH NanoDrop 2000 %1 /)
R THHEAT E &
1.4 H=&E
1.4.1 Modified Gompertz J7 &

2= E A Modified Gompertz 75 2 #E 17 1)
& R

R, e

P(t) :Pwexp( —exp(P”ac (A-1) +1) ) (1)

KX P(e)—— B2 BB H i, mL/g
P, —— AR A KA ) ,ml/ g
R, R H ™= B i, mL/ (g-d)
A—HEIR A [A] , d
1.4.2  KJRLF 4 R s R
A ST 2 2R 1) I e L4 5 ) B i e I Y o
T (4 75 A, A 2T 4 36 W A R A o
DG
= S 7). MXIOO% (2)
Aorf M ——F KA AT T AL BT IR A, g
M, ——F KFEFF AL B 5 T 6, g
P——3 oy RS RTS8, %
F KR AT Ak B R A
T KRS FF AL B SR A

n

i

r

J AT 2 B A3 (B T A W o R A
LT 4E2)
1.4.3 S5 EFEH(Crl)

Crl J 3P UG VAR 1) e K 22 25 6 4
(Crl) 525

Ly, -1
20 100% (3)

200

K Lo —— B AR 43R (B 45 5 R JG € JE 47 4
) V(R R B (fiT T #A 22°)
1,,—TG5E B 4 4 3 W 5 5% JE (7 9 ff
#)18°)

C,=



404 P A1 M S 4

2024 4

2 RBRERSHH

2.1 #HFREKBHE
2.1.1 pH{H

I fifk S T B B A ML) A K ik 4 T 2 T B9 4 T
OK ik G 2R IR I R SNy TS W, A R
SR B PR AR R, R AR pH (X R AU
PTG 3 0 R, e R I T e B
EHSHZ —. pH R MBUEY A K B TR E
Ji5- 2l Jy JEE R L RN BT A R, M R T B pH RIS
o7 0 R ™ PR b AR i il 2R K pHL {H v
H6.5~7.2, [ 1 S EINAS [ BE 5] e 790 25 A 3k 1
AR I FOK Ak B Be pHfEAZ A4 20, pH (SRS £k
A H G PR BIE P A = B Be BIE SR AR AT, B
Fg Al pH [EAS A A AR L pH {E 7 K % Bir B
i 3 h WA T, DD K i B BER 3 h B AT
Wl 7K 352 175, 2T 4k 3R ¥ K B0 20 i BE 1 2 R B
T A 6 T2 B T, R AN 1 BT AT R A
JRAR O # A AR A AR I T SRR U, B R
W g R 7= R B AR W R I B AR BT A
— S I A], Bl pH RS BN RE T

85-
80 —a— A
A —o— SR ERHI%
7.5H® —A— A%
J —v— REARET%
7.0 —o— R EAREI%
=
o,
=65
6.0
55F AviPrhriity
i,*-%’“’“‘" \v’r“'"
5.0 1 I * e \0"" 9@ ¢
> 5 10 15 20 25
IR/

B RIS [ A543 8 AR B3 0 U SR i ek B2 pHL A 9 5%
Fig. 1  Effect of adding different proportions of green
Trichoderma on pH value in aerobic hydrolysis process
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Tab.4 Kinetic parameters of cumulative gas production in different groups fitted by Modified Gompertz models
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