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Optimization of anaerobic digestion process for methane
production and microbial functions of hulless barley straw
with mixed addition of biochar and Fe;04
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Abstract: [Objective] To optimize the anaerobic digestion process for methane production of
hulless barley straw with mixed addition of biochar and Fe;O4 and investigate the feasibility of
mixed addition of biochar and Fe;O4 in the anaerobic digestion of lignocellulosic waste.[Methods]
We employed single factor and response surface experiments to optimize the anaerobic digestion
process for methane production of hulless barley straw with mixed addition of biochar and Fe;Os.
Metagenomics was employed to analyze the microbial community structure and methane
production pathway during digestion.[Results] The optimal digestion conditions were 6.32% total
solids, biochar-to-Fe;O4 ratio of 6.83:3.17, and inoculation ratio (volatile solids ratio of inoculum
to hulless barley straw) of 2.51. Under these conditions, the measured value of cumulative methane
production based on volatile solids was 269.04 mL/g, with a relative error of less than 5% from the
predicted value (265.95 mL/g), which indicated that the model was effective. The mixed addition
treatment under the optimized conditions increased the methane production of hulless barley straw
(P<0.05), with the effect comparable to that of the chemical pre-treatment. Meanwhile, the
treatment increased the acetic acid content while reducing the accumulation of propionic and
butyric acids. Metagenomic analysis showed increases in the relative abundance of bacterial taxa
such as unclassified Bacteroidota, unclassified Bacteria, Clostridium, and Fibrobacter, as well as
acetotrophic methanogens such as Methanosarcina and Methanothrix, which promoted the
utilization of acetic acid and enhanced the direct interspecies electron transfer (DIET) between
microorganisms. The mixed addition of biochar and Fe;O4 in the anaerobic digestion system
enhanced the acetotrophic methanogenic pathway, thereby enhancing methane production.
[Conclusion] The response surface methodology can optimize the anaerobic digestion process for
methane production of hulless barley straw with mixed addition of biochar and Fe;O4. The mixed
addition of biochar and Fe;O4 enables efficient production of biomethane and environmentally
friendly treatment of lignocellulosic waste.

Keywords: hulless barley straw; anaerobic digestion; biochar; Fe;O4; response surface methodology;
metagenome; microbial community; methane production pathway
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Table 1 Characteristics of raw materials and inoculum

Materials Total solids (%) Volatile solids (%) pH Lignocellulose (%)
Hulless barley straw 93.97+0.11 92.64+0.27 - 75.42+0.91
Inoculum 7.38+0.16 2.97+0.26 7.48+0.42 -

GHEEZ)R 90%; FesO4 M I 127 s AR AE AL R
AHBRAT, LA 99% LU T,
1.2 It

PR AT A 50 R 4 1 3l Y Je v 7 AR
MultiTalent 203 #F77 . ZAX %8 EE iy 3 $44l
B KRN . BRI R R 2 R 2 3 1
Bl R ARG L T e A R IS 7 L 4 1
K . 154 500 mL & BEHR AP R 4,
S (P L sy 2 TS S )
BISTRG o Tt AR B R B A 3 mol/L 1Y
NaOH ¥, T W fbad #& v = £ 1 CO,
Il HoS RS, AU AVF CH il L, JRmA
pH FE 78 M IR SS G BE 1 . 2l iU
AT 2 X R T YR A RS RNV ) R R
M CH, AR, SRR Z I = A B kv, it
AREE R ER G DM Es R, i
JER(37+0.5) °CRTEIRAAAE T, E AU R
Sif 3 min @A BRE 1R, BRI FE R
0.5 min, LAAER N #5 NP EH ARG . &4k
FEAHPRHAS I B 400 g, FFARYE AL FEEOR R
IR U6 . 7 RS AT LA KA I B8] B A 4
1 Fes040 A KEEIVBOE N 19 d, B4
PrRE 34, ilaEEdE.
12,1 BREZRAE

TEA W) I AN FesO4 IR A WS il iE R 8% (BT
SEA) MR L, BEAEY RS FesO4 A LE
K 5:5. EEIRE A 6% LUK (G I
55 RRAS AR R PR VA B 0 LU AE) o 2.5, it
SHURFEEYIRYE Fe:0,IRA L, 43510 1:9,
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Table 2 Additions for each processed material

Treatment Inoculum Hulless barley straw Biochar Fe;0, Distilled water
group addition (mL) addition (g) addition (g) addition (g) addition (mL)
1 179.92 2.89 0.90 0.38 217.20

2 359.84 5.78 1.79 0.77 34.38

3 190.70 2.04 0.90 0.38 207.26

4 381.41 4.08 1.79 0.77 14.51

5 186.24 2.39 0.64 0.64 211.37

6 372.48 4.78 1.28 1.28 22.73

7 186.24 2.39 1.15 0.13 211.37

8 372.48 4.78 2.30 0.26 22.73

9 269.88 433 0.96 0.96 125.79

10 286.05 3.06 0.96 0.96 110.88

11 269.88 433 1.73 0.19 125.79

12 286.05 3.06 1.73 0.19 110.88

13 279.36 3.59 1.34 0.58 117.05

14 279.36 3.59 1.34 0.58 117.05

15 279.36 3.59 1.34 0.58 117.05

16 279.36 3.59 1.34 0.58 117.05

17 279.36 3.59 1.34 0.58 117.05

HEYEARA BRA G AT I, 2 R A ) T
VE BTN RN A= DB e A BRA w58 18, K
FH Tlumina NovaSeq 6000 PE150 il )55 3F- & #6475
Y . AR LY . By
DISEOLALAL B, #4301 reads fif |l MEGAHIT
VEATZHZEE BT, contig J741, i1 MetaGeneMark T3l
0 Zm i X 888, JE A Unigenes 45, Unigenes 145
1% %1 3 :f Diamond X 5 NR 4 & (http://
ncbi.nlm.nih. gov/) LU XF, #HATHFER, IF S
KEGG %# 72 (http://www.kegg. ip )\UEA T HL X, 4k
BIBEERE R .

2 ZEREH®

21 REERMEYRN Fe;04 AR R
IRILER

L LA RTAT, 2 R A B AR LD
ARSI, BRI SRR o G TR U
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Figure 1 Effect of different factors on cumulative methane production. A: Biochar and Fe;O4 mixing ratio; B:

Total solids content; C: Inoculation ratio.

%<3 Box-Behnkenif 3% 1+ K45
Table 3 Box-Behnken design and test results

Runs Factors Cumulative methane
Biochar and Fe;O4 mixing ratio Total solids content (%) Inoculation ratio production (mL/g)

1 7:3 4 2.0 179.42

2 7:3 8 2.0 227.65

3 7:3 4 3.0 218.84

4 7:3 8 3.0 195.81

5 5:5 4 2.5 190.28

6 5:5 8 2.5 225.18

7 9:1 4 2.5 195.89

8 9:1 8 2.5 202.86

9 5:5 6 2.0 189.54

10 5:5 6 3.0 216.56

11 9:1 6 2.0 197.26

12 9:1 6 3.0 189.92

13 7:3 6 2.5 268.06

14 7:3 6 2.5 261.95

15 7:3 6 2.5 261.98

16 7:3 6 2.5 270.48

17 7:3 6 2.5 262.85
N RAE, AEIIRYS FesO4 IR G H(4). S RTE W 4 P, iy TSR 25 (P<0.000 1),

TREMEMLOENAZR, @ 8al  RITAREP=0.432 3>0.05), R*=0.9930, F=
T, 3T Design-Expert 12 8GRI R AT 110.74, FEHAIZAERI g X 75 BRAS AT 00 2 FH b

TR . FPEEETA R ST, FERE A SRS
Y=265.06-4.454+8.38B+3.41C-6.984B— W NAEZ BRI R . KRR PERH, 4,
8.594C-17.81BC-34.314°-27.20B8°-32.43C>, B, C¥IRBEZMKE,; AB. AC X HAUV
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Table 4 Variance analysis for the response surface model

Source of variation Sum of squares  Degress of freedom  Mean squared  F-value P-value Significance
Model 16 526.26 9 1 836.25 110.74 <0.000 1 **
A 158.69 1 158.69 9.57 0.0175 *
B 562.30 1 562.30 33.91 0.000 6 ok
C 92.89 1 92.89 5.60 0.049 8 *
AB 195.02 1 195.02 11.76 0.011 0 *
AC 295.15 1 295.15 17.80 0.003 9 o
BC 1 269.50 1 1269.50 76.56 <0.000 1 ok
A 4 956.75 1 4956.75 298.94 <0.000 1 *x
B? 3115.29 1 3115.29 187.88 <0.000 1 **
c 4429.12 1 4429.12 267.12 <0.000 1 **
Residual 116.07 7 16.58

Lack of fit 53.65 3 17.88 1.15 0.4323

Pure error 62.42 4 15.60

Cor total 16 642.32 16

R?=0.993 0; *: Significant influence (P<0.05); **: Extremely significant influence (P<0.01).
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Figure 2 Response surface plots of factor interactions. A: Biochar and Fe;O, mixing ratio and total solids
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Table 5 Quality control and assembly results of metagenomic sequencing data

Samples Number of clean reads Contigs total N50 length (bp) Q20 (%) Q30 (%) G+C content (%)
ZT-4 67 785818 307 135 2583 98.49 95.11 45.96
Z-4 65872418 265 595 2721 98.56 95.31 45.07
T-4 67 890 442 314295 2 660 98.49 95.11 45.94
CK-4 68 331 462 305 864 2386 98.50 95.14 46.28
ZT-19 65 265 230 278 625 2529 98.44 94.97 48.34
Z-19 67 738 036 262914 2832 98.60 95.45 48.19
T-19 68 664 516 302 205 2578 98.50 95.16 48.98
CK-19 69 662 246 315778 2507 98.68 95.69 49.13
A 100 [ Others
B 7 hermoclostridium

80+

60+

40t

Relative abundance (%)

20+

B 100
80
60

40

Relative abundance (%)

20

Z1-4  7ZT-19  Z7-4 Z-19 T-4 T-19

Z1-4  Z1-19 Z-4 Z-19 T-4 T-19 CK-4 CK-19

I Unclassified_Deltaproteobacteria
B Unclassified”Candidatus _Cloacimonadota
B Unclassified” Eubacteriales

W Mariniphaga

B Lascolabacillus

B Bacteroides

B Fibrobacter

I Unclassified_Spirochaetota

B8 Unclassified”Planctomycetota
8 Acetivibrio

B Unclassified_Peptococcaceae

B Clostridium

I Unclassified Bacillota

T Unclassified”Bacteria

B Unclassified”Bacteroidota

[O0thers

I Unclassified Methanomassiliicoccales
B Unclassified_Methanosarcinales

= Methanobacterium

Bl Unclassified Euryarchaeota

Il Unclassified Archaea

B Methanoculleus

[l Unclassified Candidatus Bathyarchaeota
[ Methanothrix

B Methanosarcina

CK-4 CK-19

E5 ARLIEBMEVBKFE LB/, A: 4E; B: dF.

Figure 5 Composition at the microbial genus level in the different treatments. A: Bacteria; B: Archaea.
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o B AN T 9.04% . 18.74% Fl 27.64%. X ik
WS INA Y 5 FN FesO4 2 iE T 2R AL A
Mo ZE R S5 ARM 5 P RERS DTER IR D) e B AR
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Mixed additive-mediated anaerobic fermentation

liquid of hulless barley straw
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Figure 6 Effect of different treatments on methane metabolism pathways. A: Major metabolic pathways; B:
Related enzyme gene abundance.
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