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Abstract To explore the feasibility of integrating carbon-based and iron-based materials in the anaerobic digestion
of hulless barley straw, seven different conductive materials were selected as additives. The effects of varying mixed
amounts of carbon-based and iron-based materials on the anaerobic digestion performance of hulless barley straw
were assessed. The results demonstrated that the combination of carbon-based and iron-based materials enhanced the
degradation rates of cellulose and hemicellulose in the straw. Compared to the treatments with individual addition
and no addition of conductive materials (control), the majority of mixed addition treatments demonstrated superior
synergistic effects, significantly enhancing the methane production performance of hulless barley straw (P<0.05).
Furthermore, there was an optimal combination for the mixture of carbon-based and iron-based materials. Compared
to the mixture of graphite with iron-based materials, the combination of activated carbon and biochar with iron-
based materials yielded better results. Among them, treatments with 8% activated carbon mixed with iron filings and
8% biochar mixed with Fe,O, achieved a higher cumulative methane production, at 221.52 and 219.47 mL/g,
respectively. This represented an increase of 44.34% and 43.00% over the control, and an increase of more than

28.71% and 26.85% compared to their individual additions, respectively. These two treatments also perform better
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in terms of economic benefits, making them the most suitable carbon-based and iron-based material combinations
for the anaerobic digestion of hulless barley straw. Additionally, the use of carbon-based and iron-based materials

could effectively prevent environmental pollution caused by chemical treatment of straw, representing an efficient,

eco-friendly, and simple method for processing lignocellulosic waste.
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Table 1 Characteristics of raw materials and inoculum
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Table 2 Coupling treatment and specific additions &

CK 0 0 6%C2F2 0.72 0.72
Cl1 0 2.4 8%C2F2 0.96 0.96
C2 0 2.4 10%C2F2 1.20 1.20
C3 0 2.4 12%C2F2 1.44 1.44

Fl1 2.4 0 4%C2F3 0.48 0.48

F2 2.4 0 6%C2F3 0.72 0.72

F3 2.4 0 8%C2F3 0.96 0.96
F4 2.4 0 10%C2F3 1.20 1.20
4%CIF1 0.48 0.48 12%C2F3 1.44 1.44
6%C1F1 0.72 0.72 4%C2F4 0.48 0.48
8%CI1F1 0.96 0.96 6%C2F4 0.72 0.72
10%CI1F1 1.20 1.20 8%C2F4 0.96 0.96
12%C1F1 1.44 1.44 10%C2F4 1.20 1.20
4%C1F2 0.48 0.48 12%C2F4 1.44 1.44
6%C1F2 0.72 0.72 4%C3F1 0.48 0.48
8%CI1F2 0.96 0.96 6%C3F1 0.72 0.72
10%C1F2 1.20 1.20 8%C3F1 0.96 0.96
12%C1F2 1.44 1.44 10%C3F1 1.20 1.20
4%CI1F3 0.48 0.48 12%C3F1 1.44 1.44
6%C1F3 0.72 0.72 4%C3F2 0.48 0.48
8%CI1F3 0.96 0.96 6%C3F2 0.72 0.72
10%C1F3 1.20 1.20 8%C3F2 0.96 0.96
12%C1F3 1.44 1.44 10%C3F2 1.20 1.20
4%CI1F4 0.48 0.48 12%C3F2 1.44 1.44
6%C1F4 0.72 0.72 4%C3F3 0.48 0.48
8%CI1F4 0.96 0.96 6%C3F3 0.72 0.72
10%C1F4 1.20 1.20 8%C3F3 0.96 0.96
12%C1F4 1.44 1.44 10%C3F3 1.20 1.20
4%C2F1 0.48 0.48 12%C3F3 1.44 1.44
6%C2F1 0.72 0.72 4%C3F4 0.48 0.48
8%C2F1 0.96 0.96 6%C3F4 0.72 0.72
10%C2F1 1.20 1.20 8%C3F4 0.96 0.96
12%C2F1 1.44 1.44 10%C3F4 1.20 1.20
4%C2F2 0.48 0.48 12%C3F4 1.44 1.44
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Table 3 Lignocellulose degradation rate and TS and VS removal rate in different treatments
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1.69+0.06
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1.62+0.06
1.76+0.03
1.7540.09
1.62+0.07
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1.5540.05
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20.53+0.53
23.87+0.54
24.48+0.55
24.06+0.51
25.44+0.42
26.20+0.60
26.71+0.25
24.19+0.32
27.92+0.31
30.67+0.60
31.93+£0.91
32.48+0.82
30.54+0.69
27.37+£0.47
30.79+0.87
34.64+0.98
34.39+0.49
30.75+0.28
28.59+0.28
30.29+0.32
31.24+0.52
31.40+0.73
31.05+0.09
28.98+0.35
29.74+0.62
32.36+0.35
32.58+0.55
33.26+0.25
30.35+0.52
29.68+0.64
30.91+0.66
32.50+0.64
27.98+0.61
31.34+0.59

26.20+0.32
30.59+0.50
31.45+1.04
30.64+0.62
32.49+0.43
33.12+0.53
34.0240.52
30.65+0.55
35.2240.31
39.17+0.82
40.36+0.32
41.18+0.98
39.274+0.54
35.15+0.98
39.33+1.27
44.06+0.18
42.62+0.36
39.52+0.55
36.46+0.49
38.62+0.77
39.93+0.68
40.2941.20
39.66+1.23
37.14+0.74
37.64+0.56
41.15+0.86
41.40+0.63
42.4340.56
38.86+0.77
37.43+0.37
38.95+0.41
41.10+0.80
35.85+0.60
39.92+0.89

6%C2F2
8%C2F2
10%C2F2
12%C2F2
4%C2F3
6%C2F3
8%C2F3
10%C2F3
12%C2F3
4%C2F4
6%C2F4
8%C2F4
10%C2F4
12%C2F4
4%C3F1
6%C3F1
8%C3F1
10%C3F1
12%C3F1
4%C3F2
6%C3F2
8%C3F2
10%C3F2
12%C3F2
4%C3F3
6%C3F3
8%C3F3
10%C3F3
12%C3F3
4%C3F4
6%C3F4
8%C3F4
10%C3F4
12%C3F4

25.5740.55
26.30+0.53
26.77+0.16
26.40+0.54
26.80+0.72
26.33+0.30
32.11+0.70
26.27+0.53
28.63+0.38
30.30+0.98
26.70+0.31
27.10+0.81
28.96+0.38
26.54+0.68
23.54+0.42
23.46+0.25
23.57+0.31
24.96+0.23
22.46+0.67
20.66+0.25
24.25+0.44
21.94+0.43
25.33+0.59
22.08+0.41
22.57+0.47
24.57+0.43
22.90+0.47
23.7540.51
23.87+0.45
23.92+0.30
24.94+0.38
26.61+0.41
24.62+0.49
25.3540.13

19.00+0.27
17.78+0.34
19.42+0.38
20.86+0.58
21.01£0.53
18.93+0.58
22.88+0.03
23.46+0.32
21.58+0.29
21.08+0.45
20.12+0.53
20.99+0.58
20.80+0.41
18.66+0.38
15.70+0.08
17.25+0.27
17.18+0.22
18.32+0.32
15.41£0.41
15.91+£0.34
17.41£0.20
16.91+0.34
18.374£0.34
16.28+0.18
16.68+0.46
16.94+0.37
15.97+0.11
17.19+0.04
17.81+0.42
17.41£0.34
18.74+0.29
18.58+0.32
17.03+£0.29
17.23+£0.40

1.55+0.02
1.54+0.02
1.72+0.06
1.62+0.04
1.60+0.03
1.62+0.04
1.90+0.11
1.52+0.10
1.74+0.08
1.83+0.08
1.75+0.07
1.70+0.07
1.80+0.04
1.52+0.05
1.45+0.07
1.48+0.04
1.52+0.09
1.56+0.02
1.33+0.02
1.39+0.03
1.48+0.05
1.34+0.03
1.41+0.05
1.43+0.07
1.39+0.04
1.53+0.08
1.39+0.02
1.54+0.06
1.44+0.04
1.45+0.06
1.50+0.04
1.52+0.06
1.42+0.04
1.55+0.06

30.53+0.53
29.3240.35
30.68+0.09
31.50+0.33
31.47+0.39
30.93£0.55
34.60+0.40
29.74+0.48
33.40+0.82
33.22+0.60
31.99+0.44
31.37+0.77
32.97+0.37
28.31£0.85
25.89+0.44
26.97+0.60
27.55+0.77
27.70+0.31
25.214+0.60
24.51+0.34
27.00+0.59
25.60+0.49
27.35+0.45
26.16+0.07
26.98+0.70
27.45+0.47
25.12+0.65
27.60+0.59
27.37+0.48
28.28+0.72
29.23+0.64
29.2240.76
27.92+0.86
27.81+0.71

38.54+0.28
37.26+0.52
39.30+0.81
39.97+0.85
39.99+1.09
39.13+£0.79
44.33+0.93
37.69+0.77
42.88+1.03
42.14+0.63
40.3840.66
39.57+1.11
41.9940.79
36.36+0.80
32.67+0.57
34.5240.41
35.26+0.35
35.45+0.35
31.77+0.88
31.3940.52
34.72+0.29
32.67+0.99
34.87+0.03
33.24+0.35
34.08+0.28
34.97+0.80
32.29+0.97
35.43+0.27
34.56+0.25
35.80+1.11
37.41+0.63
37.26+0.72
35.35+0.82
35.56+0.67




+ 1324 -

B TR

5%

AL B R B D SR o KU, e R R A
ARG At T U R AL B (IR 4% | o
AR | S TR ) 1] H e i) A R A
22 BEMGKEMBRARINNEREH~FRE
HIRZE
H 1] 1~1%1 3 AT, 78 12 2[RI BRFEFPRIE AL

=
S

SRR H 5t/ (mL/g)

SR H it i /(mL/g)

RABINE R 4%~12% WVEE Py, &40 28 H 7= F b
R ETH R E RS, H CK A H = s
At BAE S S R, e 3 Ak L BHE & 38 Ak
BRI H 7 B s W (A P 8T, HIAESS 3~4 K
[FIERE, 25 T A S n i PR3 o, 45 Ah 3L %) SRR B
A RIS T R IR R

250 250
00t g gy D be g;"zoo b
150 2 & 150
®
100 E 100
=
50 m*; 50
0
s C\e Wt & 9 ok WA & ¢ o
R N RN r r I
LR mﬂizﬁ
250 250
a a o
200 | oy ab o o %"200
150 5 = 150
®
100 B 100
=
50 5; 50
0 0
ro?r c\ﬂ \?I c\ﬁ SINENVAR N }C‘e( c\‘ﬂ c\ﬂ c\‘ﬂb‘c\@ [OIRLNG
o N NN
b2 pscrl
(b) B Hik i

1 AF/NG FRER RO R AL BRI 9 22 5 B 35 (P<0.05). 43C[F .

—— 4%CIFI —a— 4%CIF2
=120 —o— 6%CIFI = 120 —— 6%CIF2
= —— 8%CIFl 3 —— 8%CI1F2
2 100 —— 10%CIF1 g 100 —v— 10%C1F2
< o0 —— 2%CIFI = ¢ —— 12%CIF2
i3 i
B 60 £ 60
= =
i 40 440
=20 T 20

0 0
1357 91113151719 1357 91113151719
i fi)/d i 1a/d
140 —=— 4%CIF3 140 —=— 4%CIF4
120 —— 6%CIF3 _ 12 —o— 6%C1F4
S —— 8%CIF3 —a— 8%CI1F4
2 100 —v— 10%CIF3 2 100 —v— 10%CIF4
& —— 12%CIF3 & —— 12%CIF4
¥ TH O Ofa 1
£ 60 £ 60
?lii —— CK B
540 £40
=20 20
0 0
1357 91113151719 1357 91113151719
i iil/d i 1/d
(a) A= He i
E1
Fig.1
140 ——4%C2F1 140 —a—4%C2F2
120 ——6%C2Fl 129 ——6%C2F2
3 ——8%C2Fl T —a—8%C2F2
=2 100 ——10%C2F1 = 100 —v— 10%C2F2
& ——12%C2F1 £ —— 12%C2F2
1 80 8] 80
£ 60 £ 60
= =
440 340
T 20 )
0 0
1357 91113151719 1357 91113151719
it fil/d i 1a/d
140 —=—4%C2F3 140 —=—4%C2F4

——6%C2F3 —o—6%C2F4
5 120 ——8%C2F3 o 120 —a—8%C2F4
= 100 ——10%C2F3 § oo ——10%C2F4
E -l E - 12%Cor4
= 80 ]ﬂ\ﬂﬂ 80
£ 60 £ 60
= =
340 5 40
20 T 20

0

135 7 9 1113151719

I} i) /d IR} fE/d

(a) Hr= B et

1357 9 1113151719

FRE A R (mL/g)

S R e i /(mL/g)

EtE R SSEMRIR SR B - R 2R R~ AR

Daily and cumulative methane production from activated carbon mixed with iron-based material
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Fig.2 Daily and cumulative methane production from biochar mixed with iron-based material
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Fig.3 Daily and cumulative methane production from graphite mixed with iron-based material
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Table 4 Concentration of VFAs in different treatments mL/g
b3 4d 9d 19d b3 4d 9d 19d

CK 3 637.82+20.03 2 666.17+23.41 1591.11£22.29 6%C2F2 4 004.88+38.49 3 285.65+£30.28 1 968.83+15.41
Cl 4 146.00+38.62 3 105.70+26.73 1 857.52+19.40 8%C2F2 4113.78+31.89 3 287.17£25.97 1 963.95+26.41
c2 4171.20+29.20 3109.90£19.22 1 858.39+22.57 10%C2F2 4256.34+22.76 3493.68+£31.74 2 083.98+21.11
c3 3996.96+30.18 2 988.11+21.09 1780.60+26.73 12%C2F2 4 113.12+57.61 3 249.85+42.45 1 936.52+19.62

F1 4207.92+29.46 3050.08+24.74 1821.52+19.91 4%C2F3 4 002.46+60.60 3 230.68+25.45 1934.41+£5.49
F2 4218.24+26.23 3096.69+£37.05 1 842.76+14.90 6%C2F3 4621.54+43.31 3766.19+42.11 2 241.30+£38.65
F3 4195.20+26.56 3062.10+£30.62 1 835.24+17.43 8%C2F3 4 823.72+66.61 3907.17£29.75 2 342.99+14.90

F4 4192.56+24.78 3 018.76+£25.95 1 801.32+6.77 10%C2F3 4719.44+33.38 3 764.05+£25.53 2 244.78+4.68
4%C1F1 3790.38+24.56 3014.42+43.53 1792.47+16.51 12%C2F3 4 244.44+54.58 3391.92+31.73 2 026.46+10.45
6%CI1F1 4207.28+64.72 3384.94+41.61 2 015.59+16.78 4%C2F4 4 155.14+69.50 3263.48+41.59 1 940.95+19.97
8%CI1F1 4379.98+41.80 3 455.47+£51.32 2 052.76+16.24 6%C2F4 4327.62+48.83 3428.79+14.61 2 054.63£28.00
10%C1F1 4213.88+38.61 3403.60+39.34 2 033.71£17.11 8%C2F4 4539.04+14.91 3 581.14+31.50 2 132.32+23.98
12%CI1F1 3 986.62+36.64 3224.27+31.26 1 918.53+24.63 10%C2F4 4361.72+63.75 3526.27+8.63 2 113.12+£27.76

4%C1F2 3 882.78+6.47 3 064.44+30.06 1 822.50+15.58 12%C2F4 3975.62+44.16 3 149.97+34.66 1 881.94+6.72
6%C1F2 4 650.80+55.78 3 728.61+44.60 2218.22+21.17 4%C3F1 3974.96+37.51 3194.86+31.81 1902.91£17.51

8%C1F2 4 803.92+47.59 3 836.40+36.05 2 289.44+22.29 6%C3F1 4 051.08+56.53 3263.02+£31.58 1 939.94+6.05
10%C1F2 4.594.92+46.12 3746.31+£36.48 2 234.68+17.01 8%C3F1 4136.00+50.44 3334.26+42.04 1991.99+33.77
12%C1F2 3971.66+49.38 3 152.96+34.69 1 878.90+14.52 10%C3F1 4 040.74+44.46 3213.65+40.42 1917.50+20.84
4%C1F3 3 851.32+39.03 3 080.44+44.73 1 831.22+25.39 12%C3F1 3 894.66+37.64 3 132.54+25.76 1 871.24+34.41
6%C1F3 4419.80+17.06 3594.37+£38.38 2 143.62+29.09 4%C3F2 4024.24+31.72 3249.16+4.84 1947.84+18.03
8%CI1F3 4379.76+65.70 3 485.86+26.34 2 078.50+20.26 6%C3F2 4330.92+48.46 3496.19+£34.29 2 084.61£23.02
10%C1F3 4192.10+34.42 3335.19+£33.80 1 982.85+10.00 8%C3F2 4 484.70+20.99 3 586.45+32.33 2 141.78+19.88
12%C1F3 3 965.06+43.63 3207.66+£31.53 1920.14+11.45 10%C3F2 4511.76+64.27 3 638.88+41.68 2 165.65+£14.65
4%C1F4 3961.98+25.09 3159.24+29.47 1 885.52+31.04 12%C3F2 4101.02+17.78 3350.42+26.88 2 007.95+£23.05

6%C1F4 4 142.82+33.41 3353.29+29.99 2 002.52+27.41 4%C3F3 3991.24+43.25 3 150.65+£31.25 1 888.3249.21
8%C1F4 4 413.86+40.84 3 535.48+24.06 2 108.74+29.87 6%C3F3 4 044.70+39.35 3197.77£26.25 1911.82+21.74
10%C1F4 4 661.36+24.85 3 816.61+£54.10 2275.29+18.51 8%C3F3 4 114.66+47.15 3334.19+38.89 1 993.50+25.82
12%C1F4 4280.10+39.91 3387.14£33.47 2013.31+£17.88 10%C3F3 4256.12+19.38 3413.69+£34.97 2 030.02+28.03
4%C2F1 3 886.52+34.04 3 105.69+15.89 1 854.87+10.15 12%C3F3 4141.94+46.31 3 298.78+38.55 1 970.94+27.46
6%C2F1 3913.14+£57.98 3121.32+20.52 1870.51£11.21 4%C3F4 4 148.10+40.63 3363.62+£21.38 2 005.45+11.45
8%C2F1 4255.90+60.96 3415.56+23.40 2 043.79+£22.45 6%C3F4 5417.04+65.86 3631.77+£31.89 2 170.95+24.69
10%C2F1 4 342.14+54.99 3 472.85+41.04 2 063.79+15.00 8%C3F4 4315.08+42.53 3436.82+40.51 2 048.90+29.60
12%C2F1 4 141.50+52.97 3309.48+43.34 1 966.20+27.68 10%C3F4 4 647.50+34.79 3 751.74£27.61 2 238.19+£23.98
4%C2F2 3 835.04+£35.35 3 020.80+22.60 1 800.32+23.30 12%C3F4 4 381.08+65.50 3429.11£50.29 2 042.14+21.46
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Table 5 Kinetic fitting parameters of different treatments

AbEE P /(mL/g) R /(mL/(gd)) 2 R b3 P /(mL/g) R /(mL/(gd)) pi R
CK 152.21 13.78 0.60  0.991 6%C2F2 182.04 17.04 0.11  0.992
C1 172.75 14.05 025  0.989 8%C2F2 186.99 17.74 -0.09  0.989
2 173.80 14.88 -0.64  0.985 10%C2F2 193.47 18.05 0.07  0.993
C3 166.54 14.25 -0.11  0.990 12%C2F2 186.96 16.94 0.15  0.995
F1 175.33 13.99 046  0.986 4%C2F3 181.93 16.54 -0.15  0.992
F2 175.76 14.63 0.54 0991 6%C2F3 210.07 20.21 0.15  0.995
F3 174.80 13.97 —-0.44  0.990 8%C2F3 219.26 20.23 -0.11 0992
F4 174.69 13.82 048  0.993 10%C2F3 214.52 19.69 0.11  0.996
4%C1F1 172.29 18.90 047 0991 12%C2F3 192.02 16.26 022 0.99%4
6%C1F1 191.24 20.89 0.59  0.993 4%C2F4 188.87 15.13 025  0.992
8%C1F1 199.09 21.05 020  0.994 6%C2F4 196.71 14.75 0.00  0.993
10%CI1F1 191.54 18.42 030  0.994 8%C2F4 206.32 15.95 0.08  0.990
12%CI1F1 181.21 18.47 037  0.992 10%C2F4 198.26 14.83 -0.18  0.990
4%C1F2 176.49 20.08 024  0.994 12%C2F4 180.71 14.50 048 0991
6%C1F2 211.40 21.85 021  0.996 4%C3F1 180.68 14.70 0.33 0991
8%C1F2 218.36 23.90 049  0.995 6%C3F1 184.14 15.01 0.57  0.992
10%C1F2 208.86 21.86 0.19  0.994 8%C3F1 188.00 15.86 0.08  0.992
12%CI1F2 180.53 20.46 029  0.995 10%C3F1 183.67 13.96 0.19  0.992
4%C1F3 175.06 18.80 036  0.994 12%C3F1 177.03 14.48 0.11  0.990
6%C1F3 200.90 18.66 0.01  0.995 4%C3F2 182.92 15.89 045  0.988
8%C1F3 199.08 20.49 0.18  0.994 6%C3F2 196.86 16.17 0.33  0.995
10%C1F3 190.55 19.06 0.12  0.995 8%C3F2 203.85 16.62 0.44  0.995
12%C1F3 180.23 18.89 030  0.994 10%C3F2 205.08 16.57 -0.05  0.993
4%C1F4 180.09 13.88 0.13  0.993 12%C3F2 186.41 16.19 045  0.988
6%C1F4 188.31 14.24 0.12  0.996 4%C3F3 181.42 14.81 0.13  0.993
8%C1F4 200.63 13.90 -0.16  0.996 6%C3F3 183.85 15.46 028  0.990
10%C1F4 211.88 15.49 0.14  0.995 8%C3F3 187.03 15.27 0.13  0.993
12%C1F4 194.55 14.08 -0.02  0.996 10%C3F3 193.46 16.26 0.51  0.995
4%C2F1 176.66 17.22 0.17  0.994 12%C3F3 188.27 15.24 0.16  0.993
6%C2F1 177.87 16.78 0.07  0.995 4%C3F4 188.55 15.02 0.15  0.993
8%C2F1 193.45 18.63 021  0.992 6%C3F4 205.32 14.43 0.58  0.995
10%C2F1 197.37 19.43 0.04  0.993 8%C3F4 196.14 16.65 0.51  0.996
12%C2F1 188.25 18.61 028  0.993 10%C3F4 211.25 15.33 045  0.994
4%C2F2 174.32 16.44 044  0.993 12%C3F4 199.14 14.29 033 0.993

Fo6 NBEEGXMFTREEENSEZRFESN
Table 6 Multifactorial ANOVA of treatment conditions on methanogenic performance
- FR P e PR ) R P e AR IR
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aniEE 67.137 <0.001 74.012 <0.001 50.307 <0.001 161.724 <0.001

SHUB R AR I 3.688 <0.001 3.827 <0.001 6.868 <0.001 258.860 <0.001
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