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Abstract: The conversion of lignite to clean energy has won considerable attention and plays an
important role in achieving the goal of carbon reduction. The effects of corn straw on hydrogen
production from lignite was explored by using lignite as the substrate and corn straw as an exogenous
substance. The fermentation mechanism was elucidated through the analysis of total and daily
hydrogen production; the concentration of humic acid, benzoic acid, pyruvate, and glucose, as well
as pH value. In addition, total solid (TS), and volatile solid (VS) from activated sludge before and
after fermentation are examined. The results showed that corn straw could accelerate hydrogen
production from lignite with an optimal content of corn straw of 40%. The fermentative hydrogen
production with 40% corn straw was up to 186.20 mL, 3.40 times higher than that of the control group.
Corn straw effectively improved the concentration of humic acid and benzoic acid, accelerating the
anaerobic fermentation of lignite to produce hydrogen. The concentration of pyruvic acid, glucose,
pH, and the changes in TS and VS before and after fermentation showed that the group of 40% corn
straw had a better promotion effect than other systems for hydrogen production. This provides a
new idea for improving hydrogen production through lignite anaerobic fermentation.
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1. Introduction

China is rich with lignite, but it has high moisture content, low calorific value, and low
combustion efficiency [1]. During the lignite burning, a large amount of smoke is produced,
which causes serious environmental pollution. It was found that lignite can be converted
into clean energy to reduce environmental pollution [2-5]. At the same time, hydrogen is
more advantageous than any fuel because it is the cleanest energy [6]. At present, lignite can
produce hydrogen by electrolysis, gasification, and anaerobic fermentation. The electrolytic
cell designed by Luy et al. enables Faradaic efficiency for hydrogen evolution to reach
99% [7]. However, the electrolysis of hydrogen requires costly investments to be performed,
thus, in practical applications, it is not economical. Yu et al. and He et al. [8,9] both increased
hydrogen production by adding catalysts to lignite gasification systems. However, there are
high-temperature and high-pressure conditions in the lignite gasification process. With a
low cost and simple process, anaerobic fermentation is widely used to obtain hydrogen and
has become one of the most promising technologies [10]. Nonetheless, there is a common
problem of low hydrogen yield in fermentative hydrogen production from lignite. In order
to improve hydrogen production, many options were explored. Xia et al. [11] reported
that acid-pretreatment and alkali-pretreatment of lignite could enhance the production of
hydrogen, and alkali-pretreatment produced more hydrogen. Chen et al. [12] found that
the addition of Fe** and Ni?* could effectively promote the lignite to produce hydrogen,
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because Fe** and Ni?* are an important part of ferredoxin, iron sulfur protein, urease, etc.
If sugar-rich substances were added to improve microbial activity, lignite could produce
more hydrogen.

Corn is one of the most widely planted crops in China [13]. However, corn straw
is usually used for animal silage and burning. Actually, a large amount of cellulose
and hemicellulose in corn straw can be used for fermentative hydrogen production [14].
He et al. [15] found that basalt fiber increased the hydrogen production of corn straw
because basalt fiber improved microbial activity. Furthermore, Chen et al. [16] found that
acid pretreatment of corn straw increased hydrogen production by promoting cellulose
hydrolysis. At present, the co-fermentation of lignite and straw is also being studied.
Yoon et al. [17] found that the addition of substrate straw (6.25% w/w) inhibited methane
production, and with the increase in straw, methane production showed an increasing
trend. Guo et al. [18] studied the effect of the fermentation of lignite and corn straw on
methane production, and the results showed that the optimal ratio of lignite and corn straw
to biomethane was 2:1. However, there is no research concerning the effect of adding corn
straw on hydrogen production in lignite.

In this paper, hydrogen production from anaerobic fermentation of lignite with corn
straw was studied. Moreover, changes in total hydrogen production, daily hydrogen
production, humic acid, benzoic acid, and pyruvic acid concentration, as well as pH, were
studied. In addition, the changes in TS and VS from activated sludge before and after
fermentation were explored.

2. Materials and Experimental Methods
2.1. Materials

In this study, the lignite was collected from Pingzhuang Coal Mine, Chifeng City, Inner
Mongolia Autonomous Region. Corn straw was taken from Machi Town, Baotou City,
Inner Mongolia Autonomous Region. Anaerobic activated sludge was obtained from the
sewage treatment plant in Baotou. Tables 1 and 2 show parameters of lignite.

Table 1. Lignite industry analysis.

Volatile Compound
V%

6.44 15.86 34.13 43.57

Moisture-Total (M¢)/% Ash (A))/% Fixed Carbon (F.)/%

Table 2. Analysis of physical and chemical properties of lignite.

Material Organic Matter Total Humic Acid Water-Soluble Humic Acid
lignite 51.48 24.60 5.94

2.2. Experimental Methods

Lignite anaerobic fermentation was performed using an automatic methane potential
test system (AMPTS II, Bioprocess, Lund, Sweden) in a 500 mL fermentation flask. As
mentioned in Table 3, each bottle was fed with lignite and corn straw crushed to 100 mesh
and 200 mL of anaerobic activated sludge. Parameters of TS and VS of activated sludge
are shown in Table 4. The total volume was set to 400 mL with distilled water, and the
pH was adjusted to 7.0. Bottles were placed in a constant temperature water bath at
50 °C. The stirring was automatically controlled by the motor and occurred every 2 h
for 10 min each time. The daily hydrogen production data were regularly recorded every
day. The total hydrogen production was calculated after the experiment. The fermentation
solution was taken every 3 days to measure the concentration of humic acid, benzoic acid,
pyruvate, and glucose and pH in the fermentation process. The TS and VS of the activated
sludge were measured before and after fermentation. All the experiments were performed
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independently in triplicate. We collected 5 mL fermentation broth at regular intervals,
followed by centrifugation at 10,000 rpm for 10 min. Then, the supernatants were analyzed.

Table 3. Different contents of corn straw added in the fermentation.

Test Group Lignite/g Corn Straw/g
A0 40 0
Al 36 4
A2 32 8
A3 28 12
A4 24 16
A5 20 20

Table 4. The parameters of activated sludge.

Parameters Anaerobic Activated Sludge
TS 0.23%
VS 0.11%
VS/TS 0.48

2.3. Chemical Analysis

The TS content was determined by drying activated sludge, in triplicate, at 105 °C for
12 h in the muffle furnace. The VS content was measured after burning samples at 550 °C
for 2 h. After the supernatants were diluted, humic acid was determined by ultraviolet
detection at 256400 nm and the absorbance was averaged [19]. Benzoic acid concentration
was measured using high-performance liquid chromatography (Agilent-1260) with an
ultraviolet detector and C18 analytical column (Poroshell, 4 pm, 4.6 x 150 mm). The mobile
phase contained ammonium acetate (0.02 mol/L): methanol = 92:8 (v/v) with a flow rate of
1 mL/min. The concentration peak of benzoic acid was measured at 230 nm wavelength.
The injection volume was 20 pL. Pyruvate concentration was determined by ultraviolet
detection [20]. The supernatants were diluted and adjusted to pH = 11 for determination
at 320 nm. The glucose concentration was measured using Agilent-1260 high-performance
liquid chromatography with Hi-Plex H column. The mobile phase was 5 mM H,SOy4, and the
flow rate was 0.6 mL/min. The detector was a difference detector. The column temperature
and detector temperature were 60 °C and 55 °C, respectively [21]. The pH of the fermented
broth was measured with a digital pH-meter (LEICI Instruments pHS-3C, Shanghai, China).

3. Results and Discussion
3.1. Change in Total Hydrogen Production with Different Contents of Corn Straw in Fermentative
Hydrogen Production from Lignite

The total hydrogen production achieved with different contents of corn straw was
plotted in Figure 1. The total hydrogen production was 54.73, 67.30, 83.45, 148.37, 186.20,
and 123.35 mL with 0%, 10%, 20%, 30%, 40%, and 50% corn straw, respectively. These
values were 22.97%, 52.48%, 171.09%, 240.22%, and 125.38% greater than those in the control
group without corn straw, respectively. The results showed that corn straw could increase
the total hydrogen production from lignite. The group with 40% corn straw showed the
highest total hydrogen production and was the most promising. The microbial activity was
improved because corn straw is rich in nitrogen [22]. Chen et al. found that the addition
of Fe** and Ni?* also increased hydrogen production by increasing microbial activity [12].
However, the effect of adding 50% corn straw in hydrogen production from lignite was
lower than that of adding 40% corn straw. This was because in the fermentation process of
the A5 group, more CO; was generated, impairing the microbial activity in the system [5].
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200 186.20

Total hydrogen production/mL

Test group

Figure 1. Change in total hydrogen production with different contents of corn straw in fermentative
hydrogen production from lignite.

3.2. Change in Daily Hydrogen Production with Different Contents of Corn Straw in Fermentative
Hydrogen Production from Lignite

Adding corn straw had obvious effects on hydrogen production from lignite (Figure 2).
The control group and experimental Al, A2, A3, A4, and A5 groups achieved maximum
daily hydrogen production at the first day and then, tended to zero. The peak of daily
hydrogen production from the control group was 5.37 mL. In addition, the peaks of the
Al, A2, A3, A4, and A5 groups were 18.13, 36.37, 61.35, 93.67, and 19.67 mL, respectively.
The fermentation in the groups with the addition of corn straw was higher than that of the
control group. Adding corn straw improved the hydrogen production rate of lignite. On
the first day, the hydrogen production of the A4 group was 17.44 times higher than that
of the control group. Therefore, adding 40% corn straw significantly enhanced hydrogen
production from lignite. Although the daily hydrogen production of the A5 group was
higher than that of the A4 group in the later stage of fermentation, the peak hydrogen
production of A4 group was much higher than that of the A5 group. This showed that
adding 40% corn straw had the most obvious enhancing effect on hydrogen production
from lignite, because corn straw is rich in cellulose, which could be hydrolyzed to glucose
and then provide nutrients for microorganisms [23]. At the same time, humic acid can be
degraded in the fermentation process of corn straw, and a small amount of humic acid can
improve the activity of microorganisms and, thus, increase hydrogen production [24,25].
This is consistent with the research results of Wang et al., which showed that adding a small
amount of water-soluble fulvic acid in humic acid into the fermentation system improved
microbial activity [26].

70 —a— AQ
60 Y —e—al
505 —a— A2 L

Daily hydrogen production/mL

0 3 6 9 12 15 18 21 24 27 30

Fermentation days/d

Figure 2. Change in daily hydrogen production with different content of corn straw in fermentative
hydrogen production from lignite.
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3.3. Change in Humic Acid Concentration with Different Contents of Corn Straw in Fermentative
Hydrogen Production from Lignite

The humic acid concentration achieved with different contents of corn straw is shown
in Figure 3. Because a large amount of humic acid was consumed and hydrogen was
produced in the experimental groups on the first day, the concentration of humic acid was
lower at the beginning of fermentation. The concentration of humic acid in the control
group and experimental A1, A2, A3, A4, and A5 groups was 1.34, 2.89, 3.04, 0.33, 0.51, and
4.04 g/L, respectively. This was consistent with the A3 and A4 groups producing more
hydrogen. At the same time, when 50% corn straw was added the concentration of humic
acid was higher, but the daily gas output was lower because the high concentration of humic
acid inhibited the activity of microorganisms and reduced the efficiency of conversion to
hydrogen [27]. This is consistent with a study by Wang et al., wherein excessive water-
soluble humic acid (fulvic acid) inhibited microbial activity in the fermentation system [28].
Then, the hydrogen production decreased and humic acid concentration increased. On
the 3rd day, the concentration of humic acid from the control group and experimental
Al, A2, A3, A4, and A5 groups was 3.04, 4.22, 4.23,4.74, 5.14, and 4.60 g/L, respectively.
The addition of corn straw increased the concentration of humic acid because the lignin
in corn straw could be decomposed into phenolic compounds and then converted into
humic acid [29,30]. Afterwards, humic acid was converted to benzoic acid, reducing the
concentration during the fermentation process. On the 12th day, humic acid concentration
decreased to 0.94, 0.63, 0.56, 0.71, 0.65, and 0.87 g/L with respect to the control group
and Al, A2, A3, and A4 groups. This represented a decrease of 69.04%, 85.06%, 86.85%,
85.02%, 87.27%, and 81.09%, respectively, with respect to the 3rd day. This suggested that
the biotransformation ability was stronger and more humic acid could be converted to
hydrogen by adding 40% corn straw to the fermentation system, because humic acid was
also promoting a microbial-mediated electron-transfer chain reaction [25,27,31].
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Figure 3. Change in humic acid concentration with different contents of corn straw in fermentative
hydrogen production from lignite.

3.4. Change in Benzoic Acid Concentration with Different Contents of Corn Straw in Fermentative
Hydrogen Production from Lignite

Figure 4 shows the benzoic acid concentration in different groups. There was no
significant fluctuation in the concentration of benzoic acid from the control group and the
Al group during the fermentation process. The control group and the Al group reached
the maximum concentration of benzoic acid on the 3rd day, with 1.16 and 1.50 mg/L,
respectively. However, the concentration of benzoic acid in groups A2, A3, A4, and A5
showed a trend of increase and then decrease. In addition, they all reached the concentration
peak on different days, with 2.71, 7.52, 11.35, and 4.74 mg/L, respectively. This was
consistent with the extent of humic acid degradation, because humic acid can be degraded
to benzoic acid [32]. The group A4 showed that the concentration peak increased by
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878.45% compared with that of the control group. Therefore, there was more benzoic acid
to be converted to pyruvic acid, and then, hydrogen was produced [33]. This indicated that
adding corn straw has significant enhancing effects on hydrogen productivity. Likewise, the
addition of 40% corn straw had the most obvious enhancing effect on hydrogen production
from lignite.
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Figure 4. Change in benzoic acid concentration with different contents of corn straw in fermentative
hydrogen production from lignite.

3.5. Change in Pyruvic Acid Concentration with Different Contents of Corn Straw in Fermentative
Hydrogen Production from Lignite

The effect of adding corn straw on pyruvic acid is shown in Figure 5. Similar trends
were observed in different fermentation groups. Figure 5 shows that during fermentative
hydrogen production from lignite, the pyruvic acid increase fluctuated but fell to a mini-
mum on day 27. The minimum concentrations of pyruvic acid in the control group and
experimental groups Al, A2, A3, A4, and A5 groups were 29.96, 13.98, 14.88, 12.62, 11.98,
and 13.07 g/L, respectively. The pyruvic acid concentration reached the minimum with the
corn straw content of 40%. On the 27th day, the pyruvic acid concentration of the control
and A4 groups was 6.50% and 65.78% lower than that of the 3rd day, respectively. Pyruvic
acid initiates decarboxylation to produce acetyl CoA and then hydrogen generation [34].
Therefore, the higher degradation degree of pyruvic acid in group A4 indicated that the
enhancement of hydrogen production in group A4 was clear.
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Figure 5. Change in pyruvic acid concentration with different contents of corn straw in fermentative
hydrogen production from lignite.
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3.6. Change in Glucose Concentration with Different Contents of Corn Straw in Fermentative
Hydrogen Production from Lignite

Figure 6 shows that the trends in glucose concentration in different fermentation
groups were different. The minimum glucose concentration of the control group and exper-
imental Al, A2, A3, A4, and A5 groups were 3.98, 6.05, 6.37,7.57, 6.03, and 14.40 mg/L,
respectively. The more corn straw was added, the higher the glucose content was, because
corn straw is rich in cellulose that can be rapidly degraded into glucose [35]. The water
solubility of lignite was poor, and it was difficult to break the bonds to produce glucose.
However, the lowest glucose concentration in group A4 was even lower than that in group
A3, indicating that 40% corn straw could enhance the microbiological activity [36], thus,
promoting the degradation of glucose and generating more hydrogen. However, the exces-
sive corn straw reduced the glucose degradation, as a large amount of the carbon source
dissolved from corn straw made fermentation change to an acid production stage [37].
Large amounts of acid reduced microbial activity, making glucose difficult to degrade,
inhibiting hydrogen production.

30
—u— Al
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Figure 6. Change in glucose concentration with different contents of corn straw in fermentative
hydrogen production from lignite.

3.7. Change in pH with Different Contents of Corn Straw in Fermentative Hydrogen Production
from Lignite

In the process of microbial fermentation, the pH was one of the main factors affecting
microbial activity, which in turn, affects the hydrogen production and the stability of the
fermentation system. The pH change in different lignite fermentation groups is shown in
Figure 7. Because corn straw could produce acid substances, such as acetic acid, during
fermentation, the pH value of groups with corn straw is low. On the 3rd day, the pH of all
the fermentation groups decreased due to the production of acid substances such as humic
acid. The pH of the control group and experimental A1, A2, A3, A4, and A5 groups was
6.51,5.27,4.93, 4.86, 4.67, and 4.91, respectively. The A4 group exhibited the smallest value
of pH, which indicated that more acidic substances were converted into hydrogen in the
early stage of fermentation. This is consistent with the results of Xia et al., who found that
the more acid content, the stronger the hydrogen production capacity [10]. Afterwards, the
acid substance was consumed and the pH value increased.
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Figure 7. Change in pH with different contents of corn straw in fermentative hydrogen production
from lignite.

3.8. TS and V'S of Fermentation Liquid in Fermentative Hydrogen Production from Lignite

Figure 8 shows that the TS and VS contents of activated sludge were 0.15% and
0.08%. The increase in TS after domestication may be caused by the increase in suspended
solids and the microbial reproduction number with corn straw and lignite. After domes-
tication, because organic matter content increased in soluble substances, the VS content
increased [38]. With this, the organic matter content was higher and the hydrogen fermen-
tation ability stronger. With the increase in exogenous corn straw contents, the TS and VS
of the fermentation liquid increased and then decreased. TS and VS reached the maximum
at a corn straw content of 40%, which increased by 112.82% and 52.17% compared to the
control group. Therefore, adding 40% corn straw is better to enhance hydrogen production.

0.9
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=
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Figure 8. TS and VS of fermentation liquid in fermentative hydrogen production from lignite.
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4. Conclusion

(1) The total hydrogen production in the lignite fermentation groups enriched with corn
straw was higher than that of the control group. The total hydrogen production in the
lignite fermentation system enriched with 40% corn straw was 186.20 mL, 2.40 times
higher than that of the control group. This is because the addition of corn straw
can increase the nitrogen content, thus, regulating the C/N ratio of the fermentation
system. At the same time, the cellulose in corn straw can be degraded into glucose,
improving the activity of microorganisms.

(2) The addition of 40% corn straw can increase the concentration of benzoic acid, humic
acid, pyruvic acid, and glucose in the fermentation liquid and promote their degra-
dation. This is because the humic acid and glucose in the fermentation liquid also
improve the activity of microorganisms.

(3) The contents of TS and VS in the fermentation liquid with 40% corn straw fermentation
group were the highest, indicating that activated sludge contained more organic
matter and produced more hydrogen.

Author Contributions: Data curation, and writing—original draft, Y.W.; conceptualization, formal
analysis, funding acquisition, methodology, and writing—review and editing, L.M.; writing—review
and editing, J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work is financially supported by Chinese Academy of Sciences “Light of the West”
Program (2019); Science and Technology Plan Project of Inner Mongolia Autonomous Region
(2020GG0158); Talent Development Fund Project of Inner Mongolia Autonomous Region (2021);
Fundamental Research Funds for Inner Mongolia University of Science and Technology (2022).

Conflicts of Interest: The authors confirm that this article’s content contains no conflict of interest.

References

1. Li, C.Z. Advances in the Science of Victorian Brown Coal; Elsevier Limited: Oxford, UK, 2004; pp. 223-225.

2. Xia, D.P; Huang, S.; Yan, X.T.; Yan, X.T.; Yuan, R.F. Influencing mechanism of FeZ* on biomethane production from coal. J. Nat.
Gas Sci. Eng. 2021, 91, 103959. [CrossRef]

3. Hagq, S.R.;; Tamamura, S.; Igarashi, T.; Kaneko, K. Characterization of organic substances in lignite before and after hydrogen
peroxide treatment: Implications for microbially enhanced coalbed methane. Int. J. Coal Geol. 2018, 185, 1-11. [CrossRef]

4. Bucha, M,; Kufka, D.; Plesniak, L.; Krajniak, J.; Kubiak, K.; Marynowski, L.; Blaszczyk, M.; Jedrysek, M.O. Decomposition of
carbon-bearing compounds and their influence on methane formation in a lignite incubation experiment. Geomicrobiol. |. 2019, 36,
63-74. [CrossRef]

5. Wang, A.K,; Qin, Y.; Shao, P. Influences of different substrates on simulated lignite biogas production. Int. J. Min. Sci. Technol.
2015, 25, 991-995. [CrossRef]

6. Zhou, M.; Xu, Q.L; Lan, P; Qi, W.; Sun, X.P; Xin, S.Z.; Yan, Y.J. Research progress in hydrogen production from biomass. J. Jilin
Inst. Chem. Technol. 2009, 26, 5-39. [CrossRef]

7. Lyu, X,; Hu,]. Assessment of lignite upgrade and hydrogen evolution via electrolysis. Energy Convers. Manag. 2022, 253, 115181.
[CrossRef]

8. Yu, ]J.L; Tian, EJ.; Chow, M.C.; McKenzie, L.J.; Li, C.Z. Effect of iron on the gasification of Victorian brown coal with steam:
Enhancement of hydrogen production. Fuel 2006, 852, 127-133. [CrossRef]

9. He R, Liu, H; Lu, Q; Zhao, Y.; Wang, X.; Xie, X.; Deng, X.; Yuan, S. Effects of Si and Al elements in coal on Fe-catalyzed brown
coal pyrolysis. Fuel 2022, 315, 123170. [CrossRef]

10. Xia, D.; Huang, S.; Zhang, H. Transformation analysis of key liquid phase products during lignite fermentation to produce
biological hydrogen. Nat. Gas Ind. 2019, 398, 146-153. [CrossRef]

11.  Xia, D.P; Chen, X.; Wang, C.; Su, X.B. Experimental study on the production of Hy-CHy from lignite jointly with acid-alkali
pretreatment-microbial gasification. J. China Coal Soc. 2017, 42, 3221-3228. [CrossRef]

12.  Chen, X;; Xia, D.P; Wang, M.E. Study on effect of Fe3* and Ni?* on hydrogen production from microbial degradation of coal. Coal
Sci. Technol. 2017, 45, 191-195+66. [CrossRef]

13. Gao, Z.P; N;j, ].B.; Li, N.N. Research on the quality and utilization of crop straw resources in China. J. Agric. Mech. Res. 2022, 44,
1-6+25. [CrossRef]

14. Zhu, R;; Wang, D.-H.; Zheng, Y.; Zou, H.; Fu, S.-F. Understanding the mechanisms behind micro-aeration to enhance anaerobic
digestion of corn straw. Fuel 2022, 318, 123604. [CrossRef]

15. He, C,; Qi, B;; Song, H.; Zhang, H.; Lan, M,; Jiao, Y.; Li, Y,; Li, P; Li, G.; Zhang, Q.; et al. Enhanced biohydrogen production from

corn straw by basalt fiber addition. Bioresour. Technol. 2021, 338, 125528. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jngse.2021.103959
http://doi.org/10.1016/j.coal.2017.11.009
http://doi.org/10.1080/01490451.2018.1506528
http://doi.org/10.1016/j.ijmst.2015.09.017
http://doi.org/10.3969/j.issn.1007-2853.2009.04.010
http://doi.org/10.1016/j.enconman.2021.115181
http://doi.org/10.1016/j.fuel.2005.05.026
http://doi.org/10.1016/j.fuel.2022.123170
http://doi.org/10.1016/j.ngib.2019.08.001
http://doi.org/10.13225/j.cnki.jccs.2017.0608
http://doi.org/10.13199/j.cnki.cst.2017.03.034
http://doi.org/10.13427/j.cnki.njyi.2022.04.001
http://doi.org/10.1016/j.fuel.2022.123604
http://doi.org/10.1016/j.biortech.2021.125528
http://www.ncbi.nlm.nih.gov/pubmed/34284291

Fermentation 2023, 9, 106 10 of 10

16.
17.
18.
19.
20.
21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chen, S.M.; Chen, W. Study on Effect of the Pretreatment of Methods on Bio-hydrogen Production by Cron Straw. |. Sanmenxia
Polytech. 2010, 9, 117-119. [CrossRef]

Yoon, S.-P; Jeon, J.-Y.; Lim, H.-S. Stimulation of biogenic methane generation from lignite through supplying an external substrate.
Int. J. Coal Geol. 2016, 162, 39-44. [CrossRef]

Guo, H.; Dong, Z.; Su, X,; Liu, S;; Jia, J.; Yu, H.; Xia, D. Synergistic Biodegradation of Coal Combined with Corn Straw as a
Substrate to Methane and the Prospects for Its Application. Energy Fuels 2018, 326, 7011-7016. [CrossRef]

Yuan, B.; Lu, S.; Zhang, W. Determination of trace humic acid in water by UV spectrophotometry. Ind. Water Treat. 2010, 304,
75-77.

Lou, L.; Gao, N. Determination of pyruvate by ultraviolet spectrophotometry. Chin. J. Anal. Lab. 2005, 244, 11-13.

Ma, L.T;; Hao, S.W.; Wang, Y.X,; Ji, X.Y. Effect of rare earth elements on lignite biomethanation. Coal Convers. 2020, 436, 33-39.
Qiu, X.; Zheng, B.; Lu, Y,; Duan, Z; Yin, S.; Lei, B. Effects of C/N regulated corn straw application on nitrogen, phosphorus and
potassium uptake in tobacco. Acat Agric. Boreali-Occident. Sin. 2012, 218, 125-129.

Jin, Y.; Zhang, B.; Chen, G.; Chen, H.; Tang, S. Combining biological and chemical methods to disassemble of cellulose from corn
straw for the preparation of porous carbons with enhanced adsorption performance. Int. J. Biol. Macromol. 2022, 209, 315-329.
[CrossRef] [PubMed]

Zhang, P; Zhang, H.; Wu, G.; Chen, X,; Gruda, N.; Li, X,; Dong, J.; Duan, Z. Dose-Dependent Application of Straw-Derived Fulvic
Acid on Yield and Quality of Tomato Plants Grown in a Greenhouse. Front. Plant Sci. 2021, 12. [CrossRef] [PubMed]

Li, J.; Hao, X.; van Loosdrecht, M.C.M.; Luo, Y.; Cao, D. Effect of humic acids on batch anaerobic digestion of excess sludge. Water
Res. 2019, 155, 431-443. [CrossRef] [PubMed]

Wang, Y.; Li, ].; Ma, L.T.; Cao, X.B. Effect of Fulvic Acid on Peat Biomethanatio. J. Agric. Sci. Technol. 2013, 1-6. [CrossRef]
Fernandes, T.V,; van Lier, ].B.; Zeeman, G. Humic acid-like and fulvic acid-like inhibition on the hydrolysis of cellulose and
tributyrin. Bioenergy Res. 2015, 82, 821-831. [CrossRef]

Wang, Y.; Wang, X.; Ma, L.; Li, Z. Effect of fulvic acid on methane production from lignite by bio route. Mod. Chem. Ind. 2021,
4110, 153-156. [CrossRef]

Lu, Z.W.; Hu, X.M. Production of biotechnology fulvic acid from fermented corn straws by microbial community LCM9 and its
application effect. J. Anhui Agric. Sci. 2010, 38, 20466-20468. [CrossRef]

Qiu, H.E; Fu, L.Y,; An, P; Yu, ].X,; Li, ].Y. Preparation and characteristic determination of humic acid from fermented rice straw. J.
Anhui Agric. Sci. 2016, 44, 94-95+100. [CrossRef]

Wang, X.; Lyu, T.; Dong, R.; Liu, H.; Wu, S. Dynamic evolution of humic acids during anaerobic digestion: Exploring an effective
auxiliary agent for heavy metal remediation. Bioresour. Technol. 2021, 320, 124331. [CrossRef]

Doskocil, L.; Burdikova-Szewieczkova, J.; Enev, V.; Kalina, L.; Wasserbauer, . Spectral characterization and comparison of humic
acids isolated from some European lignites. Fuel 2018, 213, 123-132. [CrossRef]

Johnson, C.W.; Beckham, G.T. Aromatic catabolic pathway selection for optimal production of pyruvate and lactate from lignin.
Metab. Eng. 2015, 28, 240-247. [CrossRef] [PubMed]

Su, X.; Hong, J.; Xia, D.; Zhao, W. The variety and transition of key intermediate liquid products during the process of coal-to-
biohydrogen fermentation. Int. |. Energy Res. 2019, 431, 568-579. [CrossRef]

Liu, L.; Zhang, S.Q.; Yang, X.; Ju, M.T. Cellulose isolation from corn stalk treated by alkaline biochars in solvent systems.
Bioresources 2018, 131, 691-703. [CrossRef]

Boucard, T.K.; McNeill, C; Bardgett, R.D.; Paynter, C.D.; Semple, K.T. The impact of synthetic pyrethroid and organophosphate
sheep dip formulations on microbial activity in soil. Environ. Pollut. 2008, 1531, 207-214. [CrossRef]

Ming, H.H.; Zhang, ].N.; Chang, X.X; Jiang, B.X. Study on hydrogen production by dark fermentation of corn stalk. Yunnan Chem.
Technol. 2021, 48, 21-25. [CrossRef]

Dong, L.C.; Ma, L.T.; Wang, Y.X. Effect of rare earth compounds on domestication of methane inoculum in lignite. J. Chin. Soc.
Rare Earths 2020, 38, 112-120. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3969/j.issn.1671-9123.2010.04.030
http://doi.org/10.1016/j.coal.2016.05.009
http://doi.org/10.1021/acs.energyfuels.8b01120
http://doi.org/10.1016/j.ijbiomac.2022.04.033
http://www.ncbi.nlm.nih.gov/pubmed/35405151
http://doi.org/10.3389/fpls.2021.736613
http://www.ncbi.nlm.nih.gov/pubmed/34707627
http://doi.org/10.1016/j.watres.2018.12.009
http://www.ncbi.nlm.nih.gov/pubmed/30861381
http://doi.org/10.13304/j.nykjdb.2022.0175
http://doi.org/10.1007/s12155-014-9564-z
http://doi.org/10.16606/j.cnki.issn0253-4320.2021.10.031
http://doi.org/10.13989/j.cnki.0517-6611.2010.35.080
http://doi.org/10.13989/j.cnki.0517-6611.2016.15.034
http://doi.org/10.1016/j.biortech.2020.124331
http://doi.org/10.1016/j.fuel.2017.10.114
http://doi.org/10.1016/j.ymben.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25617773
http://doi.org/10.1002/er.4303
http://doi.org/10.15376/biores.13.1.691-703
http://doi.org/10.1016/j.envpol.2007.07.027
http://doi.org/10.3969/j.issn.1004-275X.2021.01.006
http://doi.org/10.11785/S1000-4343.20200114

	Introduction 
	Materials and Experimental Methods 
	Materials 
	Experimental Methods 
	Chemical Analysis 

	Results and Discussion 
	Change in Total Hydrogen Production with Different Contents of Corn Straw in Fermentative Hydrogen Production from Lignite 
	Change in Daily Hydrogen Production with Different Contents of Corn Straw in Fermentative Hydrogen Production from Lignite 
	Change in Humic Acid Concentration with Different Contents of Corn Straw in Fermentative Hydrogen Production from Lignite 
	Change in Benzoic Acid Concentration with Different Contents of Corn Straw in Fermentative Hydrogen Production from Lignite 
	Change in Pyruvic Acid Concentration with Different Contents of Corn Straw in Fermentative Hydrogen Production from Lignite 
	Change in Glucose Concentration with Different Contents of Corn Straw in Fermentative Hydrogen Production from Lignite 
	Change in pH with Different Contents of Corn Straw in Fermentative Hydrogen Production from Lignite 
	TS and VS of Fermentation Liquid in Fermentative Hydrogen Production from Lignite 

	Conclusion 
	References

