Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Enhancing Biohydrogen Production from Straw:
Synergistic with Coal Gangue and Freeze- Thaw
Pretreatment

Nan Qi
Liaoning University
Yinuo Zhao
Liaoning University
Peiying Yang
Liaoning University
Jian Wang
Liaoning University
Lianpeng Dai
dai_lianpengl992@163, com

Liaoning University

Research Article

Keywords: biohydrogen production, coal gangue, corn straw, freeze-thaw pretreatment
Posted Date: August 5th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9880617/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/16


https://doi.org/10.21203/rs.3.rs-9880617/v1
https://doi.org/10.21203/rs.3.rs-9880617/v1
https://doi.org/10.21203/rs.3.rs-9880617/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Hydrogen conversion efficiency is the primary factor limiting the large-scale production of hydrogen from
straw fermentation. This study applied freeze-thaw pretreatment to improve straw bioavailability and
combined it with coal gangue addition to enhance acid and hydrogen production, while evaluating
environmental benefits. Comparison of hydrogen yields before and after pretreatment showed a 27.5%
increase in hydrogen production from pretreated straws. After gangue addition, both hydrogen yield and
the concentration of volatile fatty acids (VFAs) in the fermentation broth first increased and then
decreased with decreasing gangue particle size and increasing dosage. The maximum hydrogen yield
was achieved with 80-mesh gangue at a dosage of 30 g/L, resulting in a 31.5% increase over the control
group. Additionally, the incorporation of coal gangue into anaerobic digestion systems reduced carbon
dioxide emissions by 32.1%, demonstrating significant environmental benefits and contributing to the
synergistic achievement of waste resource utilization and carbon emission reduction goals.

1 Introduction

Energy is fundamental to the advancement of human civilization and societal progress. However, with
global energy consumption on the rise, non-renewable fossil fuels—including coal, oil, and natural gas—
face increasing depletion. In this context, biomass energy, as the world's fourth-largest energy resource
after coal, oil, and natural gas, presents a promising alternative due to its vast reserves and renewable
nature. Crop straw represents its most prevalent material [1]. Straw energy conversion technologies are
primarily categorized into three types: direct solid combustion, liquefaction, and gasification, which yield
solid biofuels, liquid biofuels (e.g., ethanol), and gaseous biofuels (e.g., biogas and hydrogen),
respectively[2].

Among these, hydrogen produced via anaerobic fermentation is especially notable. This approach
combines the advantages of low cost and environmental sustainability with the dual outcomes of waste
valorization and clean energy generation, making it a promising route for straw energy conversion[3].
However, the cellulose and hemicellulose structures in straw are tightly surrounded by lignin, creating a
complex physicochemical barrier that significantly hinders direct microbial access and utilization. This
results in slower hydrolysis rates and lower hydrogen production yields [4, 5].

Pre-treating straw to disrupt its dense structure is a critical step in enhancing hydrogen production
efficiency during subsequent anaerobic fermentation [6, 7]. Among existing pretreatment methods,
freeze-thaw pretreatment stands out as a physical approach, offering advantages such as simple
operation, no requirement for chemical reagents, and the absence of inhibitory byproducts. This method
is especially promising for regions with cold climates [8]. In Northeast China, for instance, leveraging the
region's naturally low winter temperatures to freeze-thaw corn stover enables “zero-energy consumption”
pretreatment, significantly reducing operational costs. [9] Li et al. pretreated corn stover under natural
conditions at an average temperature of -5.5 to 2°C for 21 d, which resulted in a 40.5% increase in
methane yield[10].
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Beyond pretreatment, hydrogen yield can be further enhanced by adding exogenous additives [11]. Straw
pretreatment improves hydrolysis efficiency, providing microorganisms with more readily accessible
carbon sources. The addition of additives enhances electron transfer efficiency and promotes the
metabolic activity of acid-producing bacteria and hydrogen-producing bacteria. Research indicates that
adding appropriate amounts of inorganic minerals—such as natural ores rich in trace elements like iron,
nickel, and cobalt—to fermentation systems can significantly stimulate the activity of relevant enzymes
(e.g., ferredoxin, hydrogenase), optimize microbial community structure, and thereby enhance the
hydrogen production process [12, 13]. Coal gangue is a solid waste product generated during coal
mining and washing processes. Large-scale stockpiling not only occupies land but also poses
environmental risks [14]. Coal gangue has a composition containing 2-10% Fe,04 and essential trace
elements (e.g., Cu, Zn, Ni). These elements are required for enzymatic synthesis and signal transduction
in anaerobic fermentation, which makes coal gangue a promising exogenous additive for the process.

This study treated corn straw under the optimal pretreatment conditions identified in previous research
[15]. The investigation analyzed changes in the concentration and microstructure of hydrolysis products
before and after pretreatment to assess the impact of the freeze-thaw process on these properties and
examined the mechanisms underlying pretreatment. Furthermore, the study examined the effects of
adding coal gangue with varying particle sizes and concentrations on hydrogen production
characteristics and system stability during the anaerobic fermentation of pretreated corn straw. Based
on these experiments, the optimal coal gangue concentration and particle size for enhancing hydrogen
yield were identified, and the environmental benefits of coal gangue addition were assessed by
calculating the reduction in carbon dioxide emissions from hydrogen combustion. It holds significant
environmental benefits and practical significance for promoting the resource utilization of agricultural
waste (straw) and industrial solid waste (coal gangue).

2 Materials and methods

2.1 Material and inoculum

Corn straws were collected from a farmland in Liaozhong, Liaoning Province, China and stored at room
temperature. Corn straws were air-dried, smashed by plant mill and grinded to <Tmm powders. The corn
straws powders (CSP) were stored dryly until further use.

The hydrogen production strain Clostridium guangxiense G17(CICC 24070)was activated as the inoculum
with PYG medium (pH 6.7), which contains (g/L) glucose 10, peptone 4, yeast powder 1 L cysteine 0.5,
Na,HPO, 12H,0 14.33, KH,PO, 3.63, and MgS0,-7H,0 0.37 [16].

The coal gangue was sourced from a coal yard in Shenyang. It was then ground in a ball mill, sieved
through 10, 20, 40, 80, and 100 mesh screens, dried at 105 °C for 24 h, and finally packed into resealable
bags for future use.

2.2 Experimental setup and procedure
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2.2.1 Freeze-thaw pretreatment

2 g of the CSP was accurately weighed and transferred into a 50 mL centrifuge tube. Distilled water was
then added to the samples at a solid-to-liquid ratio (w/w) of 1:10.

The tubes were subsequently subjected to freezing at -20°C for 24 hours. Following the freezing process,
the samples were retrieved and thawed at 25°C for 12 h. A control group was established using samples
that were not subjected to the freeze-thaw cycle (CK). Each treatment was replicated three times to
ensure the reliability of the results.

2.2.2 Anaerobic Fermentation of Corn Straw

The experiment employed 100 mL anaerobic bottles as fermentation reactors with a working volume of
60 mL. After freeze-thaw pretreatment, distilled water was added to bring the total volume to 59 mL.
Nitrogen gas was purged through the headspace for 1 minute to remove oxygen. The bottle was then
sealed tightly with a rubber stopper and an aluminum cap, and sterilized at 121 °C for 20 minutes. After

cooling to room temperature, 1 mL of the hydrogen-producing bacterium Clostridium guangxiense G17
was inoculated, and the culture was incubated in a constant-temperature water bath shaker at 37 °C and
120 rpm for 48 hours. For the control group (CK), 2 g of untreated corn straw and 59 mL of distilled
water were added to the anaerobic bottle. After nitrogen purging and sterilization, the same strain

(Clostridium guangxiense G1T) was inoculated, and the culture was then incubated under the same
conditions. Each treatment was replicated three times.

2.2.3 Anaerobic Fermentation with Coal Gangue

Anaerobic bottles containing 2 g of freeze-thaw pretreated corn stover and 59 mL of water were
supplemented with coal gangue at different particle sizes (10, 20, 40, 80, and 100 mesh) and
concentrations (0, 1, 5, 10, 30, 50, 70 g/L). 1 mL of hydrogen-producing bacteria Clostridium guangxiense

G1" was inoculated for anaerobic fermentation under the same conditions as described in Section 2.2.2.

2.3 Energy Conservation and Emission-Reduction
Assessment Method

Calculate the standard coal equivalent and coal-fired carbon dioxide emissions corresponding to
hydrogen production using Formulas (1) and (2) [17]:

Qe =Qpx FE (1)
Cc =3.67Tx Cx qgox Ecx 94% (2)

where Q. denotes standard coal (kg), Qg represents hydrogen production (m?), E indicates the
conversion factor between hydrogen and standard coal (with a value of 0.3329 kg/m?3), C denotes

carbon dioxide emissions from coal combustion (t), 3.67 represents the ratio of the molecular weight of
carbon dioxide to the atomic weight of carbon, C represents standard coal consumption (kg), g,
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indicates the calorific value of standard coal(0.0209 TJ/t [18]), E; signifies the carbon content per unit

calorific value of standard coal (26.37 t-c/TJ), and 94% represents the carbon oxidation rate of standard
coal.

2.4 Measurement Methods

The samples were centrifuged at 8000 rpm for 5 min, and the supernatant was taken and filtered to
determine reducing sugars and SCOD. Reducing sugars were determined using the 3,5-Dinitrosalicylic
acid method at 540 nm[19], and SCOD was determined using a fast digestion method at a wavelength of
600 nm[20]. The pH and oxidation-reduction potential (ORP) values were measured using a pH meter
(PHS-3E). The gas yield was determined by the drainage method[21]. Volatile fatty acids (VFAs) were
determined using gas chromatography(Varian CP-3800) [22]. The surface structure of untreated and
pretreated corn straw was observed using scanning electron microscope (JSM-IT1800 scanning electron
microscope of Japan Electronics Corporation). The microscope was operated at an acceleration voltage
of 3 kV, providing a resolution of 3 and10 pm. The samples were ground with KBr, pressed into pellets,
and analyzed using a Fourier Transform Infrared Spectrometer (IRTracer-100 spectrometer from
Shimadzu Corporation, Japan). The scanning wavelength range was set to 400 to 4000 cm™, with a

resolution of 4 cm™1[23].

3 Results and discussions

3.1 Effect of Freeze-Thaw Pretreatment on Hydrogen
Production from Corn Straw Anaerobic Fermentation

Pre-treatment disrupts the crystalline structure of cellulose, releasing more soluble substances, which
leads to increased reducing sugar yield and SCOD. Consequently, these two parameters serve as
paramount indicators for assessing pre-treatment efficiency[24]. As shown in the Fig. 1, pretreatment of
corn straw resulted in significant increases in both reducing sugar release and SCOD. The reducing sugar
yield in the hydrolysate reached 177.43 mg/g, which was 66.96% higher than that of the control.
Similarly, the SCOD value increased to 185.83 mg/g, marking a 68.94% enhancement compared to the
untreated group.

To verify the effect of freeze-thaw pretreatment on the microstructure of corn straw, surface morphology
was observed using a scanning electron microscope (SEM) for both untreated and freeze-thaw-
pretreated corn straw. The control group (Fig. 1a and Fig. 1b) exhibited intact structure with tightly
ordered surface arrangement and no apparent damage. Following freeze-thaw pretreatment, corn straw
exhibited noticeable cavities in its external structure. The overall block-like structure was disrupted,
resulting in numerous irregular and fragmented structures. This indicates that freeze-thaw pretreatment
disrupted the dense external barrier of corn straw, enhancing the accessibility of cellulose and
hemicellulose and accelerating the hydrolysis rate of corn straw.
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Fourier transform infrared (FTIR) spectroscopy was used to scan corn straw samples before and after
freeze-thaw pretreatment over the wavenumber range of 4000-400 cm~". By analyzing changes in
surface functional groups and chemical bonds of lignin, cellulose, and hemicellulose before and after
pretreatment, the effects of freeze-thaw pretreatment on the chemical composition of corn straw were
inferred. The FTIR results are shown in the figure. The shapes and positions of the absorption peaks of
corn straw remained largely consistent before and after pretreatment. However, certain characteristic
peaks showed varying degrees of enhancement or attenuation. The absorption peak at 3382 cm~" is
attributed to the stretching vibration of —OH groups in cellulose[7]. The peak intensity of pretreated corn
straw is significantly reduced here, indicating that the hydrogen bonds connecting cellulose,
hemicellulose, and lignin molecules have been broken. The peak at 1728 cm~" arises from the C=0
stretching vibration of the carbonyl group in hemicellulose, while the peak at 900 cm-" corresponds to
the B-glycosidic linkages between glucose units in cellulose[25]. Both peaks are characteristic of
cellulose. After freeze-thaw pretreatment of corn straw, the vibrations at these characteristic peaks
intensified, indicating a significant increase in the relative cellulose content. The peak observed at 1632
cm-™" is associated with the C—0 stretching vibration of the phenolic ring in lignin[26]. Following freeze-
thaw pretreatment, the intensity of this peak diminished, indicating partial removal of lignin during the
process. These results demonstrate that freeze-thaw pretreatment effectively disrupts the dense lignin
structure in corn straw by breaking intermolecular hydrogen bonds among cellulose, hemicellulose, and
lignin, thereby improving microbial accessibility and hydrolysis efficiency.

Following pretreatment, the anaerobic fermentation of corn straw yielded significantly higher hydrogen
production (10.2 mL/g(hydrogen production/corn straw weight), a 27.5% increase) and VFA
concentration (0.6 g/L, a 63.8% increase) compared to the control. This enhancement was primarily
attributed to the production of acetic acid and butyric acid. Acetic acid, from 0.001g/L, reached 0.15 g/L,
while butyric acid increased from 0.66 g/L to 1.05 g/L. Furthermore, the pretreatment increased the
proportion of (butyric acid + acetic acid) among the fermentation end products, with their combined
share stabilizing at approximately 70%.

The pH of the final fermentation product from anaerobic fermentation of corn straw before and after
pretreatment were 4.84 and 4.95, respectively. This is because the hydrogen production process during
corn straw anaerobic fermentation generates large amounts of volatile fatty acids, leading to a drop in
pH. When the pH falls below the hydrogen production pH range, the activity of hydrogen-producing
bacteria decreases, and these bacteria cease utilizing the straw for hydrogen production.

The redox potential at the end of fermentation in the control group was - 230 mV, while the redox
potential of the final product from pretreated corn straw remained around - 280 mV. This indicates that
pretreatment reduces the redox potential of the reaction system. A lower redox potential promotes the
growth and metabolism of specific microbial dehydrogenase systems and ferredoxin, enhancing the
activity of anaerobic fermentation microorganisms and thereby increasing hydrogen production during
anaerobic fermentation [27].
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3.2 Effect of Coal Gangue Addition on Hydrogen
Production

3.2.1 Effect of Coal Gangue Particle Size

The effects of adding coal gangue with different particle sizes on hydrogen production and VFAs
concentration during corn straw anaerobic fermentation are shown in the Fig. 2a and Fig. 2b. The results
indicated that supplementing with coal gangue enhanced both hydrogen yield and VFAs concentration,
suggesting a promotive effect on the growth and metabolism of hydrogen-producing microorganisms.
As the particle size was reduced from 10 to 100 mesh, both hydrogen production and VFAs
concentration first increased and then decreased, peaking at 11.9 mL/g and 1.65 g/L, respectively, with
an 80-mesh addition. Among these, butyric acid and acetic acid constitute the primary components of
the fermentation broth, with the combined percentage of (butyric acid + acetic acid) consistently around
95%. Different particle sizes of the added material exhibited varying promotional effects. This may be
attributed to the fact that as the particle size of coal gangue decreases, its surface active sites and
specific surface area increase accordingly. This enhances the concentration and release rate of Fe(lll)
within the anaerobic fermentation system, thereby accelerating its conversion to Fe(ll). Consequently,
the bioavailability of coal gangue is improved[28]. However, when the particle size of coal gangue is
reduced to 100 mesh, its huge specific surface area and high surface energy cause it to agglomerate
readily, preventing it from remaining stably in the reaction system over extended periods.

The pH of the fermentation system is a critical indicator in anaerobic hydrogen production, as it directly
influences the activity of hydrogen-producing microorganisms and hydrogenase enzymes. To evaluate
the effect of coal gangue particle size on system pH, the end-fermentation pH was measured (as shown
in the Fig. 2c). Under an initial pH of 6.5, the final pH remained stable above 4.7. Furthermore, as coal
gangue particle size decreased, the final fermentation product pH exhibited a slight increase, rising from
4.75 to 5.00. This may be attributed to the iron content in the coal gangue reacting in an acidic
environment, simultaneously generating hydroxide ions, which elevates the pH of the final fermentation
product[13]. The redox potential of the final product decreases as the particle size of coal gangue
diminishes. When the particle size of coal gangue is reduced from 10 mesh to 100 mesh, the redox
potential of the final product decreases from - 223 to -325 mV, which can sustain the growth and
metabolism of anaerobic microorganisms[29]. The change in redox potential is inversely proportional to
the change in pH of the final fermentation product.

3.2.2 Effect of Coal Gangue Dosage

To investigate the effect of different concentrations of coal gangue on hydrogen production during
anaerobic fermentation of corn straw, coal gangue was added to the anaerobic fermentation system at
concentrations ranging from 0 to 70 g/L. The results are shown in the Fig. 3a. When the coal gangue
dosage ranged from 0 to 30 g/L, hydrogen production gradually increased. At a gangue dosage of 30
g/L, hydrogen yield peaked at 14.2 mL, representing a 31.5% increase compared to the control group.
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Further increases in coal gangue dosage did not enhance hydrogen production, which instead slightly
decreased. The Fe(lll) released from coal gangue can be reduced to Fe(ll) required for microbial growth
and metabolism. Additionally, coal gangue contains trace elements that support microbial growth and
metabolism. Both factors enhance the activity of hydrogen-producing bacteria, thereby increasing
hydrogen production. In this study, hydrogen production exhibited a trend of first increasing and then
decreasing with rising coal gangue dosage. This occurred because, at excessively low coal gangue
dosages, the Fe(lll) concentration in the reaction system was also too low, resulting in suboptimal
promotion of anaerobic hydrogen production from corn straw by coal gangue. As the coal gangue
dosage increased, more Fe(lll) was released, satisfying the growth and metabolic needs of
microorganisms and enhancing the metabolic activity of anaerobic microorganisms. On the other hand,
the Fe(lll) released from coal gangue can participate in electron transfer between microbial cells. Higher
concentrations of Fe(lll) enhance the electron transfer rate, thereby boosting the hydrogen production
efficiency of anaerobic microorganisms[30]. However, excessively high concentrations of coal gangue
release excessive iron(lll), hindering microbial contact with the substrate. Furthermore, excessive iron(lll)
may damage microbial cell walls and even exert toxic effects, thereby inhibiting the growth and
metabolism of anaerobic microorganisms[31].

As shown in the Fig. 3b, with increasing coal gangue dosage, the concentration of total volatile fatty
acids in the fermentation broth first increased and then decreased, reaching a maximum of 1.63 g/L at
30 g/L. In the control group, butyric acid constituted 78% of total VFAs, while this proportion increased to
85% after adding 30 g/L of coal gangue. These results indicate that coal gangue promotes hydrogen
production by enriching butyric acid in the fermentation broth, thereby providing more effective nutrition
for hydrogen-producing bacteria and enhancing hydrogen yield.

The pH of the final fermentation product increased from 4.63 to 5.19 as the coal gangue dosage was
raised from 0 to 70 g/L (Fig. 3c). This indicates that coal gangue addition effectively elevated the system
pH, providing a buffering capacity against acidification and creating a more suitable environment for
anaerobic microbes[32]. Similarly, the redox potential change inversely correlates with the pH change of
the final product, decreasing as the coal gangue dosage increases and remaining within the range of
-210 to -343 mV.

3.3 Energy Conservation and Emission-Reduction Effects
of Adding Coal Gangue to Anaerobic Digestion Systems

The environmental benefits of anaerobic fermentation for hydrogen production primarily lie in the fact
that the hydrogen produced during fermentation is a zero-carbon energy source. During combustion, it
produces only water and does not emit carbon dioxide or other pollutants. Therefore, it can replace fossil
energy and reduce carbon dioxide emissions. Using the experimental data, the amount of hydrogen gas
produced per ton of pre-treated corn straw and the corresponding standard coal quantity were
calculated, thereby determining the corresponding reduction in carbon dioxide emissions. The
calculation results are shown in Table 1. Under identical anaerobic fermentation conditions, the addition
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of 30 g/L of 80 mesh coal gangue yielded 14.2 m? of hydrogen, displacing approximately 4.7 kg of
standard coal and reducing carbon dioxide emissions by 8.98 kg. This represents a 32.4% greater
reduction in carbon emissions compared to the control group. These research results indicate that
adding coal gangue can significantly reduce carbon dioxide emissions, enhance energy conservation
and emission-reduction capabilities, and achieve collaborative emission reduction through the "waste
treatment - reuse of waste" approach. Compared to other processes (biogas, bioethanol), anaerobic
fermentation for hydrogen production not only effectively reduces carbon emissions but also offers the
most favourable economic returns and energy output [33]. As hydrogen equipment manufacturing
technology continues to advance and research and development in hydrogen transportation and storage
technologies progress, the overall benefits of anaerobic fermentation for hydrogen production will
continue to increase.

Table 1
Energy conservation and emission-reduction capabilities
Control group Hydrogen Production  Standard coal Coal CO, Emissions
(m?) (kg) (kg)
10.8 3.6 6.8
Add coal gangue 14.2 4.7 9.0

4 Conclusion

Freeze-thaw pretreatment effectively altered the microstructure of corn straw by disrupting the hydrogen
bonds between cellulose, hemicellulose, and lignin. Anaerobic fermentation of the pretreated straw
resulted in a 27.5% increase in hydrogen production. The addition of coal gangue to the anaerobic
fermentation system further stimulated the growth and metabolism of hydrogen-producing
microorganisms, elevating the hydrogen yield to a maximum of 14.2 mL/g representing a 31.5% increase
over the control. Under the combined effect of freeze-thaw pretreatment and coal gangue addition,
hydrogen production increased by 77.5% compared with that of untreated corn straw. Concurrently, this
approach reduced carbon dioxide emissions by 32.4%, establishing a synergistic waste-to-waste
treatment model for effective emissions reduction.
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Figure 1

Changes in corn straw structure and anaerobic digestion system stability before and after freeze-thaw
pretreatment((a) and (b) untreated corn straw; (c) and (d) corn straw after experimental optimal
conditions)
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Effect of Coal Gangue Particle Size on Hydrogen Yield and System Stability in Anaerobic Fermentation of
Corn Straw
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Effect of Coal Gangue Dosage on Hydrogen Yield and System Stability in Anaerobic Fermentation of
Corn Straw
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