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1 Introduction

Effective methane biodegradation through in situ
coupling with methanotroph and HK@SB-1 MOFs+

Weihang Han, ©2° Ruoshi Luo,? Dan Wang, @& *2° Tinglan Li,® Qin Zhao, ®°
Xue Xia,” Ge Hu,® Zhen Zhou® and Yunpei Liang?

Methane is a primary greenhouse gas that poses significant risks to the safety of coal mine operations.
Microbial methane degradation offers a sustainable and environmentally friendly solution with considerable
potential for development. However, the slow mass transfer rate often hinders the process, necessitating
improvements to enhance methane degradation efficiency. This research introduces an innovative in situ
coupling strategy that leverages methanotrophic bacteria’s high selectivity and adsorbents’ rapid adsorption
capabilities. Initially, the dominant strain of methane-degrading bacteria was isolated from rice paddies.
Following this, the strain was characterized as methanotroph and its physicochemical properties were
investigated to optimize its gas-degrading efficiency. Subsequently, the synthesis of HKUST-1@SBA-16
composites was achieved by incorporating mesoporous silica SBA-16 into HKUST-1, resulting in materials with
superior stability and adsorption characteristics. Subsequently, accelerated methane biodegradation was
achieved through the in situ coupling of the methanotroph T2 with the HKUST-1@SBA-16 composite. Under
optimal conditions, the methane degradation rate within the HKUST-1@SBA-16-T2 system reached 98.65%.
This study introduces an innovative approach to the efficacious mitigation of methane emissions achieved by
integrating natural microbial processes with metal-organic frameworks (MOFs). This comprehensive strategy
is important for preventing coal mine gas outbursts, and this is of great significance and pioneering in the
efficient and selective removal of methane using natural bacteria combined with artificial materials.

Keywords: Methanotrophs; MOFs; Methane degradation; Adsorbent; Microbial degradation.

seams, the probability of gas explosions remains high, which
can lead to serious safety accidents. Therefore, it is necessary

Coal mine gas is a general term for harmful gases prevalent
in coal mines, mainly consisting of methane (CH,) and small
amounts of CO,, hydrogen sulfide, and other gases." Gas
outbursts are a common dynamic disaster in coal mining.>”?
Methane is a potent greenhouse gas with a global warming
potential 20 times greater than CO,, so the annual increase in
methane emissions is a serious global problem.*
Consequently, Gas reduction is crucial to environmental
protection and coal mine production. The traditional
methods of gas control in coal mines are gas drainage and
drilling drainage.” However, due to the increase in coal
mining depth, the permeability of coal seams is reduced,
leading to the formation of some ultra-low permeability coal
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to study new methods and technologies to solve coal mine
gas problems.

Microbial biocatalysts have an advantage in catalyzing
methane processes because they do not require harsh
reaction conditions and do not release any toxic
byproducts.®” While, selecting appropriate strains is crucial
for the catalytic effect among the numerous biocatalysts.
Methanotrophs  are widely present in nature as
microorganisms that thrive using methane as their sole
carbon source and energy.® Studies have shown that
methanotrophs can effectively degrade methane emissions
from biogas, which provides a basis for using
microorganisms to treat coal mine gas.”'® Methanotrophs are
widely distributed in soil, swamps, landfills, seafloor, lakes,
coal mines, and oil and gas extraction sites."'°
Methanotrophs were discovered as early as the beginning of
the 20th century. Whittenbury R. et al. isolated and classified
more than 100 species of methanotrophs in 1970." Sly et al.
treated coal mine gas by screening effective strains and
constructing a biofilm reactor device. Methanotrophs were
able to remove a large amount of methane from the
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methane/air mixture.'® Although methanotrophs can degrade
methane under mild conditions, their further applications
are limited due to their complex oxidation mechanism and
inability to adsorb methane quickly.

At present, many porous adsorption materials with ultra-
high specific surface areas have been widely studied because
they can quickly adsorb methane gas, such as activated
carbon, metal-organic framework materials (MOFs), zeolite,
silica gel, carbon molecular sieve, etc.'®>> MOFs materials
have high porosity, large specific surface area, and adjustable
surface properties. They have more diverse and controllable
porous structures than other traditional porous materials.
Tate et al. found that coating 5A zeolites with MOFs materials
such as HKUST-1, AI-MOF, Ga-MOF, and Co-MOF can
improve methane adsorption storage performance.*® Salehi
composited the MOFs material MIL-101 with activated carbon
and discovered that the composites had higher specific
surface area, which led to increased CH, storage and
capture.>* Rosado et al. utilized a HKUST-1 nanocomposite
with graphene oxide to absorb and separate CO, and CH,.
The nanostructured HKUST-1@GO composite exhibited high
selectivity for CO,.>> While adsorbent materials cannot be
applied in low-concentration methane environments due to
their weak selectivity and adsorption capability for methane.
Collecting and utilizing low-concentration gas in coal mines
is challenging, and there is a high risk of gas explosion
accidents when gas concentrations range between 5% and
16%. Addressing methane emissions is crucial in mitigating
the impact of industrial development on the environment
and human habitats. It is imperative to explore innovative
approaches, such as coupling synthetic MOFs materials with
methanotrophs, to enhance methane biodegradation and
reduce its environmental impact. In addition, coupled cells
have higher stability than free cells and are considered
adequate to improve bioconversion efficiency.>®™°

This study developed a coupling strategy that integrates
adsorbents' rapid adsorption capabilities with biocatalysis's
specificity, enabling the rapid removal of methane from the
environment.  Methanotrophs, which exhibit effective
methane oxidation, were isolated from rice paddies.
Subsequently, an innovative in situ coupling strategy was
used to combine MOFs materials with the methanotrophs.
This cross-disciplinary approach significantly enhances the
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methane oxidation rate and mitigates the hazards
associated with coal mine gas emissions. The strategy
facilitates an improved degradation efficiency of methane by
methanotrophs. The study demonstrates that coupling MOFs
materials with biological bacteria can enhance mass transfer
between the gas and the strains, thereby improving
bioconversion. This approach offers valuable insights for
optimizing other bioconversion processes that utilize gas as
a raw material.

2 Results and discussion
2.1 Adsorbent morphology characterization

HKUST-1 has a large specific surface area and excellent CH,
adsorption performance, while its stability is relatively poor.
Therefore, HKUST-1 was in situ grown on SBA-16 to prepare
HK®@SB-n, which improved the stability and adsorption
performance of HKUST-1. Fig. 1 illustrates the microscopic
morphology of the adsorbents using SEM. As can be seen from
Fig. 1a, HKUST-1 crystals were regular octahedral in shape,
with a particle size range of 10-20 pm, smooth surface, and
sharp edges and corners. Their structure and morphology were
similar to those reported previously.>**" As shown in Fig. 1b, it
can be seen that SBA-16 exhibits a spherical morphology with
distinct particles and a particle size of approximately 4-6 pm.
Fig. 1c shows that the morphology of the HK@SB-1 composite
material formed by adding SBA-16 to HKUST-1 has changed.
The HKUST-1 crystals transformed to octahedral (10-20 pm) to
a layered flower-like structure assembled from crystals
arranged in layers with a thickness. When SBA-16 was
immersed in a copper precursor solution, copper ions quickly
aggregated around the silica matrix. Subsequently, these
bonded metal centers further connect with the carboxylic acid
ligands of terephthalic acid, forming MOF generation sites on
the surface of SBA-16. The nanocrystals were generated and
connected as the reaction progressed to form nanosheets.
These nanosheets continued to grow layer by layer and were
orderly arranged on the molecular sieve. In addition, the
mesoporous structure of SBA-16 further restricts the excessive
expansion of the framework, thus forming the flower-like
structure of the composite material. The addition of SBA-16
enhances the thermal stability of HK@SB-1, a feature
demonstrated by thermogravimetric characterization (Fig. S37).

Fig. 1 SEM images of (a) HKUST-1, (b) SBA-16, and (c) HK@SB-1 (1 wt% SBA-16 modified HKUST-1).
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Fig. 2

As shown in Fig. 2, The isothermal N, adsorption-
desorption and pore size distribution curves of HKUST-1 and
HK®@SB-1 composites were analyzed. These curves exhibit a
typical type I isotherm,***® which suggests that the materials
primarily consist of a microporous structure. Based on these
curves, the surface area of HKUST-1 and HK®@SB-1
composites was determined to be 1490.11 m* g and 1657.67
m?> g™, respectively. The pore size distribution analysis
reveals that the primary pore size of both materials was
approximately 0.6 nm, indicating a predominance of
micropores. Table 1 presents the pore structure parameters
of these materials. It can be observed that the addition of
SBA-16 initially increases the specific surface area of HKUST-
1, but further additions cause a decrease. Among the
composites, HK@SB-1 exhibits the largest specific surface
area. From the BJH, it can be found that the average pore size
of all composites was less than 2 nm, indicating their
microporous nature. Micropores enhance a material's surface
area, increasing its CH, adsorption capacity.*

2.2 Adsorbent structure characterization

To analyze the effect of SBA-16 on the crystal structure of
HKUST-1, the prepared adsorbent was investigated by XRD
and FT-IR. The XRD patterns of the as-synthesized HKUST-1,
HK®@SB-0.5, HK@SB-1, HK@SB-1.5, and HK@SB-2 were
shown in Fig. 3a. The major diffraction peaks of HKUST-1
were observed at 26 = 6.74°, 9.50°, 11.65°, 13.46°, 19.08°,
25.98°, and 29.31° corresponding to (200), (220), (222), (400),

Table 1 Pore structure parameters of HKUST-1 and HK@SB-n
composites

SBET Viotal Average pore
Materials (m*> g™ (em® g™ diameter (nm)
SBA-16 498.801 0.2153 1.940
HKUST-1 1490.117 0.6666 1.652
HK@SB-0.5 1598.785 0.6783 1.786
HK@SB-1 1657.675 0.7379 1.781
HK@SB-1.5 1574.274 0.6680 1.795
HK@SB-2 1463.662 0.6566 1.794

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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Isothermal N, adsorption and desorption curves of (a) HKUST-1 and (b) HK@SB-1 composites and pore size distribution.

(440), (731), and (751) crystal planes, which coincided with
those reported in the literature.>®*® The diffraction peaks of
the HK@SB-n series hybrid material were very similar to
those of HKUST-1, which indicated that the backbone
structure of the original HKUST-1 was maintained in the
HK®@SB-n series materials, and the crystal structure of the
MOFs was well preserved. No new peaks of SBA-16 appeared
in the composites, which can be attributed to the high
dispersion of SBA-16 in the composites and its relatively low
content. The crystallinity of HK@SB-n decreases with the
increase in SBA-16 content.

The FT-IR spectra of HK@SB-n composites were shown in
Fig. 3b. The characteristic peaks at 1105 cm ™" were attributed
to the C-O telescopic vibration peak, while the peak at 732
em™ could be ascribed to the stretching vibration of Cu-O in
HKUST-1. The peaks at 1370 cm ™" and 1553 cm ™" indicate the
presence of asymmetric telescopic vibration peaks of the
0-C-O moiety.”” The peak at 1444 cm™' corresponds to
the C=C telescopic vibration peaks in the benzene ring,
while the peak at 1649 cm™ corresponds to the C=O
telescopic vibration peaks of the carboxylic acid moiety.
These characteristic peaks agreed with those reported in
the related literature.*>*® The strong bands observed at
1085 cm ™ and 804 cm™' were attributed to the asymmetric
stretching of Si-O-Si in the Si-oxygen tetrahedra.*® The FT-
IR spectra of all in situ synthesized HK@SB-n composites
were similar to those of pure HKUST-1. Although the
intensity of the two absorption bands associated with Si-O-Si
was relatively low, they were still detectable and could serve
as evidence for the presence of SBA-16 in the composites.

2.3 Methane adsorption properties of HK@SB-n composites

As shown in Fig. 4, CH, isothermal adsorption tests were
performed on SBA-16, HKUST-1, and composite HK@SB-n at
330 K under atmospheric conditions. The composite material
HK®@SB-n exhibits CH, adsorption capacity that initially
increases and then decreases with the increase of SBA-16
content. Among them, the composite material HK@SB-1
exhibits the highest CH, adsorption capacity due to its larger
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Fig. 3 (a) XRD analysis of the crystal structure of HKUST-1 and HK@SB-n; (b) FT-IR spectrum analysis of the crystal composition of HKUST-1 and

HK@SB-n.

micropore volume and specific surface area compared to
other materials. The CH, adsorption capacity of all composite
materials was higher than that of SBA-16. This was because a
small amount of SBA-16 was added, which forms a nano-
flower structure by affecting the growth of HKUST-1. On the
one hand, the nano-flower structure leads to an increase in
total pore volume, which allows gas to flow faster. It also
increases the specific surface area of the material, providing
more area for the material to come into contact with CH,.
The increase in micropore volume was more conducive to
CH, adsorption. When an excessive amount of SBA-16 was
added, the specific surface area of HK@SB decreased, which
had an adverse effect on the CH, adsorption performance.

2.4 Molecular identification of methanotrophs bacteria

The DNA of methanotrophs from rice field was extracted using
TSINGKE plant DNA extraction kit, and amplification of 16S
rDNA gene were performed using universal bacterial primer
pairs 27F (5-AGTTTGATCMTGGCTCAG-3') and 1492R (5'-
CGGYTACCTTGTTACGAC-3'). Subsequently, the amplified
product was subjected to gel electrophoresis, and the
electrophoresis diagram is depicted in Fig. S1.f It can be
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Fig. 4 Comparative analysis of the adsorption performance of
HKUST-1, SBA-16 and modified HK@SB-n.
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observed from the electrophoresis diagram that the PCR
amplified electrophoresis strip was relatively straightforward
and consistent, the left and right symmetry of the band has
no signal interference, the position of the reaction band is
around 1500 bp, and after sequencing the PCR product, a
total of 1399 bp. The PCR product was sequenced to obtain
the specific sequence: >methanotrophs bacteria-Contigl
(specific sequence refer to the ESIt).

The 16S rDNA sequence obtained from methanotrophic
bacteria T2 was uploaded to the NCBI database website, and
then the sequences were compared. Sequences were selected
and a phylogenetic tree was constructed using MAGE 7.0
software. The construction method was the maximum
likelihood method. The phylogenetic tree of methanophiles is
depicted in Fig. S2.f The numbers displayed at the tree nodes
represent the confidence level of the evolutionary
relationship between different species branches. A
confidence level exceeding 66 is considered credible. Fig. S27
shows that strain methanophiles was closely related to the
genus Methylophilus methylotrophus (KF911346.1
methylophilus methylotrophus). The confidence level for this
relationship is 97, indicating a high level of certainty.

2.5 Activity of methanotrophs bacteria

Optimization of bioprocess parameters, such as pH and
temperature, is crucial for the growth of methanotrophic
bacteria. Fig. 5 shows the degradation of CH; by
methanotrophs and their growth under different conditions.
The effect of temperature on the growth of methanophiles can
be found in Fig. 5a, it was found that the ODgy, value
gradually increased with the increase in temperature, peaking
at 30 °C. While beyond 30 °C, the ODgo, value gradually
decreased, which indicates that the optimal growth
temperature for the methanophiles is 30 °C, with an optimal
growth temperature range of 30-35 °C. As shown in Fig. 5b,
with the increase in pH, the ODgy values gradually
increased. The highest ODg(, value was observed at pH = 7.0.
However, beyond pH = 7.0, the ODgy, values gradually
decreased. It is indicates that the optimal growth pH for the

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 5 (a) Effect of temperature, and (b) pH on the growth of methanotroph; (c) the growth curve of the methanotrophs under optimal conditions;

(d) changes in methane content during the growth of methanotroph.

strain is 7.0. The growth pattern of the methanophiles under
optimal conditions can be observed in Fig. 5c. On the third
day, the bacterium entered the logarithmic growth phase.
From the fourth to the sixth day, it reached a plateau phase
where the growth rate remained relatively constant. After six
days, the growth of the bacterium declined, resulting in a
decrease in cell viability. The growth cycle of the bacterium
was found to be around 10-11 days, with the highest growth
observed on the sixth day. The change in CH, content in the
bottle during the growth process was monitored using a gas
chromatograph and shown in Fig. 5d, it was found that the
concentration of CH, continuously decreased during the
cultivation period of the methanotrophs. By the fifth day of
cultivation, the CH, concentration declined from the initial

20% to 2.11%, resulting in a CH, degradation efficiency of
89.45%. The fastest CH, degradation rate was observed on
the second to third day. It can be concluded that this strain
has a good ability to oxidize CH,.

2.6 In situ coupling of methanotrophs with HKUST-1@SBA-16

Methanotrophs T2 was in situ coupled with HKUST-1@SBA-16
composite material to prepare HK@SB-T2. As displayed in
Fig. 6, the SEM images confirmed the growth of the
methanotrophs T2 on the synthesized flower-shaped
composite material HKUST-1@SBA-16. Compared to free
methanotrophs T2, the bacterial cells were embedded on the
surface of the material. The petal structure of the composite

Fig. 6 SEM images of (a) free cells (control strain) and (b) HK@SB-T2 (coupling strains).

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry
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material provides more loading sites for the bacteria,
reducing microbial aggregation and increasing the contact
area between the bacteria and methane.

It can be found that methanotrophs T2 was embedded in
the surface of the material from SEM. In order to analyze the
effect of methanotrophs T2 on the adsorption performance of
the HK@SB-1, the isothermal N, adsorption-desorption curve
of HK@SB-T2 was analyzed using BET shown in Fig. 7a.
According to these curves, the surface area of the HK@SB-T2
composite material was determined to be 870.11 m”> g,
which is significantly reduced relative to the specific surface
area of HK@SB-1. In addition, the adsorption of CH, by
HK®@SB-T2 was analyzed. From Fig. 7b, the CH, isothermal
adsorption tests by HK@SB-T2 are lower than that of
HK®@SB-1. This is because methanotrophs T2 is embedded in
the surface of the material, which reduces the specific surface
area of HK@SB-1, further affecting the adsorption
performance of HK@SB-T2 for CH,.

As shown in Fig. 8a, the CH, degradation reaction was
performed using different dosages of HK@SB-1 composites
coupled with methanotrophs T2. It was demonstrated that the
CH, degradation rate increases as the dosage of HK@SB-1
composites Additionally, the overall CH,
degradation efficiency of the coupled cell system surpasses
that of the free cells. However, a significant decrease in the
CH, degradation rate occurs when the amount of coupled
carriers reaches 20 mg and 25 mg. This decline was
attributed to the excessive encapsulation of methanotrophs T2
caused by a large amount of carriers. Consequently, the CH,
gas fails to adequately interact with the bacterial strains,
resulting in increased mass transfer resistance. The overall
degradation efficiency of CH, reached 98.65% when the
coupled carrier was added at 15 mg.

Glutaraldehyde (GA) is a commonly used cross-linking
and fixing agent. The solution contained two aldehyde
groups that could undergo non-specific condensation
reactions with amino groups, thereby facilitating structural
fixation.”™** Fig. 8b illustrates the CH, degradation curve
by HK@SB-T2 in various concentrations of GA
immobilization systems. The CH, degradation efficiency of

increases.

View Article Online

Industrial Chemistry & Materials

the coupled cell system initially increases and then
decreases with increasing concentrations of GA. At
concentrations of 10, 30, and 50 mM, the CH, degradation
rate of the coupled cell system increases with higher GA
concentration. The highest CH, degradation rate was
observed at a GA concentration of 50 mM. It was possible
that the cross-linking between GA and amino groups on the
cell membrane enhances the activity of the coupled cells.
Additionally, with GA concentrations of 70 mM and 90 mM,
the CH, degradation rate decreases as the concentration
increases. This was attributed to the inherent toxicity of GA,
as high concentrations can negatively impact cell activity.*?

Biological activity was readily affected by pH, which
influences cell membrane proteins and extracellular
hydrolase activity.***® A broad range of buffer solutions were
prepared with pH values of 4.0, 5.0, 6.0, 7.0, and 8.0 to
investigate the effect of pH on the activity of coupled cell
systems in CH, degradation. As shown in Fig. 8c, the CH,
degradation rate initially increases and then decreases at
different pH levels. When the pH = 4, the CH, degradation
rate was prolonged, this is because the activity of
methanotrophs T2 decreases sharply in an acidic environment
and cannot continuously consume CH, in the environment.
Moreover, methanotrophs T2 growth is inhibited in an
environment with pH = 5. However, HK@SB-T2 shows a
better ability to CH, degradation when the in situ coupling of
the methanotroph T2 with the HKUST-1@SBA-16 composite.
This suggests that methanotrophs T2 ability to adapt to
different environmental circumstances is improved when the
in situ coupling of the methanotroph T2 with HK@SB-1. In
addition, the CH, degradation rate gradually increases as the
pH rises. The coupled-cell system demonstrates good overall
performance in CH, degradation at pH levels of 6 to 8. The
optimal coupling condition occurs at pH = 7, and the CH,4
removal rate of the coupled cell system starts to decrease.

As shown in Fig. 8d, temperature significantly impacts the
degradation rate of the coupled cell system. With increasing
temperature, the rate of CH, degradation initially increases
and then decreases. The maximum CH, degradation rate was
observed at 30 °C. Temperatures higher or lower than 30 °C
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(a) Isothermal N, adsorption and desorption curves and (b) CH,4 adsorption performance of HK@SB-T2.
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concentrations of glutaraldehyde on methane degradation (15 mg HK@SB-1, pH = 7, 30 °C); (c) effect of different pH on methane degradation (15
mg HK@SB-1, 50 mM glutaraldehyde, 30 °C); (d) effect of different temperatures on methane degradation (15 mg HK@SB-1, 50 mM
glutaraldehyde, pH = 7). Error bars indicate the standard deviations of three independent experiments.

can affect the activity of enzymes, with high temperatures
potentially leading to enzyme inactivation.

Coupling HK@SB-1 with methanotrophs enhances the
methanotroph's capacity to adapt to different environments.
Methanotrophs absorb CH, as their sole source of carbon and
energy, and HK®@SB-1 adsorbs and enriches CH, for
methanotrophs, providing a conducive growth environment.
In a methane environment, HK@SB-T2 first enriches CH,
through HK®@SB-1. Methanotrophs use intracellular enzymes

including methane monooxygenase (MMO), methanol
dehydrogenase (MDH), formaldehyde dehydrogenase (FADH),
and formate dehydrogenase (FDH) sequential catalysis. First,
CH, was oxidized to methanol by MMO. MMO can activate
the strong C-H bonds in methane at standard temperature
and pressure, and oxygen can oxidize it to methanol. After
the first step of CH, conversion, methanol was oxidized to
formaldehyde by MDH. Formaldehyde can be further
oxidized or assimilated. Formaldehyde was first converted to

A 104 —CHs bi.o. —=—CHy
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Fig. 9 Changes in CH4 and CO; in the (a) HK@SB-T2 and (b) free cell methane degradation system (gas composition in the reactor was analyzed
using gas chromatography every 2 hours). Error bars indicate the standard deviations of three independent experiments.
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formic acid by formaldehyde dehydrogenase (FADH). Finally,
formic acid dehydrogenase (FDH) oxidizes formic acid to
CO0,.*” The reaction process detects the gas in the shake
flask. As shown in Fig. 9a, the methane gas in the shake flask
gradually degraded, and the final degradation rate reached
98.65%. However, the CO, generation rate was only 60.6%,
which was attributed to the increase in CO, concentration
inhibiting the further conversion of methanol.*® In addition,
the CH, degradation process of free methanotroph cells is
shown in Fig. 9b. In this process, 67.4% of CH, can be
degraded and 42.6% of CO, can be produced, which
demonstrates that the process from CH, to CO, requires the
participation of multiple enzymes. After eight hours, the CO,
generation efficiency reduced when the concentration
reached 37.3%. This finding showed that HK@SB-T2 can
increase CH, degradation capacity. Furthermore, high CO,
concentration in the environment will affect the degradation
and conversion of CH, by methanotrophic bacteria.***°

2.7 Stability and recyclability of HK@SB-T2

To demonstrate the stability and recyclability of HK@SB-T2,
repeated batch CH, degradation was evaluated for five cycles
of reuse. As shown in Fig. 10. The composite still showed an
86% degradation capability after the fifth cycle, although the
CH, degradation efficiency had decreased from the initial
use. It is suggested that HKUST-1@SBA-16-T2 has good
stability and recyclability for CH, degradation.

3 Conclusions

This study introduces an innovative in situ coupling strategy
that leverages methanotrophic bacteria's high selectivity and
adsorbents' rapid adsorption capabilities. Methanotrophs T2,
screened from rice paddies, can decompose low-
concentration CH,;. The HK®@SB-1 composite material
modified based on HKUST-1 exhibits good biocompatibility
and a large specific surface area. Then, methanotrophs T2 was
in situ coupled to HK@SB-1 in phosphate buffer solution
through adsorption and covalent bonding methods. In this
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Fig. 10 The stability and recyclability of HK@SB-T2.
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process, the HK@SB-1 composite provided active sites for
material methanotrophs T2, enabling simultaneous CH,
adsorption and degradation, thus facilitating an effective
CH, adsorption degradation. The results showed that the
optimal conditions for the adsorption-microbial degradation
in situ coupled process were 15 mg HK@SB-1 composite
material, 30 mM glutaraldehyde, pH = 7, and a reaction
temperature of 30 °C. Under these conditions, after reacting
for 10 hours, the CH, degradation rate reached 98.65%.
Compared with the degradation efficiency of a single strain,
the degradation efficiency increased by 1.6 times, effectively
improving the degradation efficiency of methanotrophs T2.
The coupled material adsorption-microbial degradation
systems provide new insights into low-cost and efficient CH,
degradation. This innovative method effectively removes low-
concentration gas in coal mines and paves the way for
research on effectively preventing coal mine gas explosions.

4 Experimental section
4.1 Materials

Glutaraldehyde (GA), n-butanol was purchased from Chengdu
Cologne Chemicals Co., Ltd, hydrochloric acid was purchased
from Chongqing Chuandong Chemical (Group) Co., Ltd,
copper nitrate trihydrate (Cu(NOj3),-3H,0) was purchased
from Guangdong Guanghua Science and Technology Co.,
Ltd, Pluronic F127 copolymer was purchased from
Sinopharm Chemical ReagentCo., Ltd; tetraecthoxysilane was
purchased from Shanghai Bide Pharmaceuticals Co., Ltd,
trimesic acid (H3;BTC) from Shanghai Bide Pharmaceuticals
Co., Ltd, methane from Chongqing Jiaqing Gas Co., Ltd.

4.2 Procedures of synthesis

HKUST-1. HKUST-1 was prepared by the solvent method.
1.087 g Cu(NO;),-3H,0 was dissolved in 15 mL deionized
water and stirred until completely dissolved to form solution
A. 0.525 g H3;BTC was dissolved in 15 mL of anhydrous
ethanol and stirred until completely dissolved to form
solution B. Solution A was added to solution B and
transferred the mixture to a 100 mL reaction vessel lined with
polytetrafluoroethylene (PTFE), then the reaction was carried
out in an oven at a constant temperature of 120 °C for 12 h.
After the reaction, the mixture was cooled down naturally to
room temperature. The blue solid was centrifuged and
washed with deionized water and ethanol thrice each.
Subsequently, the solid sample was finally dried under
vacuum at 70 °C for 24 h to obtain HKUST-1.

SBA-16. 1 g Pluronic F127 copolymer was dissolved in 48
mL distilled water. Then, 2 ml concentrated hydrochloric
acid (HCI, 37 wt%) was added to the solution. After stirring
for 30 minutes, 3 ml butanol was added to the solution as
a co-surfactant. The mixture was stirred for 1 hour, and
then 4.73 g tetraethoxysilane was added to the solution. The
mixture was kept at 40 °C for 24 hours, and then the
solution container was subjected to a hydrothermal process
at 80 °C for 48 hours. Afterward, the mixture was filtered
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and washed six times with distilled water. The white powder
obtained was dried at 100 °C for 12 hours. Subsequently, it
was calcined at 550 °C for 5 hours to eliminate the Pluronic
F127 copolymer template.

HKUST-1@SBA-16. The hybrid material based on HKUST-1
and SBA-16 was prepared using an in situ solvothermal
method. In summary, 1.050 g H;BTC was dissolved in 30 mL
of ethanol to form a transparent solution. Meanwhile, a
certain amount of SBA-16 was dispersed in a solution of
copper nitrate (2.174 g Cu(NO;),-3H,0 mixed with 30 mL of
deionized water) and sonicated for 30 minutes. The two
solutions were combined in a PTFE-sealed reactor and stirred
for 30 minutes. The mixture was heated to 120 °C and
maintained at this temperature for 12 hours. After cooling to
room temperature, the solid product was centrifuged and
washed several times with ethanol. The sample was dried at
70 °C to obtain the hybrid material, referred to as HK@SB.
Depending on the different amounts of SBA-16 added, the
resulting composite materials were labeled as HK@SB-n (n =
0.5,1, 1.5, 2).

4.3 Cultivation of methanotrophs

10 g soil was collected from a wet paddy field (Dianjiang,
Chongqing), added to 30 ml sterilized deionized water,
shaken well, sealed, and left to stand. 10 mL of the standing
supernatant was added to a 100 mL sterilized inorganic salt
(NMS) medium and 10% methane was used as the carbon
source. The mixture was sealed and enriched in a constant
temperature shaker at 30 °C and 180 r min '. The first
cultural cycle was 7 days. Afterward, 5 mL of the bacterial
suspension from each sample was taken and transferred to a
new medium under the same culture conditions for 4-5 days.
This culture process was repeated at a later stage. The
generation and identification can then be carried out.

The methanotrophs were inoculated into NMS medium
respectively, and the growth of methanotrophs was observed
with CH, as carbon source. The ODgy, of the strains was
measured at different temperatures (20-50 °C) and pH (pH =
4-10) for 96 hours to analyze the optimal growth conditions
for methanotrophic bacteria, the reaction pH was adjusted
using sodium acetate (pH = 4-5) and phosphate (pH = 6-8).

4.4 Generation and identification of methanotrophs

1 mL of bacterial liquid was drawn from the mixed bacterial
culture solution, centrifuged, and then the supernatant was
discarded. The liquid was inoculated on a solid culture
medium with an inoculation loop, and CH, was used as the
carbon source. The culture was grown in a constant
temperature incubator at 30 °C for 4-5 days. After a single
colony grows on the plate, a single colony is picked with a
machine ring, and the plate streaking method is used for
inoculation and culture. The above steps are repeated. After
multiple streaking cultures, a pure strain of methanotrophs is
obtained. At this time, the morphology of the single colony of
methanotrophs on the plate can be observed. Methanotrophs
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on the plate can be observed. Pick a single colony and put it
into NMS liquid culture medium for enrichment culture to
obtain a pure bacterial liquid.

The plate spreading method spreads the methanotrophs
enriched by liquid culture on the solid culture medium.
Methane was injected into the culture dish and sealed with
plastic wrap. The dish was then inverted and placed in a
constant temperature incubator for culture at 30 °C until a
single colony developed. After three generations, single
colonies with good growth density were selected and cultured
in a sterilized NMS liquid medium with 10% CH, as the
carbon source. The cultures were placed on a shaker at 30 °C
and 180 rpm until the medium became turbid. During this
period, the CH, content in the culture medium was
measured every 1-2 days. The strains were sequenced using
16S rDNA. The screened methanotrophs were named T2.

4.5 Preparation of complex HK@SB-T2

Methanotrophs T2 was in situ coupled with HKUST-1@SBA-16
to obtain a composite material. Under 100 rpm shaking, 50
mg stem cells were added to 10 mL phosphate buffer (pH =
7.0). Then HKUST-1@SBA-16 was added as a coupled carrier
and shaken for 10 min. Then, an appropriate amount of GA
was added and shaken to allow adsorption for 1 h, washed
once with distilled water to remove excess GA solution, and
washed with a buffer solution to eliminate loosely attached
cells. This process resulted in a fixed cell system named
HK®@SB-T2, which was stored at 4 °C for future use.

4.6 Degrading methane of HK@SB-T2

When the gas concentration is between 5% and 16%, it is
easy to cause explosion accidents. In order to better analyze
the gas degradation process of HK@SB-T2, the 20%
concentration of methane gas was selected to simulate the
gas found in coal mines. First, the HK®@SB-T2 were
inoculated into 100 mL of NMS medium, 20% methane gas
was injected as a carbon source for sealed culture at 30 °C
and 180 RPM min ', the CH, concentration was monitored
every two hours.

4.7 Effect of HK@SB-T2 on methane degradation

When preparing HK@SB-T2, different contents of HK@SB-1
composite materials (0, 5, 10, 15, 20, 25 mg) were added to
analyze the effect of HK®@SB content on methane
degradation. The concentration of glutaraldehyde (0, 10, 30,
50, 70, 90 mM) was changed to analyze the effect of
glutaraldehyde concentration on methane degradation. In
addition, sodium acetate (pH = 4-5) and phosphate (pH = 6-
8) buffer solutions were used to adjust the reaction pH
during the degradation of methane by HK@SB-T2 to analyze
the effects of different pH on methane degradation. The
reaction temperature was adjusted to 20, 25, 30, 35, and 40
°C to analyze the effect of temperature on methane
degradation. During the experiment, the shaking speed was
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controlled at 180 RPM min %, and the methane concentration
was measured every 2 h.

4.8 Methane degradation under repeated batch conditions

Repeated methane degradation by HK@SB-T2 was assessed
using 20% CH, simulated coal mine gas for five cycles of
After each cycle, HK@SB-T2 was collected by
centrifugation and further washed with buffer to serve as
inoculum for subsequent cycles.

reuse.

4.9 Characterization of HK@SB-T2

The fixed cells were washed twice with pH 7.0, 100 mM PBS
buffer, and then immersed in 2.5% (v/v) glutaraldehyde
electron microscopy fixative overnight in a refrigerator at 4
°C to preserve the sample. Then, the sample was washed
twice with 100 mM PBS buffer to remove the glutaraldehyde
fixative. It was then dehydrated stepwise using 30%, 50%,
70%, 80%, 90%, and 95% ethanol, with each concentration
applied for 15 minutes. Subsequently, the sample was
dehydrated with anhydrous ethanol twice for 20 minutes
each time and allowed to air dry to a constant weight. Finally,
the sample was subjected to BET and SEM characterization.

4.10 Analysis methods

Optical density (ODgoo) measurements were performed using
a TU-1901 spectrophotometer at a wavelength of 600 nm to
ascertain the absorbance of the bacterial liquid and to
monitor the growth kinetics of the T2 strain. Methane was
determined by GC9800 gas chromatograph, the column was
American Agilent WAX capillary column (30 m column), the
detector was hydrogen flame detector (FID). The XRD
patterns of samples were recorded using a PANalytical X'Pert
Powder from Malvern, the Netherlands. A scanning electron
microscope (SEM, Zeiss Sigma 500) was used to detect the
morphology of samples. The adsorption-desorption
isotherms for N, were measured on a max-II unit
manufactured by Macchik Bayer in Japan. The CH,
adsorption performance of the materials was tested on a
high-performance fully automated gas adsorption analyzer,
Kantar Autosorb-IQ-MP (USA). The samples were tested by
thermogravimetric analysis to characterize their thermal
stability using a TGA2 thermogravimetric analyzer
manufactured by METTLER TOLEDO, Switzerland.
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