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ABSTRACT: Mudstone, a class of sedimentary rocks rich in organic matter, possesses considerable potential for biogas production.
Mudstones possess a rich biological origin, which is conducive to refining the mechanisms and enrichment patterns of biogenic gas
reservoirs. This has significant theoretical and practical implications for guiding the exploration and development of Quaternary
mudstone gas reservoirs. Furthermore, the Qaidam Basin is an excellent place for the geological storage of CO2 due to its rich
petroleum reservoir conditions. Experimental research on biogas production under diverse CO2 pressure−mudstone−
microorganism−water interactions is conducted to determine the biogas production mechanism of mudstone under different
CO2 pressures during sequestration circumstances. According to the results: (1) under supercritical carbon dioxide conditions, there
is a slight initial increase in biogas production, followed by a gradual decrease. The periods and peaks of gas production vary among
the different reaction groups. As carbon dioxide pressure increases, the gas production cycle lengthens significantly, while the gas
yield declines. (2) Siderite and secondary carbonate minerals have increased in the mudstone’s mineral fraction both before and after
biogas production, while clay mineral groups have decreased. Specifically, there was a notable drop in chlorite and kaolinite. (3)
Microorganism species in the system were analyzed, and the results showed that there was a gap in each microorganism’s ability to
adapt to its surroundings, and the diversity and quantity of bacteria declined with increasing pressure. After carbon dioxide was
fluxed, there was a considerable shift in the pattern of biogas generation, which consequently had a major impact on the alterations in
mineral fractions.

1. INTRODUCTION
Ever since General Secretary Xi Jinping put forth the dual-
carbon target in September 2020, the concept and objective of
geological carbon dioxide storage have steadily gained clarity.1

Coalbedmethane replacement, oil and gas reservoir storage, and
saltwater layer storage are the three directions of CO2 geological
storage.2,3 The first involves the collection of large amounts of
CO2 from flue gases released by emission sources by CO2
capture devices, which are then injected into geological
formations such as underground oil and gas fields to be used
for coalbed methane replacement and improving oil and gas
recovery. At the same time, deltaic facies evolved in the
Charkhan and Salt Lake areas, and shallow to semideep lakes
developed in the Pliocene to Quaternary periods in Sebei,
Sedong, and Jinda.4−6 The lithology of the samples is primarily
composed of silty mudstone and mudstone with a small amount
of carbonaceous mudstone. The organic matter of the samples is

primarily sourced from the input of terrestrial vascular plants,
complemented by contributions from lower aquatic organisms.
With a strong carbon dominance index (CPI), the carbon chain
length distribution of n-alkanes varies from C10 to C33,
suggesting that the sample is immature. Some of the samples
appear to be even-carbon dominating based on the OEP values,
which could indicate that they are derived from organic matter
found in saltwater.7−9 There are not enough hydrocarbons with
a low molecular weight. The Qaidam Basin is also one of the
places with the most potential for CO2 storage in China, and the
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TN18 well obtained an industrial gas flow in a mudstone
formation, producing up to 2× 104 m3 of gas per day. Over 3400
m of thickness and 6000 m2 make up the Quaternary mudstone
development in the Sanhu region of the Qaidam Basin.
Mudstone-hosted biogas reservoirs exhibit a wide range of
material substrates, which form a fundamental basis for their
formation and potential exploration.
With an average organic carbon content of 0.32% and a typical

range of 0.25 to 0.56%, the Quaternary mudstones show a
comparatively low abundance of organic matter. The chloro-
form asphalt A content typically ranges from 0.005 to 0.04%,
with an average value of 0.016%. The total hydrocarbon content
ranges from 20 to 100 μg/g, with averaging 80 μg/g. The
vitrinite reflectance (Ro), typically between 0.25 and 0.45%,
indicates an immature stage. In the Quaternary period,
microorganisms mainly consist of sulfate-reducing bacteria,
cellulose-degrading bacteria, and fermenting bacteria, prevalent
from shallow to deep layers.10−13 Among archaea, methane-
producing archaea dominate, including widespread genera such
as Methanobacterium, along with rod-shaped, coccus, and
bacillus forms.14

During the geological sequestration process, the injected
carbon dioxide can displace oil, gas, and coalbed methane.15 It
can also interact biochemically with the coal and organic
sedimentary rocks within to alter the conditions in which
microorganisms survive.16−18 This could indirectly limit the
potential of producing biogas from mudstone.19

To investigate the response mechanism of mudstone for
biogas production potential in the process of CO2 sequestration
under various pressure conditions, four different pressure
conditions (0, 4, 8, and 12 MPa) were designed. The
experiments were conducted by enriching the mudstone’s
microbial nutrient solution components in an autoclave, with a
pumping tube to function as the gas collection device. The
reaction time was set at 60 days, allowing for analysis of the
microbial community distribution, mudstone state, intermediate
liquid phase parameters, and gas production before and after the
reaction. The reaction mechanism was clarified.20−22

2. EXPERIMENT
2.1. Experiment Preparation. Using a grinder, 200 g of

fresh rock powder was ground to enrich the native micro-
organisms in the mudstone using the mixing and suspension
method. As demonstrated in Table 3, enrich the mixture in an
incubator for 7 days until it reaches a volume of 1000 mL, and
then, another 200 g of fresh rock powder, which will be placed in
an autoclave, is used to ensure that the experiments are
repeatable and reproducible. The samples are used in three
parallel samples connected to the periphery of the carbon
dioxide cylinders. The carbon dioxide one-time pass is depicted
in Figure 1.
Enrichment of nutrient solution components:
(1) NH4Cl: 1.0 g/L, (2) K2HPO4·3H2O: 0.4 g/L, (3)

KH2PO4: 0.2 g/L, (4) sodium acetate: 1.0 g/L, (5) sodium
formate: 1.0 g/L, (6) Saccharomyces cerevisiae: 1.0 g/L, (7)
pancreatic digest of casein: 0.1 g/L, (8) MgCl2·6H2O: 0.1 g/L,
and (9) trace element solution: 10 mL/L.
2.2. Test Methods. 2.2.1. Microbial High-Throughput

Sequencing. The liquid phase product samples were sent to
Shanghai Meiji Biomedical Technology Co for high-throughput
sequencing of bacteria and archaea to identify microbial
diversity. Following DNA extraction using FastDNASpinkit,
1% agarose gel electrophoresis was performed to visualize and

confirm the integrity of the extracted genomic DNA. Following
that, PCR amplification was carried out using TransGenAP221-
02: TransStartFastpfuDNAPolymerase and particular primers
with barcodes were created following the specified sequencing
region; PCR instrument: ABIGeneAmp&reg;9700; all samples
were analyzed according to the official experimental conditions
of Henan Polytechnic University (HPU), and the PCR products
from the same samples were mixed and detected by 2% agarose
gel electrophoresis. PCR products were quantified by Quanti-
Fluor-ST Blue Fluorescence Quantification System (Promega)
based on the preliminary quantification results of electro-
phoresis.
2.2.2. Organic Geochemical Signature Detection. Tests

were carried out on six parameters: pyrolysis, Ro, hydrogen
index, chloroform asphalt A, and mudstone TOC. The specific
geochemical indices tested are shown in Tables 1 and 2
alongside the primary mineral fractions.

2.2.3. XRD Monitoring Methods for Minerals. X-ray
diffraction (XRD) analysis was performed by utilizing a
Shimadzu XRD-6100 spectrometer. The sample underwent a
rigorous preparation process, including drying, pulverization,
and sieving through a 200 mesh sieve to achieve a fine, uniform

Figure 1. Experimental setups.

Table 1. Geochemical Indicators of Mudstonesa

TOC HI chloroform asphalt A R0 S1/S2

mudstone 0.35 133 123 × 10−5 0.2 1.53
aNote: Unit is wt % for TOC, mg HC/g TOC for HI, % for
chloroform asphalt A, and % for R0.

Table 2. Primary Mineral Fractions of Mudstone

feldspar clay minerals quartz carbonate sulfide

mudstone 23% 32% 19% 18% 8%

Table 3. Gas-Producing Group

pressure
(MPa) experimental group

temperature
(°C) number

0 200 g rock sample + 2000 mL enriched
bacterial solution

35 M1

4 200 g rock sample + 2000 mL enriched
bacterial solution

35 M2

8 200 g rock sample + 2000 mL enriched
bacterial solution

35 M3

12 200 g rock sample + 2000 mL enriched
bacterial solution

35 M4
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powder. The resultant powder was carefully deposited into the
sample holder’s recess, ensuring a flat and even distribution
across the surface of the sample holder. Subsequently, the
sample holder was meticulously positioned within the
spectrometer’s sample chamber, with the protective enclosure
securely closed to maintain optimal experimental conditions.
The XRD scan was conducted over a range of 2θ angles from 5°
to 80°, with a scanning rate of 4°/min to ensure comprehensive
data acquisition. The acquired diffraction patterns were
subjected to qualitative and quantitative mineral analysis using
the advanced MDI Jade 6.0 software, facilitating a precise
characterization of the sample’s mineral composition.

3. ANALYSIS OF THE RESULTS
3.1. Gas Production Results Analysis. Figure 2 illustrates

the significant disparity in gas production from mudstone under

various CO2 conditions. In the absence of CO2, the maximum
gas production reached 0.27 mL/g, after which the production
declined. Upon reaching the supercritical condition at 8 MPa,
there was a slight increase in gas production to 0.19 mL/g,
followed by a continuous decrease. The peak gas production
period and the production cycle varied among the groups; the
higher the CO2 content, the longer the production cycle, with
the initial gas production time being postponed and the peak
production period arriving later. For the M4 sample group, the
production cycle extended to 70 days with a short duration of
peak production and a weak gas production capacity, resulting in
a final total gas production of only 0.06 L/g. In contrast, the total
gas production time at 0 MPa was 30 days, which was 40 days
earlier than that of the M5 group. This outcome significantly
deviates from the gas production results of many previously
studied samples.23,24

Figure 2. Cumulative gas production at different pressures.

Figure 3. Distribution of flora at different pressures.
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3.2. Microorganism Species Analysis. As depicted in
Figure 3, the microbial populations in the reacted system were
classified, and it was discovered that there were significant
differences among the types of microbial populations under
various carbon dioxide pressures. The diversity of micro-
organisms peaked at 0 MPa, and after that, both the abundance
and diversity of microorganisms declined, and the community
structure changed more visibly. Pseudomonas, Sedimentibacter,
Proteiniclasticum, Acetoanaerobium, and other significant func-
tional bacteria with hydrolysis effects in M1 and M2 gradually
decreased in abundance. As the pressure increased and the
solution acidified, the Slaughterhouse rod Macellibacteroides is
no longer present inM4. However, several genera of bacteria are
still present in some amounts, including Bacteroidales,
Petrimonas, Aminobacterium, Paraclostridium, Sporosarcina
pasteurii, and Bacillus. About these, Paraclostridium’s abundance
within bacterial genera increased initially before declining. It is
also a valuable member of the hydrolyzing bacterial flora class,
which is responsible for breaking down some of the macro-
molecules involved in the decomposition of organic matter.
Furthermore, Paraclostridium exhibits a high degree of acid
tolerance, allowing it to persist and fulfill its function in
situations where the carbon dioxide pressure is higher and the
solution is acidic. With its ability to quickly manufacture
additional carbonate, Sporosarcina pasteurii can produce
precipitates of CaCO3 and MgCO3, which can partially clog
pores in the rock and reduce its porosity. This is also the cause of
the later increase of secondary carbonate minerals.
Additionally, genus types revealed that the Geobacillus and

Methanobacterium of bacterial and archaeal community species
become more abundant under increasing pressure, indicating
that the bacillus strains were more carbon dioxide tolerant.
These align more closely with earlier research findings.25

Within the CO2−water−microorganism−mudstone system,
some minerals of the mudstone are prone to dissolution or
migration, which can partially counteract environmental
changes within the system. Consequently, certain micro-
organisms may adapt to the extreme conditions of increased
CO2 pressures, ultimately evolving into a new dominant
microbial flora.
Considering the operational taxonomic unit (OTU) counts of

bacteria and Archaea, as well as the changes in the Shannon−
Wiener diversity index, it is evident that as the pressure of CO2−
water−microbial interactions increases, the diversity of bacteria
and archaea declines, the community structure tends toward
homogeneous, and the abundance declines in real time.
However, the bacterial community, which includes a greater
number of genera, tends to have species that are more resilient to
environmental changes compared to the species of Archaea.
3.3. pH, COD, DIC, and Other Relevant Parameters in

Solution. As illustrated in Figures 4, 5, and 6, the pH values
exhibit a progressive decline with an escalation of carbon dioxide
concentrations. Specifically, the pH in theM4 group has reached
a critical threshold of 5.8, which is notably acidic and potentially
detrimental to the proliferation of microorganisms accustomed
to neutral environments. This acidic pH could precipitate the
demise of a substantial fraction of bacteria that preferentially
thrive under neutral conditions. Conversely, the M1 group
demonstrates a relatively stable pH, consistently hovering
around 6.8. Interestingly, despite the higher acidity, the COD
values in the M4 and M5 groups have paradoxically increased
relative to earlier groups. This enhancement may stem from the
augmented solubility of minerals in the solution due to increased

acidity, as well as the partial degradation of more recalcitrant
fractions of organic carbon, thereby augmenting the COD
content within the solution. Additionally, the DIC values have
also been observed to escalate, diverging from the conclusions of
prior research that typically report a postreaction decrease in
DIC concentration. This discrepancy may be attributed to two
primary factors. On one hand, the introduction of carbon
dioxide into the aqueous environment leads to an accumulation
of bicarbonate ions. On the other hand, the reduction in pH
facilitates the partial dissolution of carbonate minerals within the
mudstone, culminating in a more pronounced elevation of the
total bicarbonate ion concentration in the solution.
3.4. Variation of Geochemical Parameters in Mud-

stone. By examining the variations in the geochemical
parameters of the mudstone that had reacted, it was possible
to determine that the total TOC had decreased after the
reaction. The reduction in organic carbon was proportional to
the increase in pressure, as part of the organic carbon was
consumed by the microbial degradation process. However, the
reduction in organic carbon did not increase gas production.
The organic carbon will partially dissolve in the acidic solution
due to the increased pressure, and once supercritical conditions
are reached, carbon dioxide also has an extractive effect, causing
the organic matter in the mudstone to be extracted into the
reaction solution. However, the amount of change that occurs

Figure 4. COD results under different pressures.

Figure 5. DIC results under different pressures.

Figure 6. F420 results under different pressures.
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after the pressure is increased is relatively small, even though the
amount of organic carbon is reduced. From the change of
chloroform asphalt A, the amount of chloroform asphalt A of 0,
8, and 12 MPa changed more, and 0 MPa < 8 MPa < 12 MPa, 4
MPa did not decrease. The primary cause of the change in
organic carbon trend is that chloroform asphalt A is a more
active component in mudstone; under 0 MPa, microbial activity
is primarily higher and there is more degradation of the
component; at 8 and 12 MPa, the change in chloroform asphalt
A is still because it is easier to extract (Table 4).
3.5. Mineral Changes in Mudstone after Reaction. As

shown in Figure 7, when mudstone mineral components under
different pressure conditions are compared to their changes
before and after gas production, it is observed that the degree of
change in mudstone mineral components varies under different
pressure conditions. Among these, the carbonate mineral
components increased more visibly, feldspar minerals showed
a decreasing trend, and the content of clay minerals increased in
the initial stages; however, the clay mineral components also
showed a decrease after reaching supercritical conditions. The
change in the sulfide mineral types is not readily apparent. As
pressure rises, the carbonate minerals rise more, some metal
elements in the feldspar and clay minerals dissolve, the feldspar
minerals decrease more as a result of greater dissolution, and the
clay minerals decrease initially. In both type (2) and type (3)
dissolution reactions, carbonate ions combine with metal ions to
form new carbonate minerals. Furthermore, a portion of these
metal ions recombine with silicic acid to form clay minerals.
These newly formed minerals are classified as secondary and
they reattach to the surface of the original minerals.

CO H O H CO (aq)2 2 2 3+

H CO (aq) H HCO2 3 3++

HCO H CO3 3
2++

(1)

M CO MCO (s)3
2

3+ (2)

Mg Fe Al Ca Si O (OH) 17. 468H

2. 483Al 0. 011Ca 1. 712Fe
2. 964Mg 2. 633H SiO (aq) 0. 215Fe

7. 468H O

2.964 1.927 2.483 0.011 2.633 10 8

3 2 2

2
4 4

3

2

+

+ +
+ + +

+

+

+ + +

+ +

(3)

3.6. Discussion. Within biogas production reactions in
mudstone subjected to varying CO2 pressure conditions, it is
evident that an increase in pressure within the CO2−microbe−
water−mudstone system results in a gradual decrease in gas yield
and a corresponding elongation of the gas production cycle. As
the pressure increases, the pH value in the liquid phase gradually
decreases, the concentration of VFA decreases, and the
concentration of DIC increases. Despite the enhanced solubility
when CO2 reaches its supercritical state, the increased
dissolution of COD in the liquid phase indicates heightened
solubility of organic matter and chloroform asphalt A after the
reaction. The microbial community structure shows decreased
diversity and abundance as pressure rises, along with an
enrichment of pressure- and acid-tolerant bacteria and archaea.
Notably, species such as Desulfobacillus, Methanobacillus, and
Geobacillus become more abundant. This adaptation likely
indicates that the microbial community requires extended
periods under gas and pressure conditions to achieve optimal
adaptation and reestablish stability. Enzymes essential for the
generation of methane, such as hydrogenase and F420, also
diminish concurrently, suggesting a general decrease in the
metabolic activity of microbes. Reduced capacity for COD
degradation weakens the solution reactivity, leading to a notable

Table 4. Gas-Producing Group

TOC (wt %) HI (mg HC/g TOC) chloroform asphalt A (%) R0 (%) free and cracked hydrocarbons S1 + S2

original ingredients 0.35 133 127 × 10−5 0.2 1.53
0 MPa 0.27 89 133 × 10−5 0.2 1.45
4 MPa 0.29 92 117 × 10−5 0.2 1.21
8 MPa 0.33 104 123 × 10−5 0.2 1.38
12 MPa 0.34 113 128 × 10−5 0.2 1.33

Figure 7. Compositional changes at different pressures.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04022
ACS Omega 2024, 9, 40559−40565

40563

https://pubs.acs.org/doi/10.1021/acsomega.4c04022?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04022?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04022?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04022?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reduction in the diversity of chemical reactions. Mudstone’s
mineral composition is dramatically changed byCO2 dissolution
following the reaction, especially with the increase of carbonate
minerals. Analyses suggest that carbonate minerals are involved
in dissolution−precipitation reactions, leading to the formation
of secondary minerals, while a minor dissolution of clay minerals
leads to the formation of new clayminerals. This process releases
metal ions, which may contribute to the decline in the microbial
activity.

4. CONCLUSIONS
This study conducted simulated in situ biogas production
experiments for carbon dioxide sequestration inmudstones from
the Qaidam Basin, highlighting the potential for biogas
generation. High-throughput sequencing data reveal significant
activity of cellulolytic and proteolytic bacteria, acidophilic
bacteria, and methanotrophic bacteria at depths ranging from
1250 to 1750 m, indicating the presence of abundant substrates
necessary for methane production in this stratum. The
conclusions drawn from gas production results under various
pressure conditions are as follows:

1. The higher the CO2 pressure, the lower the biogas
production and the longer the biogas production cycle;
the maximum unit gas yield of mudstone at 0 MPa is 0.27
mL/g.

2. With increasing carbon dioxide pressure, microbial
metabolic activity gradually decreases, and the dominant
communities shift to more acid- and pressure-tolerant
genera, resulting in an extended biogas production cycle.

3. As pressure increases, the mineral composition of
mudstone changes significantly, with a notable increase
in carbonate minerals, an initial increase followed by a
decrease in clay minerals, and a gradual reduction in
feldspar minerals. Additionally, the contents of TOC and
chloroform asphalt A are reduced.
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