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Abstract: Laboratory experiments (150 days) were performed to analyze the influence of NO2

impurities on indigenous microbial communities and diversity with 16S rRNA sequence at real GCS
site (Geological CO2 Sequestration, ordos, China) conditions (pressure: 15 MPa, temperature: 55 ◦C).
The possible impact of metabolic activity on the GCS process was investigated through the BLASTn
search. Compared with the pure CO2, results demonstrate that the biomass and biodiversity were
lower, due to the lower pH, within 60 days after the co-injection of 0.1% NO2. Subsequently, the
pH was quickly buffered through the corrosion of feldspar and clay, and the impact of NO2 had
almost no obvious effect on the microbial structure except the abundance of phylum and genus after
90 days. In addition, acid-producing bacteria appeared after 60 days, such as Bacillus, Acinetobacter,
and Lactococcus, etc., lower the pH in the solution and accelerate the dissolution of minerals. The
Fe (III)-reducing microbes Citrobacter freundii reduce the Fe (III) released from minerals to Fe (II)
and induce siderite (FeCO3) biomineralization through biogeochemical processes. Therefore, the
co-injection of trace NO2 will not significantly affect the growth of microorganisms on long timescale.

Keywords: NO2 impurities; geological CO2 sequestration; indigenous microbial communities; diversity

1. Introduction

The burning of fossil fuels has substantially increased the levels of CO2 in the atmo-
sphere from 228 ppm in the preindustrial age to the current level of 415.88 ppm, leading to
significant climate changes across the globe [1]. Carbon capture and storage (CCS) technol-
ogy is regarded as an effective way to reduce CO2 emission. It is mainly to capture and
seal CO2 in natural or artificial “containers” to reduce emissions to the atmosphere, such as
geological storage, biological storage, marine storage, mineral storage, and so on [2,3]. The
International Energy Agency (IEA) pointed out that, with the promotion and construction
of CCS projects, the contribution rate to global carbon emission reduction will increase
from 3.0% in 2020 to 19.0% in 2050. Among all kinds of CCS projects, geological CO2
storage (GCS) in a deep saline aquifer is regarded as the most potential technology due to
its large storage capacity, high safety, and long storage time [4]. Multiple studies have been
conducted with a principle focus on the interactions between mineral-CO2-saline [5–8].

However, CO2 often contains a certain amount of impurity gases due to different
sources, capture, and purification technologies (see as Table 1) [9]. Among the variable
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impurities, N2, CH4, Ar, and CO are non-condensable impurity gases. These impurities
below the supercritical point of CO2 can reduce the density of CO2 fluid and the viscosity
of fluid, increase the buoyancy of CO2 plume, and accelerate the rising speed of fluid in
the reservoir, which is not conducive to the capture of residual gas and the injectability
of CO2 [10]. Apart from that, the main active acid gases, such as SO2, H2S, NOx, can
affect the pH and redox conditions of the storage environment. Acid gas can promote
mineral dissolution and change porosity, thus affecting the CO2 injection ability, and
lower pH requires longer acid-base neutralization time to achieve CO2 mineralization and
capture [10,11]. Hedayati, et al. [12] found that CO injection of 1.5% SO2 promoted mineral
dissolution and formed secondary minerals of sulfate and pyrite under the experimental
conditions of 14.5 MPa and 60 ◦C. Aminu, et al. [11] found that the permeability increased
by 5.5% after pure CO2 injection, decreased by 5.5% after CO2-H2S injection, decreased by
6.25% after CO2-SO2 injection, and decreased by 41.6% after CO2-NO2 injection. Therefore,
it is of great significance to study the influence of various impurities on the geological
storage of carbon dioxide.

Table 1. The content of CO2 and impurity gas may mix in CO2 [10,13].

Components CO2 N2 O2 H2 CH4

Mole fraction (%)
Minimum 75 0.02 0.04 0.06 0.7
Maximum 99 10 5 4 4

Components Ar SO2 H2S + COS NOx CO

Mole fraction (%)
Minimum 0.005 <0.0001 0.01 0.0002 0.0001
Maximum 3.5 1.5 1.5 0.3 0.2

On the other hand, in deep saline aquifers, the numerous populations and various
metabolic activities make microbes have the potential ability of changing geochemical
processes. Studies have revealed the cause and effect relationship between particular bacte-
ria and minerals. δ-Proteobacteria azotobacter accelerates the dissolution of olivine and
pyrite [14], and Acinetobacter soli can extract 71.93% of K+ from K-feldspars and decrease
the pH level from 7.4 to 0.32 during its fermentation [15]. Shewanella fridgidimarina causes
more than a 95% decrease in core permeability in the rock pore space under high pres-
sure conditions (8.9 MPa), with influence of dissolved or supercritical state CO2 resulting
from microbials activities [16]. The microbially mediated reduction caused by the She-
wanella piezotolerans strain WP3 at 20 MPa triggers a release of iron (Fe) from Fe-containing
minerals (smectites) [17]. Moreover, Li, et al. [18] found that indigenous microbial commu-
nities accelerated the corrosion of K-feldspar, albite and clay minerals, and induced the
carbonates mineralization when pure CO2 was injected, which showed benefits of CO2
mineral trapping.

At present, there are a lot of researches on CO2 or impure gases-saline-sandstone
interaction, while the influence of impurity gas on biogeochemistry is rarely reported [19].
In our group’s previous study, published by Zhang, et al. [19], co-injection of SO2 impurities
resulted in a decrease in biomass, and shifts in microbial communities, within 90 days and
inhibited the carbonates capture. No secondary carbonate (e.g., calcite, siderite) was ob-
served in the experiments. As another common impurity gas in CO2, NO2 impurities could
change the pH, redox condition, and water chemistry, which may significantly impact the
indigenous microbial community structure and diversity. Conversely, it may have a posi-
tive or a negative effect on the mineral corrosion and trapping. However, our knowledge
about the cause and effect relationship between NO2 impurities and microorganisms-CO2-
saline-sandstone is limited. To address the above issues, it’s important to investigate the
impact of NO2 impurity injection on the structure and diversity of indigenous microbial
community firstly.

In this study, laboratory experiments (150 days), focusing on the impact of NO2
impurities on the indigenous microorganisms, were conducted. The objectives of this
study are: (1) to verify the response of microbial communities to co-injection of NO2;
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(2) to investigate the possible impact of indigenous microorganisms on the NO2-CO2-
saline-sandstone interaction process with 16S rRNA technology. The results of this study
can provide foundation for the further investigation of microbial feedback on the GCS
process with NO2 impurities injection, enriching the theoretical basis on biogeochemical
behavior of impure CO2 aquifer storage.

2. Materials and Methods
2.1. Experimental Materials
2.1.1. Water and Microbial Sample Collection

The water samples were collected from a field observation well which is located at
a CO2 injection site reservoir in Erdos, China (~1600 m water depth). Before collection,
2 h evacuation was performed to eliminate the original microbial contamination of the
observation well. After that, the collecting bottle with water sample was cleaned for 3 times,
then insert the sampling pipe into the bottom of the bottle and inject the water sample
slowly. After 100 mL overflow is generated, pull out the sampling pipe, close the bottle
cap, seal the bottle mouth with sealing film, and then wrap the bottle cap with adhesive
tape. The collected samples were sent to the laboratory for determination of water chemical
components, and the test results are shown in Table 2.

Table 2. The main composition of the reservoir saline in experiment.

Properties ρ (mg/L) Properties ρ (mg/L)

Ca2+ 1067.33 SO4
2− 46.28

Mg2+ 4.47 NO3
− 72.67

K+ 76.42 Cl− 5339.34
Na+ 2356 HCO3

− 520.26
Total Iron 27.47 TOC 78

pH 7.02

Due to the less quantity of microorganisms in the underground environment, the
simple collection of field water samples is not conducive to the later test. This time, the
microbial sample was concentrated as the method of Li, et al. and Zhang, et al. [18,19].
First, put a total of 10 L extracted water sample into a 5 L sterilized buffer container in
batches, and then use a vacuum filtration to filter the water sample by nylon net membranes
(0.22 µm). During the whole process of filtration, the color change of the filter membrane
and the flow velocity of water in the bottle were observed. When the flow velocity of water
decreased significantly, it was proved that a large number of microorganisms in the water
sample had been enriched on the filter membrane. At this time, the filter membrane was
quickly moved into a 40 mL Agilent bottle, filled with CO2 gas and sealed with a gland,
and then continue to use a new filter membrane for filtration until all the 10 L extracted
water samples are filtered. Finally, 3 Agilent bottles with 3 filter membranes were put into a
portable low-temperature storage box (4 ◦C) for subsequent microbial information testing
and microbial scale-up culture.

2.1.2. Microbial Scale-Up Culture

Although the indigenous microbes had been enriched on the filter membranes, the
quantity was still relatively limited, which would not be conducive to experimental obser-
vations of their mediating effect if used directly. Therefore, the indigenous microorganisms
were expanded and cultivated in the lab prior to experimentation. The indigenous microbes
were cultured by inoculating the membranes in the mineral salt medium with 1.0 mL of
vitamin stock solution and 1.0 mL of trace element stock solution in 500 mL serum bot-
tles [20]. An anaerobic incubator was used and kept at 55 ◦C for the desired growth rate
(YQX-II, YUEJIN, Shanghai, China). The microbe culture solution was centrifuged and
extracted for the next batch reactor experiment. Saline was prepared artificially, according
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to the chemical analysis data of the reservoir saline, (Table 2) and then used in the stainless
steel reactor experiments.

2.1.3. Sandstone Samples

Samples were collected at ~1600 m under a surface level of the Erdos reservoir. Quan-
titative X-ray diffraction (XRD) and X-ray fluorescence (XRF) analysis determined the
samples to be sandstone: 49% quartz; 3% dolomite; 16% chlorite-smectite mixed layer
minerals; 5% illite; 23% feldspar, and 4% others. The first group of samples was cut into
10 mm × 10 mm × 1 mm slices, while the second group was crushed evenly for later use
in the microbial-mediated CO2-NO2-saline-sandstone reaction experiments.

2.2. Experimental Set-Up and Approach

The experimental set-up is fully described as Figure 1. Liquid CO2 (99.99% purity)
and the mixture of CO2–NO2 (0.1 voL% NO2), provided by Jvyang Gases Company
in China, was injected into 316-grade stainless steel reactors (200 mL volume, design
maximum working pressure is 35 MPa, the maximum working temperature is 350 ◦C)
via a booster pump. A sampling pipe (10 mL volume) tailored for the experiment was
used to collect water and microbial samples. As the pressure in the reactor is much higher
than the atmospheric pressure, the pressure in the reactor can pump the water sample into
the connected 10 mL sampler when the outlet valve was opened. During the 150-days
experiment, control factors, including temperature and pressure, were monitored by a
thermometer and a pressure gauge.

Figure 1. Schematic diagram of experimental device (a) and high-pressure reactor (b).

Three groups of experiments were set up: a. microbe-CO2-NO2-saline-sandstone; b.
microbe-CO2-saline-sandstone; c. CO2-NO2-saline-sandstone. All experiments were per-
formed in duplicates. Sandstone samples (17 g) were added to the batch reactor, followed
by addition of 170 mL of saline solution (as the control) or saline solution containing the
enriched indigenous microorganisms, which was obtained by centrifugation in 170 mL
culture medium. The conditions of 15 ± 0.5 MPa and 55 ◦C were maintained for 150 days,
with no stirring to simulate the real-life conditions of geologic CO2 sequestration in the
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reactor. CO2 gases or the mixture of CO2-NO2 were purged into the reactors and remained
sealed during the experiment. Following a certain reaction time, 5 mL water sample was
taken out by sampler for microbial analyses and the pH of another 5 mL sample was
immediately measured by pH meter after sampling at atmospheric pressure. Besides, pH
may change dramatically at the beginning of the experiment, so we also set up pH tests at
the time interval of 5 days, 15 days, 45 days, and 75 days.

2.3. Microbial Analyses
2.3.1. DNA Extraction

Total community genomic DNA extraction was performed using an E.Z.N.A. Soil
DNA Kit (Omega, Norwalk, CT, USA), following the manufacturer’s instructions. The
DNA concentration was measured using a Qubit 2.0 (Life, Carlsbad, CA, USA) to ensure
adequate amounts of high-quality genomic DNA.

2.3.2. 16S rRNA Gene Amplification and qPCR (Quantitative PCR)

The bacterial 16S rRNA gene of V3–V4 hypervariable region is the target of this
study. The polymerase chain reaction (PCR) and qPCR were conducted immediately af-
ter DNA extraction. The 16S rRNA V3–V4 amplicon was amplified using KAPA HiFi
Hot Start Ready Mix (2×) (TaKaRa Bio Inc., Shiga, Japan). Two universal bacterial 16S
rRNA gene amplicon PCR primers: 341F (CCTACGGGNGGCWGCAG) and 805R (GAC-
TACHVGGGTATCTAATCC) were applied in this study. The reaction was set up with
2 µL of microbial DNA (10 ng/µL), 1 µL of amplicon PCR forward primer (10 µM), 1 µL of
amplicon PCR reverse primer (10 µM) and 2× 15 µL of KAPA HiFi Hot Start Ready Mix
(30 µL total). The PCR progress performed in the sealed plate and in a thermal instrument
(Applied Biosystems 9700, Foster City, CA, USA) using the following program: 1 cycle
of denaturing at 95 ◦C for 3 min, five cycles of denaturing at 95 ◦C for 30 s, annealing at
45 ◦C for 30 s and elongation at 72 ◦C for 30 s, then 20 cycles of denaturing at 95 ◦C for
30 s, annealing at 55 ◦C for 30 s, elongation at 72 ◦C for 30 s and a final extension at 72 ◦C
for 5 min. Afterwards the PCR products were checked using electrophoresis in 1% (w/v)
agarose gel in tris-boric acid and ethylenediaminetetraacetic acid (TBE) buffer stained with
ethidium bromide and visualized under UV light.

2.3.3. 16S Gene Library Construction, Quantification and Sequence Processing

We used AMPure XP beads to purify the free primers and primer dimer species in
the amplicon product. Samples were delivered to Sangon BioTech (Shanghai, China) for
library construction, quantification, and sequence processing. The data analysis was as in
Zhang, et al. [20].

2.3.4. Statistical Analyses

After sequencing, the two short Illumina readings were assembled by PEAR (v 0.9.6)
software, according to the overlap, and fastq files were processed to generate individual
fasta and qual files, which were then analyzed by standard methods. S quences containing
ambiguous bases and any that were longer than 480 base pairs (bp) were dislodged; those
with a maximum homopolymer length of 6 bp were allowed [21]. Sequences shorter
than 240 bp were removed from analysis [22]. All identical sequences were merged into
one. Sequences were then aligned according to a customized reference database. The
completeness of the index and the adaptor was checked and all of the index and adaptor
sequence was removed. Noise was removed using the precluster tool and chimeras were
detected with Chimera UCHIME software; all of the software was in the Mothur package.
Sequences with 97% similarity were grouped into operational taxonomic units (OTU’s)
on the genus level using Mothur and NCBI Blast [23]. In order to further understand the
possible biological functions of indigenous microorganisms, sequences were compared with
the database through the BLASTn function in Genbank ((Basic Local Alignment Search Tool
for nucleotides, https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 13 February 2017).

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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The Shannon and Simpson index were calculated according to OUT’s as the description by
Ju, et al. [24]. The greater the Shannon index, and richer the biodiversity was, smaller the
Simpson index, and richer the diversity was. The PCA 3D map was performed in R software
(http://www.r-project.org, accessed on 8 January 2017), the UniFrac sample distance heat
map was performed using Mothur v.1.30.1 software and pheatmap packages v1.0.7.

3. Results and Discussion
3.1. Microbial Scale-Up Culture

The annotation classification results at the phylum level of the microbiological samples
from the actual site are shown in Figure 2. It can be seen that, before expansion, Nitrospirae
(50.04%), Firmicutes (35.15%), and Proteobacteria (10.23%) were the dominant bacterial phyla,
and after expansion, Nitrospirae (71.05%), Firmicutes (24.66%), and Proteobacteria (4.20%)
were the dominant bacterial phyla. This shows that the dominant bacterial phyla before
and after the expansion did not change significantly, but their abundances changed.

Figure 2. The abundance of phyla before (a) and after (b) cultivation.

Table 3 shows the changes in microbial abundance at the genus level as determined
using 16S rRNA gene sequencing before and after expansion. The analysis found that
Thermodesulfovibrio and Thermoanaerobacter dominated the colonies before and after the
expansion culture, but the culture contained various other genera. Comparing before and
after the culture expansion, the types of dominant bacteria did not change greatly, but
the abundances of the different genera did change, mainly due to differences between
the culture environment and the natural environment. In addition, the qPCR analysis
showed that the expression of 16S rRNA genes before and after the expansion culture were
2.67 × 105 ± 0.73 × 105 copies/mL and 8.89 × 107 ± 0.80 × 107 copies/mL, respectively.
This showed that, while the community structure was not significantly altered by the
expansion of cultivation, the total biomass increased by two orders of magnitude. Therefore,
the expansion culture of indigenous microorganisms was an effective method for preparing
bacterial samples for reactor simulation experiments.

http://www.r-project.org
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Table 3. The abundance of major genera and the quantity of 16S rRNA genes before and after
cultivation.

Properties Before
Cultivation Abundance (%) After

Cultivation Abundance (%)

The abundance
of major genera

Thermodesulfovibrio 49.36 Thermodesulfovibrio 70.84
Thermoanaerobacter 22.12 Thermoanaerobacter 20.04

Bacillus 3.84 Exiguobacterium 2.37
Moorella 3.55 Acinetobacter 1.96

Pseudomonas 3.15 Citrobacter 1.64
Exiguobacterium 2.51 Clostridium III 0.58

Streptococcus 2.23 Pseudomonas 0.57
Citrobacter 2.05 Desulfitobacterium 0.40

Brevibacillus 2.05 Brevibacillus 0.33
Acinetobacter 1.63 Moorella 0.26

Clostridium III 1.56 Bacillus 0.04
Enterococcus 1.02 Enterococcus 0.02

Others 4.93 Others 0.95
16S rRNA

gene copies 2.67 × 105 ± 0.73 × 105 copies/mL 8.89 × 107 ± 0.80 × 107 copies/mL

3.2. Effect of NO2 Co—Injection on Biomass
3.2.1. The Change of pH

In the process of geological CO2 storage, pH change is an important factor affecting
microorganisms, so this experiment monitored how the pH of the solution changed, the
results are shown in Figure 3.

Figure 3. The changes of pH within 150 days.

During the whole experiment, pH in all three experimental groups was the lowest
(around 3.5) in the initial stage of injection, but increased with mineral dissolution. At
days 5, 30, 120, and 150, the pH of the CO2-NO2-microbe group was 3.45, 4.97, 5.76, and
5.76; the pH of the CO2-NO2 group was 3.44, 4.99, 5.78, and 5.85; and the pH of the
CO2-microbe group was 4.55, 5.20, 5.84, and 5.83. Therefore, scCO2 was shown to be
partially soluble in water and able to hydrolyze to produce H+, which lowered the pH
of the solutions. Similarly, the production of HNO3 from NO2 can also reduce the pH.
However, the consumption of H+ by dissolved minerals can gradually neutralize the H+.

A comparison of pH among the experimental groups found that the pH values of
the CO2-NO2-microbe (4.21) and CO2-NO2 groups (4.25) were significantly lower than
the pH of the CO2-microbe group (4.91) during the first 15 days. However, by day 30, the
pH differences among the CO2-NO2-microbe (4.97), CO2-NO2 (4.99), and CO2-microbe
(5.22) groups were much smaller than at 15 days, and the difference continued to gradu-
ally decrease after 45 days. The main reason was that the low pH conditions after NO2
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injection accelerated the dissolution of feldspar and clay minerals, which accelerated the
neutralization of H+. In addition, the pH of the CO2-NO2-microbe group continued to be
lower than that of the CO2-NO2 group from the 15th day, and the pH of the CO2-microbe
group (5.83) remained slightly lower than that of the CO2-NO2 group (5.85) even after
150 days, indicating that microbial mediation reduced the environmental pH. Li, et al. [18]
also found that Pseudomonas mendocina, Acinetobacter soli, and other acid-producing bacteria
mediated the pH of solutions while studying how the biogeochemistry of CO2 storage in
the saline aquifer is mediated by indigenous microorganisms.

3.2.2. Biomass Change

Increased gene content indicates that the total biomass has increased. The 16S rRNA gene
content was assessed using qPCR technology to evaluate the changes in biomass. As shown in
Figure 4, the 16S rRNA gene content of the CO2-microbe group decreased from the initial con-
centration of 5.23 × 107 ± 0.80×107 copies/mL to 3.04 × 106 ± 0.43 × 106 copies/mL during
the first 30 days, but then gradually increased to 1.26 × 107 ± 0.56 × 107 copies/mL from
day 30 to day 120. At 150 days, it had dropped slightly to 1.18 × 107 ± 0.26 × 107 copies/mL.
In the CO2-NO2-microbe group a sharp drop to 0.61 × 106 ± 0.42 × 106 copies/mL was
observed at 30 days, but it gradually increased to 1.53 × 107 ± 0.67 × 107 copies/mL by
day 120, eventually decreasing slightly to 1.40 × 107 ± 0.26 × 107 copies/mL at day 150.

Figure 4. The 16S rRNA gene copies over 150 days.

In the process of geological CO2 storage, the pH value has large effects on microor-
ganisms. Indeed, after CO2-NO2 or pure CO2 was injected, sharp decreases in biomass
were observed after 30 days due to the sudden decrease in pH. With NO2 co-injection
(i.e., CO2-NO2), because the pH was lower, the biomass was significantly less than the
CO2-microbe group after 30 days. With the neutralization of pH by mineral dissolution, the
biomass of both groups increased from day 30 to day 120. However, the microbial growth
rate (i.e., increase in biomass) of the CO2-NO2-microbe group was greater than that of the
CO2-microbe group at this stage, and after 120 days, the biomass in the CO2-NO2-microbe
group was greater. This was because the rapid erosion of minerals by NO2 injection re-
duced the differences in pH between the groups after 90 days. Furthermore, the NO3

−

that was formed and the increased dissolved Fe3+, due to NO2 injection, were able to act as
terminal electron acceptors in biological metabolic activities and promote the growth of
microorganisms. Due to their roles in biological metabolism, NO3

− and Fe3+ both usually
play important roles in biogeochemistry. Li, et al. [18] found that Fe3+ released from clay
minerals after CO2 injection promoted the growth of iron-reducing bacteria. Li, et al. [20]
found that nitrate and sulfate both promoted the growth of microorganisms in abandoned
oil and gas reservoirs. In addition, because a carbon source (sodium acetate) was added
during the preparation of the saline, the biomass of the two experimental groups decreased
slightly upon exhaustion of the nutrients between 120 and 150 days.
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3.3. Effects of NO2 Co—Injection on Community Structure
3.3.1. Changes of Phylum Classification Level

The annotation classification results at the phylum level are shown in Figure 5. In the
initial sample, Nitrospirae (71.05%), Firmicutes (24.66%), and Proteobacteria (4.20%) were the
dominant phyla. After CO2-NO2 and CO2 injection, changes in pH and pressure altered
the composition of the microbial phyla. Proteobacteria was the dominant phyla in both
groups at days 30 and 60. As the pH was neutralized over time by mineral dissolution, the
types and abundances of the dominant bacterial groups also changed. Firmicutes in both
groups had an absolute advantage after 90 days, but at days 120 and 150, both Proteobacteria
and Firmicutes were the dominant phyla, although Proteobacteria were more abundant than
Firmicutes. According to previous studies, the acid tolerance of Nitrospirae is lower than that
of Proteobacteria and Firmicutes, which may explain why Nitrospirae basically disappeared
after CO2 injection. Proteobacteria and Firmicutes were also dominant in the study on the
effect of SO2 conducted by Zhang, et al. [19], who also observed that the competition
between Proteobacteria and Firmicutes was fierce within the 90-day experimental period.

Figure 5. Relative abundances of dominant microbial phyla. Phyla with <0.2% abundance were included in ‘Others’ Initial:
initial sample; A: CO2-NO2-microbe group; B: CO2-microbe group. 1: 30 day; 2: 60 day; 3: 90 day; 4: 120 day; 5: 150 day.

As shown in Figure 5, the comparison between groups found that the microbial
compositions at the phylum level during the same period were not significantly different.
In order to better distinguish different periods, the whole process was divided into three
stages, namely, the early stage (30 and 60 days), the middle stage (90 days), and the later
stage (120 and 150 days) of the experiment.

In the early stage (30–60 days), diversity at the phylum levels, within the pure CO2
injection group, was slightly higher. Specifically, the abundances of Firmicutes, Bacteroidetes,
Armatimonadetes, and Chloroflexi in the CO2-microbe group were slightly higher after
60 days. In the middle stage (90 days), there were no significant differences among the
abundances of the dominant bacteria in the two groups, and Firmicutes had an absolute
advantage in both groups. In the later stage (120–150 days), the dominant bacterial phyla
in both groups were Proteobacteria and Firmicutes, but the abundance of Proteobacteria was
higher in the CO2-NO2-microbe group, while Firmicutes was slightly more abundant in
the CO2-microbe group. With the NO2 injection, the rapid mineral dissolution rapidly
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narrowed the pH gap originally produced by CO2 injection, and within 30 days, the
difference was no longer significant. Furthermore, the CO2-NO2 and pure CO2 injection
groups had different concentrations of NO3

−, Fe3+, and other mineral ions after 30 days.
However, the changes of pH, NO3

−, Fe3+ concentration, etc., after co-injection with 0.1%
NO2 were not sufficient to produce differences in the dominant bacterial phyla in the
communities after 30 days, but these changes did appear to have an impact on abundance.

3.3.2. Microbial Community Changes at the Genus Level

In order to clarify the response of the microbial community more clearly, the bacte-
ria were analyzed at the genus level (Figure 6). The results clearly illustrated how the
microbial genera shifted in the different reactor systems due to the continuous reaction
of saline-sandstone-CO2 and the continuously changing environmental conditions. The
community structures of both experimental groups continued to evolve throughout the
150 day experiment. Although pH is an important factor affecting microorganisms in
geological CO2 storage, and nitric acid can be formed by the 0.1% NO2 injection, rapid
mineral dissolution within the experimental groups neutralized the protons, reducing the
difference in pH between the two groups within 30 days. In addition, although the NO3

−

concentration was higher with 0.1% NO2 injection, the lower pH promoted higher Fe3+

plasma dissolution and higher salt concentrations, reducing the pH while increasing the
salinity and the concentration of biological metabolites (Fe3+, NO3

−, etc.). These changes
were not sufficient to affect the dominant bacteria genera after 30 days, but there were
differences in their abundances between the CO2-NO2-microbe and CO2-microbe groups
during the same period.

Figure 6. Relative abundances of microbial genera. Phyla with < 1% abundance were included in ‘Others’ Initial: initial
sample; A: CO2-NO2-microbe group; B: CO2-microbe group. 1: 30 day; 2: 60 day; 3: 90 day; 4: 120 day; 5: 150 day.

In the initial community, Thermodesulfovibrio and Thermoanaerobacter were the dominant
genera, accounting for 70.84% and 20.04% of the total abundance, respectively. According
to previous reports, Thermosysulfovibrio and Thermoanaerobacter are tolerant of pH envi-
ronments around 7.0, but are not resistant to acidic environments. Since the pH of the
solutions dropped below 6 upon injection of CO2-NO2 and pure CO2, the abundances of
these two, initially dominant, genera dropped rapidly early in the experiment.

Through the BLASTn function in Genbank, the OTU sequences were compared with
the database, and the characteristics of the dominant bacteria in the early stages were
determined. The results are presented in Table 4. In the early stage of CO2-NO2 or pure
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CO2 injection (i.e., at 30 and 60 days), there was little difference among the dominant
bacterial groups in the two communities, but there were differences in their abundances.

Table 4. Abundance and characteristics of the dominant bacterial genera at 30 and 60 days.

Time
(Days) Phylum—Genera

Abundance %
Identity (Similarity %): Characteristics in Refs.

CO2-NO2 CO2

30-day

Proteobacteria-Burkholderia 80.60 40.53 B. spp. (98%): acid-tolerant, dissolution [25]
Proteobacteria-Brevundimonas <1.0 23.01 B sp. (97%): acid and salt-tolerant [26]
Proteobacteria-sphingomonas 7.91 19.06 S.alaskensis (99%): acid and salt-tolerant [27,28]
Proteobacteria-Caulobacter 8.69 3.10 C. spp. (97%): salt-tolerant [29]

60-day
Proteobacteria-Burkholderia 32.41 22.97 B. spp. (98%): acid-tolerant, dissolution [25]
Proteobacteria-phingomonas 24.96 20.32 S.alaskensis (99%): acid and salt-tolerant [27,28]

Proteobacteria-Stenotrophomonas 12.71 9.48 S. maltophilia (98%): acid-tolerant [30,31]

In the early stages, the communities of the two groups were dominated by bacte-
ria adapted to extreme acidic and saline environments. These dominant bacteria were
Burkholderia, Brevundimonas, Sphingomonas, Caulobacter, and Stenotrophomonas, all from the
Proteobacteria phylum. The primary difference between the groups was a higher abundance
of Burkholderia in the CO2-NO2-microbe group at 30 and 60 days, especially at 30 days,
when Burkholderia accounted for 80.60% of the CO2-NO2-microbe group. The OTU0 se-
quence was shown to belong to the genus Burkholderia, which has a 98% similarity with
Burkholderia spp. It has been reported that this group of bacteria can continue growing
in acidic environments, tolerating pH environments of 3.05–4.67, and that they produce
acid-eroding minerals [25]. Because the pH in the early stage of NO2-CO2 injection group
was lower than that in the pure CO2 injection group, the abundance of Burkholderia in the
CO2-NO2-microbe was higher at 30 and 60 days.

In the middle stage (90 days), the differences in the types and abundance of dominant
bacteria between the CO2-NO2 and pure CO2 injection groups were no longer significant.
The OTU sequences were compared with the database using the BLASTn function in
Genebank, and the characteristics of the dominant bacteria at 90 days were determined, as
shown in Table 5.

Table 5. Abundances and characteristics of dominant genera after 90 days.

Time Phylum—Genera
Abundance %

Identity (Similarity %): Characteristics in Refs.
CO2-NO2 CO2

90-day
Firmicutes-Bacillus 42.40 40.85 B. cereus (99%): Resistant to acid, dissolution [32]

Firmicutes-Oceanobacillus 30.55 12.30 O. sp. (97%): Resistant to severe stress and acid [33,34]
Firmicutes-Lactococcus 12.64 32.95 L. sp. (99%): acid-producing [35]

Half way through the experiment, the microbial communities of the two groups were
composed mainly of acid-producing and salt-tolerant bacteria, and the dominant bacteria
were Bacillus, Oceanobacillus, and Lactococcus from the Firmicutes phylum. The OTU7 se-
quence was determined to belong to the Bacillus genus and has a 99% similarity with
Bacillus cereus. Wang [32] found that many species of the Bacillus genus, including Bacillus
cereus, have weathering effects on potassium feldspar and are salt-tolerant. Sofos [36]
observed that the growth of Bacillus cereus was completely inhibited when the pH was
less than 4.5. At 90 days, the pH of the CO2-NO2-microbe group was 5.61, and the pH of
the CO2-microbe group was 5.74, both of which were suitable for the growth of Bacillus
cereus. The OTU23 sequence belongs to the genus Lactococcus and has a 99% similarity with
Lactococcus sp. Yanmis [35] showed that Lactococcus spp. had the ability to dissolve CaCO3.
OTU15 was shown to belong to the genus Oceanobacillus, which is mostly found in the
ocean and has high salt tolerance and pressure resistance [33,34]. The higher proportion of
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Oceanobacillus in the CO2-NO2-microbe group at 90 days was likely related to the higher
salt concentrations in this group.

In the later period of the experiment (120 and 150 days), the community structures
were relatively stable, and there was little difference among the dominant bacterial species
in the 120-day and 150-day samples from the same experimental groups. In addition, there
were no significant differences between the dominant bacteria of the two experimental
groups during the same period, but there were differences in their abundances. The
abundances and characteristics of the dominant bacteria during 120–150 days are shown in
Table 6.

Table 6. Abundances and characteristics of the dominant genera from day 120 to day 150.

Time Phylum—Genera
Abundances %

Identity (Similarity %): Characteristics in Refs.
CO2-NO2 CO2

120-day

Proteobacteria-Citrobacter 40.17 27.43 C. freundii (99%): Fe(III) reduction [37,38]
Firmicutes-Exiguobacterium 21.97 36.78 E. sp. (99%): Dissolution [39]
Proteobacteria-Pseudomonas 20.66 10.64 P. aeruginosa (99%): Denitrification [40]

Firmicutes-Acinetobacter 6.13 16.49 A. soli (97%): Dissolution [15]
Firmicutes-Bacillus 3.82 3.00 B. cereus (98%): Dissolution [32]

150-day

Proteobacteria-Citrobacter 42.16 26.97 C. freundii (99%): Fe(III) reduction [37,38]
Firmicutes-Exiguobacterium 22.04 39.08 E. sp. (99%): Dissolution [39]
Proteobacteria-Pseudomonas 15.54 9.92 P. aeruginosa (99%): Denitrification [40]

Firmicutes-Acinetobacter 10.15 16.50 A.soli (97%): Dissolution [15]

In the later stages of the experiment, the dominant bacterial genera of the two groups
were mainly the iron-reducing bacteria Citrobacter of the Proteobacteria phylum, denitrifying
bacteria of the genus Pseudomonas, acid producing bacteria of the Firmicutes phylum, and
the mineral dissolving bacteria Exiguobacterium, Acinetobacter, and Bacillus. OTU14 was
shown to belong to the genus Citrobacter and has a similarity of 99% with Citrobacter
freundii. According to previous studies, most species of Citrobacter are typical facultative
anaerobes, which can use Fe(III) and H2 as electron acceptors, with small molecular organic
acids acting as electron donors via enzymatic pathways to reduce Fe(III) [37,38] and then
induce siderite biomineralization through metabolic processes. OTU17 belongs to the
genus Exiguobacterium and has a 99% similarity with the strain Exiguobacterium sp. It has
been reported that bacteria of the genus Exiguobacterium can use the humus in minerals
for fermentation, which produces lactic acid [39]. OTU12 was identified as belonging to
the genus Acinetobacter and is 97% similar to Acinetobacter soli. Bhattacharya [15] found
that Acinetobacter soli can use carbon sources, such as glucose, to ferment to produce acids,
and they observed a reduction in the pH of the solution from 7.4 to 0.32, resulting in
the dissolution of 71.93% of the K+ in potassium feldspar. OTU19 belongs to the genus
Pseudomonas and has a 99% similarity with Pseudomonas aeruginosa. Chen [36] showed
that the bacteria Pseudomonas aeruginosa maintains a high denitrification ability in pH
environments as low as 4.50. The strain also maintains a strong denitrification ability
with C/N ratios of 3.0, temperatures 45 ◦C, and NO3

− concentrations of 160 mg/L. Their
reduction rate can be as high as 92.74%. At 120 days and 150 days, the abundances of
Citrobacter and Pseudomonas in the CO2-NO2-microbe group were higher than the CO2
alone group, indicating the higher TFe (Total Iron) and nitrate concentrations, created
by the NO2 injection, facilitated Citrobacter iron reducing and Pseudomonas denitrifying
activities and promoted their abundance.

3.4. Effects of NO2 Co—Injection on Biodiversity
3.4.1. Alpha Diversity Analysis

Figure 7 shows the differences in the Shannon and Simpson indexes among groups at
different time periods. The diversity of the microbial community in the CO2-NO2-microbe
group during the first 90 days was less than that of the CO2-microbe group, and the
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diversity in the CO2-NO2-microbe group was greater than that of the CO2-microbe group
at 120 and 150 days. Because the difference in pH between the two groups in the early
stage was slightly larger, the lower pH early in the CO2-NO2-microbe group may have
reduced the biodiversity in the first 90 days compared to the CO2-microbe group. With
the rapid mineral dissolution, the pH was neutralized, and the pH gap between the two
groups was reduced over time, meaning that the impact of pH on community diversity
gradually became weaker. However, the injection of NO2 enriched the available nitrogen
and increased the amount of dissolved TFe, nitrate, and iron ions, all of which can be used
as nutrients for microorganisms. This benefited the physiological and metabolic activities
of microorganisms, resulting in increased diversity within the microbial community.

Figure 7. Changes of Shannon index (a); Simpson index (b).

3.4.2. Multidimensional Analysis and Beta Diversity Analysis

By creating graphs based on a multi-dimensional PCA, the relationships between
samples can be visualized by their proximities, with closer samples being more similar
to each other. Furthermore, using UniFrac’s heatmap, samples were analyzed for Beta
diversity, with colors representing distances between samples, where red indicates that the
distance between the samples is closer, and blue indicates the opposite.

The PCA 3D map and the UniFrac sample distance heat map (Figure 8) showed
that there were differences and similarities among samples in the same group at different
periods. The pH, carbon availability (sodium acetate, added when configuring the solution),
and terminal electron acceptor (such as Fe3+ or NO3

−) concentrations changed continuously
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over the 150 days experiment, but the similarities between the community structures were
highest at 90 and 120 days, after which the community evolved even slower. Domination
early by Burkholderia (tolerant pH 3.05 ~ 4.67), mid-term by Bacillus (completely inhibited at
pH < 4.5) and Oceanobacillus (salt-tolerant, pressure-tolerant), and later by Citrobacter (iron
reduction) and Pseudomonas (acid-resistant denitrifying bacteria) marked the differences
between the different periods. These differences were matched by changes in pH, salt
concentration, and metabolites in the system. In addition, the UniFrac sample distance heat
map showed that the sudden change in pH, after the CO2-NO2 and pure CO2 injections,
resulted in significant differences in the early community structure (at 30 days). The pH
gradually increased with mineral dissolution from day 30 to day 90, and the community
shifted back towards the initial composition. Acid-tolerant and salt-tolerant bacteria
were dominant, indicating that the early and mid-term pH had the strongest impact on
community evolution. Later, from days 90 to 150, the community shifted slightly away
from the initial community composition, despite pH changing only slowly at this stage.
Iron reducing, denitrifying, and acid-producing bacteria were the dominant bacteria at
various stages. Nutrient availability (e.g., carbon, Fe3+, and NO3

−) had a significant effect
on the evolution of the community later in the experimental period.

Figure 8. OTU-based PCA 3D map (a) and weighted UniFrac heatmap (b).

4. Conclusions

In this study, a series of experiments about microbe-NO2-CO2-saline-sandstone in-
teraction, at real GCS site conditions, were conducted to verify the response of microbial
communities to NO2 impurities. With the 16S rRNA sequence and qPCR analysis, a lower
pH was achieved resulting in lower biomass and biodiversity than the pure CO2 injection
group within 90 days after 0.1% NO2 impurities was co-injected. With the rapid mineral
dissolution, the pH gap between the NO2 impurities and pure CO2 groups was reduced
over time, which means the impact of NO2 impurities on biomass and biodiversity grad-
ually became weaker. During the whole experiment, co-injection of 0.1% NO2 did not
affect the dominant phyla or genera except the abundances in the microbial communities
after 30 days. Compared with the database, using the BLASTn function in Genebank, it
was found that acid producing bacteria such as Exiguobacterium sp., Acinetobacter soli, and
Lactococcus spp. could reduce the pH of mineral surfaces and accelerate the dissolution
of silicate minerals. The Fe (III)-reducing microbes, Citrobacter freundii, reduced the Fe
(III) released from clays to Fe (II) and induce siderite (FeCO3) biomineralization through
biogeochemical processes. Therefore, the co-injection of trace NO2 will not significantly
affect the growth of microorganisms and may even benefit the CO2 mineral trapping
process on a long timescale. The results demonstrated the co-injection of trace NO2 in GCS
technology is feasible, which is also conducive to reduce the cost of CO2 purification and
denitrification caused by NOx.
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