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Abstract: Coal mining subsidence leads to reductions in soil fertility. In order to improve soil physical
and chemical properties and to promote vegetation restoration, a nitrogen-fixing bacterium named
S1 was isolated from the coal mining subsidence area in the Shendong mining area, and a zeolite-
immobilized nitrogen-fixing bacterium was studied to improve the soil in the subsidence area. The
results show that the immobilized nitrogen-fixing bacteria can significantly improve the ammonium
nitrogen and nitrate nitrogen of soil by 50 times and 0.6 times, respectively, at 20 days, and it can
also improve organic matter. In pot experiments, it was found that immobilized microorganisms can
improve germination rate, plant height and the dry and fresh weight of maize. The results of the
above soil culture tests and pot experiments were then compared and analyzed. It was found that
plants made obvious use of soil ammonium nitrogen and nitrate nitrogen, and planting the plants
was conducive to increases in soil organic matter.

Keywords: microorganism immobilization; mining soil; nitrogen-fixing bacteria; soil improvement;
zeolite

1. Introduction

Coal mining activities have a long-term adverse impact on soil ecological structure [1,2].
The generation of soil fissures in mining subsidence areas increases the evaporation and
infiltration of soil moisture. The soil nutrients penetrate vertically with soil fissures and
surface runoff, or they are eroded by surface runoff, thus decreasing the concentrations
of total nitrogen, total phosphorus, organic matter and other elements in soil [3,4]. Coal
mining subsidence leads to the loss of soil nutrients, thereby restricting plant growth and
inhibiting ecological reconstruction. The lack of soil nitrogen is a critical problem for plant
growth [5,6]. Naturally existing microorganisms in the soil have a certain remediation
function for the ecological environment of the soil. Compared with other remediation
technologies, microbial remediation is low-cost, without the generation of secondary pollu-
tants. However, under natural conditions, the efficiency of microbial remediation is low.
Therefore, microbial-strengthening remediation has attracted more attention due to its low
cost and high efficiency [7-10].

Immobilized-microorganism technology mainly refers to the method of immobilizing
dispersed and free microorganisms in a certain limited space area by physical or chemical
methods. It can increase the concentration of microbial cells and maintain high biological
activity [11,12] Immobilized microorganisms have the advantages of high microbial density,
fast reaction speed, resistance to environmental impacts and being capable of significantly
improving remediation efficiency. In addition, immobilized-microorganism technology has
the characteristics of simple operation, low requirements and low cost. This technology is
expected to overcome the vicious competition between exogenous microorganisms and
indigenous microorganisms [13,14] Immobilized microbial technology has been widely
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reported in wastewater treatment, but very little research has been reported with respect to
soil remediation [15].

Current research shows that fixing microorganisms on a carrier can significantly
improve the remediation efficiency of microorganisms [15,16]. Microbial immobilization
technology can provide a stable microenvironment for target microorganisms in soils,
thereby reducing the adverse effects caused by some environmental factors and improving
the survival rate, stability and remediation efficiency of target microorganisms [11,17,18].
Therefore, it is crucial to select a carrier material with rich pores and a strong adsorption
capacity. Zeolite has a silicon (aluminum) oxygen tetrahedron structure, with a regular
structure, uniform pores, strong thermal stability, a large specific surface area and strong
adsorption capacity [19-21]. Thus, it is considered an ideal microbial adsorption carrier.
Moreover, zeolite can also improve soil quality. Yamada et al. [22] found that Ca-type
artificial zeolite can improve the ion balance of soil, improve the water-holding capacity
of soil and promote the growth of tomatoes and sugar beets. Ippolito et al. [23] found
that adding clinoptilolite to the soil can improve the yield of alfalfa. When the addition
amount was 20%, the yield, plant height and root weight of alfalfa reached the highest.
Ozbahce et al. [24] used natural zeolite for soil improvement. It was found that the addition
of zeolite improved the absorption of nutrient elements such as N, K, Zn, Mn and Cu by
plants. The content of nutrient elements increased with increases in zeolite doses while
increasing plant yield. However, to the best of our knowledge, there are few studies on
immobilizing microorganisms on zeolite to improve soil physical and chemical properties
and to explore its impact on plant growth.

The objective of this study is to promote soil nutrient cycling and increase plant
biomass via zeolite-immobilized microorganism technology. Therefore, in this study,
nitrogen-fixing bacteria were used as functional microorganisms and were immobilized on
three zeolites by physical adsorption. Immobilized bacteria, free bacteria and sterilization
carriers at different rates were added to the soil in the coal mining area. The purposes were:
(1) to analyze its effect on soil physical and chemical properties (pH, electrical conductivity,
nitrate nitrogen and ammonium nitrogen) through soil culture tests, and (2) to evaluate the
improvement effect (soil nutrients and maize growth characteristics) using pot experiments.

2. Materials and Methods
2.1. Study Area

The Shendong mining area is located in the transition zone between the Loess Plateau
and Mu Us sandy land. Its ecological environment is fragile. It is in the early stage of
mining construction. It is dry and rainless, with an average annual rainfall of 360 mm
and annual evaporation of 2300 mm. The species of primary vegetation is single, with an
average vegetation coverage rate of only 3~11%, and the area of wind erosion accounts for
70% of the total area. It is a key monitoring and control area for soil erosion in China [25].
The sampling area includes the coal mining subsidence area (109°59'0” E, 39°25'29” N) and
the control area far from the coal mining area (109°58'56” E, 39°26'10” N). There are two
sampling areas in total. Five sampling points were randomly selected in each sampling area,
and five sub-samples were set at each sampling point for collecting surface soil (0-20 cm).
The soil samples from each sampling point were mixed evenly, and the plant residues and
stones in the soil samples were taken out for preservation.

2.2. Materials

The basic physical and chemical properties of the soil were determined by the methods
shown in Table 1. The basic physical and chemical properties of the soil were determined
by our laboratory. Alkali hydrolysable nitrogen was calculated as the sum of ammonium
nitrogen and nitrate nitrogen.



Processes 2022, 10, 1185

30f16

Table 1. Basic physical and chemical properties of soil.

H EC Available Phosphorus  Alkali-Hydro Nitrogen = Organic Matter
P (pus/cm) (mg/kg) (mg/kg) (g/kg)
8.32 76.1 4.07 7.84 2.75

Three kinds of zeolite, 4A zeolite, NaY zeolite and USY zeolite, were selected as the
carriers, which were purchased from Tianjin Nanhua catalyst Co., Ltd., Tianjin, China. The
basic properties of the three kinds of zeolite were provided by the supplier (Table 2).

Table 2. Basic physical and chemical properties of zeolite.

. Specific Surface Pore Volume Aperture Average Particle
Type Si/Al Area (m?/g) (mL/g) (nm) Size (um)
4A 2 542 0.41 0.40 8.45
NaY 5.3 774 0.30 0.58 1.02
usy 17.2 660 0.42 3.12 3.22

2.3. Immobilization of the Strain
2.3.1. Isolation and Identification of the Strain

An amount of 5 g of soil samples was fully shaken in 100 mL sterile water, was diluted
and coated on Ashby solid medium and was cultured in 30 °C incubator for 5 days, and
then the vigorous colonies were selected and purified 3~4 times to obtain a pure culture of
nitrogen-fixing bacteria. To identify the strain, genomic DNA was extracted by a universal
column genomic DNA extraction kit, and the 16S rDNA gene was amplified by PCR with
universal primers 27F (AGT TTG ATC MTG GCT CAG) and 1492R (GGT TAC CTT GTT
ACG ACT T) [26]. PCR product purification and sequencing was conducted at Beijing
Ruiboxingke Biotechnology Co., Ltd., Beijing, China. BLAST was used to compare and
analyze the homology.

2.3.2. Immobilization of the Strain

Nitrogen-fixing bacteria were inoculated into a beef extract peptone liquid medium
and were cultured to OD600 = 1.0. The bacterial solution was centrifuged for 10 min
at 3000 r/min. The bottom bacteria were retained, washed with sterile normal saline
(0.85% NaCl) and resuspended in normal saline (bacterial solution:normal saline = 1:1) [27].
The above was the seed liquid. Moreover, 4A zeolite, NaY zeolite and USY zeolite were
selected as the immobilization carriers, and the bacteria were immobilized by the physical
adsorption method. The specific operation method was as follows. The seed liquid and
the zeolite were mixed in a proportion of 100 mL:1 g, and the adsorption was shaken
for a certain time at 30 °C and 150 r/min was filtered. The carrier, which was strain S1
immobilized on zeolite, was washed with sterile water [28].

The seed liquid and the carrier were mixed in a ratio of 100 mL:1 g and were then
vibrated at 30 °C and 150 r/min, and they were sampled at an interval of 2 h. The samples
were centrifuged at 1000 r/min for 10 min, and the absorbance value of the supernatant
was determined. The adsorption capacity of zeolite to microorganisms was expressed
by subtracting the absorbance value of each sample from the initial absorbance value of
the seed liquid [27]. The adsorption curve was drawn with the time as abscissa and the
adsorption capacity as ordinate, and the capacity of each carrier was compared.

2.4. Soil Culture Experiments and Pot Experiments
2.4.1. Soil Culture Experiments
To explore the effect of zeolite-immobilized bacteria on soils from the mining subsi-

dence area, three variables, including the carrier, application ratio and additive type, were
set for a comprehensive test. The levels of each variable are shown in Table 3. We set a
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full factorial test. Each group took 200 g of soil samples in vials and mixed them with
additives evenly. All experiments were performed in triplicate. After 20 days, soil pH
and conductivity, ammonium nitrogen, nitrate nitrogen, available phosphorus and organic
matter were determined.

Table 3. Test Design.

Treatments Carrier Application Ratio Additive Type
1 4A zeolite 1% Immobilized microorganism
2 NaY zeolite 3% Free microorganism
3 USY zeolite Sterilized carrier

The analysis method is referred to as Soil Agrochemical Analysis [29]. Nitrate nitrogen
was determined by UV spectrophotometry; ammonium nitrogen was determined by KCl
extraction and indophenol blue colorimetry; available phosphorus was determined by
NaHCOj extraction and molybdenum-antimony anti-colorimetry; and organic matter was
determined by the potassium dichromate volumetric method.

2.4.2. Pot Experiments

The effects of the additive type (immobilized bacteria, free bacteria and sterilization
carrier), zeolite type and application proportion (high and low) on plant growth were
explored through a comprehensive test. Each treatment was performed in triplicate, and
a control was set up (the soil in the coal mining subsidence area was not improved). The
experimental setup was the same as that of the soil culture test. Each group took 1 kg of
soil into plastic flower pots, took an appropriate amount of corn seeds, sterilized them with
sodium hypochlorite, immersed them in clean water for one night, sowed 3 seeds in each
pot, watered them regularly, observed the growth every day and recorded the physiological
indexes of plant height. All experiments were performed in triplicate.

The plant height was measured with a ruler. Fresh weight was divided into three parts:
roots, stems and leaves, which were weighed and recorded with an electronic balance. The
dry weight of the plant was also divided into the three parts: (1) drying at 105 °C for 1 h to
kill, and at 65 °C at a constant weight; (2) placing into a dryer to cool to room temperature;
and (3) weighing and recording.

2.5. Data Analysis

The correlation and variance were analyzed by SPSS Statistics v25 software (SPSS Inc.,
Chicago, IL, USA). All data for the experiments are reported as the mean =+ standard error
of the mean (SEM). Excel 2016 was used for data processing, Origin 2018 software was used
for figure mapping, and SPSS Statistics v25 software was applied for the simulations of soil
water infiltration parameters and statistical analyses. The least significant difference (LSD)
method was utilized for significance testing (p-value < 0.05).

3. Results and Discussion
3.1. Isolation and Identification of the Strain

A strain of nitrogen-fixing bacteria, named S1, was isolated from soil samples in the
mining area. The colony was light yellow, opaque, round, smooth and moist. The results
of the Gram staining test show that it was Gram-negative. The consistency of the 16S
rDNA gene sequence showed that between strain S1 and Sphingobium yanoikuyae was 99.8%.
According to Mitra et al. [30], Sphingobium yanoikuyae was a Gram-negative bacterium. On
LB medium, the colony was pale yellow, which could ferment glucose, sucrose and lactose.
Starch hydrolysis was negative, and it could not grow under a salt content of 7.5~10% [29].
A previous study has shown that Sphingomonas saginata is a facultative aerobic bacterium,
which can utilize galactose, salicylic acid, mannitol and other carbon sources, and it is
slightly halophilic [31]. Combined with the results of the 16S rDNA identification, strain S1
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should belong to Sphingobium yanoikuyae. Physiological and biochemical characteristics of
strain 51 was shown in Table 4.

Table 4. Physiological and biochemical characteristics of strain S1.

Characteristics Result
Glucose utilization +
Sucrose utilization +

Mannitol utilization +
Glucose fermentation +

Mannitol fermentation -

Catalase -

Starch hydrolysis -

Methyl red test -

V-P test -
Salinity tolerance 2%

i

+” represents a positive reaction, and “-” represents a negative reaction.

3.2. Immobilization of the Strain

Strain S1 was immobilized by three types of zeolites via physical adsorption. As
shown in Figure 1, among the three carriers, 4A zeolite had the best adsorption effect on S1,
and NaY has the worst adsorption effect. In addition, 4A zeolite reached equilibrium at
2 h, whereas NaY zeolite and USY zeolite reached equilibrium at 8 h. Considering that too
much time affects the activity of S1, the optimal adsorption time was 8 h (Figure 1).
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Figure 1. Curve of adsorption amount of three carriers to strain S1 with time.

The physical adsorption method mainly used the carrier material with a rough surface
to make the microorganism easy to attach to the surface. Generally, as the specific surface
area of the carrier increases, the adsorption effect becomes better [32]. Compared with
the basic properties of the three, 4A zeolite had the best adsorption effect on S1, although
its specific surface area was smaller than the other two. There are two reasons for this:
firstly, the microbial surface was negatively charged, resulting in an electrostatic interaction
with the positively charged carrier [31]; secondly, it was related to the hydrophilicity of the
carrier. The increase in the Si/ Al ratio in zeolite resulted in stronger hydrophobicity [33],
whereas the carrier with low Si/Al ratio had the best adsorption effect on S1. The fruit
was better.
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3.3. Effect of Immobilized Microorganism on Soil Improvement
3.3.1. Effects of pH and Electroconductibility

Figure 2 shows that zeolite and its immobilized microorganisms have no obvious
law regarding the change in soil pH. However, it was obvious that the addition of USY
zeolite-immobilized bacteria significantly reduced the soil pH, which was 7.65 and 7.33,
respectively, making the soil pH closer to neutral, whereas the pH of other groups was
improved to varying degrees. Additionally, it was found that the overall pH of the USY
zeolite group was less than that of the other two groups, indicating that the application of
USY zeolite improved the pH of alkaline soil to a certain extent. The application ratio had
no significant relationship with soil pH, but most of them showed that the pH at a high
application ratio was greater than that at a low application ratio. In addition, although
the effect of loading microorganisms on soil pH was not significant, it could be seen that
the pH of the immobilized bacteria group was lower than that of the blank carrier group,
indicating that the addition of nitrogen-fixing bacteria S1 could also improve the pH of
alkaline soil to a certain extent. By measuring the pH of the three zeolites at an early stage,
we found that, except for USY zeolite, the other two zeolites were alkaline, resulting in an
increase in soil pH.

9.5 T ---- Blank control
| |

4A 4A 4A 4A NAY NAY NAY NAY USY USY USY USY Free
St st 3% 1% SISt 3% 1% SI S1 3% 1% SI
3% 1% 3% 1% 3% 1%

Figure 2. The effect of zeolite and bacteria on soil pH.

Figure 3 shows that the most significant factor for the improvement of conductivity
was the application ratio. The soil conductivity at a high application ratio was significantly
higher than that at a low application ratio. The highest group was USY zeolite at 3%,
which was 713 ps/cm (six times higher than that of the blank group). At this point, the
conductivity reached a very high level. The soil under this level can be considered saline
alkali soil, and the conductivity content of the control group and free bacteria group was
the lowest, at 100 us/cm. Comparing the test results between the blank carrier and the
immobilized microorganism, it was found that the conductivity of the blank carrier group
was higher than that of the immobilized bacteria group, and the conductivity of all test
groups was significantly higher than that of the blank group. Hence, the addition of zeolite
and nitrogen-fixing bacteria S1 improved the soil conductivity, whereas the type of zeolite
has no significant effect on the soil conductivity. Since the soil conductivity reflected the
salt content, it was concluded that the addition of zeolite and the nitrogen-fixing bacterium
S1 greatly increases the salt content in the soil. This action increased the content of ionic
nitrogen in the soil, thus improving the soil conductivity. Zeolite had a strong adsorption
capacity and ion exchange capacity, which further improved the soil conductivity [34].
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Figure 3. The effect of zeolite and bacteria on soil EC.

As shown in Table 5, the carrier, application ratio and additive type had no significant
effect on EC, available phosphorus and urease. The carrier and application ratio had no
significant effect on NO3~ and NHy*. The carrier had a significant effect on organic matter.
The additive type had a very significant effect on NO3; ~, NH4* and organic matter.

Table 5. Variance analysis.

r
EC NO3~-N NH;*-N Organic Matter  Available Phosphorus  Urease Activity
Carrier 0.197 0.896 0.898 0.032 * 0.280 0.500
Application Ratio 0.053 0.64 0.09 0.091 0.277 0.297
Additive Type 0.279 0.002 ** 0.001 ** 0.002 ** 0.327 0.103

R?%: 0.610. * p < 0.05 ** p < 0.01.

3.3.2. Effects of Ammonium Nitrogen and Nitrate Nitrogen

As shown in Figure 4, the addition of zeolite did not significantly increase the content
of nitrate nitrogen in soil, but it significantly increased the content of nitrate nitrogen when
it was used as a carrier to immobilize microorganisms. The nitrate nitrogen content of
the immobilized microbial group was higher than that of the blank carrier group. The
two optimal groups were 4A and USY zeolite-immobilized microorganisms with a high
proportion. The nitrate nitrogen contents were 46.04 mg/kg and 46.24 mg/kg, respectively.
When there were loaded microorganisms, the soil nitrate nitrogen under a high application
ratio was higher than that under a low application ratio. When there were no loaded
microorganisms, the law was opposite to the former. The effects of different zeolites on
soil nitrate nitrogen content also had a certain correlation. The specific performance was
that the USY zeolite group was higher than the other two groups, whereas the NaY zeolite
group had the lowest nitrate nitrogen content. The content of nitrate nitrogen in the free
bacteria group was roughly between that of the immobilized bacteria group and the blank
carrier group, and it was slightly higher than that in the control group.

Based on the obtained results, it was found that the main factors affecting the content
of soil nitrate nitrogen are related to immobilized microorganisms. We found that nitrogen-
fixing bacteria S1 significantly affect the content of nitrogen in soil, and their nitrogen-
fixation effect is enhanced through immobilization. Combined with the effect of the test of
immobilization, we found that, as the adsorption effects of the carrier on microorganisms
became stronger, the microbial increase in nitrogen in the soil became more significant.
This may be due to nitrogen-fixing bacteria that capture nitrogen in the air and convert it
into a nitrogen form that can be used by plants in the soil.
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Figure 4. The effect of zeolite and bacteria on soil nitrate nitrogen.

As shown in Figure 5, the change in soil ammonium nitrogen content was similar
to that of nitrate nitrogen. However, some significant differences were observed among
different groups. The content of high-content groups was more than 100 mg/kg, whereas
the content of some groups was less than 10 mg/kg, which are values that are far from each
other. The application ratio had an obvious influence on the content of ammonium nitrogen.
Under a high application ratio, the content of ammonium nitrogen was significantly higher
than that under a low application ratio, and this law is not associated with whether to
load microorganisms, indicating that the addition of zeolite also had a certain effect on
the content of soil ammonium nitrogen. The type of zeolite had no significant effect on
ammonium nitrogen, but it was found that USY zeolite was better than the other two
groups. Whether the microorganism was loaded or not was the most significant condition.
The ammonium nitrogen content of the loaded microorganism group could be over 10 times
higher than that of the unloaded microorganism group. Among them, the ammonium
nitrogen content of 4A and the USY zeolite-immobilized microorganism group under
the ratio of 3% was the highest (127.86 mg/kg and 131.40 mg/kg, respectively), which
was about 50 times and 52 times higher than that of the blank group and about 15 times
and 10 times higher than that of the blank carrier under the same ratio. It was found
that, by adding zeolite and nitrogen-fixing bacteria S1, the contents of nitrate nitrogen
and ammonium nitrogen in soil increased from a very barren level to a high level. It
was concluded that the effect of nitrogen-fixing bacteria S1 on soil ammonium nitrogen
was very significant. Since nitrogen-fixing bacteria can convert nitrogen in the air into
ammonium nitrogen and exist in the soil, through immobilization, the survival rate and
nitrogen-fixing ability of the microorganisms were increased, resulting in an increase in soil
ammonium nitrogen content. Soil nitrate nitrogen was derived from the transformation
of ammonium nitrogen. Some ammonium nitrogen was transformed into nitrate nitrogen
through nitrification due to the action of other microorganisms in the soil. Therefore,
there was a significant positive correlation between ammonium nitrogen (the correlation
coefficient was 0.689) and nitrate nitrogen content, and some differences may come from the
strength of nitrification in different groups of soil. For example, the ammonium nitrogen
content of the 4A zeolite-immobilized microbiome is low at 1%, most likely due to strong
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nitrification, and more of that part was converted into nitrate nitrogen, thereby increasing
the content of nitrate nitrogen.

Figure 5. The effect of zeolite and bacteria on soil ammonium nitrogen.

3.3.3. Effects of Organic Matter

Zeolite and its immobilized microorganisms improved soil organic matter to a certain
extent. The most obvious two groups were 4A zeolite-immobilized microorganisms under
the application ratios of 3% and 1%. The organic matter contents were 14.53 g/kg and
12.74 g/kg, respectively. Comparing the results between the immobilized bacteria group
and the blank carrier group, it was found that the content of organic matter in the group
added with nitrogen-fixing bacteria S1 was slightly higher than that in the group with only
added zeolite, but the effect was not significant. Comparing the results among the three
zeolites, the organic matter of the 4A zeolite group was slightly higher than that of the
other two groups. Interestingly, the type of the carrier and the addition of microorganisms
have a high impact on the content of organic matter. However, the organic matter content
of more than half of the experimental groups was still at a very low level, indicating
that the improvement of organic matter content needs to be further studied (Figure 6).
Relevant research has shown that, although the content of soil organic matter decreases at
a rate of 2% per year [35], the long-term application of chemical fertilizers can also lead to
continuous reductions in soil organic matter [36], and the application of microbial fertilizers
effectively improves soil organic matter [37].

3.3.4. Effects of Available Phosphorus

As presented in Figure 7, the content of available phosphorus in soil by zeolite was
not increased significantly, but there were some differences among the groups. The content
of the available phosphorus in each group was in the range of 2.5 mg/kg~7.5 mg/kg,
belonging to a very low level. The group with the highest available phosphorus content
was 4A zeolite-immobilized bacteria at a ratio of 1%, and the content was 7.26 mg/kg,
whereas the lowest group was 4A zeolite-immobilized bacteria at a ratio of 3%, and
the content was 2.74 mg/kg. Except for the 4A zeolite-immobilized microbiome, the
application ratios in other groups had no significant effect on the available phosphorus.
There were some differences in the content of the available phosphorus under different
types of zeolites. The content of the available phosphorus in the USY zeolite group was
higher than that in the other two groups. Compared with the control group, the content of
the available phosphorus was significantly improved. The overall level of the NaY zeolite
group was lower, and the content was below that in the control group. It was concluded that
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only USY zeolite and 4A zeolite-immobilized microorganisms with low application ratios
had remarkable effects on the improvement of soil available phosphorus. The possible
reason is that the addition of zeolite enhanced the water retention capacity of the soil
and the activity of other microorganisms; promoted the mineralization of phosphorus by
other microorganisms in soil; and led to the improvement of available phosphorus. The
results show that the phosphorus dissolution in soil was related to pH and organic matter.
Therefore, the low level of available phosphorus in this test may inhibit the availability of
soil phosphorus due to a high pH and low organic matter.

Figure 6. The effect of zeolite and bacteria on soil organic matter.

Figure 7. The effect of zeolite and bacteria on soil available phosphorus.
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3.3.5. Effects of Urease Activity

The change level of soil urease activity was low, and the range of urease activity in
each group was 0.78~0.88, with little difference. However, as can be seen in Figure 8, the
urease activity of most treatment groups was higher than that of the control group, and
the immobilized bacteria group was slightly higher than that of the blank carrier group,
indicating that the addition of zeolite and its immobilized microorganisms had a certain
impact on soil urease activity. However, the impact was small (Figure 8). Although the three
factors had no significant effect on urease activity, it can be seen that the most influential
factor was whether S1 was added.

1.0

] Immobilized bacteria
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Figure 8. The effect of zeolite and bacteria on soil urease activity.

3.4. Effect on Plant Growth
3.4.1. Effects of Germination Percentage

The final germination percentage of corn seeds in each group was between 88%
and 100%. Zeolite and its immobilized microorganisms promoted the germination rate
of corn to a certain extent. The group with the best effect was that with the 1% NaY
zeolite-immobilized microorganisms. The corn in this treatment group began to germinate
after 2 days of sowing, and all germinated after 4 days. The other groups began to
germinate at 3 days. Overall, the germination of each group, from high to low, was
in the following order: 1% immobilized bacteria, 1% blank carrier, 3% immobilized bacteria,
free bacteria and 3% blank carrier. The effect of zeolite types on germination rate was not
obvious. Thus, the main factors affecting seed germination were microorganisms and the
application proportion. When 3% zeolite was applied, it showed a certain inhibitory effect.
It began to germinate on the fifth day, and the overall germination rate was low, as only
88% germinated (Figure 9).
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Figure 9. The effect of zeolite and bacteria on corn germination percentage.
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3.4.2. Effects of Height

Zeolite-immobilized microorganisms promoted the growth of maize slightly. Zeolite
had no obvious effect on plant height when it was not loaded with microorganisms. After
loading microorganisms, plant height increased to a certain extent. The difference in plant
height among different groups was mainly reflected after 25 days. Among the three zeolites,
4A zeolite had the most obvious promoting effect after the immobilizing microorganisms,
which increased by 23.28% compared with the blank group at 35 days. The application
proportion not only affected the germination rate, but it also had a certain impact on plant
height. Due to the high application proportion of zeolite, it was found that it can easily
lead to soil lumping and hardening and can affect the extension of plant roots. Therefore,
it led to slower growth in the initial stage, and the final height was lower than that of the
1% application group. When loaded with microorganisms, the inhibitory effect of zeolite
with a high application ratio for plant growth was not so obvious (Figure 10).

45
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o— I L
= » i 1A
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Figure 10. The effect of zeolite and bacteria on plant height.

3.4.3. Effect of Weight

The addition of zeolite and its immobilized microorganisms significantly improved
the fresh weight of plants. Among them, 4A zeolite was the carrier, and the effect of the
immobilized microorganisms was the best at an application ratio of 1%. The total dry
weight was 4.4897 g, which was an increase of 136.21% compared with the blank group.
The fresh weight of leaves was 2.2631 g, which was an increase of 243.97% compared with
the blank group. The 3% USY zeolite showed a certain inhibitory effect. The total fresh
weight was 1.6018 g, which was 15.72% lower than that of the blank group. Among the
three parts of corn fresh weight, the most significant change was the leaf fresh weight,
followed by the roots, and the stems changed the least (Figure 11).

The addition of zeolite and its immobilized microorganisms improved the dry weight
of plants, and the law was similar to that of the fresh weight. Among them, with 4A zeolite
as the carrier, when the immobilized microorganism was added at a proportion of 1%, the
effect was the best, and its promoting effect was mainly reflected in the promotion of plant
leaf growth. The effect was the worst when 3% USY zeolite was added. From the point of
view of NaY zeolite, the effect of increasing the dry weight of plant bacteria was better than
that of NaY zeolite. NaY zeolite and its immobilized microorganisms had a better effect
on increasing root dry weight than other groups. The dry weight of plant stems had no
obvious law.
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Figure 11. The effect of zeolite and bacteria on plant fresh weight and dry weight.

The promotion effect of zeolite and its immobilized microorganisms on plant fresh
weight was mainly reflected in the leaves. The promotion effect of loaded microorganisms
on plant fresh weight was significantly higher than that of unloaded microorganisms, and
the effect of the application ratio on fresh weight was not obvious. The promotion effect
of a high application ratio of 4A zeolite fixed microorganisms and USY was lower than
that with a low application ratio, whereas the difference between high and low application
ratios of other groups was small.

3.5. Mechanism Analysis of Plant Growth Promotion

In the pot experiments, the physical and chemical properties of soil were analyzed,
mainly including ammonium nitrogen, nitrate nitrogen, organic matter and urease activity,
and they were compared with the above indexes in the soil culture experiment. The results
are shown in Table 6.

Table 6. Changes in soil physical and chemical properties between the soil culture experiment and
pot experiment.
NO3;-N NH4*-N Organic Matter Urease Activity
Carrier ~ Additive ~ Proportion Soil Soil Soil Soil

Culture Pot Culture Pot Culture Pot Culture Pot
With 3% 26.56 51.53 127.86 16.64 14.53 21.88 0.87 0.85
4A S1 1% 24.84 31.00 33.57 15.21 12.74 16.51 0.82 0.82
Without 3% 20.71 7.71 8.26 518 10.09 14.93 0.84 0.80
S1 1% 18.10 3.01 1.16 4.52 8.07 15.82 0.81 0.82
With 3% 26.43 56.20 102.86 14.61 10.57 16.11 0.86 0.92
NaY S1 1% 29.29 55.62 94.29 11.32 9.42 15.13 0.81 0.86
a Without 3% 11.43 1.63 1.65 2.86 7.07 15.01 0.78 0.86
S1 1% 18.81 2.86 1.12 4.70 8.07 17.20 0.81 0.87
With 3% 32.96 54.58 100.40 16.24 12.44 28.35 0.82 0.89
Usy S1 1% 25.71 45.64 52.86 13.43 9.42 15.37 0.85 0.88
Without 3% 18.52 4.58 12.86 4.63 8.74 15.82 0.83 0.83
S1 1% 13.36 4.43 8.91 3.34 8.42 9.63 0.81 0.85
F;ie 28.84 467 1.65 7.21 1041 22.01 0.82 0.85
Blank 21.67 2.70 2.50 542 8.42 15.82 0.79 0.90

control
Max 32.96 56.20 127.86 16.64 14.53 28.35 0.87 0.92
Min 11.43 1.63 112 2.86 7.07 9.63 0.78 0.80
Average 22.66 23.30 39.28 8.95 9.89 17.11 0.82 0.86
Range 21.53 54.57 126.74 13.78 7.46 18.72 0.09 0.12
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As shown in Table 7, NO3;~ and NHy* had a significant effect on height and fresh
weight. NO;~ and NH4" had a very significant effect on dry weight. Organic matter and
urease activity had no significant effect on height, fresh weight or dry weight.

Table 7. Correlation analysis between soil physical and chemical properties and plant growth indexes.

NO;-N NH4*-N Organic Matter ~ Urease Activity
Height 0.574* 0.626 * 0.142 0.062
Fresh weight 0.581 * 0.521* 0.108 0.082
Dry weight 0.610 ** 0.641 ** 0.211 0.107

TIXAIT

In this table, “*” represents significant, represents extremely significant.

4. Conclusions

In this study, we found that using zeolite molecular sieves to immobilize microorgan-
isms to improve poor soil in mining areas promoted nutrient cycling and plant growth.
The soil culture test found that zeolite and its immobilized microorganisms had a signifi-
cant impact on soil ammonium nitrogen, nitrate nitrogen and electrical conductivity. The
best group increased ammonium nitrogen by 50 times, nitrate nitrogen by 61.49% and
organic matter from a very low to a medium level in 7 days. In the pot experiment, it
was found that zeolite and its immobilized microorganisms promoted the germination
and plant height of Maize under a low application ratio, and the molecular sieve under
a high application ratio inhibited the growth of plants. Among them, the immobilized
microbiome had the best effect on plant growth. This provides theoretical and technical
support for zeolite-molecular-sieve immobilized microorganisms to improve barren soil in
mining areas.
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