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Abstract: Coal gangue is a kind of solid waste produced in the process of coal
mining and washing, which a large amount of stockpiling poses a serious threat to
the environment in Guizhou karst area. Coal gangue contains a certain amount of
organic matter, clay minerals and other soil components, which creates favorable
conditions for coal gangue preparation. Organic acids secreted by simulated plant
roots were used to treat coal gangue, and scanning electron microscope was used to
analyze the surface microstructure after acid etching. The result showed that
organic acid soak of simulated root system could effectively etch that surface of
coal gangue and destroy its compact mineral structure. After acid etching, BET
specific surface area increased by 37.81%, average pore size of adsorption and
desorption increased by 60.94% and 49.11%, respectively, and pore volume
increased greatly, indicating that organic acid could significantly promote the
transformation of coal gangue into soil. The pot experiment was carried out with
shallot, strawberry, garland chrysanthemum and ryegrass as plants. The results
showed that the biomass of different plants was significantly different due to
different optimum mixing ratio. Compared with the control group, the water
content of strawberry was 81.36g, and the change was obvious. The results show
that heavy metals in coal gangue distribute to different parts through plant roots,
and the contents in different parts are different. The enrichment in roots of
different plants is the highest, and the enrichment in stems and leaves (edible parts)
varies with different plants. Ni, Hg and Zn have the strongest mobility among the
four plants, while Pb and Cu have the weakest mobility. Through high-throughput
sequencing analysis of soil microbial community composition, diversity and
species difference analysis under the optimal coal gangue doping conditions for
plant growth, coal gangue doping in soil can improve soil microbial community
composition, diversity and species difference, promote soil micro-ecological
virtuous cycle, and provide theoretical basis and experimental support for coal
gangue agricultural resources and soil improvement.

Key words: coal gangue, organic acids, acid corrosion, heavy metal migration,
microbial colonies

1. INTRODUCTION

Coal is the main fossil fuel in the world, which is juxtaposed with oil and
natural gas. It is very important to energy production and economic
development(Ma et al., 2021). And it will still be the main energy source in China for
a long time. Coal gangue is the main solid waste produced in the process of coal
mining and washing(M. Li et al., 2020), and the annual discharge is about 15%~20%
of coal output(Cheng et al., 2018; Yaofei et al., 2024). At present, the accumulated
accumulation of coal gangue has exceeded 7 billion tons, and the emission has
increased year by year. Long-term open storage not only occupies a large amount of
land resources, but also releases heavy metals, sulfides and other pollutants under
the action of rain leaching and weathering erosion, causing ecological safety
problems such as soil and water pollution(Ruud, 2006), dust emission, spontancous
combustion(Querol et al., 2008) and landslide(Chen et al., 2025; Gao et al., 2024; D. Li et
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al., 2025; M. Zhang et al., 2024), which seriously restricts the ecological environment
governance of coal production Kuangqu and the green and low-carbon
transformation process of the industry(X. Li et al., 2022; Shi et al., 2023). Therefore,
how to realize the bulk, resource and harmless utilization of coal gangue has
become a key issue for the sustainable development of the coal industry(Ma et al.,
2019). However, the scale and capacity of harmless disposal and resource
utilization of coal gangue are not enough to meet the needs of ecological protection
and clean and efficient utilization of coal(Zheng et al., 2024). It is of great practical
significance to deeply study the basic properties of coal gangue and develop
efficient and low-cost recovery technology for comprehensive utilization of coal
gangue.

In recent years, phased progress has been made in resource utilization of coal
gangue at home and abroad. At present, comprehensive resource utilization of coal
gangue is mainly divided into two categories: bulk utilization and high-value
utilization. Bulk utilization mainly includes building materials, agricultural
production and underground goaf filling(Guo et al., 2019; R. Liu & Wang, 2026);
high-value utilization mainly includes extraction of valuable metals(Y. Zhang et al.,
2023), high-performance ceramics and extraction of chemical raw materials(X. Liu,
2023; L. Zhou et al.,, 2019). Therefore, it is necessary to research and develop
advanced technology and sustainable production technology to comprehensively
utilize coal gangue in large quantities, so as to realize circular economy, relieve the
pressure of resource shortage and solve the problem that coal gangue occupies a
large amount of land for stacking.

At the same time, the quality of cultivated land and soil in different regions of
China is quite different. The reason is that the long-term use of chemical fertilizer
leads to the gradual depletion of organic matter and humus in soil, which leads to
land degradation problems such as soil compaction, salinization, poor ventilation
and permeability, structural hardening, lack of organic matter and mineral nutrients,
weak water retention capacity, low soil microbial activity, etc(Marchuk & Marchuk,
2018; Zhao et al., 2023). which directly affects farmland productivity and quality and
safety of agricultural products. At present, soil matrix improvement and
improvement of physical and chemical properties of saline-alkali soil, reduction of
soil pH, salt concentration, bulk density, and improvement of organic matter, total
nitrogen, total phosphorus, total potassium, hydrolytic nitrogen and available
potassium contents in soil(X. Li et al., 2023) are important hands for high-quality
development of modern agriculture. Coal gangue is mainly composed of quartz,
feldspar, clay minerals, etc(Sun et al., 2025), rich in silicon, calcium, magnesium,
potassium and other mineral nutrients required for plant growth, and has natural
potential as soil improvement material (Halecki & Klatka, 2018; Song et al., 2023). The
application of coal gangue resource utilization in agricultural soil improvement can
not only realize the effective consumption of bulk industrial solid wastes, relieve
the ecological environment pressure of Kuangqu, but also provide new low-cost
materials for agricultural soil improvement, which conforms to the concept of
coordinated development of solid waste resource utilization and agricultural
ecological optimization under the “double-carbon” goal, and has remarkable
ecological, economic and social benefits(Sun et al., 2025).

In recent years, scholars at home and abroad have carried out a lot of research
on the utilization of mineral solid wastes for agriculture, and have made some
progress in improving soil physical and chemical properties and promoting crop
growth, but there are still many technical bottlenecks and theoretical gaps in the
existing research. Zuo et al(Zuo et al., 2025) carried out research on ecological
restoration of copper tailings. The results showed that the addition of fermented
yak dung (YD) and the growth of plants significantly reduced the pH value and
bioavailability of heavy metals in copper tailings, increased the nutrient content of
copper tailings, promoted the transformation of primary minerals into secondary
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minerals, and improved the water stability of copper tailings. However, natural coal
gangue has compact mineral structure, low porosity, small specific surface area and
slow nutrient release rate, which makes it difficult to achieve ideal effect when
directly used for soil improvement. Activation treatment of coal gangue can
enhance the release of nutrients, thus improving soil physical and chemical
properties(Ye et al., 2022). On the contrary, related researches show that plant roots
can secrete organic acids, which can etch coal gangue particles. With the
advantages of mild reaction conditions, green environment protection and
remarkable modification effect, coal gangue has gradually become a research
hotspot.

In the study of coal gangue soilification, its blending ratio is one of the core
parameters determining soil improvement effect. If the blending amount is
insufficient, it cannot effectively improve the soil matrix structure of coal gangue
and improve soil fertility(Motesharezadeh et al., 2017); if the blending amount is too
high, it may change the soil colloidal properties, reduce the water retention rate of
coal gangue soil matrix and increase the accumulation risk of heavy metals,
especially in acidic conditions, it will promote the release of heavy metals in coal
gangue and potentially pollute the surrounding environment(Qin et al., 2023). When
heavy metals are dissolved in soil environment, if any of these heavy metals
exceeds the standard, they are not easily decomposed by microorganisms in the
environment, but can only be transformed, dispersed and enriched in various
forms(Khalid et al., 2017). These heavy metals may be bioconcentrated and
biomagnified along the food chain(Chilikwazi et al., 2023). Therefore, the
environmental ecological risk of trace heavy metals in coal gangue is a key factor
restricting its safe agricultural use(Chu et al., 2020). Heavy metal soil pollution is
widespread, hidden, delayed, cumulative, heterogeneous, and difficult to degrade,
which greatly increases the challenge and cost of soil pollution control (Paz-Ferreiro
et al, 2018). Traditionally, heavy metal remediation involves the use of
physico-chemical methods, which are limited in their wide application due to their
advanced technology, expensive costs, and adverse effects on soil biological
structure(Zheng et al., 2024). Phytoremediation is a technology that can be used to
remove pollutants from soil. Plants can enrich one or more toxic and harmful
substances in the environment according to their physiological characteristics, and
carry out normal metabolism in the body to achieve the effect of degrading
pollutants in the environment(Dubey et al., 2018). Although scholars at home and
abroad have explored the leaching characteristics of heavy metals, the rules of
enrichment, migration and transformation of heavy metals in mineral solid waste
soil matrix-plant growth system(Santibafiez et al., 2008), especially the enrichment
mechanism in crop root-stem-leaf (fruit), and the ecological risk assessment system
for long-term agricultural use are not perfect.

Yang et al(Yang et al., 2020) found that microorganisms in soil can be used to
improve the tolerance, removal and degradation ability of plants to pollutants when
using plants to remediate soil. Zhang et al(S. Zhang et al., 2026) showed that the
establishment of plants accelerated the early soil sample transformation of coal
gangue, and jointly modified its structure, chemical and biological assembly. Soil
microbial community is also the core carrier of soil ecological function, and its
community structure, diversity(Y. Li et al., 2016), soil fertility and crop growth status
are closely related(Dixon, 2009). Zhou et al(W. Zhou et al., 2020) found that the
nutrient concentration of surface soil is positively correlated with the relative
abundance of some fungi. Secondly, the research results also show that increasing
plant diversity can improve the diversity of related rhizosphere microorganisms to
a certain extent, which is important for improving tailings reclamation efficiency.
Bonneville et al(Bonneville et al., 2011) showed that in soil, plant mycorrhizal
nutrition obtained from organic matter or litter degradation is limited and recycling
of this nutrition is unlikely to be complete(Jackson et al., 2019). Secondly, microbial
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activation treatment can significantly improve the availability of nutrients in coal
gangue(Lu et al., 2024). It was found that coal gangue was activated by
Stenotrophomonas maltophilia YZ1 strain. After treatment with YZ1 strain, the
contents of soluble phosphorus, potassium and silicon in coal gangue increased
significantly(Zhu et al., 2022). Fungal hyphae symbiotic with plant roots are
biological interfaces for plants to obtain nutrients needed for growth and
maintenance from rocks and organic matter. Mycorrhizal mycelium network is
several times longer and much thinner than plant roots(Schmalenberger et al., 2015),
and plays a central role in soil. Dou et al(Dou et al., 2024) showed that diversity,
structure and function of bacterial community were significantly enhanced and
physicochemical properties were improved after bauxite waste residue was mixed
with different modifiers. Soil pH value, exchangeable Na, organic carbon, available
N, available K and available P were the main factors affecting bacterial community,
and had significant effects on bacterial community composition, structure and
diversity.

Based on the dual requirements of resource utilization of coal gangue and
improvement of physical and chemical properties of cultivated soil, this study
systematically clarified the effect of organic acid on the etching of coal gangue on
its soil transformation; through pot experiments, the influence of coal gangue
content on plant growth, ecological safety characteristics of heavy metals and soil
micro-ecological response mechanism were explored, with the aim of perfecting
the theoretical system of coal gangue agricultural soil improvement and providing
scientific basis and technical support for local consumption and safe agricultural
use of large amount of coal gangue in mining area. The research results have
important theoretical value and practical significance for promoting the utilization
of solid waste resources in coal industry, improving the ecological environment of
agricultural soil in mining area, enhancing cultivated land fertility and ensuring the
sustainable development of agriculture.

2. TEST MATERIALS AND METHODS

2.1 Test materials

Coal gangue: from a mine gangue hill in Panzhou City, Guizhou Province,
after natural air-drying, hammer crusher crushing and sieving, take the particle size
below-8mm. Particle size distribution and characteristics are shown in Fig. 1.

Soil: farmland surface tillage soil, after natural air-drying, crushing and
sieving-8mm.

Coal gangue and soil samples are ground to less than 0.075mm, XRD mineral
composition and trace heavy metal content of coal gangue are determined and
analyzed, and XRD mineral composition test of soil is carried out. The test results
are shown in Fig. 2 and Table 1. Coal gangue is mainly composed of SiO, and
CaCOs, and contains a small amount of heavy metals such as Cu, Zn, Pb, C, etc;
soil is mainly composed of SiO; and kaolinite, etc. According to test requirements,
nutrient test of coal gangue and soil is carried out, and the test results are shown in
Table 2.
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Fig. 2 XRD composition determination of coal gangue and soil

TABLE 1 Determination of heavy metal content of coal gangue

matter Pb cd (mcgjkg He As Cu Zn (mlg;kg
(mg/kg) (mgrkg) (mg/kg) (mghkg) (mgke) (mgkg) )
coal
253 0.362 134.0 0.277 15.0 169.0 228 70.0
gangue
TABLE 2 Coal gangue and soil nutrient test

matt p Or;%l?P;: available rapid available rapidly available
er H (e/ke) nitrogen(mg/kg) phosphorus(mg/kg) potassium(mg/kg)
gan 7. 57198 7.00 0.40 93.00

gue 56

soil 0§ 75.98 21.35 0.42 88.60

Simulating organic acids secreted by roots:
components of plant roots, preparing mixed acid solution (citric acid: malic acid:
oxalic acid =1:1:0.5, concentration 3.0mmol/L) to simulate the alteration effect of
organic acids secreted by plant roots on coal gangue under natural conditions.

Plants planted: ryegrass, strawberry, garland chrysanthemum, shallot.

2.2 Experiment design

referring to organic acid
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11 groups of coal gangue soil matrix were prepared according to different
mass ratios with farmland surface soil as the basic matrix, and the coal gangue
content was 0% (control group), 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%
and 100%. After fully mixing evenly, they were put into flowerpots (inner diameter:
20cm, height: 13.5 cm), and stood for 7d. Relevant tests were carried out after the
soil properties were stable, as shown in Table 3.

TABLE 3 Soil matrix of coal gangue with different mass ratio

material ratio/%

serial number

coal gangue soil matrix

1 0 100
2 10 90
3 20 80
4 30 70
5 40 60
6 50 50
7 60 40
8 70 30
9 80 20
10 90 10
11 100 0

2.3 DETERMINATION ITEMS AND METHODS

2.3.1 Acid etching coal gangue by simulating plant root system

8g of coal gangue powder is weighed, added into a simulated root mixed
organic acid solution according to a solid-liquid ratio of 1:50, placed in a glass of a
room temperature stirrer, stirred and soaked for 30 days; after soaking, filtered,
washed by deionized water to neutrality, dried at 105 °C to constant weight to
obtain simulated root acid corrosion modified coal gangue, and sealed for standby.

2.3.2 Characterization of organic acid etching coal gangue

The surface morphology of raw coal gangue and simulated root acid etched
coal gangue powder samples were observed by scanning electron microscope(SEM)
after gold spraying treatment, and the surface compactness, pore structure and
particle morphology of coal gangue before and after acid etching were compared
and analyzed to explain the effect of simulated root acid on the soil transformation
process of coal gangue.

The specific surface area and porosity of raw coal gangue and simulated root
etched coal gangue powder samples were analyzed by BET.

2.3.3 Effects of soil matrix with different coal gangue content on
plant growth

Sowing equal amount of ryegrass, strawberry, shallot and garland
chrysanthemum in each pot, watering regularly, harvesting after cultivation under
natural conditions, observing crop growth and growth, measuring fresh weight and
dry weight, and comprehensively determining the optimum amount of coal gangue.

2.3.4 Test on migration law of conventional heavy metals in plants

The root, stems and leaf (fruits) of plants with that optimum dosage were
digested by microwave, the content of Cu, Zn, Pb, Cd, Cr, Ni, As and Hg were
determined, and the transfer coefficient (TF) was calculated to analyze the
migration degree of heavy metals from coal gangue soil matrix to different parts of
plants.

2.3.5 Analysis of microbial colonies in coal gangue soil matrix

The samples of coal gangue soil matrix of shallot, strawberry, garland
chrysanthemum and ryegrass planted in the control group and the optimal dosage
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group were taken to extract microbial DNA and conduct high-throughput
sequencing of bacterial 16STRNA; the composition, abundance difference and
diversity of microbial colonies were analyzed to explore the effect of coal gangue
on microbial colonies in coal gangue soil matrix.

3. RESULTS AND DISCUSSION

3.1 Mineralogical Characteristics of Coal Gangue and Changes of
Surface Structure after Organic Acid Etching

3.1.1 Mineralogical characteristics and microstructure

Coal gangue heterogeneity is significant, mainly due to its physical properties
heterogeneous, chemical and mineral composition complex, ore structure is closely
related. According to the apparent characteristics of the coal gangue, texture and
cross-section characteristics, the coal gangue block can be roughly divided into 8
categories. According to the classification results, the 8 categories of coal gangue
blocks are sorted according to the quality from small to large, and marked as ato h
respectively, as shown in Fig. 3.

Fig. 3 Coal gangue blocks after classification (coal gangue-a to coal gangue-h)

Coal gangue-a surface features rough, with many visible pores, cross-section
gray, containing less carbon, and dotted with scattered yellow or white particles.
Coal gangue-b surface smooth and delicate and black, less flaky, most of the
granular. Coal gangue-c cross-section color layered state, plane color is black,
metamorphic degree between coal and gangue. The cross section of gangue-d
shows a structure consisting of alternating white and black minerals, with less
white minerals indicating smooth, fine, granular texture. Gangue-e presents a rough
dark gray surface characterized by a softer texture. Gangue-f presents a dark black,
hard texture with large particles of pyrite embedded therein. Gangue-g shows
smooth and fine, mainly composed of irregular blocks, the overall surface is black,
the coal quality is clear, the texture is relatively uniform, and the specific gravity is
heavy; gangue-h shows deep black, composed of fragments, small particles and a
large amount of coal, the texture is soft, and compared with other types of coal
gangue, the coal content is large.
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Fig. 4 Microscopic characteristics of different coal gangue
SEM images of various types of coal gangue are shown in Fig. 4. There are
significant differences in microscopic morphology, pore characteristics and
lamellar/particle aggregation state of different samples. The microstructure of
sample a is mainly large-sized thick lamellar stacking, with a large number of
cracks and pores, and the overall structure is loose; sample b is obviously finely
divided, the compactness of lamellar stacking is relatively high, and the pore size is
smaller than sample a, mainly medium and small pores. The structural continuity is
weaker than sample a, and the overall porosity is moderate; The microstructure of
sample d is fine fibrous and lamellar interwoven morphology, the lamellae are fine
and intertwined, the pores are mainly elongated cracks, the structure continuity is
good, the uniformity is high, and there is no obvious large size pore; e The
microstructure of sample is fine particle dense accumulation type, the particle size
is fine and evenly distributed, almost no visible macropores, and the surface is
relatively flat, which is the sample with the densest structure and the lowest
porosity among all samples; f The sample presents the characteristics of
heterogeneous lamellar size, mixed stacking of large and small flakes, wide pore
size distribution range, both macropores and micropores, and no obvious regularity
of lamellar stacking; g sample is mainly characterized by granular/massive
agglomeration, no lamellar structure, prominent particle feeling, pores are
intergranular pores, compact and uniform structure, the compactness is second only
to e sample; h sample presents thick lamellar stacked structure, there are obvious
pores and cracks, lamellar integrity is good, it is the sample with the largest pore
size and the most loose structure among all samples, and the interlayer gap is
obvious.The results show that the pore size of coal gangue samples a and h is larger
than that of other samples, and the surface structure is relatively loose. Therefore,
the stacking mode of lamellae and the aggregation morphology of particles are the
key factors to regulate the pore structure and compactness of coal gangue samples.
According to the significant differences in microstructure of different samples, it
can provide microstructure support for the differences in macroscopic properties.

13
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Fig. 5 XRD analysis of coal gangue blocks (1-calcite 2-quartz 3-anhydrite 4-kaolinite
5-kyanite 6-pyrite 7 siderite 8-magnesium chlorite)

As shown in Fig. 5, the mineral composition of coal gangue is complex and
varied. Its main minerals include calcite, quartz, anhydrite, kaolinite, kyanite,
pyrite, siderite and magnesium chlorite, and a small amount of other minerals.
Different types of coal gangue show obvious differences in mineral types, relative
contents and microstructure, reflecting the heterogeneity of parent rock properties
and formation conditions. It is worth noting that the difference of mineral
composition directly affects the etching degree of coal gangue under the action of
organic acids: soluble minerals Coal gangue with higher content of calcite and
anhydrite is more susceptible to chemical dissolution, while coal gangue rich in
stable minerals such as quartz and kyanite shows stronger weathering resistance.
Therefore, different types of coal gangue show significant differentiation
characteristics in weathering development degree, which leads to differences in
soil-forming potential and soil-forming properties.

3.1.2 Effect of simulated root organic acid etching on surface
structure of coal gangue
(1) SEM test

500 nm

Fig. 6 Microstructure characteristics of coal gangue before and after organic acid
soaking (1: before soaking;2: after soaking)

In order to simulate the environment of organic acid exudation by roots during
plant growth, an organic acid solution with a concentration of 3.0mmol/L was
prepared, and coal gangue powder was immersed in the solution and reacted for 30
days under continuous stirring to observe the acid corrosion characteristics of coal
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gangue surface.

As shown in Fig. 6, although both groups of samples in Fig.6 a and Fig. 6 b
show typical layered silicate mineral characteristics, the particles are mainly flaky
and scaly, which is consistent with the crystal structure of kaolinite and other clay
minerals in coal gangue, but there are significant differences between them in
microscopic morphology. In Fig. 6 a, the lamellar structure of the sample is
relatively dense and smooth, the mineral particles are closely combined, the crystal
edges are clear, the lamellar stacking is orderly, the number of pores is small and
the pore size is small, and the original mineral morphology is relatively complete.
This structure is not conducive to water adsorption, and the soil degree is relatively
low. In contrast, the lamellar structure of the sample in Fig. 6 b obviously tends to
be scattered and fluffy, the surface is significantly etched, the dense structure is
destroyed, the roughness is significantly improved, a large number of pores and
grooves of different sizes are developed on the surface, the particle edges tend to
be rounded, and obvious particle agglomeration is accompanied. The lamellar pore
structure is more developed. The above characteristics indicate that after soaking in
organic acid, the surface of coal gangue has been greatly altered, the degree of
grain refinement is improved, the primary lamellar structure is broken and
redistributed, and the specific surface area and porosity are significantly increased.
In addition, organic acids react with coal gangue minerals to dissolve impurities
such as carbonate, which makes the particle structure loose and has similar
characteristics to soil, thus providing favorable conditions for subsequent soil
improvement and plant planting.

(2) Specific surface area and porosity test
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Fig. 7 Analysis of specific surface area and porosity of coal gangue before acid etching

As shown in Fig. 7, nitrogen adsorption-desorption isotherm presents typical
IV isothermal characteristics, adsorption and desorption curves form clear
hysteresis loop, nitrogen slowly adsorbs in monolayer and multilayer at low
pressure section, and capillary condensation suddenly increases at middle and high
pressure section, indicating that a large number of connected mesopores and a
small number of macropore fractures develop in acid-etched coal gangue; The pore
volume decreases rapidly with the pore size increasing. The slight difference
between the two pore size curves comes from the capillary hysteresis effect of
ink-bottle pores. The data repeatability is good. It shows that a large number of
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mesoporous structures are formed in the coal gangue after the organic acid etching
dissolves the primary minerals, and the pore development degree and specific
surface area are significantly improved.
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Fig. 8 Analysis of specific surface area and porosity of coal gangue after acid etching

As shown in Fig. 8, nitrogen adsorption-desorption isotherm shows that the
sample presents typical IV type isotherm characteristics, adsorption branches and
desorption branches form obvious hysteresis loop, nitrogen slowly adsorbs in
monolayer and multilayer in low pressure interval, and capillary coagulation occurs
in steep rise curve in middle and high pressure interval, indicating that a large
number of connected mesoporous structures are developed in coal gangue matrix
and accompanied by a small number of macroporous cracks; The main peak
position of pore size distribution curve is basically consistent with that of BJH
adsorption and desorption pore size distribution curve. The most probable pore size
of sample is concentrated in mesoporous area, and the proportion of micropores is
very low. The slight difference between the two pore size curves is caused by
capillary hysteresis effect caused by ink-bottle pore. The data repeatability is good,
indicating that rich mesoporous pores are formed after organic acid etching coal
gangue primary minerals, which effectively improves the specific surface area of
matrix and pore connectivity.

The isotherms of the two groups of coal gangue are IV type mesopore curves
with adsorption desorption hysteresis loop and mesopore structure, the hysteresis
loop of the acid-etched sample is wider, the adsorption capacity and pore volume
peak value of BJH are higher, the mineral etching is more complete, and the
specific surface area, mesopore number and pore connectivity of the acid-etched
sample are much better than those of the compact primary coal gangue. After acid
etching, the BET specific surface area of gangue increases by 37.81%, the average
pore size of adsorption and desorption increases by 60.94%, 49.11%, and the pore
volume also increases greatly, indicating that organic acid can promote the soil
transformation process of gangue.

3.2 Effect of Coal Gangue and Soil Matrix on Plant Growth

In the pot planting experiment of coal gangue soil, setting different coal gangue
content gradient, planting shallot, strawberry, garland chrysanthemum and ryegrass
respectively, observing the difference of plant growth and biomass (fresh weight and dry
weight), evaluating the response characteristics of different plants to coal gangue
improved soil.
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3.2.1 Effect of Different Coal Gangue Content on Plant Growth

The test results show that the sensitivity of different plants to coal gangue
content is obviously different, and there is a specific optimal content interval for
each plant, as shown in Fig. 9 to Fig. 12.

The sensitivity of shallot to coal gangue was low, and the growth and
development of shallot were not promoted or inhibited obviously by different
proportion of coal gangue. This was closely related to its physiological
characteristics: shallot had developed roots, outstanding ability of bearing barren
and stress, and could adapt to the slight fluctuation of soil physical and chemical
properties after coal gangue improvement, showing strong environmental
adaptability. The growth and fruiting performance of strawberry were significantly
affected by coal gangue addition, showing obvious “optimal addition interval”.
When the dosage of 50% was added, the soil structure was significantly improved,
the vegetative growth and reproductive growth of strawberry were promoted, the
number of leaves, the number of red fruits and the size of fruits reached the
maximum, which was the best proportion under this experimental condition; when
the dosage was lower than 20%, the improvement effect was not obvious; when the
dosage was higher than 60%, the stress effect was obvious, and the growth of
strawberry was seriously inhibited. The best dosage of garland chrysanthemum in
coal gangue improved soil was 30%. Under this dosage, the comprehensive
performance of roots was the best: The main root is thick and full of elongation, the
lateral root is dense, the fibrous root is abundant, the root system is complete, the
growth is obviously better than other treatments, there is no browning and rot
phenomenon, the root depth is sufficient, the root system activity is at a high level,
and effectively supports the healthy growth of the shoot. When the dosage was
increased to more than 30%, root growth was inhibited significantly, taproot
shortened, lateral roots reduced, fibrous roots sparse, root structure incomplete
development, browning and necrosis appeared, root activity decreased significantly,
water and nutrient absorption capacity was seriously damaged, which directly
restricted shoot growth. When the coal gangue content was between 20% and 60%,
the soil bulk density decreased, the aeration porosity increased, the soil
environment was significantly improved, the growth of ryegrass in the early stage
changed little, but the effect was significant in the late stage. When the coal gangue
content was 60%, the ryegrass plant reached the maximum, the erect character was
strong, the leaves were thick and green, and the growth trend was optimal. When
the coal gangue content was more than 60%, the stability of water retention in the
substrate decreased, the yellow leaves and slight yellowing appeared in the late
stage of ryegrass, and the vegetative growth was obviously inhibited.

According to the indexes of plant growth cycle, the optimum dosage of coal
gangue corresponding to different plants was: shallot 50%, strawberry 50%,
garland chrysanthemum 30%, ryegrass 60%. It should be noted that the plants did
not grow best in the pure gangue test group, mainly due to the obvious shortage of
water retention capacity of pure gangue matrix, which restricted its application
effect in ecological reclamation.



462
463

464
465

466
467

Fig.

11 Growth of garland chrysanthemum under different coal gangue content
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Fig. 12 Growth 6f ryegrass under different coal gangue dosage
3.2.2 Difference between fresh and dry plant weight

Fresh weight and dry weight of plants are core indicators reflecting biomass
accumulation and growth status. The difference of fresh weight and dry weight of
plants under different coal gangue-compound soil matrix treatments is shown in Fig.
13, showing a trend of “higher fresh weight, richer dry matter accumulation” as a
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Fig. 14 Coal gangue-composite soil matrix group

As shown in Fig. 14, no matter what coal gangue content is added, the fresh
weight and dry weight of cultivated shallot (C1 to C4 groups) have little difference,
indicating that shallot is less sensitive to coal gangue content, and different
addition ratios have no obvious promotion or inhibition effect on its normal growth
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and development. Compared with strawberry planting (M1 to M2), M2 group
showed the best performance, with fresh weight of 101.94g and dry weight of
20.58g, which were significantly higher than those of control group, indicating that
strawberry biomass accumulation was vigorous and growth was good under this
substrate formula. The fresh weight and dry weight of ryegrass (H1 group and H2
group) had little difference, which indicated that ryegrass had weak sensitivity to
coal gangue addition and had no obvious inhibition and promotion effect on plant
growth.

By calculating the moisture content (fresh weight-dry weight) of plants, it was
found that the moisture content of shallot changed little between 60.5 and 62.5 g
under different coal gangue content, while for strawberry, the moisture content was
81.36 g when coal gangue content was 50%, which was 14.09 g higher than that of
control group, indicating that the growth of strawberry was promoted in this
proportion matrix. Because garland chrysanthemum is sensitive to coal gangue, it
can only be planted with low content of coal gangue, and its water content is lower
than that of other three plants in the same growth cycle, so it grows poorly.
According to the growth condition of plants, it is preliminarily judged that there is
a specific optimal dosage interval of coal gangue among different plants, and
during the optimal dosage interval, the fresh weight and dry matter accumulation of
plants can be promoted, which can be used as the optimal substrate for ecological
restoration of coal gangue dump.

3.3 Migration of heavy metals in gangue-soil matrix in plant system

In order to investigate the migration, distribution and accumulation of heavy
metals in coal gangue soil matrix, pot experiments were carried out with shallot,
strawberry, garland chrysanthemum and ryegrass as test crops under the optimal
coal gangue dosage. The contents of Pb, Cd, Cr, Cu and Zn in roots, stems and
leaves (fruits) of plants were determined respectively, and the distribution
differences, enrichment abilities and transport characteristics of heavy metals in
different parts of plants were systematically analyzed, and the ecological safety
risks of soil matrix with optimum coal gangue content were evaluated accordingly.

3.3.1 Heavy metal migration differences

The content of heavy metals in the roots, stems and leaves (fruits) of Allium
fistulosum, strawberry, garland chrysanthemum and ryegrass were determined
under the optimum dosage conditions. The results showed that there were obvious
interspecific differences and position differences in the distribution of heavy
metals in different plants and organs, as shown in Fig. 15.

The heavy metal contents in all organs of Allium sativum L. showed a very
significant distribution law, which was root> stem> leaf. As the primary part of
Allium sativum L. contacting soil directly, the root was the main place for heavy
metal absorption and accumulation, and its contents were significantly higher than
those in all organs above ground, showing a strong heavy metal accumulation
ability. This law might be closely related to the precipitation of root cell wall, the
complexation of root exudates and the retention mechanism of root in plant. For
strawberry, except Cr, the distribution of other heavy metals in different organs
followed the same rule of root> stem> leaf, while garland chrysanthemum showed a
similar trend, except for As, Pb and Cu. From the migration characteristics of
heavy metals, Zn, Cu and other elements essential for plant growth are generally
higher in all organs than other heavy metals, indicating that they are easy to
transport from roots to shoots. These differences may be closely related to the
chemical properties of heavy metal ions, the uptake pathways of plant roots, and
the selective transport mechanisms of transport proteins in vivo.
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Fig. 15 Heavy metal contents in different parts of plants under the optimum conditions
of gangue content
3.3.2 Transfer coefficient

As shown in Fig. 16, there are obvious differences in the absorption and
distribution trends of heavy metals among the four tested crops. The distribution of
some heavy metals in plants shows that the root enrichment is the highest, the stem
is the second, and the leaf (edible part) is relatively low; while the other heavy
metals show the distribution characteristics of the root enrichment is the highest,
the leaf is the second, and the stem is the lowest. According to the transport
coefficients of eight heavy metals, the transport ability of heavy metals in four
tested plants was significantly different, among them, garland chrysanthemum had
the strongest transport ability for Ni and Zn, and the transport coefficient of Ni was
as high as 801.97%, showing a strong ability to transport heavy metals to the shoot,
strawberry had a relatively strong transport ability for Hg and Cr. Shallots are
outstanding in the transport of As and Pb; in contrast, ryegrass has the lowest
transport coefficients for all types of heavy metals. Heavy metals are mainly
retained in the roots and have weak upward migration capabilities.
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In general, Ni, Hg and Zn have the strongest mobility among the four plants,
while Pb and Cu have the weakest mobility. This rule is closely related to the ion
radius, coordination ability of heavy metals and the selectivity of transport proteins
in plants. From the perspective of ecological safety and land use, ryegrass has the
best effect on heavy metals retention in its roots, which can effectively reduce the
risk of heavy metals entering animals or human bodies through food chains. It is
suitable as an ecological restoration plant in coal gangue contaminated areas.
Although garland chrysanthemum and strawberry have some potential for
remediation due to their easy transportation of heavy metals to the ground, they
also bring high food safety risks and should not be planted as crops in coal gangue
contaminated areas.

3.4 Analysis of microbial community composition, diversity and
species difference in soil matrix

Related studies have shown that microbial community structure is closely
related to soil characteristics. Changes in soil organic carbon content can drive
geographical differences in soil microbial distribution(J. Liu et al., 2014), heavy
metal concentration, soil pH and electrical conductivity (EC), etc(Fierer & Jackson,
2006; Zhalnina et al., 2015). Meanwhile, these factors will significantly affect the
composition, diversity and species diversity of soil bacterial communities.
Secondly, soil microbial community structure plays an important role in soil quality,
which plays a vital role in the natural environment by facilitating material
circulation, energy flow and environmental purification through complex network
systems(Freilich et al., 2010).

3.4.1 Microbial colony composition
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Fig. 17 Histogram of species composition at phylum and genus level
(C1-C4 are the coal gangue soil matrix at different doping levels for growing
shallot, G1 and G2 represent the coal gangue soil matrix at different doping levels
for growing garland chrysanthemum, M1 and M2 represent the coal gangue soil
matrix at different doping levels for growing strawberry, H1 and H2 represent the
coal gangue soil matrix at different doping levels for growing strawberry)

The stacked histogram of relative abundance of Top20 dominant genera at
phylum and genus level is shown in Fig. 17. The abscissa is coal gangue-composite
soil matrix with different content, the ordinate is relative abundance of species (%),
and different colors represent different dominant genera.

At phylum level, Proteobacteria, Actinobacteria, Acidobacteriota and
Chloroflexota were the dominant flora in each component. In contrast,
Proteobacteria abundance increased significantly and Acidobacteriota abundance
decreased in the experimental group, indicating that plant rhizosphere effectively
improved the physical and chemical conditions of the substrate and promoted the
recovery of eutrophic bacteria.

At the genus level, the dominant genera in each group mainly include Gaiella,
Arthrobacter, Truepera, Kribbella and Brevibacterium, among which Gaiella, as a
typical oligotrophic bacteria under Acidobacteria, its relative abundance increases
with the increase of coal gangue blending ratio, while functional bacteria genera
involved in organic matter decomposition and heavy metal tolerance In the
experimental group, the relative abundance of these functional bacteria increased
significantly, and different plants showed different enrichment patterns, indicating
that plant root exudates could selectively promote the colonization of beneficial
bacteria and improve the nutrient cycle and stress tolerance of the substrate.

For the same plant species, whether coal gangue is mixed in soil and its
mixing ratio are the key variables affecting the relative abundance of rhizosphere
bacteria. Further comparison of strawberry, garland chrysanthemum and ryegrass
showed that there were significant differences in rhizosphere colony composition
of different plants in both the control soil without coal gangue and the improved
soil with coal gangue, which indicated that the effect of coal gangue addition was
not independent, but closely related to plant species. The adaptability of different
plants to soil physical and chemical properties, differences in root exudates
composition and other factors jointly regulate the response path of microbial
communities, and then determine the differences in bacterial genus composition
and abundance changes. Secondly, the communities in sediments with extremely
high metal content are obviously different from those in sediments with relatively
low metal content(Kwon et al., 2015), indicating that metal content is also an
important factor affecting microbial composition. Wu et al(Wu et al., 2026) showed
that planting pioneer vegetation can reduce the extreme alkalinity of soil, increase
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organic carbon, accelerate the alteration of primary minerals and the formation of
secondary minerals, and accompany the reorganization of microbial communities
and their ecological functions.

Combined with the coal gangue-composite soil matrix test, it is shown that
coal gangue admixture significantly changes the soil microbial community
structure and reduces the stability and functional diversity of the community;
phytoremediation can effectively reverse this trend, which is attributed to the better
soil environment created by plant root exudates, fallen root cells and
mucus(Langille et al., 2013). Secondly, through rhizosphere effect to regulate the
composition of dominant bacteria, improve the abundance of Proteobacteria and
key functional bacteria, which also provides important microbiological support for
the ecological restoration of coal gangue matrix.

3.4.2 Alpha Diversity Analysis

The microbial species accumulation curve showed that with the increase of
sample number, the species accumulation curve gradually tended to be flat,
indicating that the sequencing depth was sufficient, and the collected samples could
fully characterize the true characteristics of coal gangue-soil microbial community,
as shown in Fig. 18. At the same time, the horizontal axis of OTU-Abundance curve
has a large span, and the overall downward trend is gentle, reflecting that the
microbial species richness in the soil is relatively high, the community uniformity
is good, and the microbial community structure is relatively stable, as shown in Fig.
19.

number of species
1000 2000 3000 4000 5000 6000 7000

0
1

T T T T T
2 4 6 8 10

number of samples
Fig. 18 Specaccum species accumulation curve
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Fig. 20 Alpha diversity analysis

In order to further analyze Alpha diversity of root soils of different plants,
correlation tests were conducted. The test results are shown in Fig. 20. It shows
that there are significant differences in rhizosphere microbial diversity of four
tested plants, and the overall trend is: garland chrysanthemum> ryegrass>
strawberry> shallot. This difference pattern may be closely related to the
characteristics of rhizosphere environment of different plants and their response
mechanism to coal gangue improvement soil. The rhizosphere of garland
chrysanthemum coronarium L. was activated by heavy metals, and the selective
pressure in rhizosphere environment was enhanced, which promoted the
adaptability and differentiation of microbial community and made its diversity the
most abundant. However, the rhizosphere microbial species composition of Allium
fistulosum is relatively simple and its uniformity is poor, which may be related to
its strong selectivity of root exudates and insensitive response to changes in coal
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gangue content.Related studies have shown that soil microbial diversity can also
enhance soil nutrient cycling(Delgado-Baquerizo et al., 2016) and improve soil
physical and chemical structure.

3.4.3 Species difference analysis
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Fig. 22 ASV/OTU Abundance Histogram in Different Regions of Petal Diagram

According to the results of petal species distribution map and species
composition at phylum and genus levels, there are a large number of 590 core
microorganisms in rhizosphere soil of four plants, which constitute the heavy
metal-resistant basic flora stably existing in coal gangue substrate environment.
Meanwhile, a large number of unique microbial groups are also screened from
different plants, among which the number of unique flora of garland
chrysanthemum is the largest, which is consistent with the highest Alpha diversity,
as shown in Fig. 21 and Fig. 22.

At phylum level, Proteobacteria, Bacteroides and Actinomycetes were the
dominant phylum in each group. It should be noted that the abundance of
Proteobacteria and Bacteroides increased significantly in the rhizosphere of
garland chrysanthemum, which had the function of activating heavy metals in soil,
and formed a synergistic effect with the high transport characteristics of Ni and Zn
by garland chrysanthemum itself, thus strengthening the extraction effect of heavy
metals. In contrast, the rhizosphere of ryegrass was characterized by the
enrichment of actinomycetales and firmicutes, which were beneficial to the
passivation and retention of heavy metals, and to the stabilization of heavy metals
in the rhizosphere and the reduction of their migration to the shoot.

The rhizosphere of garland chrysanthemum was enriched with a large number
of heavy metal-activated functional genera, which further supported its high ability
of heavy metal migration; Lolium perenne was dominated by heavy metal-holding



689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725

726
727
728
729
730

731
732

733
734
735
736
737
738
739
740

genera, which was highly consistent with its characteristics of low transport
coefficient and strong root holding ability; Allium sativum and strawberry had
relatively weak flora specificity and less functional differentiation than the former
two.

In conclusion, plants can achieve differential responses to heavy metal uptake,
transport or retention by regulating the phylum and genus composition of
rhizosphere microbial community, which provides theoretical support for
plant-microbial remediation of heavy metal contamination in coal gangue matrix at
micro level. In addition, proper amount of coal gangue can effectively improve the
diversity of rhizosphere microorganisms and the abundance of beneficial bacteria,
enhance the activation and supply capacity of soil nutrients, and create a good
micro-ecological environment for plant root growth.

3.5 CONCLUSION

(1) The heterogeneity of gangue in Panzhou City, Guizhou Province results in
its complex structure and mineral composition. The surface of gangue can be
etched obviously by organic acid immersion, and its original compact structure can
be destroyed. After acid etching, the BET specific surface area of gangue increases
by 37.81%, the average pore diameter of adsorption and desorption increases by
60.94%, 49.11% respectively, and the pore volume also increases greatly.

(2) According to the growth condition of the tested plants, the requirements of
different plants for the optimum coal gangue mixing ratio are significantly
different: The sensitivity of shallot to the amount of coal gangue is relatively weak,
through comprehensive analysis, the best growth ratio is 60%, and the best mixing
ratio of other three plants is 50%, 30%, 70%.

(3) According to the four plants tested, the determination results of heavy
metal contents in different organs (shallot, strawberry, garland chrysanthemum,
ryegrass) showed that heavy metals were mainly enriched in plant roots, and the
enrichment degree in stems and leaves varied with plants. In the same plant,
different heavy metals had different transport capabilities, but the overall ability to
migrate to aboveground parts was weak, which met the safety standards of
agricultural soils and agricultural products as a whole, and the ecological risks
were within the controllable range.

(4) The appropriate dosage of coal gangue in soil can significantly change the
physical and chemical properties of coal gangue-soil matrix, and then regulate the
composition, Alpha diversity and species differences of soil microbial community
in plant rhizosphere.

Data availability

Raw 165 rRNA amplicon sequencing data were deposited in the NCBI Sequence
Read Archive (SRA) under BioProject accession PRINA1532461. Review-only access
link is available upon request.
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1532461?reviewer=urdirsmfq2m1klv
Omostvd890k.

Acknowledgements
We would like to acknowledge Professor Wenlong Mo of Xinjiang University for help
of conceiving and designing the theoretical framework.

Author contributions

Jingbo Wang: Writing - original draft, Writing - review & editing, Visualization,
Validation, Methodology, Investigation, Formal analysis, Conceptualization. Xianhai
Li: Writing - review & editing, Validation, Supervision, Project administration,



741

742
743

744
745
746

747
748
749
750
751

752
753

754
755
756
757

758
759
760

761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791

Methodology, Investigation, Conceptualization. Wei Cheng: Writing - review &
editing, Investigation, Supervision. All authors reviewed the manuscript.

Funding Declaration

This work was supported by Guizhou Provincial Basic Research Program (Natural
Science) (No. QianKeHeJiChu-ZK[2024]ZhongDian023) and the National Natural
Science Foundation of China (52304283).

Sample collection permission statement

All samples have obtained the collection permit from the mining
management unit before sampling, and there are no conflicts of interest
related issues.

Competing interests

The authAll samples have obtained the collection permit from the mining
management unit before sampling, and there are no conflicts of interest related
issues.ed the collection permit from the mining management unit before sampling,
and there are no conflicts of interest related issues.nancial interest.

Additional information
Correspondence and requests for materials should be addressed to Xianhai Li.

References:

Bonneville, S., Morgan, D. J., Schmalenberger, A., Bray, A., Brown, A., Banwart, S. A.,
& Benning, L. G. (2011). Tree-mycorrhiza symbiosis accelerate mineral weathering:
Evidences from nanometer-scale elemental fluxes at the hypha—mineral interface. Geochimica
et Cosmochimica Acta, 75(22), 6988—7005. https://doi.org/10.1016/j.gca.2011.08.041

Chen, J., Sun, Q., Li, M., Dou, K., Song, Y., & Tan, X. (2025). Research on the thermal—
mechanical synergistic activation mechanism of coal gangue and its hydration characteristics.
Buildings, 16(1), 152. https://doi.org/10.3390/buildings16010152

Cheng, Y., Honggiang, M., Hongyu, C., Jiaxin, W., Jing, S., Zonghui, L., & Mingkai, Y.
(2018). Preparation and characterization of coal gangue geopolymers. Construction and
Building Materials, 187, 318-326. https://doi.org/10.1016/j.conbuildmat.2018.07.220

Chilikwazi, B., Onyari, J. M., & Wanjohi, J. M. (2023). Determination of heavy metals
concentrations in coal and coal gangue obtained from a mine, in Zambia. International
Journal  of  Environmental  Science  and  Technology, 20(2), 2053-2062.
https://doi.org/10.1007/s13762-022-04107-w

Chu, Z., Wang, X., Wang, Y., Zha, F., Dong, Z., Fan, T., & Xu, X. (2020). Influence of
coal gangue aided phytostabilization on metal availability and mobility in copper mine
tailings. Environmental Earth Sciences, 79(3), 68. https://doi.org/10.1007/s12665-020-8807-x

Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries, T. C., Gaitan, J. J., Encinar,
D., Berdugo, M., Campbell, C. D., & Singh, B. K. (2016). Microbial diversity drives
multifunctionality in terrestrial ecosystems. Nature Communications, 7(1), 10541.
https://doi.org/10.1038/ncomms10541

Dixon, K. W. (2009). Pollination and restoration. Science, 325(5940), 571-573.
https://doi.org/10.1126/science. 1176295

Dou, Z., Sun, Y., Zhang, Y., Wang, M., Zhang, N., Liu, A., & Hu, X. (2024).
Amelioration of the physicochemical properties enhanced the resilience of bacteria in bauxite
residues. Journal of Hazardous Materials, 471, 134455.
https://doi.org/10.1016/j.jhazmat.2024.134455

Dubey, S., Shri, M., Gupta, A., Rani, V., & Chakrabarty, D. (2018). Toxicity and



792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846

detoxification of heavy metals during plant growth and metabolism. Environmental Chemistry
Letters, 16(4), 1169—1192. https://doi.org/10.1007/s10311-018-0741-8

Fierer, N., & Jackson, R. B. (2006). The diversity and biogeography of soil bacterial
communities. Proceedings of the National Academy of Sciences, 103(3), 626—631.
https://doi.org/10.1073/pnas.0507535103

Freilich, S., Kreimer, A., Meilijson, 1., Gophna, U., Sharan, R., & Ruppin, E. (2010). The
large-scale organization of the bacterial network of ecological co-occurrence interactions.
Nucleic Acids Research, 38(12), 3857-3868. https://doi.org/10.1093/nar/gkq118

Gao, L., Liu, Y., Xu, K., Bai, L., Guo, N., & Li, S. (2024). A short review of the
sustainable utilization of coal gangue in environmental applications. RSC Advances, 14(53),
39285-39296. https://doi.org/10.1039/D4RA06071G

Guo, G., Li, H., & Zha, J. (2019). An approach to protect cultivated land from subsidence
and mitigate contamination from colliery gangue heaps. Process Safety and Environmental
Protection, 124, 336-344. https://doi.org/10.1016/j.psep.2019.03.004

Halecki, W., & Klatka, S. (2018). Long term growth of crop plants on experimental plots
created among slag heaps. Ecotoxicology and Environmental Safety, 147, 86-92.
https://doi.org/10.1016/j.ecoenv.2017.08.025

Jackson, O., Quilliam, R. S., Stott, A., Grant, H., & Subke, J.-A. (2019). Rhizosphere
carbon supply accelerates soil organic matter decomposition in the presence of fresh organic
substrates. Plant and Soil, 440(1-2), 473—490. https://doi.org/10.1007/s11104-019-04072-3

Khalid, S., Shahid, M., Niazi, N. K., Murtaza, B., Bibi, 1., & Dumat, C. (2017). A
comparison of technologies for remediation of heavy metal contaminated soils. Journal of
Geochemical Exploration, 182, 247-268. https://doi.org/10.1016/j.gexplo.2016.11.021

Kwon, M. J., Yang, J.-S., Lee, S., Lee, G., Ham, B., Boyanov, M. 1., Kemner, K. M., &
O’Loughlin, E. J. (2015). Geochemical characteristics and microbial community composition
in toxic metal-rich sediments contaminated with au—ag mine tailings. Journal of Hazardous
Materials, 296, 147—157. https://doi.org/10.1016/j.jhazmat.2015.04.035

Langille, M. G. 1., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A.,
Clemente, J. C., Burkepile, D. E., Vega Thurber, R. L., Knight, R., Beiko, R. G., &
Huttenhower, C. (2013). Predictive functional profiling of microbial communities using 16S
rRNA  marker gene  sequences. Nature  Biotechnology, 31(9), 814-821.
https://doi.org/10.1038/nbt.2676

Li, D., Fan, Y., Dong, X., Ma, X., Wu, W., Xiao, W., & Yang, M. (2025). Effects of
carbonaceous and ash synergism on the properties of coal mine solid waste filler materials:
Modulation of hydration mechanisms, strength generation mechanisms, and fine-scale
damage. Journal of Cleaner Production, 519, 145797.
https://doi.org/10.1016/j.jclepro.2025.145797

Li, M., Zhang, J., Meng, G., Gao, Y., & Li, A. (2020). Testing and modelling creep
compression of waste rocks for backfill with different lithologies. International Journal of
Rock Mechanics and Mining Sciences, 125, 104170.
https://doi.org/10.1016/j.ijrmms.2019.104170

Li, X., Sun, W., & Yang, Z. (2022). Numerical simulation of the dynamic change law of
spontaneous combustion of coal gangue mountains. ACS Omega, 7(42), 37201-37211.
https://doi.org/10.1021/acsomega.2¢03251

Li, X., Zheng, J., Zheng, K., Su, F., Zhao, Z., Bai, C., Zheng, T., Wang, X., Qiao, Y., &
Colombo, P. (2023). Rapid fabrication of coal gangue-based alkali activated foams and
application as pH regulators. Materials Letters, 338, 134020.
https://doi.org/10.1016/j.matlet.2023.134020

Li, Y., Jia, Z., Sun, Q., Zhan, J., Yang, Y., & Wang, D. (2016). Ecological restoration
alters microbial communities in mine tailings profiles. Scientific Reports, 6(1), 25193.
https://doi.org/10.1038/srep25193

Liu, J., Sui, Y., Yu, Z., Shi, Y., Chu, H., Jin, J,, Liu, X., & Wang, G. (2014). High
throughput sequencing analysis of biogeographical distribution of bacterial communities in
the black soils of northeast China. Soil Biology & Biochemistry, 70, 113-122.
https://doi.org/10.1016/j.s0ilbio.2013.12.014



847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901

Liu, R., & Wang, S. (2026). Research progress on the comprehensive utilization of coal
gangue. International Journal of Coal Preparation and Utilization, 46(2), 591-605.
https://doi.org/10.1080/19392699.2025.2467736

Liu, X. (2023). Low-carbon utilization of coal gangue under the carbon neutralization
strategy: A short review. Journal of Material Cycles and Waste Management, 25(4), 1978—
1987. https://doi.org/10.1007/s10163-023-01712-w

Lu, Z., Wang, H., Wang, Z., Liu, J,, Li, Y., Xia, L., & Song, S. (2024). Critical steps in
the restoration of coal mine soils: Microbial-accelerated soil reconstruction. Journal of
Environmental Management, 368, 122200. https://doi.org/10.1016/j.jenvman.2024.122200

Ma, D., Duan, H., Liu, J., Li, X., & Zhou, Z. (2019). The role of gangue on the
mitigation of mining-induced hazards and environmental pollution: An experimental
investigation. Science of the Total Environment, 664, 436—448.
https://doi.org/10.1016/j.scitotenv.2019.02.059

Ma, D., Zhang, J., Duan, H., Huang, Y., Li, M., Sun, Q., & Zhou, N. (2021).
Reutilization of gangue wastes in underground backfilling mining: Overburden aquifer
protection. Chemosphere, 264, 128400. https://doi.org/10.1016/j.chemosphere.2020.128400

Marchuk, S., & Marchuk, A. (2018). Effect of applied potassium concentration on clay
dispersion, hydraulic conductivity, pore structure and mineralogy of two contrasting
australian soils. Soil and Tillage Research, 182, 35-44.
https://doi.org/10.1016/j.still.2018.04.016

Motesharezadeh, B., Ahmadiyan, E., Alikhani, H. A., & Azarnivand, H. (2017). The use
of coal gangue as a cultivation bed conditioner in forage maize inoculated with arbuscular
mycorrhizal fungi. Communications in Soil Science and Plant Analysis, 48(11), 1266—1279.
https://doi.org/10.1080/00103624.2017.1322602

Paz-Ferreiro, J., Gasco, G., Méndez, A., & Reichman, S. (2018). Soil pollution and
remediation. International Journal of Environmental Research and Public Health, 15(8),
1657. https://doi.org/10.3390/ijerph15081657

Qin, Q., Geng, H., Deng, J., Su, X., Chen, M., & Park, C. B. (2023). Al and other critical
metals co-extraction from coal gangue through delamination pretreatment and recycling
strategies. Chemical Engineering Journal, 477, 147036.
https://doi.org/10.1016/j.cej.2023.147036

Querol, X., Izquierdo, M., Monfort, E., Alvarez, E., Font, O., Moreno, T., Alastuey, A.,
Zhuang, X., Lu, W., & Wang, Y. (2008). Environmental characterization of burnt coal gangue
banks at yangquan, shanxi province, china. International Journal of Coal Geology, 75(2), 93—
104. https://doi.org/10.1016/j.coal.2008.04.003

Ruud, N. (2006). Introduction to environmental soil physics. Vadose Zone Journal, 5(3),
912-912. https://doi.org/10.2136/vzj2006.0013br

Santibafiez, C., Verdugo, C., & Ginocchio, R. (2008). Phytostabilization of copper mine
tailings with biosolids: Implications for metal uptake and productivity of lolium perenne.
Science of the Total Environment, 395(1), 1-10.
https://doi.org/10.1016/j.scitotenv.2007.12.033

Schmalenberger, A., Duran, A. L., Bray, A. W., Bridge, J., Bonneville, S., Benning, L. G.,
Romero-Gonzalez, M. E., Leake, J. R.,, & Banwart, S. A. (2015). Oxalate secretion by
ectomycorrhizal paxillus involutus is mineral-specific and controls calcium weathering from
minerals. Scientific Reports, 5(1), 12187. https://doi.org/10.1038/srep 12187

Shi, L., Peng, J., Xu, D., Tian, J., Liu, T., Jiang, B., & Zhang, F. (2023). Leaching
characteristics and pollution risk assessment of potentially harmful elements from coal
gangue exposed to weathering for different periods of time. Environmental Science and
Pollution Research, 30(22), 63200-63214. https://doi.org/10.1007/s11356-023-26525-0

Song, W., Xu, R., Li, X., Min, X., Zhang, J., Zhang, H., Hu, X., & Li, J. (2023). Soil
reconstruction and heavy metal pollution risk in reclaimed cultivated land with coal gangue
filling in mining areas. Catena, 228, 107147. https://doi.org/10.1016/j.catena.2023.107147

Sun, Y., Bai, B., Yang, X., Zhu, S., Tian, J., Wang, Z., Xu, L., Xu, L., & Shen, B. (2025).
Coal gangue utilization: Applications, challenges, and sustainable development strategies.
Energies, 18(2), 444. https://doi.org/10.3390/en18020444



902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954

Wu, X., Wu, H., Fu, W., Wang, Q., Liu, Y., Wu, Y., Chen, S., Chen, B., & Wu, S. (2026).
Pioneer plant facilitates microbial community assembly by improving physicochemical and
mineralogical properties of iron ore tailings. Journal of Environmental Sciences, 165, 744—
755. https://doi.org/10.1016/j.jes.2025.09.003

Yang, Y., Liu, Y., Li, Z., Wang, Z., Li, C., & Wei, H. (2020). Significance of soil microbe
in microbial-assisted phytoremediation: An effective way to enhance phytoremediation of
contaminated soil. International Journal of Environmental Science and Technology, 17(4),
2477-2484. https://doi.org/10.1007/s13762-020-02668-2

Yaofei, L., Xingchen, Z., & Ke, Z. (2024). Coal gangue in asphalt pavement: A review of
applications and performance influence. Case Studies in Construction Materials, 20, ¢03282.
https://doi.org/10.1016/j.cscm.2024.03282

Ye, T., Min, X., Li, X., Zhang, S., & Gao, Y. (2022). Improved holding and releasing
capacities of coal gangue toward phosphate through alkali-activation. Chemosphere, 287,
132382. https://doi.org/10.1016/j.chemosphere.2021.132382

Zhalnina, K., Dias, R., De Quadros, P. D., Davis-Richardson, A., Camargo, F. A. O.,
Clark, I. M., McGrath, S. P, Hirsch, P. R., & Triplett, E. W. (2015). Soil pH determines
microbial diversity and composition in the park grass experiment. Microbial Ecology, 69(2),
395-406. https://doi.org/10.1007/s00248-014-0530-2

Zhang, M., Qu, Z., Xie, M., Chen, X., Yang, Y., & Bai, Y. (2024). Research on the
regulatory mechanism of pore structure in soil matrix prepared by fluidized bed calcination of
coal gangue. Arabian Journal of Chemistry, 17(6), 105814.
https://doi.org/10.1016/j.arabjc.2024.105814

Zhang, S., Qiu, Y., Shen, Z., & Zhang, X. (2026). Combined effects of plant
establishment and organic matter amendment on coal gangue transformation into soil-like
substrates. Ecological Engineering, 226, 107938.
https://doi.org/10.1016/j.ecoleng.2026.107938

Zhang, Y., Sun, J., Lii, G., Zhang, T., & Gong, Y. (2023). Kinetics of alumina extraction
from coal gangue by hydrochloric acid leaching. Transactions of Nonferrous Metals Society
of China, 33(6), 1932—-1942. https://doi.org/10.1016/S1003-6326(23)66233-8

Zhao, G., Wu, T., Ren, G., Zhu, Z., Gao, Y., Shi, M., Ding, S., & Fan, H. (2023). Reusing
waste coal gangue to improve the dispersivity and mechanical properties of dispersive soil.
Journal of Cleaner Production, 404, 136993. https://doi.org/10.1016/j.jclepro.2023.136993

Zheng, Q., Zhou, Y., Liu, X., Liu, M., Liao, L., & Lv, G. (2024). Environmental hazards
and comprehensive utilization of solid waste coal gangue. Progress in Natural Science:
Materials International, 34(2), 223-239. https://doi.org/10.1016/j.pnsc.2024.02.012

Zhou, L., Zhou, H., Hu, Y., Yan, S., & Yang, J. (2019). Adsorption removal of cationic
dyes from aqueous solutions using ceramic adsorbents prepared from industrial waste coal
gangue. Journal of Environmental Management, 234, 245-252.
https://doi.org/10.1016/j.jenvman.2019.01.009

Zhou, W., Wang, Y., Lian, Z., Yang, T., Zeng, Q., Feng, S., Fang, Z., Shu, W., Huang, L.,
Ye, Z., Liao, B., & Li, J. (2020). Revegetation approach and plant identity unequally affect
structure, ecological network and function of soil microbial community in a highly acidified
mine tailings pond. Science of the Total Environment, 744, 140793.
https://doi.org/10.1016/j.scitotenv.2020.140793

Zhu, X., Gong, W., Li, W,, Bai, X., & Zhang, C. (2022). Reclamation of waste coal
gangue activated by stenotrophomonas maltophilia for mine soil improvement: Solubilizing
behavior of bacteria on nutrient elements. Journal of Environmental Management, 320,
115865. https://doi.org/10.1016/j.jenvman.2022.115865

Zuo, J., Lin, Y., Xie, X., Yan, X., Zhu, B., Han, H., Tian, S., Ning, P., & Huang, J. (2025).
Effect of plant growth and organic matter improvement on substrate properties and microbial
community structure in copper tailings. FEcological Engineering, 219, 107649.
https://doi.org/10.1016/j.ecoleng.2025.107649



