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Three coal-based solid wastes—fly ash (FA), gasification slag (GS), and coal
gangue (CG)—were used to prepare functional soil (FGC) for the ecological
restoration of mining areas. It not only solves the problem of shortage of soil
resources in the mining area, but also realizes the resourceful use of coal-based
solid waste. Investigating the functional soil physicochemical properties and
oatgrass growth characteristics revealed the optimal functional soil ratios.
Compared with the control (CK) at 30 d, the average pH of the FGC3 (FA:
50wt%; GS: 25wt%; CG: 25wt%) decreased from 9.54 to 8.54, the average
organic matter content increased from 2.57% to 7.60%, and the average
available potassium and ammonium nitrogen content increased from 38.02 to
2.83 mg-kg™ to 53.46 and 3.21 mg-kg™, respectively. Functional soil bulk density
and porosity were superior to Sandy soil somewhere in Ningxia (SL) for GS and CG
contents <25wt%. GS and CG significantly improved oatgrass agronomic traits.
Compared with CK the average plant height, stem thickness, fresh weight, and dry
weight of oatgrass in FGC3 increased from 17.68 cm, 0.99 mm, 0.09 g,and 0.02 g
to 27.0 cm, 1.26 mm, 0.24 g, and 0.04 g, respectively. And chlorophyll content
was increased by 20.39% compared with CK. This study verified the feasibility of
the synergistic preparation of functional soils from three coal-based solid wastes
and provides reference for the ecological restoration and large-scale utilization
of coal-based solid wastes.

KEYWORDS

coal-based solid waste, functional soil, physical properties, chemical properties,
agronomic traits

1 Introduction

The majority of China’s open-pit coal mines are concentrated in the arid and semiarid
regions in the north (Yuan et al, 2022). The development and utilization of mineral
resources have caused serious ecological degradation and environmental pollution,
restricting the economic development of arid regions while promoting economic
development (Chen et al, 2022). After continuous large-scale mining and
abandonment, the mines have seriously damaged the ecosystems, with impacts
including an increase in soil heavy-metal content, a decrease in vegetation cover, dust
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pollution, and soil erosion (Vinayagam et al., 2024). Despite the
recent achievements in the recovery of mining areas in arid areas, in
the long run, the ecological restoration capacity of mining areas is
still relatively weak, mainly manifested in low vegetation cover-age
and survival rates, and insignificant ecological environment
improvement (Xu et al., 2023). Vegetation restoration in mining
areas can effectively improve the physical and chemical properties of
soil, restore the landscape of mining areas, and promote the
sustainable development of the economy and ecology.

Coal-based solid waste is a by-product of coal mining,
processing, combustion, and conversion processes, and mainly
includes fly ash (FA), coal gangue (CG), desulphurization
gypsum, and gasification slag (GS) (Zhang J. et al, 2022). The
annual emissions of FA in China have exceeded 780 million tons
(Chao et al,, 2023), the annual output of GS is more than 60 million
tons (Zhu et al., 2020). By 2020, the cumulative amount of CG in the
country has exceeded 6 billion tons (Shuai et al., 2022). The massive
accumulation of coal-based solid waste causes continuous pollution
and damage to the surrounding environment, water, and soil (Wang
and Cheng, 2024). At present, FA, GS, and CG are mainly used in
construction building materials, roadbed construction, etc. (Zhang
et al., 2024). However, with the development of the industrial
economy, the output of these wastes is much larger than the
demand for their utilization. Thus, there is an urgent need to
develop new wuses for coal-based solid waste. The main
components of FA are Al,O; and SiO,, which are similar to
natural clays and contain trace elements necessary for plant
growth (e.g., B, Fe, Mo, Cu, Mn, and Zn) (Ou et al,, 2020; Panda
et al,, 2021). CG contains large amounts of carbonaceous shale and
siltstone, which are rich in nutrients such as nitrogen, phosphorus,
potassium, silica, and organic matter essential for plant growth (Luo
etal,, 2024). GS is rich in calcium, magnesium, and silicon, as well as
amorphous aluminosilicates, which are soluble in soil and can be
absorbed and utilized by plants (Zhang et al., 2023). The application
of coal-based solid waste in agriculture has received much attention
in recent years. For example, Rusanescu and Rusanescu (2023)
planted onions on soil with different concentrations of added FA.
The authors showed that the soil pH increased from 7 to 8.2 and the
electrical conductivity, organic carbon and organic matter, and soil
water-holding capacity of the soil were enhanced following the
application of the ash. Liu et al. (2022) addition of gasified slag
to acidic soils, and found that the particle size composition of the
acidic soil significantly improved, the soil bulk weight decreased by
3.38%-28.12%, and the water retention and water-holding capacity
of acidic soil significantly were enhanced. Du et al. (2020) used
gangue, soil, corn stover, FA, and water retention agents to prepare a
new type of planting substrate in orthogonal experiments. The
results showed that the addition of gangue significantly improved
the chemical indexes of the substrate, and alfalfa growth was
promoted with the addition of 500 g.

Overall, FA, GS, and CG have elements required for plant
growth and can be used as effective soil conditioners, and
theoretically can also be used to prepare functional soils for
ecological restoration in mining areas. However, previous studies
have mainly applied coal-based solid wastes such as fly ash and
gasifier slag as additives to the soil, with the aim of improving the
soil, and have not adequately solved the problem of soil shortage in
mining areas. At present, the amount of fly ash, gasification slag and
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coal gangue used for soil improvement is relatively small, and there
are few studies on the collaborative preparation of multiple solid
wastes for ecological rehabilitation of mining areas. Therefore, it is of
great significance to explore and develop new ways to utilize coal-
based solid wastes, and the direct preparation of functional soil from
coal-based solid wastes for ecological restoration in mining areas not
only improves the large-scale utilization of bulk industrial solid
wastes, but also effectively solves the problem of shortage of planting
soils in mining areas, and provides guidance to ecological
environment restoration in mining areas. Therefore, in this study
three kinds of coal-based solid wastes (FA, GS, CG) were used to
prepare functional soil (FGC) after removing heavy metals. The
changes of physical and chemical properties of different functional
soils and agronomic characters of oat grass were discussed, and
compared with sandy loam soil (SL) in Ningxia to screen out the
more suitable ratio of functional soil for plant growth. The objectives
of this study are (1) to evaluate the effects of different ratio of solid
waste and action time on the physical and chemical properties of
functional soils, (2) to evaluate the effects of different ratio of solid
waste on the maximum water holding capacity and water loss rate of
functional soils, and (3) to evaluate the effects of different ratios of
functional soils on oatgrass plant height, stem thickness, fresh
weight, dry weight, and chlorophyll content.

2 Materials and methods
2.1 Experimental material

FA, GS, and CG were obtained from a power plant in Ningxia
after heavy metal removal. Tables 1-3 report the main components,
basic physical and chemical properties, and heavy metal contents of
the experimental raw materials, respectively. The tested heavy metal
content is in accordance with the Chinese national standard “Soil
environmental quality soil pollution risk control standards for
agricultural land (for trial implementation)” (GB15618-2018) and
can be employed for ecological restoration. The functional soil in
this experiment is a sandy loam (SL) from a place in Ningxia as the
reference value for the prepared functional soil. Table 4 reports the
basic physicochemical properties of SL.

2.2 Experimental design

The experiment was conducted in April 2024 at room
temperature conditions (temperature: 23°C, humidity 42%RH) in
the laboratory of the School of Materials Science and Engineering,
North Minzu University. As shown in Table 5, A total of 1 kg of fly
ash was used as the control (CK), and FA, GS, and CG were mixed in
different proportions to form 1 kg of functional soil (CK, FGCl1,
FGC2, FGC3, FGC4, and FGCS5, respectively). After mixing, the soil
was poured into plastic pots with an upper caliber of 16 cm, a bottom
diameter of 12 c¢m, and a height of 11.5 cm. Each group was
replicated nine times with a total of 54 pots. The experimental
cycle was implemented under three time periods (10 d, 20 d, and
30 d). The functional soil was watered every 2 days to maintain a
water content of 30% in each pot, and the irrigation water had a
pH of 7.69 and an electrical conductivity (EC) of 669 pS-cm™. The
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TABLE 1 The main components of functional soil raw materials (wt%).

10.3389/fenvs.2024.1502552

Properties SiO, Al,Oz Fe,Oz Cao MgO K>O Na,O
Content (FA) 4591 21.80 427 324 1.24 217 0.84
Content (GS) 28.19 10.67 623 4.86 0.97 1.10 0.75
Content (CG) 50.76 19.61 474 371 1.61 2.04 118

TABLE 2 Basic chemical properties of functional soil raw materials.

Properties pH EC Organic matter

/%

/(uS-cm™)

Available phosphorus
/(mg-kg™)

Available potassium Ammonium nitrogen
/(mg-kg™) /img-kg™)

Content (FA) 10.97 1942 2.75 167.74 193.78 41.72
Content (GS) 7.70 360 2.16 29.71 80.89 2.73
Content (CG) 7.97 1416 21.16 6.21 308.39 3.01

TABLE 3 Comparison of the heavy metal content of functional soil raw materials and the risk control standard for soil pollution in agricultural land.

Properties Hg As/(mg-kg™)

/(mg-kg™)

/(mg-kg™)

Pb Cr

/(mg-kg™)

Cd
/(mg-kg™)

Ni
/(mg-kg™)

Content (FA) 0.343 16 98.4 102 0.59 41.7
Content (GS) 0.040 6.4 13.2 104 0.1 55.7
Content (CG) 0.0945 6.95 41.25 57.55 0.265 22.35
GB15618-2018 34 25 170 250 0.6 190

TABLE 4 Basic physical and chemical properties of SL.

Properties pH EC Organic Available

matter
1%

/(uS-cm™)

/(mg-kg™)

Content 8.46 176.7 6.19 23.31

physical indexes of the functional soil were measured with a
100 cm™ ring knife at different incubation times. For the
chemical soil properties, 200 g of the functional soil was sampled
from each pot, air-dried naturally, and sieved through a 2 mm pore
size. The chemical properties were determined after sieving.

2.3 Pot experiment

Oatgrass planting experiments were conducted in April 2024 at
room temperature conditions (temperature: 23°C, humidity 42%
RH) in the laboratory of the School of Materials Science and
Engineering, North Minzu University. A total of 1 kg of fly ash
was used as the CK, and FA, GS, and CG were configured into 1 kg of
functional soil in different proportions (Table 5). Water was added
to each pot to maintain the water content of the functional soil at
30% and the pots were left to stand for 2 d. Thirty oatgrass seeds
were sown in the functional soil at a depth of 1-2 cm, and water was
replenished every 2 days during the experimental cycle, with three
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phosphorus

03

Available
potassium
/(mg-kg™)

Bulk
density
/(g-cm™)

Soil
porosity
1%

Ammonium
nitrogen
/(mg-kg™)

123.98 2.44 1.31 41.99

replications of each proportion for a total of 18 pots. The
experimental cycle was set at 30 d. Oatgrass-related agronomic
traits were measured at 30 d of planting.

2.4 Test indicators and methods

2.4.1 Determination of the functional soil chemical
properties

The pH value of the functional soil was determined by the
potentiometric method (water: soil = 2.5:1), the EC was determined
by the electrode method (water: soil = 5:1), the organic matter was
determined by the loss on ignition method, and the available
phosphorus and available potassium contents of functional soil
were determined by ultraviolet-visible spectrophotometer
(Carry6000i). The ammonium nitrogen content of functional soil
was determined by the extraction-distillation method and the main
raw material components were analyzed by an X-ray fluorescence
spectrometer (AxiosPW4400).
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TABLE 5 Raw materials and proportions of the functional soils.

Group number FA/wt% GS/wt% CG/wt%
CK 100 0 0
FGCl 90 5 5
FGC2 70 15 15
FGC3 50 25 25
FGC4 30 35 35
FGC5 10 45 45

2.4.2 Determination of the maximum water-
holding capacity and water loss rate of
functional soil

The maximum water-holding capacity and water loss rate of the
functional soil were measured at room temperature. The experiment
was repeated three times. A total of 200 g of mixed functional soil
(Table 5) was prepared in different proportions and poured into a
PVC pipe with an inner diameter of 4.5 cm and a height of 15.5 cm.
The bottom of the pipe was sealed with two layers of 200 mesh nylon
cloth, and the weight was recorded as W1. Following this, 110 g of
water was slowly added to the tube to slowly soak the functional soil
until water seeped out from the bottom. When there was no water
seeping out from the bottom of the tube, the tube mouth was sealed
with plastic wrap, and the weight was recorded as W2. The tube was
then weighed every day as Wi (i is the number of days of weighing)
for 30 days. The formulas for calculating the maximum water
holding capacity (MWH) and water loss rate (LR) of functional
soil are shown in Equations 1, 2:

MWH (%) = ((W2 - W1) x 100)/200 (1)
LR (%) = ((W2 - Wi)/ (W2 - W1)) x 100 )

where W2 is the weight of the PVC pipe bottom with no water
seepage; W1 is the initial mass of the PVC pipe filled with mixed
functional soil; and Wi is the daily weight (i is the number of
days weighed).

2.4.3 Determination of the functional soil bulk
density, porosity, and solid-liquid-gas ratio

A knife ring was placed vertically at the center of the soil in the
flowerpot and pushed to slowly enter the soil. When it was
completely filled with soil, the excess soil on the upper and lower
edges was removed. The knife ring was covered with bottom and top
covers and weighed (W1). It was then placed in a flat-bottomed
container. Water was added to the container up to the upper edge of
the knife ring and it was soaked for 10 h. It was then taken out,
quickly wiped, and weighed (W2). The knife ring was placed on a
stand for 12 h to allow gravity to drain the water and it was then
weighed again (W3). After weighing, the knife ring was placed in a
105°C forced air drying oven, dried to constant weight, and weighed
(W4). Equations 3, 5:

Soil bulk density (g -cm™) = (W4 - W0)/V (3)
Soil porosity (%) = ((W2 - W4)/V) x 100 (4)
Soil water content (%) = ((W1—-W4)/(W1-W0)) x 100 (5)
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The ratio of solid, liquid and gas of functional soil is calculated
based on the porosity and water content of functional soil, as shown
in Equations 6-8:

Solid phase (%) = 1 — soil porosity (6)
Liquid phase (%) = soil porosity — soil water content (7)
Gas phase (%) = 1 — solid phase — liquid phase (8)

2.4.4 Determination of plant agronomic traits

The height of oatgrass was measured with a tape measure, the
chlorophyll content was measured with a chlorophyll meter (TYS-
B), the stem diameter was measured with a digital vernier caliper,
and the fresh weight and dry weight were weighed with an analytical
balance. The height and chlorophyll content of oatgrass were
measured 30 d after planting, and then 10 above-ground
components of each pot were randomly selected, rinsed with
pure water, and weighed after being placed at room temperature
for 2 h. The average value was recorded as the fresh weight of the
oatgrass. The weight was determined after drying at 75°C for 24 h to
a constant weight, and the average value was recorded as the dry
weight of oatgrass.

2.5 Data analysis

Microsoft Office 2021 (Microsoft Corp.) was used to perform the
data statistics on the physical and chemical properties of the
functional soil and the growth status of oatgrass. IBM SPSS
Statistics 27.0 was used for analysis of variance and Duncan’s test
was employed to test the differences in the physical and chemical
properties of the functional soils with different ratios (p < 0.05).
Origin 2021 (Origin Lab) was used to produce the trend charts of the
indicators.

3 Results

3.1 Changes in pH and EC of functional soils
with different ratios

The pH and EC of functional soils with different ratios and
incubation times were measured. With the increase in incubation
time, Figure 1A shows that the pH of the functional soil initially
followed a sharp downward trend, and the change was not
significant after 10 days. At 30 d, the pH of functional soil was
3.70%-16.78% lower than that of CK. Under the same incubation
time, with the increase in the GS and CG contents, the pH of the
functional soil gradually decreased. After 30 d, the pH ranged from
7.94 to 9.54. In particular, the pH values of FGC3 and FGC4 were
8.54 and 8.25, respectively, which were close to that of SL (8.46).
Figure 1B shows that the EC of the functional soil initially decreased
and gradually increased with time. There were no significant
differences in the EC of functional soil at 10 and 20 d, and
values increased significantly at 30 d. At 0 d, the EC was
12.91%-55.12% lower than that of CK. At 30 d of incubation,
the functional soil of FGC4 was relatively low compared to the

other functional soils, with an EC of 840 pS-cm™.
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FIGURE 1

Changes in functional soils pH and EC. (A) Changes in functional soils pH. (B) Changes in functional soils EC. Columns labeled with the same letter

are not significantly different at p < 0.05. The same lowercase letter means that the difference between the experimental groups with different
proportions is not significant during the same action time; The same capital letter indicates that the same proportion of the experimental groups have no
significant difference in different action times. Each mean is accompanied by a standard error (n = 3).

Functional soil pH showed a decreasing trend after 10 d compared
to 0 d, which can be attributed to the replenishment of the soil with
water every 2 days during the experimental period. As a consequence,
the base ions in the soil solution moved downward with the water.
Moreover, the H* in the solution replaced the metal ions on the soil
absorption complex and was adsorbed by the soil. This resulted in a
decrease in base saturation, an increase in hydrogen saturation, and a
decrease in the pH in the functional soil. The gradual decrease in the
pH of the functional soil with the increase in CG is attributed to the
production of SO4*~ and H* during the oxidation and dissolution of
iron sulfide. The hydrolysis of sulfate minerals can also reduce the pH of
the functional soil (Ma et al., 2020). The specific reaction process is
shown in Equations 9-11. Sulfur in CG usually exists in the form of
sulfate, pyrite, and organic sulfur, which leads to a decrease in pH (Yang
X.etal, 2024). GS also contains different minerals and elements, among
which aluminosilicate accounts for more than 60% of the total mineral
components (Zhao et al,, 2024). These elements may be released in
gaseous or dissolved form during the gasification process, thereby
reducing the pH value.

2FeS, + 70, + 2H,0 — 2Fe** +450,* + 4H* 9)
Al, (SO,); + 6H,0 — 2A1(OH), + 3S0,* + 3H* (10)
FeSO, + H,0 — Fe(OH), + SO,* + 3H* (11)

With the decrease of FA and the increase of CG, EC of functional
soil gradually decreased before cultivation without watering (0 d).
This was due to the decrease in FA content, which reduced the
soluble salts SO,*, Cl", Ca®*, Mg**, and K" in FA (Ukwattage et al.,
2021), thereby lowering the salt content of the functional soil.
Moreover, with the increase in GS content, soil salinization
weakened and EC decreased, which is consistent with the results
of Zhang et al. (Zhang R. et al,, 2022). However, after 10 d of
functional soil action, a small amount of CaO in CG reacted with
water in the soil to form Ca(OH),, causing the functional soil EC to
slightly increase with the increase in CG (Shu et al., 2024; Yaofei
et al., 2024).
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3.2 Changes in nutrient content of
functional soils with different ratios

The changes in the nutrient content of functional soil with
different ratios are shown in Figure 2. No significant differences are
observed in the functional soil organic matter with time. Under the
same cultivation time, the functional soil organic matter showed a
gradually increasing trend with the increase in CG by 2.49%-
10.66%, 2.64%-11.06%, and 2.57%-10.91% at 10, 20, and 30 d,
respectively. The functional soil organic matter of FGC3 was higher
than that of SL (6.19%) (Figure 2A). At 0, 10, 20, and 30 d, functional
soil available phosphorus content gradually decreased with the
increase in the GS and CG contents by 26.94-167.74 mgkg ™,
32.80-172.86 34.23-155.68
28.37-161.57 mgkg™", respectively. The effective phosphorus

mgkg, mgkg, and
content of the functional soil increased and then decreased with
time at the same ratios (Figure 2B). Functional soil available
potassium content did not change significantly at 0 d and 30 d,
increasing by 13.97%-168.57% and 47.16%-161.89% at 10 d and
20 d, respectively, compared with CK, and decreasing significantly at
30 d by 46.60%-66.05% (Figure 2C). Functional soil ammonium
nitrogen content decreased sharply after 10 d and was 66.27%-
92.53% lower at 30 d than at 0 d. However, functional soil
ammonium nitrogen content was higher than that of CK at 10 d,
20 d, and 30 d (Figure 2D).

CG contains more organic carbon and nutrients, so the organic
matter content of functional soil gradually increased with the
increase of CG content. And the main reason for the decrease in
available phosphorus content of functional soils compared to CK is
that the content of available phosphorus in GS and CG is lower than
that in FA, as shown by the previous tests. On the other hand, the
phosphorus in CG exists in the form of insoluble phosphate, and the
content of soluble available phosphorus is extremely low (Zhu et al.,
2022). The content of available potassium in functional soil is higher
than that in CK, because the mineral composition of CG contains
minerals with large amounts of potassium, such as mica and
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FIGURE 2

Changes in the nutrient content of the functional soils. (A) Changes in functional soils organic matter. (B) Changes in functional soils available
phosphorus. (C) Changes in available potassium of the functional soils. (D) Changes in functional soils ammonium nitrogen. Columns labeled with the
same letter are not significantly different at the p < 0.05 level. The same lowercase letter means that the difference between the experimental groups with
different proportions is not significant during the same action time; The same capital letter indicates that the same proportion of the experimental
groups have no significant difference in different action times. Each mean is accompanied by a standard error (n = 3).

feldspar, which can be decomposed into available potassium (Shu
etal., 2024). The sharp decrease in the ammonium nitrogen content
of the functional soils at 10, 20, and 30 d compared with that at 0 d
may be due to the loss of ammonium nitrogen with the
irrigation water.

3.3 Changes in maximum water holding
capacity and water loss rate of functional
soils with different ratios

Figure 3 shows that the MWH capacity of the functional soil
gradually decreased with decreasing FA content and increasing
GS and CG contents. The MWH capacity of the functional soil of
FGC1, FGC2, and FGC3 was 45.94%, 41.01%, and 36.27%, all of
which exceeded those of SL (35.39%). The functional soil water
LR gradually increased as FA con-tent decreased. FGC1 exhibited
the lowest functional soil moisture LR (except for CK), and the
soil LR of FGC1 was 36.89% at 30 d. Moreover, FGC1, FGC2, and
FGC3 were significantly lower than SL (53.63%). The
experimental results showed that the MWH capacity and
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water LR of functional soils were related to the contents of
FA, GS, and CG.

As the FA content decreased and the GS and CG contents
increased, the MWH capacity of functional soil gradually decreased
and the water LR gradually increased. This is due to the small
particle size of FA, which is rich in specific surface area and pore
structure (An et al., 2024). Thus, the decrease in FA can reduce the
water-holding capacity of the soil, in addition, the larger particle size
and lower capillary porosity of GS can lead to poor soil structure and
water retention (Du et al., 2020).

3.4 Changes in bulk density and porosity of
functional soils with different ratios

Figure 4 shows that the functional soil bulk density gradually
increased with the decrease in FA proportion during the same
time period. There were no significant changes in the functional
soil bulk density of FGC1 compared with that of CK at 10, 20, and
30 d. For GS and CG contents greater than 5wt%, the soil bulk
density increased significantly, and at 30 d, the FGC2, FGC3,
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FGC4, and FGC5 functional soil bulk density increased by 9.79%,
20.41%, 24.06%, and 31.91%, respectively, compared with CK at
30 d (Figure 4A). At 10 d, the functional soil bulk density varied
from 37.43% to 50.47%, and when the proportion of GS and CG
was greater than 5wt%, the functional soil bulk density gradually
decreased by 6.15%-24.84% compared to that of CK (Figure 4B).
However, there were no significant differences between the
functional soil bulk density and porosity of different ratios
over time, indicating that the incubation time had little effect
on soil bulk density and porosity. At 30 d, the bulk density and
porosity of the FGC3 functional soil were close to and greater
than those of SL, which had a bulk density of 1.31 gecm™ and a
porosity of 41.99%.

Frontiers in Environmental Science

3.5 Changes in solid-liquid-gas ratio of
functional soils with different ratios

Figure 5 presents the changes in the ratio of the three functional
soil phases (solid, liquid, and gas). As the GS and CG contents
increased, the solid phase of the functional soil gradually increased
and the gas phase gradually decreased. At 10 d, the solid phase of
FGCI1 was 1.35% lower than that of CK, the liquid phase was 26.22%
higher, and the gas phase was 17.45% lower. Also at 10 d, the solid
phase of FGCI1, FGC2, and FGC3 decreased by 14.62%, 8.18%, and
0.03%, respectively, compared with SL. Thus, the FGC3 value was
closer to the proportion of the SL solid phase (58.1%), while the
gas phase was higher than that of SL (12.59%). The functional soil
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solid-liquid-gas phase ratios did not change significantly with time.
The soil three-phase ratio is an important indicator of soil physical
properties, reflecting the compactness, water content, and aeration
of the soil (Yang S. et al., 2024). The solid, liquid, and gas phases of
the functional soil changed with the bulk density and porosity. In
general, the smaller the bulk density of the functional soil, the larger
the porosity, corresponding to a decrease in the solid phase of the
soil and an increase in the liquid and gas phases.

3.6 Analysis of plant agronomic traits

Figures 6A-D shows that the plant height, stem thickness, fresh
weight, and dry weight of oatgrass initially increased and
subsequently decreased with the increase in the GS and CG
contents. The overall plant height of oatgrass at 30 d ranged
from 17.68 to 30.3 c¢m, with the heights of FGC3, FGC4, and
FGC5 increasing by 52.97%, 71.30%, and 57.65%, respectively,
compared with CK. FGC3 plants (FA at 50wt%, and GS and CG
at 25wt%) exhibited the best growth characteristics, namely, the
stem thickness, fresh weight, and dry weight increased by 26.81%,
172.78%, and 148.15%, respectively, compared with CK. As the GS
and CG contents increased, the plant chlorophyll content, which
varied between 22.9 and 28.3 SPAD, was 7.78%-23.35% higher than
CK. The highest chlorophyll content was observed for FGC1 and
FGC3 oatgrass (Figure 6E). Figure 7 compares the growth of oatgrass
planted in different ratios of functional soils.

The main components of FA, GS, and CG are Al,O3 and SiO,,
which are similar to clay. FA also contains trace elements
required by plants, such as B, Fe, Mo, Cu, Mn, and Zn. In
addition, an appropriate amount of CG can improve the
nutrient content of functional soil and provide a good growth
environment for plants. The trace elements contained in CG can
also promote crop growth and development. However, the
particle size of CG is large and the porosity is low. Excessive
CG will destroy the functional soil matrix and water retention
(Du et al., 2020), which is not conducive to plant growth. Our
results show that an appropriate amount of GS and CG can
reduce the pH of functional soil and increase the nutrient
content. The improvement of the chemical properties of
functional soil provides a suitable environment for plant
growth and the absorption of nutrients by the roots.
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4 Discussion

The development and utilisation of mineral resources have
resulted in a large area of mine abandonment and serious
destruction of surface vegetation, and the amount of coal-based
solid waste generated far exceeds the amount of comprehensive
utilisation. In this case, the preparation of coal-based solid waste
functional soil is very important for ecological restoration in mining
area and promoting the green development of mining industry. FA
has a small particle size, a large specific surface area, low bulk
density, and high water-holding capacity, which helps to improve
the water-holding capacity and texture of the soil and facilitates
nutrient absorption by plants (Usman et al., 2023). GS can increase
the pores between functional soil particles, loosen the soil texture,
improve soil permeability, accelerate the downward movement of
water, and reduce soil salinization (Yin et al., 2022). Sulphate and
silicate in CG can reduce soil pH, and CG contains a high content of
organic matter (Liu et al., 2024). In addition, the main components
of FA, GS, and CG are Al,O; and SiO,, which are similar to natural
clay and contain trace elements required by plants. Therefore, it is
feasible to prepare functional soil with the three coal-based solid
wastes of FA, GS, and CG.

With the increase of GS and CG, the pH of functional soil
gradually decreased after 30 days of cultivation, mainly because the
pyrite (FeS,) in CG would be oxidized to sulfate ion, thus reducing
the pH value of functional soil (Cheng et al., 2014), which was
consistent with the findings of Shu et al. (2024). The pH range of oat
grass suitable for growth is 6.0-8.5, and higher or lower pH value will
increase biological toxicity and inhibit plant growth. Moreover, after
10 d of functional soil action, a small amount of CaO in CG reacted
with water in the soil to form Ca(OH),, causing the functional soil
EC to slightly increase with the increase in CG (Shu et al., 2024;
Yaofei et al., 2024). The gradual increase in soil organic matter
content with the increase in CG can be attributed to the large
amount of carbonaceous shale or carbonaceous siltstone in the
gangue, which contains 15%-20% organic matter. The addition
of CG will increase the organic matter content of the soil and provide
the necessary nutrient content for plant growth. Our findings are in
consistent with those of Du et al. (2020). Available phosphorus and
available potassium in the soil can be directly absorbed and utilized
by plants. With the increase in CG, the available phosphorus content
of functional soil decreased significantly. This is because the
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phosphorus in CG mainly exists in the form of insoluble phosphate,
and the soluble available phosphorus content is extremely low (Zhu
et al, 2022). Potassium in gangue mainly exists in dolomite and
feldspar, and these minerals can be decomposed into available
potassium to be absorbed and utilized by plants, which was
consistent with the findings of Zhu et al. (2022) (Shu et al,
2024). Thus, the available potassium content of the cultivated
functional soils increased gradually with CG.

As the GS and CG contents increased, the functional soil bulk
density increased and porosity decreased. This is because the dense
structure of CG reduced the water permeability of the functional
soil, while the laminated structure of kaolin minerals in the coal
gangue after grinding (pass through a 2 mm aperture sieve) was
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destroyed. This resulted in the production of a large amount of SiO,
and AL,O; and a strengthening of the gangue gelling capacity (Chen
et al, 2021). Thus, the increase in CG reduced the ratio of
impermeable minerals, which increased the bulk density and
decreased porosity of the functional soil. Moreover, the decrease
in FA content increased the bulk density and reduced the porosity of
the functional soil. FA has a small particle size and large specific
surface area, which increases the pore structure of functional soil,
and the larger specific surface area promotes the contact between
particles and water molecules, which improves water retention
(Shaheen et al,, 2014). In addition, GS coarse aerated slag has a
small specific surface area and pore volume, and a large number of
aggregated inorganic minerals are present on the pore surface and in
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the internal pores, thus affecting the water-holding capacity of the
functional soil (Liu et al., 2021). Therefore, the decrease in FA
content and increase in GS and CG contents reduced the water-
holding capacity and enhanced the densification of the soil. The
contents of GS and CG should be controlled within an appropriate
range. When the GS and CG contents are less than 25wt%, the
chemical properties of the functional soil are improved, and physical
indicators such as bulk density and porosity are generally close to
and better than those of SL.

The results of the oatgrass pot experiment showed that the plant
height, stem diameter, fresh weight, and dry weight of oatgrass
planted in FGC functional soil under different ratios were higher
than those in CK. As the GS and CG contents increased, the plant
height, stem diameter, fresh weight, and dry weight of oatgrass
initially increased and then decreased. When the content of GS and
CG was higher than 25wt%, the chlorophyll content of the plant
decreased slightly, but was still higher than that of CK. The decrease
in the pH of the functional soil is conducive to the growth of plant
roots and the absorption and utilization of nutrients. In addition, the
nutrient content of the soil is a key factor in plant growth. The
increase in nutrient content in the functional soil is beneficial to the
growth and development of plants.

From an economic point of view, functional soil is easier to
obtain and cheaper than normal soil. Functional soil raw materials
come from coal-based solid waste, which not only solves the
problem of coal-based solid waste accumulation, but also
promotes the ecological restoration of mining areas, and is
conducive to the green and sustainable development of mining
areas. However, the limitations of using this method are the need for
professional testing of coal-based solid waste materials before
restoration, and regular testing of functional soils in the area
after restoration to ensure that they do not pollute the soil and
groundwater. Therefore, the promotion of this technology has
higher requirements.
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5 Conclusion

This study develops a new way of utilizing coal-based solid
waste, applying the solid waste generated in the process of coal-
fired power generation to the ecological restoration of mining
areas. In this study, functional soil was prepared using FA, GS,
and CG, and the physical and chemical properties of the
functional soil and the agronomic traits of oatgrass plants
were studied. The preparation of pure solid waste functional
soil alleviates the shortage of soil in mining area, and provides
guidance for the large-scale utilization of fly ash, gasification slag,
coal gangue and ecological restoration in mining area. The main
research conclusions are as follows.

(1) With the decrease in FA content and increase in GS and CG
contents, the pH of the functional soil was effectively
reduced, and the organic matter, available potassium,
and ammonium nitrogen nutrient content of the
functional soil improved. In addition, when the GS and
CG contents were lower than 25wt%, the bulk density and
porosity of the functional soils of FGCI, FGC2, and
FGC3 were better than those of SL.

(2) Oatgrass plant height, stem thickness, fresh weight, dry
weight, and chlorophyll content were all improved, and
FGC3 exhibited the best growth. Analysis of the above
indicators identified FGC3 as the optimal functional soil
ratio, with FA, GS, and CG contents of 50wt%, 25wt%,
and 25wt%, respectively.
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