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In this study, vegetative eco-concrete was prepared based on electrolytic
manganese slag/phosphogypsum composite cementitious material as binder
and clayey ceramic grains as aggregate. Based on the conditions of porosity
and water-cement ratio, the optimal proportion of phosphogypsum-based eco-
concrete was investigated, and concrete specimens with good performance
were prepared (14 days compressive strength: 3.49MPa, permeability coefficient:
1.37, total porosity: 24.5%, Improved compressive strength by 15% and water
retention by 20%). The nutrient matrix of vegetative eco-concrete with different
phosphogypsum/electrolytic manganese slag ratios was designed and modified,
and the vegetative performance of the eco-concretewas investigated using four-
season grass, ryegrass, clippings and clover as the grass species. The results
showed that the eco-concrete based on phosphogypsum as raw material was
rich in nutrients such as nitrogen, phosphorus and potassium, which could meet
the requirements of plant growth, Supporting plant growth with a 30% increase in
root length and 25% improvement in biomass compared to control concrete. The
addition of improvers had a good passivation effect on heavy metals such as As,
Cu, Cr, Zn, Sb and Pb in the phytogenic substrate. The adaptability of different
grass species to the planting substrate was Four Seasons > ryegrass > shepherd’s
purse > clover, alfalfa, dogbane; the application of electrolytic manganese slag
substrate had the best performance of planting, and the planting substrate with
the application of improver inhibited the growth of plants. The study addresses
the challenge of using phosphogypsum as a binder in concrete, which has
traditionally faced issues with strength and stability. By optimizing the mix
ratio and curing process, we were able to achieve a concrete material that
not only performs well mechanically but also supports plant growth.
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1 Introduction

Phosphogypsum (PG), a byproduct of the phosphorus chemical industry, is
characterized by high production and stockpiling volumes, along with a low rate of
resource utilization (Liu et al., 2022). Globally, PG accumulations have reached
approximately 6 billion tons, increasing by 150 million tons annually, while the
overall utilization rate remains below 20% (Liu et al., 2022; Du et al., 2022). In
China, annual PG production is around 75 million tons, with an estimated 40%
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utilization rate. Notably, five provinces—Hubei, Yunnan, Guizhou,
Sichuan, and Anhui—account for approximately 85% of the
country’s total PG production, largely due to their substantial
phosphate fertilizer output (Cui et al., 2022). The primary
component of PG is CaSO4·2H2O, yet it also contains
hazardous impurities such as calcium fluoride, acid-insoluble
materials, soluble phosphorus, heavy metals, and radioactive
elements, which pose health risks to humans and harm plant
growth (Liu et al., 2022). PG disposal mainly relies on long-
term stockpiling, which not only occupies significant land
resources but also presents considerable environmental and
safety risks. This situation exerts substantial pressure on
China’s ecological protection efforts and poses a significant
obstacle to the sustainable development of phosphorus chemical
enterprises. Consequently, enhancing the resource utilization
of PG has become a critical issue urgently requiring
industry solutions.

Currently, the resource utilization of PG is primarily applied in
areas such as road construction, building materials, agriculture,
and mine reclamation (Cui et al., 2022; Huang et al., 2023; Jin et al.,
2024). Among these, the use of PG in the building materials
industry—such as for producing bricks, lightweight aggregates,
and binders—represents an effective large-scale approach to PG
resource utilization (Huang et al., 2019; Junakova and Junak, 2017;
Liang and Li, 2015). However, impurities like phosphorus and
fluorine in PG may impact the performance of construction
materials. To mitigate these effects, PG is typically calcined at
high temperatures to produce hemihydrate or anhydrite gypsum,
which is then used to manufacture cement and slag-based
composite binders, addressing the impurity issues to a certain
extent (Garg, 1995; Yang and Qian, 2011). For instance, Zhang Yi
and colleagues successfully prepared gypsum-based binders with
desirable mechanical properties using PG (Cao, 2018; Huang et al.,
2016; Zhang et al., 2011). Therefore, developing innovative
methods for preparing PG-based binders can significantly
enhance the efficiency of PG utilization. Additionally, numerous
studies have demonstrated effective modification of PG using
quicklime, industrial alkaline wastes, and fly ash to produce
cement retarders, with the resulting cement products meeting
national standards (Yang et al., 2003; Li et al., 2002; Zhou
et al., 2007). At present, the production of cement retarders
from PG remains the primary method for large-scale PG
consumption.

Ecological concrete, also known as “vegetative concrete,” is an
innovative concrete material distinct from conventional concrete,
designed to support plant growth, regulate ecological balance,
enhance environmental aesthetics, and provide protective
functions (Chen, 2021). It is widely applied in ecological
protection of slopes along highways, riverbanks, and reservoirs,
as well as in municipal engineering, ecological landscaping,
mountain restoration, and vertical greening (Ismaeel et al.,
2023; M S et al., 2020; Yatesh et al., 2023; Said Awad et al.,
2024a), playing a critical role in preventing soil erosion and
enhancing environmental quality. This material offers
promising application potential. Ecological concrete consists of
coarse aggregate, binding materials, and water mixed in specific
proportions, providing a high porosity that creates space and water
cycling conditions conducive to plant growth (Song, 2009).

Though traditionally cement is used as the primary binding
material in most ecological concrete, its high energy
consumption and elevated alkalinity are unfavorable for plant
growth. To mitigate the environmental impacts associated with
traditional cement, researchers have explored alternative materials
that can enhance both the sustainability and performance of
ecological concrete. One such material is phosphogypsum (PG),
which, when incorporated as a binder, not only reduces the
reliance on cement but also offers additional environmental
benefits, such as waste recycling and reduced carbon footprint.
Alongside PG, the ongoing challenge of managing waste materials,
such as plastic waste, has spurred innovative solutions in the
construction industry. Incorporating waste plastics into concrete
not only addresses the growing issue of plastic pollution but also
improves the material’s thermal properties. Similar to the use of
phosphogypsum in concrete, recycling plastic waste provides a
sustainable alternative to traditional concrete, offering significant
environmental benefits (Said et al., 2024b; Hameed et al., 2023;
Jassam et al., 2023).

Research has demonstrated that electrolytic manganese
residue (EMR) can be processed into a low-strength binder
suitable for ecological concrete production, presenting a viable
expansion path (Zhang, 2022). EMR has demonstrated versatility
in construction materials, including cement, road bases, and
ceramics, with the potential for direct incorporation into
Portland cement without high-temperature pretreatment. This
approach reduces costs and environmental impacts while
functioning effectively as a low-strength binder in ecological
concrete (Fu et al., 2023; Shichao et al., 2023). Research has
also shown that EMR enhances concrete durability and
performance, with its gypsum and sulfate content activating
slag pozzolanic activity to improve the microstructure and
overall properties (Wang et al., 2013). These findings highlight
EMR’s significant potential for sustainable construction practices.
However, there has been limited research on using PG as a binder
for ecological concrete. While the benefits of incorporating
industrial by-products like phosphogypsum into concrete are
known, most studies have focused solely on the material’s
mechanical properties. In contrast, this study examines its dual
role—enhancing both the mechanical performance and ecological
functions of concrete, specifically its superior water retention and
its ability to promote plant growth. By building on our previous
work, this study expands the scope to include the ecological
impact of phosphogypsum-based concrete, addressing the
research gap where few studies have investigated its combined
effects on sustainability and plant growth.

This study aims to develop a plant-compatible ecological
concrete using PG as a primary material, mixed with
electrolytic manganese residue and slag powder to create
composite binders at various PG-to-manganese residue ratios.
This composite binder is then used to produce vegetative
ecological concrete. The study examines the effects of different
mix designs on the water absorption, porosity, and compressive
strength of the ecological concrete. Additionally, PG and
electrolytic manganese residue are blended with diatomaceous
earth and straw biochar to create an improved planting
substrate. The vegetative performance of common grass species
is tested to explore novel pathways for PG resource utilization.
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2 Materials and methods

2.1 Materials

2.1.1 Test raw materials
PG was sourced from a phosphogypsum stockpile at a Wengfu

facility. After thoroughmixing, it was air-dried to amoisture content
of ≤1%, ground to pass through a 0.25 mm sieve, and stored in a
sealed container for later use. Electrolytic manganese residue was
obtained from a stockpile in Songtao County, Guizhou Province.
S95-grade ground granulated blast furnace slag (GGBFS) was
purchased from Taiyuan Iron & Steel Group Co., Ltd. Ordinary
Portland cement (P·O42.5), with a residue of 3.5% on a 180-mesh
sieve, was commercially available. Lightweight clay ceramsite
(particle size 1–1.5 mm, compressive strength 1.3 MPa) was
acquired from the local market. Luminescent bacteria (from
Photobacterium phosphoreum) were provided by Beijing
Hamamatsu Photon Techniques Co., Ltd. All chemicals used in
the experiments were of analytical grade, and distilled water was
used as the experimental water source.

The chemical compositions of PG, EMR, and GGBFS are
presented in Table 1. PG mainly consists of CaO, SO3, and SiO2,
while EMR’s primary components include SiO2, SO2, CaO, Fe2O3,
and MgO. The main constituents of GGBFS are SiO2, CaO, Al2O3,
and MgO. The X-ray diffraction (XRD, BrukerAXSD8 Advance,
Germany) pattern of PG is shown in Figure 1, indicating gypsum

(CaSO4·2H2O), monetite (CaHPO4·2H2O), and quartz (SiO2) as the
primary mineral phases.

2.1.2 Composite cementitious material preparation
A composite cementitious material was prepared using PG,

EMR and ground granulated blast furnace slag (GGBFS). In this
experiment, a mass ratio of 50:10:20:10 was used for EMR, PG, slag
powder, and cement to produce the EMR-PG composite binder,
with an addition of 4% CaO (AR, 99%, Sinopharm). After
combining the binder materials with EMR, 30% distilled water
was added, and the mixture was stirred at a constant speed until
thoroughly mixed. It was then left to stand in a ventilated area for
12 h before conducting a toxicity leaching test. The prepared EMR
was dried at 40°C to a constant weight and passed through a 60-mesh
sieve for later use. The materials were thoroughly mixed at a ratio of
EMR:PG: slag = 50:20:20:10 and further blended with water at the
standard consistency requirement. The resulting slurry was poured
into molds measuring 40 mm × 40 mm × 40 mm. The molds were
sealed with plastic film and cured at a constant temperature of 60°C
and 95% ± 5% humidity for 12 h, followed by an additional 4 h at
60°C to remove excess surface moisture for easy demolding. Finally,
the samples were cured at (25 ± 3)°C and 95% ± 5% humidity until
the specified curing age was reached.

2.1.3 Eco-concrete mixing ratio
Ecological concrete was prepared according to the mix

proportions shown in Table 2. The aggregate ceramsite was first
combined with 50% of the mixing water and stirred for 30 s. Then,
50% of the composite binder, prepared as described in Section 2.1.2,
was added and mixed thoroughly. The remaining 50% of the mixing
water and binder were then added, and the mixture was stirred until
homogenous. The mixture was then placed in molds measuring
70 mm × 70mm × 70mm in three layers, with each layer compacted
to ensure even distribution. The surfaces of the specimens were
smoothed, and the molds were wrapped in plastic film to retain
moisture and prevent water evaporation. After curing for 14 days,
the specimens were removed and set aside for further testing.

2.1.4 Method for determining the vegetative
properties of eco-concrete

The molds used in this study had an outer diameter of 50 mm
(with a wall thickness of 2 mm), a length of 150mm, and were made of
PVC. Three specimens were formed for each mix proportion.
Additionally, an identical PVC pipe was prepared, with one end
glued to a PVC joint to form the upper structure of a permeability
testing device. The concrete was first thoroughly mixed according to
the designated proportions, compacted, and leveled. To prevent
moisture loss, the specimens were sealed with plastic film and

TABLE 1 Main chemical composition of phosphogypsum and electrolytic manganese residue (wt%).

Materials SiO2 CaO SO3 Al2O3 Fe2O3 MgO K2O Na2O TiO MnO P2O5 ∑
PG 4.87 52.20 39.02 0.88 1.25 0.17 0.13 0.26 0.16 — 0.86 99.8

EMR 40.72 14.41 18.78 11.10 5.49 2.16 2.29 1.18 0.54 2.99 — 99.6

GGBFS 32.49 35.28 1.62 19.22 0.52 8.76 0.40 0.61 0.63 0.19 — 99.9

Note: means below detection limit.

FIGURE 1
XRD patterns of PG.
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cured at 60°C and 95%± 5%humidity for 12 h. To facilitate demolding,
excess surface moisture was removed by further curing the specimens
at (25 ± 3)°C and 95% ± 5% humidity for 7 days. For the permeability
test setup, a layer of petroleum jelly was applied to the top end of the
mold containing the specimen and to the bottom end of an empty PVC
pipe, which were then secured together with connectors. The structure
of the permeability testing device is shown in Figure 2. To perform the
test, 5 L of tap water was prepared, and water was introduced into the
device, allowing the water level to gradually rise. When it reached
295 mm, additional water was added as needed to maintain a water
level of 295 ± 5 mm throughout the experiment.

(1) The water permeability coefficient of concrete is calculated
using Equation 1 below:

KT � Q · L
A ·H · t1 − t2( ) (1)

In the formula: KT represents the permeability coefficient of
ecological concrete at a water temperature of T °C, measured in
cm/s. Q is the volume of water passing through the ecological
concrete between time t1 and t2 measured in cm³.L denotes the
thickness of the permeable specimen.A is the cross-sectional area of
the specimen, in cm2. H represents the hydraulic head, in cm.t1 is the

TABLE 2 Ecological concrete test mix ratio.

Ti Design
porosity (%)

Water consumption
(kg/m3)

Aggregate
(kg/m3)

Rubber-bone
ratio (%)

Amount of cementitious
material (kg/m3)

Water cement
ratio (%)

1 0.25 176.9 361 1.485 505.5 0.35

2 0.30 155.2 361 1.275 443.5 0.35

3 0.35 133.6 361 1.066 381.6 0.35

FIGURE 2
Permeability test installation.

TABLE 3 Experimental results of ecological concrete design mix ratio.

Formulation Rubber-
bone

ratio (%)

Water-
cement
ratio (%)

Water
permeability
coefficient

(cm/s)

14 days
compressive
strength
(MPa)

Alkalinity Porosity
(%)

Total
porosity

(%)

Connected
porosity (%)

1 1.485 0.33 1.37 3.49 10.15 0.25 24.5 0.235

2 1.275 0.33 2.75 2.58 9.87 0.30 28.1 0.278

3 1.066 0.33 4.13 1.29 10.43 0.35 34.7 0.342

FIGURE 3
The effect of different rubber-bone ratio on water absorption.
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initial time of measurement, in seconds. t2 is the final time of
measurement, in seconds.

(2) Water absorption and porosity were calculated as shown in
Equations 2–4, respectively:

The water absorption is determined as follows (Yu, 2016):

Q � Wx −W0

W0
(2)

In the formula: Q represents the water absorption rate after soaking
for xxx time, expressed as a percentage (%); Wx denotes the mass
of a single specimen after soaking for xxx time, in grams (g); W0

is the mass of the specimen dried to a constant weight at 40°C,
in grams (g).

The porosity test is conducted as follow (Peng et al., 2013):

P1 � 1 − W2 −W1

V
( ) × 100% (3)

P2 � 1 − W2 −W3

V
( ) × 100% (4)

In the formula: P1 represents the total porosity of the specimen,
expressed as a percentage (%); P2 denotes the connected porosity of
the specimen, expressed as a percentage (%); W1 is the weight of the
specimen after 24 h of soaking in water, in grams (g); W2 represents
the weight of the specimen in air after being removed from water
and left to stand naturally for 24 h, in grams (g); W3 is the weight of
the specimen in water after standing naturally for 24 h, in grams (g).

2.2 Experimental design of
planting substrate

2.2.1 Experiment on the proportion of planting
substrate and its improvement

EMR and PG were passed through a 60-mesh sieve, then mixed
at mass ratios of 9:1, 8:2, 7:3, 6:4, and 5:5. The EMR and PG
mixtures, along with water and slag at a mass ratio of 10:1, were
oscillated at a speed of 110 ± 10 rpm for 8 h and allowed to stand for
16 h before measuring the contents of alkali-hydrolyzable nitrogen,
available phosphorus, and available potassium in the supernatant.
To improve the planting substrate, 2.5% diatomaceous earth and

TABLE 4 Comparison of phosphogypsum concrete with other concrete.

Material 14-day compressive
strength

Permeability
coefficient

Total
porosity

Water-retaining
property

Conventional concrete 3.03 MPa 3.94 13.2% 1

Ecological concrete based on phosphogypsum 3.49 MPa 1.37 24.5% Increase by 20%

Fly ash concrete (Rabatho et al., 2011; Araujo
et al., 2004)

5.89 MPa 3.89 21.3% Decrease by 24%

Slag concrete (Mun et al., 2005; Potgieter et al.,
2003)

9.84 MPa 6.38 27.9% Decrease by 18%

TABLE 5 Nutrient composition of plant substrate.

Name PG EMR P:E = 1:9 P:E = 2:8 P:E = 3:7 P:E = 4:6 P:E = 5:5

pH 2.39 6.70 5.95 5.45 5.03 4.50 4.19

Alkaline dissolved nitrogen (mg/kg) 3.50 7,509.60 6,778.80 6,073.20 5,644.80 5,014.80 4,304.30

Quick-acting phosphorus (mg/kg) 4,295.9 585.30 141.10 364.20 694.20 1,290.70 1787.80

Quick-acting potassium (mg/kg) 471.6 408.50 442.90 418.10 439.20 432.50 412.30

Note: P:E indicates the mass ratio of PG to EMR delivery.

TABLE 6 Leaching of heavy metals in plant substrates under different ratios (mg/L).

Name Pb Cr Zn Sb Mn Cu As Cd

P:E = 1:9 — 0.010 0.091 0.005 1,350.05 0.182 0.018 0.003

P:E = 2:8 — 0.010 0.150 0.006 1,207.88 0.178 0.053 0.002

P:E = 3:7 — 0.011 0.228 0.008 1,131.62 0.171 0.108 0.002

P:E = 4:6 — 0.014 0.311 0.013 997.52 0.149 0.160 0.003

E:P = 5:5 — 0.022 0.405 0.019 894.94 0.167 0.248 0.004

Note: - is below the detection limit.
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2.5% straw biochar were added to each substrate (Lou et al., 2020).
This modification aims to stabilize and adsorb metal ions released
from EMR and PG, reducing their toxicity to plant growth and
development.

2.2.2 Toxicity leaching test
In this study, the toxicity leaching test was conducted according

to the method described in Leaching Toxicity Testing for Solid
Waste—Horizontal Oscillation Method (HJ557-2010). A mixture of
EMR and distilled water at a mass ratio of 1:10 was placed in a
container, leached at 110 ± 10 rpm for 8 h, and then allowed to stand
for 16 h. Additionally, To assess substrate toxicity, the sample
pH (PHS-3C, Lei-ci, China), was initially adjusted to
approximately 7.0 for testing with luminescent bacteria.
Afterward, it was filtered, and the heavy metal content in the
filtrate was measured.

Following Ma Mei’s medium formula, a culture medium for
luminescent bacteria was prepared (Ma, 2002). The luminescent
bacteria were placed in an incubator for 15 min, to which 1 mL of
bacterial recovery solution was added to activate the bacteria,

followed by incubation for 12 h. This activation step was
repeated three times before an appropriate amount of bacterial
colonies was inoculated. The bacteria were then incubated in a
constant-temperature shaker for 12–16 h for subsequent toxicity
testing. Under the same conditions, second- and third-generation
bacteria were obtained and preserved for future use. A standard
white opaque 96-well enzyme-linked immunosorbent assay (ELISA)
plate was used as the carrier. Into each well, 150 μL of the test sample
and 50 μL of the cultured bacterial solution were added. The ELISA
plate was placed in a microplate reader (Varioskan LUX,
Thermofisher, US), shaken, and after 15 min of reaction, the
luminescence intensity was measured. A 3% NaCl (AR, 99%,
Sinopharm) solution served as the blank control, and each
sample was tested in triplicate. The relative luminescence
intensity was calculated using the Equations 5, 6:

L %( ) � Li

L0
× 100% (5)

1L %( ) � 100 − L (6)
In the formula: L represents the relative luminescence of the sample.
L0 is the luminescence of the blank sample. Li denotes the
luminescence of the test sample. 1 L represents the inhibition
rate of the sample’s luminescence.

2.2.3 Selection of grass species and determination
of their vegetative performance

Grass species adapted to the local substrate (clover, alfalfa, wild
ryegrass, blackgrass, Bermuda grass, and holly) were selected for a
seed germination experiment. Ten seeds were placed in a petri dish,
and 2 mL of vegetation substrate leachate was added. The dishes
were incubated at 25°C ± 1°C with light exposure, with daily water
replenishment to compensate for evaporation. The germination rate
and germination index of the seeds were measured.

According to the designed ecological concrete formulation,
concrete was poured into transparent plastic pots and shaped,
followed by demolding after 7 days of curing. Sixty seeds were
mixed with 10 g of the improved vegetation substrate, and 5 g of
mushroom compost was added to enhance the physical and
chemical properties of the substrate. The mixture was irrigated to
allow the plant solution to permeate the concrete pores.
Commercially available organic potting soil and untreated

TABLE 7 Medium and heavy metal content of improved vegetation substrate.

Expt Sb Cd Cr As Mn Cu Zn

GEMR — 0.001 0.003 0.02 1,089.11 0.275 0.069

G91 — 0.001 0.001 0.01 1,040.74 0.292 0.056

G82 — 0.001 0.001 0.01 930.78 0.301 0.069

G73 — 0.001 0.001 0.01 880.12 0.329 0.059

G64 — 0.001 0.001 0.01 760.92 0.337 0.088

G55 — 0.001 0.001 0.01 693.53 0.380 0.097

GB3838-2002 ≤0.005 ≤0.005 (Ⅱ) ≤0.01 (Ⅱ) ≤0.05 (Ⅰ) ≤0.1 ≤1 (Ⅱ) ≤1 (Ⅱ)

Note: “-” indicates levels below the detection limit; “GEMR” represents electrolytic manganese residue with added amendments, and “G91,” “G82,” “G73,” “G64,” and “G55” represent planting

substrates with amended electrolytic manganese residue and phosphogypsum at mass ratios of 9:1, 8:2, 7:3, 6:4, and 5:5, respectively.

FIGURE 4
Relative luminosity of plant matrix leachate at different ratios.
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phosphogypsum were used as blank controls. After 45 days, plant
height, germination rate, and biomass were measured.

3 Results and discussion

3.1 Structural performance of vegetative
eco-concrete

The strength of environmentally-friendly concrete is determined
by the binder material, the aggregate, and the bonding strength
between the binder and aggregate. Among these factors, the one with
the lowest strength has the most significant impact on the overall
strength of the eco-concrete. Experimental results for eco-concrete
prepared according to the mix ratios in Table 2 are presented in
Table 3. In Mix Design 3, the primary failure occurred at the
bonding points between binder materials, resulting in the lowest
compressive strength at 14 days. The failure in eco-concretes from
Mix Designs 1 and 2 was primarily due to infiltration of the
aggregate. Mix Design 1 showed a 14-day compressive strength
of 3.49 MPa, significantly higher than that of Mix Designs 2 and
3.When force is applied to eco-concrete with shale aggregate, it is
transmitted through the connection points between aggregates. If
the aggregate has high strength and the bond area and thickness
between the aggregate and binder are minimal, failure usually does
not occur within the aggregate itself but at the interface between the
aggregate and binder or within the hardened binder (Liang, 2010).
On the other hand, if the aggregate strength is lower, the bonding
between binder materials thickens, causing initial failure within the
aggregate, which gradually extends into the hardened binder
layer.The porosity of vegetative eco-concrete should be between
20% and 35% to meet plant growth requirements (Hu et al., 2006),
and all three mixes satisfied this porosity criterion. As shown in
Figure 3, the water absorption rate of eco-concrete made with
various rubber-bone ratios was initially the lowest at
approximately 38% within 5 min, gradually increasing to 50%
after 24 h, which aids rapid water retention. This characteristic
mainly results from using lightweight ceramsite aggregate, which
reduces the overall mass of the eco-concrete. The absorption rate of
Mix Design 1 surpassed that of Mix Designs 2 and 3 after the initial
5 min. Based on these comprehensive tests, Mix Design 1 was
identified as the optimal ratio for eco-concrete. Compared to fly
ash and slag-based concretes, phosphogypsum-based ecological
concrete demonstrates slightly lower 14-day compressive strength
(Table 4) (Rabatho et al., 2011; Araujo et al., 2004; Mun et al., 2005;
Potgieter et al., 2003). However, its significantly enhanced total
porosity and water retention offer distinct advantages for ecological
restoration and plant growth applications. The increased porosity
provides an optimal environment for plant root aeration and water
absorption, while the improved water retention ensures consistent
moisture availability, particularly under arid or low-rainfall
conditions. Additionally, the lower permeability coefficient of
phosphogypsum concrete reduces water loss, making it an
essential feature for vegetation-supporting ecological concretes.
Experimental results further highlight that the percentage
improvements in both compressive strength and water retention
validate its feasibility and underscore its potential to balance
mechanical performance with ecological functionality.T
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3.2 Analysis of nutrient composition in the
planting substrate

The pH and nutrient content of the planting substrate are
crucial for plant growth. As shown in Table 5, PG has a pH of 2.39,
and as the amount of PG increases, the pH gradually rises,
neutralizing its acidity. PG provides a rich phosphorus source,
with an available phosphorus content as high as 4,295.9 mg/kg,
while EMR supplies abundant nitrogen, with an alkali-
hydrolyzable nitrogen content of 7,509.6 mg/kg. The alkali-
hydrolyzable nitrogen content in the PG-based planting
substrate is relatively low, and in combination with EMR, this
nitrogen content is balanced in the substrate and decreases as PG
content increases. The phosphorus content in the planting
substrate increases with the addition of PG, while both
substrates have relatively high potassium content. After mixing,
the pH, alkali-hydrolyzable nitrogen, available phosphorus,
and potassium levels in the substrate are balanced, with the
nutrient elements in PG and EMR complementing each other
to support plant growth.When PG is mixed with the humus
components of the soil (EMR), the phosphorus (P) can be
readily adsorbed and immobilized by metal ions in EMR,
transforming plant-available phosphorus into an insoluble form.
EMR contains high levels of Fe and Al, making it likely that
phosphorus will exist in forms such as iron phosphate (Fe-P),
aluminum phosphate (Al-P), or occluded phosphorus (O-P) (Lu
et al., 2013). These insoluble phosphates provide a slow-release
fertilizing effect that is not easily absorbed by plants but offers a
sustained, long-term nutrient supply. When phosphorus in the
substrate is insufficient for plant needs, plant roots release organic
acids, which gradually dissolve insoluble phosphates, improving
the phosphorus microenvironment around the root system and
maintaining essential plant life processes (Liu et al., 2018).
Therefore, the PG-modified planting substrate, rich in nitrogen,
phosphorus, and potassium, can adequately meet the nutrient
requirements for plant growth.

3.3 Leaching toxicity of the
planting substrate

3.3.1 Toxicity leaching of planting substrate under
different ratios

Although the PG-EMR composite substrate is nutrient-rich
and meets the requirements for plant growth, both PG and
EMR contain various heavy metals and metalloids such as As,
Cd, Cr, Cu, and Sb, which have high toxicity (Liu et al., 2022;
Ismaeel et al., 2023), These metals can be absorbed and

accumulated by plants from the substrate, potentially adversely
affecting plant growth. Therefore, conducting a toxicity leaching
test on the planting substrate is essential. As shown in Table 6, the
manganese (Mn) concentration in the leachate of the PG-EMR
composite substrate ranged from 894.94 to 1,350.05 mg/L,
exceeding the Class I emission standard of the Integrated
Wastewater Discharge Standard (GB 8978-1996) by over
447 times. In contrast, the levels of other heavy metals were
relatively low. Excessive Mn in the substrate could hinder plant
growth by obstructing the uptake of essential elements such as Fe,
Mg, Ca, and Mo, potentially damaging chloroplast structure in
leaves and reducing photosynthetic rates, leading to oxidative
damage in plants (Zhang et al., 2010). Therefore, further
improvements to the planting substrate are necessary to
stabilize and immobilize the excessive Mn content.

3.3.2 Acute toxicity of luminescent bacteria
Studies indicate that luminescent bacteria maintain stable

luminescence within a pH range of 5.0–9.0, so no further
pH adjustment is required for water samples within this range
(Wang et al., 2004). In this experiment, pH was left unadjusted,
and the leachate from the planting substrate was directly used for
toxicity testing. Toxicity levels were classified according to the
relative luminescence intensity using the Microtox acute toxicity
classification method (Sang, 2004). As shown in Figure 4, the relative
luminescence intensity in the EMR-mixed substrate exceeded 100%,
indicating a non-toxic level; the high manganese concentration in
EMR did not inhibit luminescent bacterial activity, but rather
appeared to promote it. Conversely, PG had a significant
inhibitory effect on luminescent bacteria, exhibiting high toxicity.
As PG concentration increased, the toxicity of the sample also
increased. When the PG to EMR ratio reached 1:1, the relative
luminescence of the bacteria remained above 75%, indicating a low
toxicity level. This suggests that the combined PG and EMR planting
substrate is classified as non-toxic or minimally toxic.

A filtrate with pH >4 can be toxic to luminescent bacteria, while
the pH of the PG filtrate is typically below 3, resulting in strong
inhibition of luminescent bacteria. In comparison, when PG was
mixed with EMR, the pH of the leachate from the experimental plant
substrate stabilized between 5.0 and 9.0, reducing toxicity to the
luminescent bacteria. This reduction in toxicity can be attributed, in
part, to the buffering effect of EMR on PG’s low pH. Additionally,
certain nutrients in the mixture may have antagonistic effects on
toxic substances, further lowering the filtrate’s toxicity (Zhao et al.,
2010). Moreover, the plant substrate, rich in nitrogen, phosphorus,
potassium, and other nutrients, may stimulate bacterial activity and
enhance luminescence under low-toxicity conditions, which can
ultimately support plant growth.

TABLE 9 Plant height and biomass of ryegrass under different treatments.

No. 45 days plant height (cm) Biomass (g/pot) Germination rate (%)

G91 6.65 ± 0.78 c 0.46 ± 0.01 ab 75.17 ± 1.18 b

EMR 14.10 ± 0.28 a 0.85 ± 0.01 ab 80.83 ± 5.90 b

GEMR 11.85 ± 0.49 b 0.77 ± 0.04 b 73.33 ± 2.36 b

CK 15.35 ± 0.35 a 0.97 ± 0.02 a 97.50 ± 1.18 a
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3.4 Effect of amendments on the leaching
toxicity of the planting substrate

The results of the leaching toxicity test indicated that the PG-
EMR composite planting substrate contains elevated levels of certain
heavy metals, particularly Mn. To stabilize and immobilize the
excess heavy metals within the substrate, 2.5% straw biochar and
2.5% diatomaceous earth were added as amendments. Comparison
of Tables 6, 7 shows that, except for an increase in Cu content, the
concentrations of other metals decreased in the amended substrate,
suggesting that the addition of amendments effectively immobilizes
heavy metals in the substrate. Specifically, Mn concentration was
reduced to only 79.86% of its original level, demonstrating effective
stabilization.Furthermore, the heavy metal content in the amended
planting substrate meets the limits set by the Soil Environmental
Quality Agricultural Land Soil Pollution Risk Control Standard
(Trial) (GB15618-2018). Overall, the amendments significantly
improved the substrate quality, making it suitable for use as a
planting substrate.

3.5 Germination rate and germination
potential of the planting substrate at
different ratios

In the germination rate and germination potential tests for
substrates with various ratios, clover, Bermuda grass, and alfalfa
were excluded due to a 7-day germination rate of zero, with some
alfalfa seeds showing signs of decay. As shown in Table 8, the
germination rates of perennial ryegrass, ryegrass, and bentgrass
decrease with increasing PG content, indicating a clear inhibitory
effect on seed germination. The G91 planting substrate exhibited
relatively high germination rates and germination potential,
suggesting that it may be suitable for further planting
experiments.

3.6 Testing the vegetative performance of
ecological concrete

As shown in Table 9, plants grown in the CK group with organic
nutrient soil as the substrate performed well, exhibiting the highest
germination rate, plant height, and biomass after 45 days. EMR
significantly inhibited germination rate and plant height, with
notable differences in germination rate and biomass compared to
the CK group. The amendment-treated groups, GEMR and G91, did
not show significant improvement and adversely affected plant
growth, although the germination rate of G91 increased slightly
compared to the substrate without amendments. This is primarily
because Ca(OH)₂ in the ecological concrete effectively inhibited
heavy metals in EMR during early plant growth, maintaining growth
within acceptable limits. Furthermore, it was observed that an excess
of polycyclic aromatic hydrocarbons (PAHs) in biochar significantly
inhibited seed germination and seedling growth (Li et al., 2015). In
the later stages of the experiment, all plant groups except the control
exhibited signs of drying and wilting, likely due to nutrient depletion
in the substrate, ongoing carbonation of the concrete, and a gradual

decrease in alkalinity. Additionally, heavy metals in the substrate
may have been absorbed by the plants, accumulating to a toxic level
and resulting in plant toxicity.

4 Conclusion

(1) In this study, ecological concrete specimens were prepared
using a composite binder of PG and EMR as the adhesive and
ordinary clay ceramsite as the aggregate. With a rubber-bone
ratio of 1.485, the 14-day compressive strength reached
3.49 MPa, the permeability coefficient was 1.37, and the
total porosity was 24.5%, meeting the requirements for
vegetative concrete. The high content of available
phosphorus, alkali-hydrolyzable nitrogen, and available
potassium in PG and EMR can satisfy the nutrient needs
of vegetative concrete, making it possible to create a nutrient-
rich planting substrate.

(2) Adding a mixed amendment of biochar and diatomaceous
earth effectively stabilized heavy metals within the substrate,
demonstrating a strong immobilization effect. After
amendment, the manganese concentration in the leachate
from the planting substrate decreased by 79.86%, indicating a
successful stabilization outcome.

(3) The germination rate tests for the planting substrate indicated
that bentgrass, perennial ryegrass, and Kentucky bluegrass
adapted well, while alfalfa, clover, and Beruda grass showed
poor adaptability, with no germination observed
within 7 days.
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