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Abstract
A novel modified phosphorus β-hemihydrate gypsum (MPG) cementing material was developed to solidify lead-con-
taminated soil. The solidification effects of lead in the contaminated soil with MPG and Portland cement (PC) as curing 
agent were contrasted by the unconfined compressive strength (UCS), pH and leaching toxicity of solidified soil. The 
solidification mechanism of lead contaminated soil was analyzed by XRD, BET, SEM and EDS. The results demonstrated 
that when the addition of binder increased from 24 to 30%, the UCS of MPG solidified body became higher than that 
of PC solidified body by 14.7–18.8%. The pH of MPG solidified body was 9.81–10.69, which was 15.17–22.08% lower 
than that of PC solidified body. The lead leaching concentration of MPG solidified body decreased continuously with 
the curing time and became lower than the limit of hazardous waste content (5 mg  L−1) stipulated in Chinese standards 
after 7-day curing. The results of microscopic analysis revealed that the main components of MPG solidified body were 
ettringite (AFt), reticulated gel of calcium silicate hydrated (C–S–H), lead phosphate  ([Pb10(PO4)6(OH)2]) and lead sulfate 
 (PbSO4) precipitation. The covering of C–S–H on soil particles and the ion exchange between lead and AFt contributed 
jointly to the stabilization of lead in the solidified soil. This is a valuable application exploitation study for the treatment 
of Pb contaminated soil and reutilization of waste phosphorus gypsum.
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1 Introduction

Heavy metal pollution of farmland soil has become one of the serious environmental problems threatening many 
countries in the world. According to the Report on the National General Survey of Soil Contamination (Ministry of Ecol-
ogy and Environment, P.R. China, 2014), 16.1% of soil was polluted by various kinds of contaminants, among which 
the lead was the common heavy metal contaminant [1]. According to statistics, the current global average Pb enrich-
ment rates are between 6 and 35 times background [2]. Human activities, such as the abuse of pesticide, discharge 
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of industrial wastewater, smelting, traffic emissions, mining and sewage irrigation, cause the wide distribution of 
lead in the soil [3–5]. Excessive lead in soil will not only change the physical and chemical characteristics of soil and 
pollute the surrounding air and water environment [6], but also seriously harm human health through the food chain. 
For example, even low concentrations of lead can cause acute and chronic diseases of various organ systems, such 
as anemia, hypertension and cardiovascular diseases [7]. Because of its damage to the soil ecosystem and human 
health, lead has been identified as one of major public health concerns by the World Health Organization (WHO) [8], 
therefore the restoration of lead-contaminated soil urgently needs to be addressed.

Solidification/stabilization (S/S) technology has been widely used in the remediation of heavy metal contaminated 
soil because of its low cost, easy implementation and immediate efficiency [9, 10]. S/S technology stabilizes heavy 
metals by various chemical reactions between different curing agents and heavy metals to adsorb or form precipitate 
heavy metal ions [11–13]. Ordinary Portland cement (PC) is a popular curing agent used in S/S technology, but it also 
has some limitations such as high energy consumption and 5–10% emission of global anthropogenic  CO2 [14]. At the 
same time, PC is hard to be used in treating soil polluted with high concentration of heavy metals, and easy to induce 
some problems such as poor durability and instability of the conditioned soil [15, 16]. Therefore, more and more 
researches focus on the development of new environmentally friendly curing agents, including industrial solid wastes 
such as alkali slag, steel slag, blast furnace slag and phosphogypsum (PG) as curing agents. An et al. [17] explored 
the performance of alkali residue mixed cement as curing agent to stabilize lead-contaminated soil and the results 
showed that the lead concentration of leachate from solidified body with pure cement as the curing agent was about 
three times that with alkali residue mixed cement. Bashir et al. [18] studied the effect of steel slag on the leaching 
behavior and chemical form of Cd in Cd-contaminated soil through column leaching test and found that steel slag 
transformed Cd in soil into stable precipitation form through precipitation and adsorption. Safa et al. [19] combined 
MgO-activated basic oxygen furnace (M-BOF) slag with polypropylene fiber to solidify Zn/Pb contaminated soil and 
found that the frost durability in the M-BOF/fiber specimens appears to be about 3.5 times higher than that of those 
with only PC. Komaei et al. [20] studied the potential of alkaline activated slag for stabilization and solidification of 
arsenic-contaminated soil and discovered that alkaline activated slag promoted the formation of geopolymer gels 
based on calcium and silica, which was helpful to improve the mechanical strength of solidified body and reduce the 
leaching rate. Wang et al. [21] used blast furnace slag to prepare compound binder, which effectively immobilized 
lead in sludge polluted by heavy metals. Reddy et al. [22] prepared a new ternary blend manufactured by the replace-
ment of 50% cement clinker with limestone and calcined clay for stabilization of Zn-contaminated soil, overcoming 
the interference of Zn on cement hydration and retardant effects. Wang et al. [23] studied the solidification effect of 
red mud phosphogypsum coupled Portland cement on polymetallic contaminated soil and the results showed that 
the soil strength of stabilized body could meet the strength requirements of landfill and the leaching concentration 
of metal could meet the standard of hazardous waste in China.

PG is an industrial waste from the wet production process of phosphoric acid, and the production of 1 ton of phos-
phoric acid would induced 4–6 tons of PG [24]. Calcium sulfate dihydrate  (CaSO4⋅2H2O) was the main component of PG 
[25]. The cumulative accumulation of PG in China is about 500 million tons, and has been increasing rapidly at the rate of 
55 million tons per year [26]. The accumulation of PG not only occupies a large amount of land resources, but also pollutes 
the surrounding soil and water environment due to fluorine and phosphorus in the leachate of PG [27, 28]. Less than 
15% of the total PG was put into multipurpose utilization as building gypsum, high strength gypsum, cement retarders 
and soil conditioners [29, 30]. Due to the existence of sulfate, PG can be used in combination with two typical industrial 
solid wastes, namely slag and phosphorus slag. Cement clinker or lime is added as alkaline activator, and a curing agent 
with hydraulic property is generated through pozzolanic reactions for solidify/stabilize heavy metal contaminated soil. 
Compared with PC, this new curing agent is more conducive to saving resources and protecting the environment. At the 
same time, due to the phosphate groups, PG can constitute an excellent adsorbent material, which is expected to form 
insoluble phosphate mineral phase and further immobilize heavy metal ions. Scheckel et al. [31] transformed the Pb ion 
in soil into insoluble Pb-phosphate (pyromorphite or tertiary lead phosphate) by adding phosphorus compounds to the 
soil for chemical fixation. Lamzougui et al. [32] concluded that PG could be used as an effective adsorbent to remove Pb 
from aqueous solution. Syczewski et al. [33] studied the sorption capacity of PG-ceramic composites for uranyl and the 
results showed that the addition of PG increased the adsorption capacity by chemical adsorption. Calcined phospho-
gypsum has much larger specific surface area than PG and some gel properties, therefore it is expected to improve the 
adsorption of heavy metal ions in polluted soil when coating the surface of soil particles. However, the high cost of high 
temperature for calcination severely restricted its widespread adoption in the remediation of contaminated soil, so it is 
an urgent issue to lower the calcination temperature of PG.
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In this study, the contact point of  CaSO4⋅2H2O crystal is increased by adding fly ash, slag and quicklime to PG, and the 
heat absorption rate is increased, so as to reduce the calcination temperature of PG. Then, the modified phosphorus β 
-hemihydrate gypsum cementitious material (MPG) prepared through low-temperature calcination was fabricated to 
solidify the lead in contaminated soil. The solidification effect of lead in the contaminated soil with MPG as curing agent 
was explored by the unconfined compressive strength (UCS), pH and leaching toxicity of solidified soil. The solidification 
mechanism of lead contaminated soil was analyzed by XRD, BET, SEM and EDS. This study is a powerful exploration for 
the reutilization of industrial waste PG and simultaneous remediation of lead-contaminated soil, and the results could 
provide an economical and effective environment-friendly curing agent for the solidification of lead-contaminated soil.

2  Material and methods

2.1  Experiment materials

Phosphorus β-hemihydrate gypsum (PHG) was prepared by uniformly mixed PG, fly ash (FA), slag (GS) and quicklime 
(QL), according to the ratio of 91:3:4:2, calcining at 170 ℃ for 2.5 h, and then cooling in a dryer to room temperature, in 
which PG needs to be dried at a low temperature of 45 ℃, and then mechanically ground and screen with a sieve of 1 
mm for later use. The MPG was fabricated by adding GS, phosphorus slag (PS) and clinker (CC) into PHG doped with addi-
tional 2.5% (wt%) QL as alkali-activator and the mass percentage of PHG: GS: PS: CC was set as 51.4%:23.9%:14.7%:10% 
[34]. The main chemical composition (mass percentage, wt%) of PG, GS, FA, PS, PC and CC are shown in Table 1. The QL 
(CaO% ≥ 89.8%) was from Hubei Magic Red Stone Industry Company.

The soil used in this work was silty clay with low liquid limit taken from the suburbs of Yichang City, and the main 
physicochemical indexes were shown in Table 2. Lead nitrate (Pb(NO3)2) was used as the lead pollution source to simu-
late lead-contaminated soil (8000 mg/kg, 0.8%). Mixed lead nitrate with deionized water, subsequently stirred with a 
magnetic stirrer for 5 min to thorough dissolution, poured the solution into silty clay and mechanically stirred it for 5 
min, then sealed the mixture for 48 h to make lead nitrate fully contact with soil particles, finally the acquired product 
was simulated lead-contaminated soil.

2.2  Test method

2.2.1  Sample preparation and unconfined compressive strength test

In this study, when the lead-contaminated soil was stabilized with MPG and PC, respectively, the resulted solidified bod-
ies were noted as MPG-Pb and PC-Pb, respectively. The employed dosage of curing agent accounts for 6%, 12%, 18%, 
24% and 30% of the dry weight of lead-contaminated soil, respectively. According to the proportion, the curing agent 
and the lead-contaminated soil are stirred to prepare a 40 mm cube, which is cured at 20 ± 1 ℃ and humidity greater 
than 95% for 48 h. After demoulding, it was put into a standard curing box for curing to the specified age. Compressive 
strength test was carried out according to the physical and mechanical performance requirements of “Building Gypsum” 
(GB/T 9776-2008).

Table 1  Main components of 
the materials

Material CaO SiO2 Al2O3 MgO SO3 Fe2O3 P2O5 K2O Na2O F

PG 37.75 8.29 0.86 0.08 50.59 0.58 1.27 0.52 0.06 0.28
GS 38.65 29.9 15.94 7.98 3.74 1.18 0.03 0.62 0.34 –
FA 4.63 45.06 39.06 0.66 0.71 3.98 0.32 0.98 0.59 –
PS 42.47 40.56 5.38 1.32 1.34 0.60 3.54 1.38 0.37 –
cement 43.67 28.39 10.32 6.62 2.17 2.64 – – – –
CC 2.72 48.3 24.48 0.42 1.54 12.46 – 0.43 0.26 –
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2.2.2  Test of pH and leaching toxicity

The differences of pH between MPG-Pb and PC-Pb were studied. Take the middle part of the solidified sample to dry at 
35 ℃ and cool, subsequently grind, finally screen with a sieve of 1 mm. A portion of soil and five portions of deionized 
water were mixed together for five minutes. After standing for 30 min, the pH value of soil suspension was detected with 
a precision acidity meter [35].

The lead leaching performances of solidified lead-contaminated soil were evaluated according to the environmental 
safety standards. The test of leaching toxicity was carried out referring to “Identification standards for hazardous wastes- 
Identification for extraction toxicity” (GB5085.3-2007) with the lead leaching limit as 5 mg  L−1. The leaching test was carried 
out according to “Solid waste-Extraction procedure for leaching toxicity-Acetic acid buffer solution method” (HJ/300-2007). 
Firstly, 5.7 mL glacial acetic acid and deionized water were mixed and dissolved into a 1 L volumetric flask to prepare the 
extractant with pH as 4.93 ± 0.05. Then sample 50 g solidified body, mechanically grind and sieve it (2 mm), put it with 
extractant into a polyethylene bottle according to the ratio of 20:1 (g: L), then fix the polyethylene bottle in a water bath 
shaker with a thermostat (23 ± 2 °C) for vibrating horizontally for 18 ± 2 h. After 16 h settling, the supernatant was taken 
out to centrifuge for 10 min. The lead concentration in the leaching was analyzed according to “Solid waste—Determina-
tion of Lead, Zinc and Cadmium—Flame Atomic Absorption Spectrometry” (HJ786-2016). Analyze each leaching sample 
three times with a relative deviation less than 1.56%.

2.2.3  Structural and microscopic characterization

After the UCS test was completed, the broken sample was immersed into absolute ethanol for 48 h to terminate the 
hydration reaction and put into a 35 ℃ oven to dry until constant weight. The chemical element types and mass percent-
ages on the surface of the hydration products in the sample were identified by JSM-IT300 scanning electron microscope 
(SEM) combined with energy dispersive spectroscopy (EDS).

The dried samples were further ground and sieved (200 mesh), and the sieved samples were scanned by X-ray diffrac-
tion (XRD). The Rigaku Ultima IV diffractometer with Cu target was used to scan in the range of 2θ from 5 to 80 degree 
at a speed of 2°  min−1 to qualitatively evaluate the types of mineral phases. Specific surface area (BET) test was carried 
out with a specific surface area and aperture analyzer.

3  Results and discussion

3.1  Unconfined compressive strength

Figure 1a presented the 28-day UCS of lead-contaminated silty clays solidified with different dosages of MPG and PC. The 
UCS of uncured lead-contaminated silty clays was zero MPa. With the increase of curing agent dosage, the UCS of the 
cured body increases in a power function (Fig. 1a). The results of polynomial curves fitting of UCS (y) vs. binder dosage (x) 
for MPG-Pb and PC-Pb were y = − 1.32 + 0.142x + 0.00875x2  (R2 = 0.993) and y = − 0.818 + 0.203x + 0.00417x2  (R2 = 0.997), 
respectively. This shows that the increase of MPG dosage contributes more to the improvement of UCS than that of PC 

Fig. 1  a The UCS of solidified 
body with different bind-
ers and b effect of different 
dosages on the UCS of MPG 
solidified body at different 
periods
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dosage. When the dosage of binder increased from 6 to 18%, the UCS of MPG solidified body was lower than that of 
PC solidified body, and the difference of UCS decreases with the increase of curing age. When the addition of binder 
increased from 24 to 30%, the UCS of MPG solidified body became higher than that of PC solidified body by 14.7–18.8%.

Figure 1b shows the UCS of MPG cured body with different dosages at different curing periods. At the same period, the 
UCS of MPG solidified body increased with the increase of curing agent dosage. The UCS of MPG cured body increased 
rapidly in the initial stage of curing (7–28 days) and continued to increase in the later stage of curing (28–60 days). These 
findings verified that the UCS of MPG solidified body increased with the extension of curing age [36, 37].

3.2  pH and leaching toxicity test

The pH of lead contaminated soil was 6.45, while that of MPG and PC was 11.3 and 11.8, respectively, which was helpful 
to improve the alkalinity of solidified soil. According to Fig. 2a, the pH value of MPG-Pb was less than that of PC-Pb by 
15.17%-22.08%. This is because the hydration and hardening of MPG-Pb consumes Ca(OH)2, while that of PC-Pb gener-
ates Ca(OH)2, making the pH value higher. The lead concentration in leaching of unsolidified body reached 11.35 mg  L−1 
(Fig. 2b), being 2.27 times of the national lead toxicity leaching limit of hazardous solid waste (5.0 mg  L−1, GB 5085.3-2007). 
When the dosage of MPG was 24% and 30%, respectively, the lead concentration in leaching of solidified body declined 
to 1.42 and 0.7 at the initial curing stage (7–28 days), to 0.37 and 0.01 at the later curing stage (28–180 days), being lower 
than the safety limit of 5 mg  L−1. It can be seen that the lead concentration in leaching of cured body decreased rapidly 
with the increase of curing age in the early period (7–28 days), and tended to be stable in the later stage (28–180 days). 
The mechanism of MPG curing Pb(II) will be discussed in Sects. 3.3, 3.4, 3.5.

3.3  XRD analysis

Silica  (SiO2), calcite  (CaCO3) and anorthite  (CaAlSi3O8) were the main solid mineral phase of undisturbed clay (Fig. 3a). 
The solid mineral phase of the MPG-Pb included AFt, lead sulfate, lead hydroxyphosphate and calcium sulfate dihydrate. 
As the curing age increases, the diffraction peak of AFt intensifies gradually, indicating the continuous growth in the 
amount of AFt in the solidified body. AFt crystals cross-filled in the inner pores of solidified body, reduced the porosity 
of solidified body [38, 39] and therefore improved the structural stability and compactness of the cured body.

The detection of lead sulfate  (PbSO4) indicated that when MPG solidified lead pollution, phosphorus β-hemihydrate 
gypsum dissolved into calcium sulfate dihydrate  (CaSO4⋅2H2O) gel with large specific surface area, and part of Pb(II) in 
soil replaced  Ca2+ in  CaSO4, resulting in the precipitation of  PbSO4. Meanwhile, phosphate anion  (PO4

2−) and Pb(II) formed 
insoluble lead phosphate minerals [40, 41], which weakened the dissolvability and migration of lead [42].

3.4  Solidified body pore analysis

The adsorption–desorption isotherms in Fig. 4a were the type II isotherm, indicating that the adsorption on the 
surface of macroporous solids was multi-molecular layer adsorption. The adsorption–desorption curve of the MPG 
solidified body was located under that of PC solidified body, indicating that the adsorption capacity of  N2 on the 
MPG solidified body was less than that on the PC solidified body, and the pore volume was smaller than that of 
the PC solidified body. Figure 4b shows that the cumulative pore volume in the MPG solidified body with a pore 

Fig. 2  a pH of solidified body 
with MPG and PC and b lead 
concentration of leaching 
of lead-contaminated soil 
solidified by MPG of different 
dosages
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diameter over 5.0 nm was significantly less than that of PC solidified body. These results indicated that the amount 
of macropores in MPG solidified body was less than that of PC solidified body, but macropores were easy to form 
feed-through, which could increase Pb(II) leaching property [43], therefore MPG solidified body was more conducive 
to lead solidification and stability. From the differential aperture distribution curve (Fig. 4c), an obvious characteristic 
peak appeared at 4.0 nm or so for MPG and PC solidified body, respectively, and the pore diameter distribution of the 
MPG solidified body was beneath that of the PC solidified body, revealing that the porosity of MPG solidified body 
was much weaker than that of PC solidified body. Low porosity usually means high structure density. Based on the 
above discussion, it is clear that the strength in macroscopic properties of MPG solidified body was higher than that 
for PC solidified body, which reconfirmed the test result of UCS in Sect. 3.1.

Fig. 3  X-ray diffraction pat-
terns of a original soil and 
MPG solidified body at curing 
age of b 7 days, c 28 days and 
d 180 days

Fig. 4  a Isothermal adsorp-
tion–desorption curve, b 
cumulative pore volume and 
c distribution of differential 
aperture of 28-day stabi-
lized lead-contaminated soil 
specimens with MPG and PC 
as binder, respectively
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3.5  SEM characteristic

Figure 5a and b presented the difference in micromorphology between MPG solidified body and PC solidified body 
at different magnification scales after 28-day curing. Figure 5a showed the difference of hydration products between 
them. It can be seen that MPG solidified body has a large number of pin-like ettringite crystals (AFt) and reticular 
C–S–H gel, and AFt was cross-filled in the pores between soil particles to support a stable framework structure. The 
C–S–H gel of network structure covered the surface of soil particles and AFt crystals, increased the cementation 
between soil particles and therefore enhanced the strength of the solidified body [44]. The hydration product of 
C–S–H gel has a large specific surface area and strong adsorptivity. Pb(II) in soil was adsorbed onto the hydration 
product of gel surface, which played a role in the stabilization of Pb(II) [45, 46] to reduce the solubility and migra-
tion of Pb(II). Many hydration products of C–S–H gel and hexagonal flakes calcium hydroxide appeared in the PC 
solidified body and the presence of calcium hydroxide was the main resource of high alkalinity. Neither needle-like 
nor thin rod-like AFt crystals was observed in PC solidified body. The absence of filling effect of AFt crystals between 
the soil particles contributed to the formation of through hole and increased the leaching probability of Pb(II). The 
internal pore size of MPG and PC solidified body was contrasted in Fig. 5b. It was found that the porous hydration 
product of MPG solidified soil spread over the entire area of the solidified body with a great number of small pores 
and good compactness. Compared with that in MPG solidified soil, the number of large pores in PC solidified body 
was obviously much more, inducing that the macroscopic performance, compactness and intensity of PC solidified 
soil was lower than that of MPG solidified soil.

The main elements detected in the solidified body were oxygen, calcium, aluminum and silicon (Fig. 6), which 
correspond to the main hydration products C–S–H, AFt, C–A–H and  SiO2, respectively. The detected content of Pb ele-
ment in MPG solidified body was 6.27%, which was 1.83 times that of PC solidified body, indicating that the number of 
lead-containing minerals generated on the surface of hydration products of MPG solidified body was more than that 
of PC. Phosphorus and sulfur were also detected in MPG solidified body, but not in PC solidified body, which may be 
because their contents were lower than the detection limit of the instrument. The phosphorus and sulfur elements 
detected in MPG solidified body demonstrated the formation of lead phosphate and lead sulfate minerals, but no 
similar minerals were found in PC solidified body. This result is in keeping with the above findings of XRD analysis, 
supporting that the formation of lead phosphate and lead sulfate precipitation was an important mechanism for 
MPG to solidify lead-contaminated soil [40, 47].

Fig. 5  SEM photos of MPG 
and PC solidified body

(a)

(b)

MPG-Pb

AFt

C-S-H

PC-Pb

C-S-H Ca(OH)
2

MPG-Pb PC-Pb



Vol.:(0123456789)

Discover Environment            (2024) 2:29  | https://doi.org/10.1007/s44274-024-00046-0 Research

4  Conclusion

In this work, the solidification effect of MPG on lead-contaminated soil and its curing reaction mechanism were 
studied. The results proved the effectiveness of MPG solidification on lead-contaminated soil. Following are some 
of the specific findings of this work:

The test of pH indicated that MPG solidified lead contaminated soil could reduce acidity and alkalinity. Compared 
with PC, MPG greatly improved the UCS of solidified soil with the binder dosage over 24%, meanwhile, the leaching 
lead concentration reached the regulatory limit (5 mg  L−1) stipulated in Chinese standards, indicating the struc-
tural stability and chemical stability of MPG solidified body. Microscopic analysis presented that the hydration and 
hardening of MPG solidified body produced AFt for filling the soil pores,  PbSO4 and  [Pb10(PO4)6(OH)2] precipitates, 
cooperating with reticular C–S–H to fix lead in polluted soil and improve the mechanical strength. As expected, 
our study confirmed that MPG could be used as a curing agent for solidifying lead-contaminated soil, and it is also 
expected to be used for the remediation of other heavy metal-contaminated soils. The use of MPG can also reduce 
the environmental problems caused by the stockpiling of industrial solid wastes such as PG, promoting circular 
economy and reducing emission of greenhouse gases, and at the same time provides a competitive way to prepare 
green curing agent from industrial solid waste for the treatment of lead-contaminated soil. In addition, this study 

Fig. 6  SEM–EDS photos of MPG and PC solidified lead-contaminated soil
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aimed at the indoor study of silty clay, and it is necessary to study the applicability of other types of contaminated 
soil in engineering practice to increase the application scenarios of MPG.
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