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mechanism of P and F in
phosphogypsum stabilized by humic acid
synergized with group metallic triad-based curing
agent

Kezhen Chen,†ab Jiangtao Shang,†b Yingying Cai, *cd Qiong Hu,b Heng Lie

and Xiong Tong*a

The high levels of soluble phosphorus (P) and fluorine (F) in phosphogypsum (PG) pose a significant

environmental challenge to the sustainable development of the P chemical industry. In this research, we

present a green and low-cost stabilization strategy that employs a synergistic combination of organic

and inorganic additives to effectively suppress the release of P and F from PG. Through batch

experiments, we systematically evaluated the effects of humic acid (HA) synergized with inorganic curing

agents on the leaching behavior of contaminants, with a focus on their impact on pH and immobilization

efficiency of P and F. The optimal formulation consisted of 5 wt% type-II humic acid (HA-2) combined

with 1 wt% type-II group-synergistic metallic triad-based curing agent (GMT-2). Under simulated

leaching conditions representative of surface and groundwater exposure, this material yielded a leachate

with a pH of 5.51, P concentration of 0.1 mg L−1, and F concentration of 0.9 mg L−1, which complies

with China's class III surface water quality standards (GB 3838-2002). The underlying stabilization

mechanisms of the combined system leverage physical coating, chemical precipitation, and a distinctive

bridged ternary complexation mechanism to construct a denser and more stable immobilization layer on

the PG surface, in which the integrated approach achieves a durable synergistic fixation of P and F. This

work provides a practical method for the environmentally sound management and sustainable utilization

of PG.
1 Introduction

Phosphogypsum (PG), a byproduct of phosphoric acid produc-
tion, consists primarily of calcium sulfate dihydrate (CaSO4-
$2H2O) but contains various impurities, including phosphates,
uorides, heavy metals, residual acids, naturally occurring
radionuclides, and rare earth elements.1 The large-scale stock-
piling of PG poses signicant environmental challenges, occu-
pying vast land areas and creating persistent ecological risks.
Heavy metals and radionuclides in PG can bioaccumulate,
causing toxicity to ora, fauna, and ultimately human health.2 A
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critical concern is the generation of leachate, which is rich in
soluble phosphate (P) and uoride (F), during storage. Typical
PG contains 0.1–1.5% of F and 0.1–2.0% of P2O5, with the
leachable concentrations of PO4

3− and F− frequently exceeding
the Chinese national standard limits (GB 8978-1996).3 This
leachate can directly contaminate surface and groundwater,
leading to eutrophication and potential risks to aquatic life and
human health.4 The P ions are linked to dermatitis, soil
contamination, and water quality deterioration,5 while F bi-
oaccumulation through the food chain can disrupt nutrient
metabolism and affect teeth, cardiac tissue, and skeletal
muscles.6 Consequently, developing effective strategies to
mitigate the environmental impact of PG is imperative.

Common PG treatment technologies include solidication/
stabilization (S/S),7 washing,8 acid/alkali treatment,9 ota-
tion,10 thermal processing,11 and biotechnological methods.12

Among these, the S/S has garnered widespread attention due to
its operational simplicity, relatively low cost, and proven efficacy
in reducing the leaching of contaminants. Conventional S/S
employs inorganic cementitious materials like cement and
lime. These materials hydrate upon mixing with PG, forming
gels, such as calcium silicate hydrate (C–S–H) and calcium
© 2026 The Author(s). Published by the Royal Society of Chemistry
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aluminate hydrate (C–A–H), that ll pores and encapsulate
particles, thereby physically restricting the release of harmful
substances.13 Chemically, the lime treatment precipitates PO4

3−

and F− as less soluble Ca3(PO4)2 and CaF2, though its cost
remains a constraint.14 Recent advancements include using the
PG-steel slag blends to densify the carbonation matrix,
enhancing the Pb2+ and Cr3+ immobilization by 80% and 87%,
respectively,15 as well as employing reactive stabilizers that form
insoluble precipitates or complexes.16,17 For instance, the addi-
tion of 0.2–0.5 wt% biochar was shown to effectively reduce the
leaching of F from PG backll materials.18

The current PG utilization routes encompass building
materials (e.g., plaster, boards, blocks),19,20 soil remediation,
chemical production, wastewater treatment,21 and mine
backlling.22–24 However, global utilization rates of PG remain
low. With an annual production of nearly 300 million tons,
approximately 58% is stockpiled, 28% is discharged into
Fig. 1 Physicochemical properties of PG: (a) particle size, (b) XRD analysis

© 2026 The Author(s). Published by the Royal Society of Chemistry
marine systems, and only 14% is recycled. Major barriers for
a widespread reuse include the high cost and difficulty of
impurity removal, low economic viability of products, and
persistent concerns about secondary pollution from the PG-
derived materials. Therefore, exploring green and economi-
cally feasible detoxication methods is essential for enhancing
PG recycling.

Humic acid (HA), a natural organic polymer, has emerged as
a promising amendment for environmental remediation. Its
high surface area, porous structure, and abundance of active
functional groups (e.g., carboxyl, hydroxyl, and phenolic –OH)
enable complexation/chelation withmetal ions and interactions
with anions like phosphate and uoride.25 These interactions
can lead to the formation of stable complexes or insoluble
compounds, reducing the mobility of contaminants. For
example, HA–Al3+ chelates have been used to adsorb F and
mitigate its accumulation in tea plants.26 Concurrently, the
, and (c) and (d) SEM andmatching EDX data analysis at different points.
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potential of metal-based compounds for anion immobilization
is well-established.27 P and F anions, owing to their high elec-
tronegativity, can form stable precipitates with cations such as
Ca2+, Fe2+/3+ and Mg2+.28 Materials like mesoporous metal
oxides (MgO, Al2O3) show promise as phosphate adsorbents,29

and engineered calcium silicate hydrates have achieved 95% P
and 50% F removal.30 Notably, mechanochemically synthesized
Ca/Al/La layered double hydroxides exhibit superior perfor-
mance in controlling water-soluble phosphorus from PG.31

Despite these advances in the immobilization of P and F anions,
a signicant research gap exists regarding the synergistic use of
organic additives like HA and tailored inorganic metal-based
curing agents for the concurrent immobilization of P and F
from PG. Most existing S/S approaches focus on single-
contaminant systems or lack a mechanistic understanding of
the stabilization process under conditions that simulate natural
leaching.

Building upon the S/S, a synergistic treatment strategy
employing HA in combination with a group-synergistic metallic
triad-based curing agent (GMT) is proposed in this study. The
core objective is to achieve an effective and concurrent immo-
bilization of P and F, thereby detoxifying PG for potential safe
utilization. To unravel the underlying stabilization mecha-
nisms, a multifaceted analytical approach was employed,
including X-ray diffraction (XRD), scanning electronmicroscopy
(SEM), Fourier-transform infrared spectroscopy (FT-IR), X-ray
photoelectron spectroscopy (XPS), and Brunauer–Emmett–
Teller (BET) surface area analysis. The research aims to furnish
both a theoretical foundation and practical technical support
for enabling the large-scale, environmentally benign utilization
of PG.
2 Materials and methods
2.1 Samples and chemical reagents

The PG sample was sourced from Yunnan Tianbao Animal
Nutrition Technology Co., Ltd, China. As shown in Fig. 1(a), the
material exhibits a brown color, particle size distribution
ranging from 0 to 200 mm, D50 of 49.2 mm and D90 of 168 mm. Its
moisture content was measured as 19.76%. The XRD analysis
(Fig. 1(b)) identied gypsum dihydrate (70.4%) and quartz
(39.6%) as the primary crystalline phases. SEM imaging
(Fig. 1(c)) revealed a heterogeneousmicrostructure composed of
irregular plate-like gypsum crystals intergrown with other
impurity phases, displaying rough surfaces and distinct layered
aggregations. Energy-dispersive spectroscopy (EDS) analysis
conrmed the presence of P and F within the sample. Bulk
chemical composition analysis indicates that the PG is
predominantly composed of CaO, SO3, and SiO2, which together
Table 1 Elemental analysis results of PG

Component SiO2 Al2O3 CaO SO3 Fe2O3 P2O5

Content (%) 22.46 1.09 21.88 32.01 0.51 1.30
Component F MgO Na2O K2O TiO2 Other
Content (%) 0.20 0.36 0.66 0.38 0.12 18.83

19704 | RSC Adv., 2026, 16, 19702–19717
account for 76.35% of its mass (Table 1). The contents of P2O5

and F were determined to be 1.3% and 0.2%, respectively.
As shown in Table S1, various elements were detected in the

leaching solution of PG. The leaching concentrations of F and
total P were 23.3 mg L−1 and 47.7 mg L−1 respectively. Accord-
ing to the Chinese ‘Surface Water Environmental Quality Stan-
dards, the leaching concentrations of F and P in surface water
class III exceeded the standards by 23.3 and 238.5 times,
respectively. In addition, the pH of PG was 3.62, which was
lower than the pH range (6–9) stipulated in the surface water
class III standard.

The HA was purchased from the Sigma Aldrich (CAS:1415-93-
6). And the GMT was purchased from Beijing Runming Envi-
ronmental Technology Co., LTD. From the XRD analysis of HA
(Fig. 2(a)), it can be seen that the composition is relatively
complex, and there may be multiple associated or impurity
components. According to Table 2, the main elements of HA are
O, Ca, S, Al, and Fe. The content of other elements not detected
in HA-2 is higher than that in HA-3, mainly consisting of
carbon-containing organic matter. The main elements of GMT
are Ca, Cl, Al, Mg, Si, and Fe. The XRD analysis of GMT
(Fig. 2(b)) shows that GMT exhibits amorphous characteristics.
The diffraction peaks of GMT-2 are relatively wide and diffuse,
while the peaks of GMT-1 are relatively sharp, indicating that
the crystalline structure of GMT-1 is more ordered than that of
GMT-2.
2.2 Sample preparation and characterization

2.2.1 Sample preparation and experiment design scheme.
The preparation of solidied samples followed these key steps:
(1) removal of large impurities from the raw PG, followed by
sieving through a 100-mesh sieve (2) thorough homogenization
of PG with curing agents according to the designed formula-
tions; (3) addition of an appropriate amount of water to facili-
tate sufficient reactions among the constituents; (4) curing of
mixtures for a xed period of 7 days. The treated samples were
subsequently evaluated for changes in leachate pH, P and F
leaching concentrations, and their chemical speciation.

The experimental investigation proceeded in two stages.
First, the effects of HA (0, 2.5, 5, 7.5, 10, and 12.5 wt%) and GMT
(0, 0.5, 1, 1.5, 2, and 2.5 wt%) on the mobility of soluble P and F
impurities were examined, respectively. This initial screening
identied the most effective types of HA and GMT. Subse-
quently, the optimized materials (designated HA-2 and GMT-2)
were selected for composite stabilization treatments to study
the inuence of organic–inorganic (HA-GMT) synergy on the pH
and contaminant release behavior of the solidied PG. A follow-
up orthogonal test matrix was designed, involving HA-2 addi-
tions of 2.5, 5, 7.5, 10, 12.5, and 15 wt% combined with the
GMT-2 additions of 0.5, 1, 2, and 3 wt%, to determine their
optimal combination ratio. The systematic optimization of
curing parameters of the composite provides critical data to
support the environmentally sound utilization of PG.

2.2.2 P and F extraction experiments and index determi-
nation. The leaching risk of contaminants from PG under
simulated surface water exposure was assessed in accordance
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of different types of (a) HA and (b) GMT solidified materials.

Table 2 Chemical compositions of different types of HA and GMT (wt%)

Component
(%) O Ca Cl Al Si Mg Fe S Na K

GMT-1 — 38.2 32.3 11.1 5.5 0.54 7.38 1.01 — 0.71
GMT-2 — 38.8 40.1 11.8 3.45 0.44 3.25 0.96 0.3 0.74
HA-2 20.0 5.1 — 1.7 2.1 0.6 7.3 4.1 0.06 0.2
HA-3 33.7 3.6 — 6.1 11.0 0.7 7.9 7.4 — 0.5
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with the Chinese standard Solid Waste—Extraction Procedure
for Leaching Toxicity—Horizontal Vibration Method (HJ 557-
2010). The PG sample was rst dried at 105 °C to determine its
moisture content. Deionized water was then added at a liquid-
to-solid ratio of 10 : 1 (L kg−1). The mixture was subjected to
horizontal vibration at room temperature with a frequency of
(110 ± 10) oscillations per minute and an amplitude of 40 mm
for 8 hours, followed by a 16 hour settling period. The resulting
leachate was ltered through a 0.45 mm membrane lter for
subsequent analysis. The concentrations of total P and F in the
ltered leachate were determined using the ammonium
molybdate spectrophotometric method (GB 11893-89) with
a UV-Vis spectrophotometer (model TOC-L), and the F ion-
selective electrode method (GB 7484-87) with a uoride elec-
trode (model PF-2-01), respectively. The sequential P extraction
procedure was performed according to the standards, as out-
lined in Fig. S1(a). This method fractionates P into ve opera-
tionally dened forms as total phosphorus (TP), inorganic
phosphorus (IP), organic phosphorus (OP), non-apatite inor-
ganic phosphorus (NAIP), and apatite inorganic phosphorus
(AP). The sequential extraction procedure fractionated F into
ve operationally dened species as the water-soluble fraction
(Ws-F), exchangeable fraction (Ex-F), Fe/Mn oxide-bound frac-
tion (Fe/Mn-F), organically-bound fraction (Or-F), and residual
fraction (Res-F), as shown in Fig. S1(b). The pH value was
measured potentiometrically at a water-to-soil ratio of 2.5 : 1
using a pH electrode (model PHSJ-6L).
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2.3 Analysis and characterization. Particle size distribu-
tion was determined by laser diffraction analysis (BT-9300H,
Bettersize Instruments Ltd, Dandong, China). Solid samples
were dried at 45 ± 5 °C prior to mineralogical characterization
using XRD (D8 ADVANCE, Bruker, Germany). Morphological
features were examined by eld-emission scanning electron
microscopy (FE-SEM, SU5000, Hitachi, Japan). The functional
groups of the samples were analyzed by FTIR (Nicolet Nexus
670, Thermo Fisher Scientic, USA) over a wavenumber range of
4000–400 cm−1. Surface elemental composition and chemical
states were investigated using XPS (Escalab 250Xi, Thermo
Fisher Scientic, USA). Specic surface area and pore size
distribution were obtained from nitrogen adsorption–desorp-
tion isotherms measured with a surface area and porosity
analyzer (ASAP 2020 Plus 2.00, Micromeritics, USA).
3 Results and discussion
3.1 Effect of HA and GMT on the release of harmful
substances

3.1.1 The change in pH. The effects of different types and
mass ratios of HA and GMT on the pH of PG are shown in Fig. 3.
The pH of PG gradually increased with the addition of HA or
GMT. Moreover, at equivalent mass ratios, the GMT exerted
a greater inuence on the system pH than HA, attributable to its
higher content of alkaline components such as calcium.32

Fig. 3(a) illustrates the variation in pH with the addition of
RSC Adv., 2026, 16, 19702–19717 | 19705
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Fig. 3 Effect of the addition of different types of HA and GMT on the pH (reaction time is 1 d) (a) HA and (b) GMT.
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different HAs. Both HA types elevated the pH at low mass ratios.
When themass ratio was below 5%, the pH rose rapidly with the
increasing addition amount. From 2.5% to 5%, the pH
increased more gradually. For HA-2, it increased from 5.33 to
5.92, and for HA-3, from 5.46 to 6.18. However, when the mass
ratio exceeded 5%, the pH began to decline. The pH of both the
HA solutions exhibited a turning point with concentration. In
the low-concentration range (#5%), the slight pH increase can
be attributed to the weak alkalization resulting from carboxyl
dissociation.33 At higher concentrations, the hydrophobic
micellar aggregates shielded the ionizable active sites, thereby
reducing their pH-modulating capacity. Notably, HA-3 showed
a more pronounced pH drop above 5% addition, with the pH at
12.5% being lower than that at 2.5%. This is likely due to the
higher aromatic condensation degree of HA-3, which promotes
molecular stacking and enhances its hydrophobic nature.34

As shown in Fig. 3(b), the pH generally increased with
a higher GMTmass ratio. GMT-1 showed a slight decrease at 1%
addition, and GMT-2 at 1.5%, possibly due to localized
agglomeration reducing the specic surface area or related to
the two-stage kinetics of alkaline release.35 At the same mass
ratio, GMT-2 yielded a higher pH than GMT-1, likely because of
its higher content of metallic components such as Ca, Mg, and
Fe, which release more alkaline substances. The increase in pH
is positively correlated with the CaO content in the raw mate-
rials, as metal ions together with sulfate (SO4

2−) from PG acti-
vate slag reactions, continuously releasing OH−. A higher pH
environment also facilitates the stabilization of water-soluble P
and F. It should be noted that, since no additional water was
introduced, the inorganic curing agents could only utilize the
attached and bound water in PG for hydration, which, to some
extent, limited the increase in pH. This observation aligns with
the mechanism reported by Chen et al.36 From a practical
standpoint, while HA organic materials offer advantages such
as functional group diversity and P activation potential, their
19706 | RSC Adv., 2026, 16, 19702–19717
cost is relatively high. In contrast, GMT, as a conventional
curing material, is widely used in engineering applications and
is more cost-effective, though its pH response is signicantly
inuenced by material composition and hydration conditions.

3.1.2 Release of P and F. We investigated the effects of the
organic material HA and the inorganic material GMT on the
leaching behavior of P and F from PG. The results are presented
in Fig. 4(a). The addition of HA-2 signicantly reduced the
leaching concentrations of both P and F. At the HA-2 mass
ratios of 2.5% and 5%, the P leaching concentrations were
7.22 mg L−1 and 1.83 mg L−1, respectively, while the F leaching
concentrations were 3.97 mg L−1 and 1.3 mg L−1, respectively.
Further increasing the HA-2 mass ratio did not enhance the
immobilization of P and F, indicating that its adsorption sites
were approaching saturation. Notably, HA-3 also reduced the
leaching concentrations of P and F at a 5%mass ratio. However,
when the mass ratio of HA-3 was increased from 5% to 12.5%,
the leaching concentration of F showed an upward trend. These
results indicate that while the HA-3 effectively immobilizes P, its
efficiency in stabilizing F decreases aer the mass ratio exceeds
2.5%. This decline may be attributed to an excessive amount of
HA, which increases the capillary water content within the
modied PG backll material, thereby reducing the internal
structural density and subsequently diminishing the adsorp-
tion efficiency.37 In summary, the immobilization performance
of HA-2 was superior to that of HA-3.

The evolution of the system pH shows a signicant negative
correlation with the release behavior of P and F. With the
increasing addition of HA and GMT, the system pH rises rapidly
from the initial low value and peaks at 5% HA or 1% GMT
addition, during which the release concentrations of P and F in
the leachate sharply decline, corresponding to a rapid increase
in the solidication efficiency to over 90%. When the addition
exceeds the aforementioned threshold, the pH in the HA group
shows a slow decline, and the release concentrations of P and F
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of the addition amount of HA and GMT on the leaching of P and F. Variation of the leaching concentration of P and F and curing
efficiency with the addition of (a) HA and (b) GMT.
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rise slightly, with a slight decrease in the solidication effi-
ciency of F. In contrast, the pH in the GMT group remains at
a high level with small uctuations, and the release concen-
trations of P and F consistently stay at a very low level, with
solidication efficiency stabilizing close to 100%. This result
indicates that the construction of an alkaline environment is
a core factor in suppressing the leaching of P and F. Higher pH
values signicantly reduce their mobility by promoting the
formation of insoluble precipitates. Moreover, GMT, compared
to HA, can maintain a stable high pH environment over a wider
range of additions, thus demonstrating a more lasting and
stable solidication effect on P and F.

As shown in Fig. 4(b), the GMT materials demonstrated
a stronger synergistic immobilization capacity. Remarkably,
GMT-2 achieved immobilization rates of 99.8% for P and 95.7%
for F at a mere 1% mass ratio, outperforming GMT-1. This
improved performance can be ascribed to its stronger ion-
exchange and chemical precipitation capabilities. The study
also veried that an alkaline environment is conducive to the
stabilization of P and F, which is in line with the mechanism by
which GMT enhances the effectiveness of immobilization.38
Fig. 5 Effect of the addition amount of HA-2-GMT-2 on (a) pH and the

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2 Effect of HA-2 synergized with GMT-2 on the release of
harmful substances

3.2.1 The change of pH. The pH variation in HA-2 syner-
gized with the GMT-2 composite system is shown in Fig. 5(a).
The system exhibited good buffering capacity within the pH
range of 5.05–6.23. As the mass ratio of HA-2 increased, the pH
generally displayed a downward trend. However, when the mass
ratio GMT-2 was 2.5%, a transient rise to 6.23 occurred aer the
HA-2 mass ratio reached 5%, followed by a subsequent
decrease. Increasing the mass ratio of GMT-2 generally elevated
the pH. Compared with single-component systems, the pH of
the composite system is governed by the combined effect of the
two additives. When the GMT-2 mass ratio exceeded 2%, it
partially counteracted the acidifying effect of HA-2. Neverthe-
less, when the HA-2 mass ratio exceeded 12.5%, the pH of all the
composite systems fell below the lowest value observed under
single-factor conditions, indicating that high concentrations of
HA-2 markedly suppress the alkalizing capability of GMT-2
through metal chelation and surface passivation, demon-
strating a reversal effect.

3.2.2 Release of P and F. As shown in Fig. 5(b) and (c), the
HA-2 synergized with the GMT-2 composite system exhibited
release of (b) P and (c) F.

RSC Adv., 2026, 16, 19702–19717 | 19707
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a notable synergistic immobilization effect. When the HA mass
ratio was xed and the GMT mass ratio was gradually increased
from 0.5% to 3%, the F concentration decreased continuously
from 0.79 mg L−1 to 0.3 mg L−1, while the P concentration
remained consistently at an ultra-low level between 0.1 and
0.24 mg L−1. It was notable that effective deuorination at high
HA contents required higher GMTmass ratios correspondingly.
In the system with 12.5% HA, increasing the GMT mass ratio
from 0.5% to 3% reduced the F concentration from 0.84 mg L−1

to 0.2 mg L−1, which represented a 76.2% decrease. In contrast,
a low-HA and low-GMT combination (e.g., 2.5% HA + 0.5%
GMT) still resulted in residual concentrations of 2.58 mg L−1 for
P and 1.66 mg L−1 for F, conrming that the composite system
requires an optimized ratio to activate the synergistic immobi-
lization effect.

In practical applications, besides the immobilization
performance, economic viability constitutes a critical practical
consideration. At a mass ratio of 5% HA-2 and 1% GMT-2, the
solidication effect on PG was already highly signicant, while
the material cost remained relatively low. Further increasing the
mass ratios of both components yielded only marginal
improvements in the removal of soluble P and F. Therefore,
based on an overall benet assessment, a mass ratio of PG : HA-
2 : GMT-2 = 94 : 5 : 1 was recommended. Under this condition,
the leachate contained P at 0.1 mg L−1 and F at 0.9 mg L−1,
satisfying the class III water quality standards specied in the
Environmental Quality Standards for Surface Water (GB 3838-
2002).

System pH is a key factor in regulating the release of P and F.
The pH peak triggered by GMT is higher, and the high pH range
is wider. The corresponding low points of the F and P release
concentrations are more signicant and sustained, indicating
that the P and F solidication effects achieved by GMT through
pH regulation are superior to those of HA. The release
concentration of F is more sensitive to pH changes, while the
recovery amplitude of the P release concentration during the pH
drop stage is relatively gentle, reecting that the solidication
stability of P in the system is slightly better than that of F.

3.2.3 Variation in the speciation of P and F. To elucidate
the speciation distribution and immobilization mechanisms of
P and F in PG, sequential extraction analyses were conducted on
four samples (Fig. 6). Analysis of F speciation revealed that the
total F content in all the treated groups was lower than that in
the raw PG, indicating an effective reduction of soluble F. The
overall distribution of F fractions followed the order as Res-F >
Fe/Mn-F > Or-F > Ws-F > Ex-F. The Res-F was the dominant and
the most stable fraction, exhibiting a low migration potential.
Treatment with HA-2 led to a decrease in Or-F, likely due to the
competitive complexation of metal ions by humic acid, which
promoted the release of organically bound F.39 The reduction in
Or-F observed in the GMT-2 treated group can be attributed to
the preferential precipitation of uorine withmetal ions such as
Ca, Mg, and Fe.40,41 The Ws-F showed a slight decrease aer
treatment, suggesting the adsorption and xation of soluble F
by both HA-2 and GMT-2, while Ex-F remained largely
unchanged across the groups.
19708 | RSC Adv., 2026, 16, 19702–19717
Analysis of P speciation showed that the content of NAIP was
very low in all the samples, indicating the decomposition of
apatite during phosphoric acid production. Upon the addition
of HA-2, GMT-2, or their composite, the highly mobile OP
fraction decreased, while the non-apatite IP fraction increased
correspondingly. The total P content also decreased slightly.
These ndings suggest that the immobilization process facili-
tated the formation of stable, low-solubility P compounds,
thereby reducing the leaching risk of P.42,43
3.3 Characterization

3.3.1 XRD and BET analyses. The XRD patterns of the raw
PG sample and the three treated samples are presented in
Fig. 7(a). The primary diffraction peaks in all the samples
correspond to CaSO4$2H2O and SiO2, conrming that the PG
matrix consists predominantly of well-crystallized gypsum.
Aer treatment with HA-2, GMT-2, or their composite, no new
crystalline phases were detected. This indicates that the added
components likely exist in a highly dispersed state, form solid
solutions, or manifest as surface coatings.44,45 Notably, the
sample treated with the HA-2 and GMT-2 composite exhibited
a marked reduction in diffraction peak intensities, particularly
for CaSO4$2H2O and SiO2, accompanied by varying degrees of
peak broadening. This phenomenon is attributable to the
combined action of HA-2 and GMT-2, suggesting that the
immobilization treatment decreased the overall crystallinity of
PG and increased its amorphous content. The attenuation in
peak intensity can be attributed to three interrelated factors.
First, the introduction of amorphous GMT-2 signicantly
increased the proportion of the amorphous phase within the
system. Second, the surface reaction products of GMT-2
cementitious phases, such as ettringite (3CaO$Al2O3$3CaSO4-
$32H2O) and anorthite (CaAl2Si2O8), further promoted inter-
particle occulation and coagulation. This enhanced
aggregation contributes to the immobilization of P and F and is
reected in the XRD patterns by distinct peak shis and
intensity changes.46,47

The increased presence of these gel-forming phases is also
a primary reason for the occulation observed aer the addition
of GMT-2 and their predominant adsorption onto the surface of
PG crystals.20 Second, the macromolecular structure of HA-2
prevents its penetration into the inner layers of PG, leading
primarily to the formation of a coating layer on the particle
surfaces.48,49 Third, metal ions such as Ca2+ and Mg2+ released
predominantly by GMT-2 (and to a lesser extent by HA-2) react to
form microcrystalline precipitates like Ca3(PO4)2 and CaF2, as
well as cementitious products such as ettringite (3CaO$Al2O3-
$3CaSO4$32H2O). These newly formed substances create an
additional coating layer on the PG surface. Together, these
layers collectively attenuate the diffraction signals. These
processes not only reduce the relative content of the crystalline
PG phase but also enhance the immobilization of P and F
through surface modication and cementitious binding.

As shown in Fig. 7(b), the N2 adsorption–desorption
isotherms of PG samples treated with different types of HA and
GMT additives all conform to type IV, accompanied by distinct
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effects of HA-2, GMT-2 and HA-2 synergized with GMT-2 on the various forms of P and F in PG (a) content and (b) proportion of different
forms of F. (c) content and (d) proportion of different forms of P.
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hysteresis loops—characteristic of mesoporous materials. The
sharp uptake at high relative pressures (P/P0 > 0.9) indicates the
presence of macropores or interparticle voids. The pore size
distributions exhibit similar dominant ranges, conrming that
the principal mesoporous characteristics of the material are
preserved aer treatment. This observation further conrms
that the introduction of HA and GMT did not alter the inherent
porous structure of the PG matrix, which is crucial for main-
taining its structural stability during the curing and stabiliza-
tion process. As shown in Fig. 7(c), the peak positions and
intensity trends of the pore diameter width distribution curves
of PG, PG + HA-2, PG + GMT-2, and PG + HA-2 + GMT-2 are
almost identical, indicating that the pore diameter and pore
volume distributions of the materials have been well preserved
aer modication. This structural stability is also consistent
with the effective xed phase observed in our previous research
results (Fig. 6, 7(a) and (b)), suggesting that the enhanced
curing property is attributed to the surface chemical interac-
tions and the change in the P/F occurrence forms, rather than
structural damage.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The broadening of the hysteresis loops, particularly evident
for the PG and PG + HA-2 samples (green and red curves),
visually demonstrates their more developed and intricate
porous architectures. This superior pore network suggests that
these materials could potentially outperform PG + GMT-2 in
applications reliant on porous structure, such as adsorption,
catalysis, or energy storage. The quantitative data in Fig. 7(c)
reveal that PG + HA-2 and the composite PG + HA-2 + GMT-2
possess the most hierarchically porous structures. This is
primarily attributed to the intercalation of bulky HA-2 mole-
cules between the PG particles, which generates substantial new
voids and provides abundant adsorption sites.18 In contrast,
combined with the XRD results, the amorphous cementitious
products formed from the GMT-2 reactions tend to block pore
channels, leading to a denser matrix. In the composite system
(PG + HA-2 + GMT-2), while some porosity is lled, the structure
achieves an optimal balance. The HA-2 establishes a porous
framework with active sites, while the GMT-2-derived gels act as
a ‘reinforcing’ agent. This synergy creates a composite that
RSC Adv., 2026, 16, 19702–19717 | 19709
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Fig. 7 (a) Influence of PG, HA-2, GMT-2 and HA-2 synergized with GMT-2 on the crystalline phases. (b) N2 adsorption and desorption curves and
(c) pore size distribution diagrams of PG.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 8
:0

4:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
retains benecial porosity while achieving sufficient density to
effectively sequester contaminants.

3.3.2 SEM characterization. Fig. 8 presents the SEM images
of PG and the treated PG samples. In the treated PG samples
(PG + HA-2, PG + GMT-2), irregular impurity particles, primarily
originating from the P and F precipitates, are observed. The
surfaces of the originally layered PG structures become
progressively covered with these heterogeneous particles upon
the addition of HA-2 or GMT-2. It can be observed that the HA
particles are dispersed in PG, with a relatively clear interface,
and there may be weak interactions. The GMT particles cover
the PG, and a more obvious coating sensation is observed at the
interface. Notably, the sample co-treated with HA-2 and GMT-2
(PG + HA-2 + GMT-2) displays a distinctly denser microstruc-
ture. The surface particles are more tightly interlocked, and the
crystal surface morphology transitions from a smooth, di-
ssolved appearance to an aggregated mass of angular, irregular
particles, which might be a ‘locking/bridging’ structure formed
on the surface. This transformation is attributed to the
concurrent adsorption of HA and the metal-based amendment
onto the PG surface, which facilitate the formation of stable
19710 | RSC Adv., 2026, 16, 19702–19717
compounds that encapsulate the occulent impurities.50 This
encapsulation is a key mechanism for reducing the leaching
potential of P and F.

3.3.3 FT-IR and XPS analysis. The FT-IR spectrum of raw
PG displayed strong absorption bands at 3546.8 cm−1,
3404.8 cm−1, and 1621.4 cm−1, indicating the presence of
substantial crystalline water (Fig. 9). Aer treatment with HA-2,
GMT-2, or their composite, the intensities of these bands were
reduced, suggesting the loss of a part of the crystalline water
during the process and further conrming its primary origin
from the gypsum (CaSO4$2H2O) structure. Concurrently, the
intensity of the characteristic sulfate band at 1116.0 cm−1 also
decreased in the treated samples, likely due to interactions
between the additives and SO4

2− ions, which altered their local
chemical environment. The broad band at approximately
3400 cm−1 corresponded to the O–H and N–H stretching
vibrations. Compared with pure PG and the binary composites,
the ternary composite showed an obvious red shi and intensity
attenuation in this region, suggesting enhanced hydrogen
bonding and coordination interactions among PG, HA-2, and
GMT-2. The band at 1686.7 cm−1 in PG was assigned to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM images of (a) PG, (b) PG + HA-2, (c) PG + GMT-2, and (d) PG + HA-2 + GMT-2 samples.
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C]O stretching vibration, which shied to 1621.4 cm−1 in the
ternary system. The red shi in magnitude in the ternary
composite was signicantly larger than the sum of those in the
two binary systems, demonstrating a non-additive synergistic
effect. This result conrmed that carbonyl groups in PG served
as molecular bridges to connect HA-2 and GMT-2
simultaneously.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The characteristic bands of PG at 2241.6 cm−1, 797.9 cm−1,
and 669 cm−1 correspond to the vibrations of H2PO4

−, insoluble
P, and PO4

3−, respectively. A signicant attenuation of these
band intensities was observed in all the treated samples,
demonstrating the effective immobilization of P in various
forms. Treatment with HA-2 alone showed the most
pronounced effect on P xation. Notably, the composite sample
RSC Adv., 2026, 16, 19702–19717 | 19711
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Fig. 9 FT-IR spectra of PG before and after solidification. The wavenumbers range from (a) 4000 cm−1 to 500 cm−1, (b) 2000 cm−1 to
1000 cm−1, (c) 2600 cm−1 to 1800 cm−1, and (d) 1000 cm−1 to 400 cm−1.
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(PG + HA-2 + GMT-2) exhibited the greatest reduction in band
intensity, revealing a synergistic enhancement in P immobili-
zation when both additives were used. This nding is consistent
with the P speciation analysis as discussed previously. Although
the cementitious products formed are poorly crystalline or
amorphous and thus do not produce distinct diffraction peaks,
their presence was conrmed through complementary XRD and
SEM analysis.

The XPS analysis provided pivotal evidence for the immobi-
lization mechanism by revealing the changes in elemental
concentrations and chemical environment on the surface. A
signicant increase in the atomic carbon (C) concentration was
Table 3 Variations in the relative atomic concentrations of each
element on the sample surface

Samples

Relative atomic concentrations/%

C F P S Ca

PG 60.55 2.56 3.10 15.29 18.50
PG + HA-2 74.17 1.22 2.16 11.14 11.30
PG + GMT-2 67.82 1.69 2.48 11.85 16.15
PG + HA-2 + GMT-2 73.00 1.17 2.06 11.97 11.80

19712 | RSC Adv., 2026, 16, 19702–19717
observed on the surface of all treated samples. For instance, in
the PG + HA-2 sample, the C content increased from 60.55% to
74.17%, representing a rise of 22.5% (Table 3). Concurrently,
the signals for calcium (Ca) and sulfur (S) were markedly
attenuated. This provides direct evidence for the formation of
an effective coating layer derived from HA and the amendment
on the PG surface. The F 1s spectrum of raw PG (Fig. 10(a))
could be deconvoluted into three characteristic peaks with
binding energies of 686.48 eV, 685.62 eV, and 684.67 eV, which
are assigned to Na2SiF6, MgF2, and NaF, respectively.51 Notably,
NaF and Na2SiF6 are soluble F salts and represent the major
sources of mobile F responsible for the release risk associated
with PG.

Following treatment with HA-2, systematic changes were
observed in the chemical environments of the P and F species
on the PG surface, as shown in Fig. 10 and 11. The P 2p high-
resolution spectrum revealed a systematic positive shi in the
binding energies of the P species. The peaks corresponding to
H2PO4

−/HPO4
2−, CaHPO4$2H2O, and Ca10(PO4)6F2 shied by

+0.10 eV, +0.18 eV, and +0.43 eV, respectively. This indicates
a decreased electron cloud density around the P atoms, con-
rming that oxygen-containing functional groups from the HA
engaged in complexation with the various P forms.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 High-resolution F 1s XPS spectra of (a) PG and before and after treatment with (b) PG +HA-2, (c) PG +GMT-2, and (d) PG+HA-2 + GMT-2.
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Concurrently, in the F 1s spectrum, the binding energies for
Na2SiF6, MgF2, and NaF exhibited negative shis of −0.04 eV,
−0.30 eV, and−0.12 eV, respectively. This suggests an increased
electron density around the F atoms, likely resulting from the
partial conversion of soluble F into less soluble organo-F
complexes via ion exchange with HA.

Treatment with GMT-2 also induced signicant shis in the
binding energies of P and F species. In the P 2p spectrum, the
peaks for H2PO4

−/HPO4
2−, CaHPO4$2H2O, and Ca10(PO4)6F2

shied positively by +0.11 eV, +0.13 eV, and +0.24 eV, respec-
tively. This indicates the involvement of GMT-2 in P xation,
likely through surface reactions or co-precipitation, forming
new phases.52 In the F 1s spectrum, the binding energies for
Na2SiF6, MgF2, and NaF shied by −0.14 eV, −0.47 eV, and
−0.55 eV, respectively. The substantial shi for NaF is consis-
tent with the precipitation of sparingly soluble F (e.g., MgF2,
CaF2) by metal ions (Mg2+, Ca2+) released from GMT-2. The
incorporation of F into a stable crystalline lattice increases the
electron density around the F atom, resulting in a pronounced
© 2026 The Author(s). Published by the Royal Society of Chemistry
negative binding energy shi. The combined application of HA-
2 and GMT-2 created a synergistic effect, integrating physical
encapsulation with dual chemical xation mechanisms –

complexation and precipitation. The PG surface composition
changed markedly, with the carbon content increasing by
20.5%, while calcium and sulfur decreased by 36.2% and 21.7%,
respectively. This directly conrms the formation of an effective
composite coating layer that masks the original gypsum
surface.

In the PG + HA-2 + GMT-2 composite, the total P and F
contents decreased by 33.5% and 54.3%, respectively. Notably,
contrary to the individual treatments, all F species exhibited
positive binding energy shis (Na2SiF6 +0.38 eV, MgF2 +0.16 eV,
NaF +0.10 eV). If the combined effects were merely additive, the
F 1s shi would be more negative. The reversal in shi direction
strongly indicates the emergence of a novel chemical environ-
ment absent in single-component treatments. This suggests the
formation of a ternary ‘HA–F–metal ion’ surface complex. In
this structure, HA acts as a bridging ligand, with its functional
RSC Adv., 2026, 16, 19702–19717 | 19713
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Fig. 11 High-resolution P 2p XPS spectra of (a) PG and before and after treatment with (b) PG +HA-2, (c) PG+GMT-2, and (d) PG +HA-2+ GMT-2.
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groups simultaneously coordinating to the F species and metal
ions (e.g., Al3+) supplied by GMT-2. This conguration creates
a unique chemical environment around the F atom with
reduced electron density. This highly stable ‘bridging’ xation
mechanism drastically inhibits F mobility, which is fully
consistent with the observed lowest F leaching concentration in
toxicity characteristic leaching procedure (TCLP) tests.
3.4 Mechanism of synergistic stabilization on P and F

The HA-2 and GMT-2 immobilize the P and F in PG through
distinct primary mechanisms, and their combined application
results in a signicant synergistic enhancement (Fig. 12). The
immobilization mechanism of HA-2 is predominantly based on
surface complexation and coating. During physical coating, the
bulky HA-2 molecules cannot penetrate the inner structure of
PG and primarily adsorb onto the particle surfaces, forming an
organic coating layer. This layer directly impedes the leaching of
P and F, leading to the signicant increase in the surface C
content and the attenuation of Ca and S signals. Chemically,
HA-2 xes P mainly through the complexation reactions
19714 | RSC Adv., 2026, 16, 19702–19717
between its surface oxygen-containing functional groups (e.g.,
carboxyl) and P ions, which reduces the electron cloud density
around the phosphorus atoms (causing a positive shi in the P
2p binding energy) and anchors P onto the mineral surface. Its
chemical xation of F involves an ion exchange process, where
H+ from HA-2 replaces Na+ in soluble F salts (e.g., NaF and
Na2SiF6), potentially forming sparingly soluble organo–uorine
complexes or adsorbing HF molecules, thereby increasing the
electron density around F atoms (causing a negative shi in the
F 1s binding energy). The immobilization mechanism of GMT-2
is centered on chemical precipitation and cementitious reac-
tions. Chemical precipitation occurs via metal ions (e.g., Ca2+,
Mg2+, Fe3+, and Al3+) released from GMT-2, which react with
soluble F in PG to form insoluble F precipitates (e.g., CaF2,
MgF2). Concurrently, these ions can also generate sparingly
soluble microcrystalline P precipitates (e.g., Ca3(PO4)2).
Furthermore, GMT-2 reacts with the PG components to form
cementitious phases (e.g., ettringite 3CaO$Al2O3$3CaSO4-
$32H2O and CaAl2Si2O8). These amorphous products promote
interparticle occulation and coagulation, creating a dense
coating layer on the PG surface and within its pores that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Mechanism of the synergistic stabilization of P and F by HA and GMT.
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encapsulates and immobilizes P and F. This process reduces the
overall crystallinity of PG, as manifested by a decreased inten-
sity and broadening of the XRD diffraction peaks.

The synergistic immobilization mechanism in the GMT-2 +
HA-2 composite system primarily involves a bridge-enhanced
effect combining physical coating and chemical xation. The
synergy is not a simple additive but achieves a ‘1 + 1 > 2’
outcome. Both the immobilization efficiency (the greatest
reduction in P and F content) and stability (the lowest F
leaching concentration) surpass those of individual treatments.
The core of this synergy lies in a ‘bridging’ xation mechanism.
HA-2 acts as a bridging molecule with its functional groups
simultaneously binding to F species and coordinating with the
metal ions (e.g., Al3+) supplied by GMT-2, forming a unique
ternary ‘HA–F–metal ion’ surface complexation structure. This
structure places the F atom in a new chemical environment with
reduced electron density (resulting in a positive shi in the F 1s
binding energy), which is extremely stable and greatly inhibits
the release of F. SEM observations reveal a denser microstruc-
ture in the co-treated PG, with the surface particles tightly
interlocked. This is attributed to the synergistic formation of
a physical barrier comprising the HA-2 coating, GMT-2
cementitious products, and co-precipitated compounds,
which collectively encapsulate PG crystals and effectively
sequester P and F. In summary, HA-2 primarily immobilizes
contaminants through surface adsorption and complexation,
whereas GMT-2 functions mainly via precipitation and cemen-
tation. When applied together, the combined system leverages
physical coating, chemical precipitation, and a distinctive
bridged ternary complexation mechanism to construct a denser
and more stable immobilization layer on the PG surface. This
© 2026 The Author(s). Published by the Royal Society of Chemistry
integrated approach results in the most effective and durable
synergistic xation of P and F achieved in this study.

4 Conclusions

This research demonstrates that a synergistic combination of
5 wt%HA-2 and 1 wt%GMT-2 effectively immobilizes P and F in
PG. The treated material exhibits a leachate pH of 5.51 with the
P and F concentrations as low as 0.1 mg L−1 and 0.9 mg L−1,
respectively, complying with China's class III surface water
standards. The stabilization mechanism integrates physical
coating, chemical precipitation, and a distinctive bridge-
enhanced ternary complexation among HA, F, and metal ions
from GMT, resulting in a denser and more stable xation layer.
This organic–inorganic approach offers a green, low-cost
strategy for the environmentally sound management and
resource utilization of PG.
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