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Abstract

Phosphogypsum, the primary solid waste from the wet-process phosphoric acid indus-
try, poses significant environmental and health risks due to large-scale stockpiling. To
promote its resource utilisation, this study systematically evaluated the solidification and
stabilisation performance of phosphogypsum–coal fly ash cementitious material (PAC)
for Cr(VI)-contaminated soil under high-chloride conditions. Phosphogypsum reactivity
was enhanced via mechanical activation and high-temperature calcination. An orthogonal
experimental design was employed to analyse the effects of multiple factors—including
calcination temperature and duration—on compressive strength and heavy metal leaching
behaviour. Results show that PAC prepared from coal ash calcined at 600 ◦C for 3 h ex-
hibits excellent mechanical properties and Cr(VI) stabilisation efficacy under high-chloride
conditions, achieving a maximum compressive strength of 28.75 MPa and a Cr(VI) leaching
concentration as low as 15.69 µg/L. Microstructural characterisation revealed the synergis-
tic formation of a dense framework between C–S–H gel and calcium aluminate, conferring
superior mechanical strength. Substitution and chelation mechanisms of Cl− ions played a
key role in enhancing corrosion resistance. This study provides theoretical support and
technical guidance for the high-value utilisation of phosphogypsum-based materials in
remediating saline–alkali-contaminated soils.

Keywords: phosphogypsum; cementitious materials; high chloride environment;
framework structure; lattice substitution

1. Introduction
Rapid industrialisation has led to widespread soil degradation at numerous industrial

sites [1]. The combined effects of saline–alkali pollution and heavy metal contamination
have resulted in increasingly severe compound pollution [2,3]. Such complexly contam-
inated soils pose major challenges for remediation [4]. In high-salinity environments,
conventional soil stabilisation and solidification materials often degrade due to salt pre-
cipitation and ion interference [5]. This degradation makes it difficult to achieve both
mechanical strength and effective immobilisation of heavy metals while ensuring environ-
mental safety [6]. Developing high-performance cementitious materials with combined
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mechanical stability and environmental functionality has significant theoretical and engi-
neering value for the remediation of contaminated soils [7].

Research and engineering practices for remediating heavy metal-contaminated soils in
high-chloride environments have advanced considerably [8,9]. Heavy metal remediation
technologies have evolved from single-process methods to multi-pathway integrated ap-
proaches [10]. Internationally, the principle of “in-situ remediation as the priority, guided
by risk” is widely adopted [11]. Physical methods control exposure and migration, chemi-
cal methods focus on removal or valence state modification, electrokinetic techniques are
suited for low-permeability fine-grained soils, and bioremediation offers environmental
benefits and low cost but requires longer cycles [12,13]. Practical engineering typically
employs integrated processes to balance efficiency, cost, and long-term stability. Domestic
remediation strategies have shifted from “excavation and disposal” towards in-situ solidi-
fication/stabilisation and resource recovery. By-product solid waste-based cementitious
materials show potential for immobilising multiple heavy metals while enhancing soil
reinforcement properties.

Existing studies have largely focused on the stabilization/solidification behavior of
Cr(VI) under salt-free or low-salinity conditions, whereas its remediation performance
in heavy-metal-contaminated soils subjected to high chloride salinity still lacks system-
atic investigation and rigorous scientific validation. Li et al. [14] reported that CMC-
stabilized nanoscale ferrous sulfide markedly enhanced Cr(VI) immobilization in salt-free
soils. Through multiple leaching tests, they verified the material’s high reductive capacity
and long-term stability, and attributed the underlying mechanism to the formation of
stable Cr(OH)3 and Fe–Cr precipitates [14]. Asadoullahtabar et al. further demonstrated
that applying 3.00% sodium thiosulfate in mildly alkaline soils achieved a Cr(VI) removal
efficiency of 99.56% [15]. However, under high-chloride environments and concurrent
heavy-metal stress, key knowledge gaps remain, including long-term durability, the mech-
anisms by which chloride ions interfere with Cr(VI) stabilization, and the quantitative
characterization of interfacial processes—areas that are still essentially unexplored [16].
Although the above approaches have achieved certain remediation effects, they still face
limitations such as high cost, long treatment durations, low efficiency, and a propensity to
induce secondary pollution [17]. Therefore, there is an urgent need to develop integrated
remediation materials and technologies that combine robust stability, high efficiency, and
environmental compatibility.

Driven by the dual demands of resource valorization and performance enhance-
ment, our research team has successfully developed a phosphogypsum–coal ash/slag
cementitious material (PAC). PAC is synthesized by using activated phosphogypsum as
the primary activator [18] in synergy with coal ash/slag and other silica–alumina-rich
industrial by-products [19–21]. It is prepared through ambient-temperature mechanical
activation coupled with chemical co-activation, enabling all constituents to participate
in the reaction. As a result, PAC offers advantages including low cost, wide feedstock
availability, and potential environmental friendliness.

This study investigates the treatment of Cr(VI)-contaminated soil under high-chloride
conditions. It systematically evaluates the mechanical properties and Cr(VI) immobilisation
performance of PAC at varying salinities, exploring its engineering applicability and poten-
tial for modification. An alkali-activated modification strategy for chloride and Cr(VI) ions
was optimised based on previous findings. By constructing a chloride concentration gradi-
ent model, the interaction mechanisms between salts and heavy metals were elucidated,
improving structural density and environmental stability. The results provide a low-cost,
low-carbon, and environmentally sustainable remediation material for coastal industrial
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areas, saline–alkali lands, and other high-salinity environments affected by heavy metal
contamination.

2. Test Materials and Methods
2.1. Test Materials

The soil used in this study was collected from undisturbed coastal sites in the Shaoyu
Bay region of Dalian, China. The soil exhibited a natural moisture content of 11% and
was grey-brown and powdery, with occasional lumps. Its mineralogical composition is
presented in Figure 1a, and its chemical composition is summarised in Table 1. The soil
primarily comprises silicon–iron–aluminium compounds with high iron content, occurring
in mineral phases such as quartz and ferrosilicon.

Figure 1. Mineral structure composition of (a) soil and (b) phosphogypsum.

Table 1. Main chemical components of soil and phosphogypsum (wt/%).

Chemical Composition SiO2 Fe2O3 Al2O3 MgO Other

Soil 55.49 16.95 8.23 3.05 16.28
Phosphogypsum 7.47 1.57 1.31 1.22 88.43

Phosphogypsum was sourced from a chemical plant in Wuhan, Hubei Province. It was
a grey-black powder containing occasional lumps, with an initial moisture content of 9.5%.
The primary component was calcium sulfate dihydrate. The XRD pattern is presented in
Figure 1b, and the chemical composition is listed in Table 1. Before the experiment, raw
phosphogypsum was dried to constant weight at 105 ◦C in a forced-air oven (DHG-9145A,
Shanghai Heheng Instrument Equipment Co., Ltd., Shanghai, China), ground, and sieved
through a 60-mesh screen for subsequent use.

XRD analysis revealed that the soil is primarily composed of quartz and hematite,
reflecting sandy properties and an oxidising environment. Weak peaks corresponding to
feldspar minerals suggest remnants of primary rock; kaolinite and illite exhibit broad peaks
with low crystallinity or occur as nanoparticles; the absence of montmorillonite peaks
indicates low soil expansibility and favourable engineering stability. XRF analysis results
align with the mineralogical composition. Showing that phosphogypsum is primarily
composed of calcium sulfate, with minor amounts of silica–alumina-based minerals such as
Al2Mg4(OH)12(CO3)(H2O) and CaHPO4(H2O)2. The interlayer structure of clay minerals
offers intercalation sites for CrO4

2− [22]. The soil possesses both an inert skeletal framework
and an active interface, rendering it a suitable reaction matrix for PAC curing systems.
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Further investigation is required to elucidate and control the synergistic mechanisms
between the cementitious phase and pollutants.

2.2. Preparation of Cr(VI)-Contaminated Soil Under High-Salinity Conditions

To simulate a heavy metal-contaminated environment under hypersaline conditions,
NaCl solution was added to the soil to adjust the Cl− content to 0.6% while maintaining
the optimal moisture level [23]. After 60 days of Cl−–soil equilibration, K2Cr2O7(aq) was
introduced to the hypersaline soil to prepare Cr(VI)-contaminated soil under hypersaline
conditions.

2.3. PAC Preparation

Coal ash and phosphogypsum were mixed in a mass ratio of 1:2 and stirred in a
cement slurry mixer (JJ-5, Shandong Yisheng Heavy Industry Technology Co., Ltd., Taian,
China) at medium–low speed for 45 s, followed by high-speed stirring for an additional
45 s until homogeneous. The mixture was then heated to 500–700 ◦C in a muffle furnace
(MFLXD433-12, Shanghai Muffle Furnace Technology Instrument Co., Ltd., Shanghai,
China) at a heating rate of 10 ◦C min−1 and calcined for 1–3 h to obtain PAC. After cooling
to room temperature, the calcined material was milled in a vertical planetary ball mill
(XQM-4, Jiangxi Victor International Mining Equipment Co., Ltd., Ganzhou, China) at
200 rpm for 20 min to obtain PAC powder. Uncalcined coal ash and phosphogypsum were
also mixed in a mass ratio of 1:2 using the same method to obtain uncalcined PAC.

2.4. Preparation of Solidified Body

Following a soil-to-PAC powder mass ratio of 5:2, the mixture was mechanically
stirred for 5 min until homogeneous. The mixture was placed into a cylindrical mould
(50 mm × 50 mm) and pressed at a loading rate of 40 kN min−1. After maintaining the
pressure for 40 s, the mould was removed, and the specimens were numbered and cured.
The specimens were then placed in a standard curing chamber at 20 ± 2 ◦C, and the relative
humidity not less than 95%. The curing period lasted 28 days, during which the specimens
were regularly rotated to minimise water gradients caused by gravity and evaporation,
ensuring uniform curing. The preparation process of the PAC solidification system is
illustrated in Figure 2.

This study adopted a three-factor, three-level orthogonal experimental design based
on the L9(34) table. The experimental conditions are presented in Table 2. The experimental
factors included the calcination temperature (500–700 ◦C) and calcination time (1–3 h) of
the coal ash in the PAC, as well as the Cr(VI) concentration (30–90 mg/kg, corresponding to
1, 2, and 3 times the risk intervention values for Class 1 land specified in GB 36600-2018) in
the contaminated soil. Compressive strength and leaching toxicity of the solidified material
served as the response indicators. For comparative analysis, three blank samples were
prepared with varying contaminated soil concentrations and uncalcined coal ash in the
PAC. The comparison table of the uncalcined test of PAC coal ash slag is shown in Table 3.
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Figure 2. Preparation flowchart of solidified body.

Table 2. PAC coal ash calcination test design table.

Serial Number

PAC Coal Ash Calcination Conditions Cr(VI)
Concentration

(mg/kg)
Calcination

Temperature
Calcination

Time

PAC51S3 500 ◦C 1 h 30
PAC52S6 500 ◦C 2 h 60
PAC53S9 500 ◦C 3 h 90
PAC61S6 600 ◦C 1 h 60
PAC62S9 600 ◦C 2 h 90
PAC63S3 600 ◦C 3 h 30
PAC71S9 700 ◦C 1 h 90
PAC72S3 700 ◦C 2 h 30
PAC73S6 700 ◦C 3 h 60

Table 3. Comparison of uncalcined PAC coal ash test samples.

Serial Number

PAC Coal Ash Calcination Conditions Cr(VI)
Concentration

(mg/kg)
Calcination

Temperature
Calcination

Time

PAC0S3 Uncalcined Uncalcined 30
PAC0S6 Uncalcined Uncalcined 60
PAC0S9 Uncalcined Uncalcined 90

After 28 days of curing, the solidified material was dried to constant weight in a 60
◦C forced-air drying oven (DHG-9145A, Shanghai Heheng Instrument Equipment Co.,
Ltd., Shanghai, China). The specimens were subsequently loaded to failure at a rate
of 40 kN min−1. The peak load at failure was recorded, and compressive strength was
calculated based on the loaded area. Cr(VI) concentration was determined through a
toxicity leaching test employing the sulfuric acid–nitric acid method (HJ/T 299-2007) [24].
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2.5. Test Methods

Orthogonal and range analyses were employed to calculate the mean and range of
strength and leaching rates at each factor level, thereby determining the order of influence.
The microscopic solidification mechanism of Cr(VI) in a high-salinity environment was
comprehensively evaluated using mineralogical analysis, functional group characterisation,
infrared spectroscopy, scanning electron microscopy (SEM), and tests for specific surface
area and pore-size distribution. The experimental program is outlined as follows.

(1) X-ray diffraction (XRD): To determine the crystalline structure and phase assem-
blage of each specimen, XRD was performed using a Rigaku SmartLab SE diffrac-
tometer (Rigaku, Tokyo, Japan) operated at 40.0 kV and 40.0 mA. Cu Kα radiation
(λ = 0.15406 nm) was used, with a scanning rate of 5◦ min−1 in 2θ.

(2) Fourier transform infrared spectroscopy (FTIR): To probe molecular structure, chemi-
cal composition, and vibrational features, FTIR spectra were collected using a Thermo
Scientific Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
over 4000–400 cm−1.

(3) Scanning electron microscopy (SEM): Surface morphology and microstructure were
examined using a Gemini SEM 300 (Carl Zeiss, Oberkochen, Germany) and a Tescan
SEM system (model 120-0283; Tescan, Brno, Czech Republic). Prior to imaging, all
samples were oven-dried at 105 ◦C.

(4) Specific surface area and pore structure: Specific surface area and pore characteristics
were analyzed using an AUTOSORB-1-C analyzer (Quantachrome, Boynton Beach,
FL, USA) with N2 as the adsorbate. Samples were degassed at 200 ◦C for 6 h before
measurement.

3. Analysis of Test Results
3.1. Orthogonal Test Analysis
3.1.1. Mechanical Properties

After 28 days of curing, the solidified specimens were subjected to a compressive
strength test. The compressive strength results are presented in Figure 3a. Specimen groups
exhibiting significant strength differences were compared with the blank control group, as
illustrated in Figure 3b. The mean and range for each experimental factor at different levels
were calculated to assess the influence of each factor on compressive strength.

Figure 3. (a) Statistics of compressive strength of orthogonal test; (b) comparison of compressive
strength of blank sample.
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The data in Table 4 reveal substantial differences in the performance responses of the
sample materials under combined high-salinity and Cr(VI) contamination conditions. The
PAC63S3 group achieved the highest mechanical performance, with a 28-day compressive
strength of 28.75 MPa, exceeding that of the PAC73S6 group, despite the latter being
calcined at the highest temperature. This indicates that material performance depends not
only on calcination-induced strength but also on the synergistic effects of multiple factors,
including curing agent ratio and environmental adaptability.

Table 4. Average and range values of various factors in the calculation of compressive strength.

Factor PAC Calcination
Temperature

PAC Calcination
Time

Cr(VI)
Concentration

Mean level 1 average (MPa) 15.50 19.70 28.10
Mean level 2 average (MPa) 24.30 22.40 21.30
Mean level 3 average (MPa) 26.00 23.70 16.40

Range (MPa) 10.50 4.00 11.70

Calcination temperature exerted a substantial influence on compressive strength, with
a strength variation range of 10.5 MPa. At 700 ◦C, the average compressive strength
reached 26.0 MPa. This enhancement was attributed to the significant activation of latent
aluminosilicate components in coal ash at elevated temperatures, promoting C-S-H gel
formation and improving material density. At 500 ◦C, the average compressive strength
was only 15.5 MPa, suggesting that this temperature was insufficient to disrupt the glassy
structure of coal ash, thereby limiting the release of the active phase [25]. At 600 ◦C, the
average strength was 24.30 MPa, approaching the softening point of coal ash, where the
aluminosilicate network was most efficiently disrupted, indicating an optimal activation
temperature range.

The influence of calcination time was comparatively minor, with a strength variation
range of 4.0 MPa, suggesting a limited role in controlling compressive strength. Insufficient
activation at 1 h led to reduced compressive strength, whereas at 2 h, active silicon and
aluminium were adequately released, producing a strength increase of approximately 33%
relative to the 1-h group. Extending the calcination time to 3 h caused partial sintering and
agglomeration of coal ash particles, reducing the specific surface area by approximately
18%, which weakened reactivity and slowed strength development [26].

Cr(VI) concentration exerted the most pronounced effect on compressive strength,
with a range of 11.7 MPa. Increasing the Cr(VI) level from 30 to 90 mg kg−1 reduced the
mean compressive strength by 41.64%. This deterioration is primarily attributed to the
coupled effects of chemical toxicity and pore-pressure build-up. Chromate anions (CrO4

2−)
readily adsorb onto C–S–H surfaces [27], hindering Ca2+ cross-linking and suppressing
further development of the gel network. In addition, colloidal phases formed during Cr(VI)
stabilization can clog capillary pores and reduce pore connectivity, thereby impeding the
growth of hydration products and microstructural densification [28], which ultimately
compromises the overall strength.

Compared with the uncalcined blank, calcination markedly enhanced compressive
strength. The absence of high-temperature treatment in the blank prevented effective dis-
ruption of the vitreous coal ash structure, restricting the release of latent active components
and resulting in consistently low strength. By contrast, calcination maximised the reactivity
of latent aluminosilicate components in PAC, enhancing C-S-H gel formation and thus
improving the compressive strength of the solidified material [29].

Range analysis revealed that at 600 ◦C with a 3-h calcination time and a Cr(VI) concen-
tration of 30 mg/kg, the compressive strength reached 28.70 ± 1.5 MPa, outperforming all
other factor combinations.
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3.1.2. Toxic Leaching

Figure 4a presents the results of the toxicity leaching tests. Under high-salinity condi-
tions, the Cr(VI) immobilisation efficiency of the solidified material was markedly influ-
enced by calcination temperature, calcination duration, and initial Cr(VI) loading. Cr(VI)
leaching concentrations ranged from 0.95 to 21.93 mg/L, reflecting substantial differences
in immobilisation and stabilisation performance across process parameter combinations.
Representative samples with the highest, intermediate, and lowest leaching concentrations
were compared with the blank sample (Figure 4b).

Figure 4. Statistical chart of Cr(VI) leaching concentration in nine groups (a) and comparison chart of
Cr(VI) leaching concentration (b).

Range analysis revealed that the initial Cr(VI) concentration was the primary factor
controlling the leached concentration, showing a strong positive correlation with a range of
7.7 µg/L. When Cr(VI) increased from 30 to 90 mg/kg, the mean leached concentration rose
by approximately 3.4-fold. This indicates that, under high loading, the hydration-derived
cementitious products progressively approach saturation in available sites for chromate
adsorption, interlayer exchange, and physical encapsulation. As a result, a fraction of Cr(VI)
remains in a mobile form within the pore solution and becomes more readily leachable [30].

Calcination temperature markedly influenced leaching risk. The 700 ◦C group ex-
hibited the lowest mean leached concentration of 4.1 µg/L, likely because an appropriate
temperature enhances ash/slag reactivity and promotes the formation of cementitious
phases as well as pore-structure densification, thereby strengthening chromate immobiliza-
tion and diffusion resistance. In contrast, calcination time had a comparatively minor effect,
with a range of 0.6 µg/L. Extending the duration to 3 h can improve the release of reactive
components and increase immobilization efficiency; however, excessive calcination may
induce sintering and agglomeration, reduce specific surface area, and consequently hinder
subsequent hydration reactions (Table 5).

Table 5. Average and range values of various factors calculated based on Cr(VI) leaching concentration.

Factor PAC Calcination
Temperature

PAC Calcination
Time

Cr(VI)
Concentration

Mean level 1 average(µg/L) 10.30 6.80 3.20
Mean level 2 average(µg/L) 5.80 6.20 6.00
Mean level 2 average(µg/L) 4.10 6.30 10.90

Range(µg/L) 6.20 0.60 7.70

Compared with the single Cr(VI) system, where the leached concentration remained
below 1.5 µg L−1, the high-salinity condition markedly increased Cr(VI) mobility and
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leaching risk. Chloride ions can compete for adsorption sites on hydration-product surfaces
and within pores, and can modify surface charge and the availability of complexation
sites through processes such as chloride–hydroxide exchange, thereby suppressing chro-
mate surface bonding and immobilization [31]. This interpretation is consistent with our
FTIR results: the intensity of the chromium–oxygen characteristic band decreased by ap-
proximately 40% relative to the non-saline group, indicating weakened chromate-related
immobilization. In addition, elevated ionic strength compresses the electrical double layer
and increases anion mobility in the pore solution, further promoting Cr(VI) leaching.

PAC63S3 exhibited the lowest Cr(VI) leaching concentration, indicating superior solid-
ification performance. This was attributed to partial SO4

2− substitution by Cl− within the
AFt lattice, forming a stable solid solution. XRD peak shifts confirmed structural changes
that reduced free Cl− content, mitigating stability loss. Additionally, SiO2 incorporation
from coal ash densified the gel matrix, concentrating pore sizes around 8 nm, increasing
tortuosity, and effectively impeding CrO4

2− migration.
Compared with the uncalcined blank, the uncalcined control exhibited Cr(VI) leaching

concentrations as high as 15.69–21.93 µg/L. This occurred because the non-cementitious
structure, dominated by dihydrate gypsum, lacked an effective fixation mechanism, al-
lowing Cl− and CrO4

2− to form soluble complexes at grain boundaries. Moreover, the
porous structure and high permeability accelerated Cr(VI) migration, compromising envi-
ronmental stability. The calcined samples exhibited markedly higher compressive strength.
Specifically, calcination at 600–700 ◦C effectively activated silicon and aluminium species,
producing dense gels and yielding much higher strength than the blank; calcination dura-
tion had only minor effects, with 2–3 h outperforming 1 h; however, increased initial Cr(VI)
loading weakened structural density and reduced strength.

3.2. Analysis of Microscopic Characteristics
3.2.1. Mineral Structure Composition

In this experiment, PAC63S3, PAC71S9, and PAC53S9—representing samples with
substantial differences in compressive strength—along with the blank group PAC0S9
exhibiting the lowest strength, were selected for XRD mineral phase analysis to elucidate
the microscopic mechanisms underlying their adaptability in high-salinity environments.
The corresponding XRD patterns are presented in Figure 5.

The diffraction pattern of PAC63S3 (Figure 5a) shows prominent C-S-H gel and AFt
diffraction peaks, suggesting complete gelation at 600 ◦C for 3 h, with efficient release
of reactive silica and alumina species and substantial formation of hydration products.
The marked reduction in SiO2 peak intensity implies that the original mineral either
participated in the gelation reaction or was encapsulated by the newly formed C-S-H gel,
thereby enhancing mechanical performance [32].

In PAC71S9 (Figure 5b), the coexistence of CrO4
2− adsorption peaks with CaCO3

suggests that elevated Cr(VI) concentrations inhibit hydration by competing with Ca2+ for
complexation, thereby impeding gel formation and compromising the mechanical integrity
of the solidified matrix [33].

PAC53S9 (Figure 5c) primarily contains amorphous aluminosilicates, indicating that
the 500 ◦C calcination temperature was insufficient to activate PAC reactive components.
The concurrent presence of sodium and chloride salt crystallisation peaks indicates free
Cl− enrichment [34], which readily precipitates from the crystal lattice, inducing expansion
and exacerbating the degradation of the brittle, gypsum-rich structure, thereby reducing
structural stability.

The uncalcined control PAC0S9 (Figure 5d) primarily comprises dihydrate gypsum
and quartz, lacking C-S-H or AFt cementitious phases. Without thermal activation, PAC
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fails to release its latent reactive components, leaving the system dominated by origi-
nal, inert mineral phases. This accounts for the low strength observed in the solidified
structure [35].

Figure 5. X-ray diffraction patterns of samples: (a) PAC63S3; (b) PAC71S9; (c) PAC53S9; (d) PAC0S9.

3.2.2. Functional Group Structure

In this experiment, PAC63S3, PAC71S9, and PAC53S9—representing samples with
substantial differences in compressive strength—along with the blank group PAC0S9,
which exhibited the lowest strength, were selected for FTIR analysis. The corresponding
FTIR spectra are presented in Figure 6.

PAC63S3 (Figure 6a) shows characteristic hydroxyl peaks in the 3400–3700 cm−1 range,
with shifts near 3400 cm−1 indicating variations in the hydroxyl bonding environment [36].
The Si-O-Si peak appears at 821 cm−1 with accompanying Al-Cl bond signals, suggesting
that calcination temperature influences the Si-O-Si framework and Cl− binding at metal
sites, thereby affecting structural stability in Cl-containing systems [37]. At elevated Cr(VI)
concentrations, C-S-H gel peaks were absent in PAC71S9 (Figure 6a) [38], whereas peaks
corresponding to CO3

2−, Fe-Cl, and Cr-O (1630 cm−1, 835 cm−1) emerged, indicating that
Cr(VI) competes with or chemically reacts with C-S-H gel, inhibiting its formation.
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Figure 6. FTIR spectra of samples: (a) PAC63S3 and PAC71S9; (b) PAC53S9 and PAC0S9.

The PAC53S9 spectrum (Figure 6b) exhibits intensified OH stretching and HOH
bending peaks, indicating abundant free water, hydroxyl groups, and elevated porosity.
Additionally, splitting and shifting of Si-O-Al peaks indicate insufficient polymerisation of
the Si-Al framework and a porous gel structure, weakening cementation and load-bearing
capacity, thereby reducing mechanical strength [39]. The PAC0S9 spectrum (Figure 6b)
lacks prominent Fe-Cl peaks, while the Cr-O peak remains relatively stable. Without
Fe-Cl complexes, the CrO4

2− adsorption peak more directly reflects its intrinsic bonding
characteristics, altering its morphology and intensity. This suggests that Fe-Cl complexes
compete with CrO4

2− for adsorption sites, thereby influencing its bonding behaviour and
spectral features.

3.2.3. Micromorphology

The compressive strength tests revealed no clear linear correlation between material
mechanical properties and calcination conditions. To elucidate the influence of calcination
conditions on microstructure, PAC63S3 and PAC73S6 samples were selected for scanning
electron microscopy (SEM) analysis. The corresponding micromorphologies are presented
in Figure 7.

As shown in Figure 7a,b, abundant amorphous C-S-H gel structures, primarily com-
posed of Ca, Si, and O, formed in PAC63S3. These exhibited flocculent or reticular mor-
phologies, encapsulating particles and filling pores to construct a dense three-dimensional
skeleton, thereby significantly enhancing mechanical properties [40]. Fibrous ettringite
(AFt) was also observed locally, formed by reactions between residual Al3+ and SO4

2−.
This C-S-H/AFt composite structure immobilises Cr(VI) via physical entrapment and
chemical bonding, forming a key foundation for strength enhancement of the solidified
body. In contrast, PAC73S3 exhibits numerous microcracks and granular accumulations,
with markedly reduced C-S-H gel content and only trace amounts of low-crystallinity AFt,
indicating suppressed gelation reactions.

Further analysis (Figure 7c,d) revealed that Cl− content in PAC73S6 was approxi-
mately twice that of PAC63S1 and positively correlated with Fe. Under high temperatures,
dissolved Fe3+ complexes with Cl− to form soluble [FeCl4]−, hindering the formation of
C-S-H and AFt phases. Simultaneously, Cl− enrichment in pores promotes CaCl2·2H2O
crystallisation, whose volumetric expansion during hydration generates local stresses that
disrupt the gel network structure [41]. Consequently, the mechanical properties of PAC73S3
are substantially lower than those of PAC63S1.
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Figure 7. Microscopic morphology of CrO4
2− at 5000 and 10,000 times magnification of PAC63S3 (a,b)

and 5000 and 10,000 times magnification of PAC73S6 (c,d).

3.2.4. Electron Energy Spectrum Test

To elucidate the mechanisms underlying the superior mechanical properties and
microstructure of the PAC63S2 group with optimal compressive strength, two-point energy-
dispersive spectrometry (EDS) scans were performed and jointly analysed with scanning
electron microscopy (SEM) images to establish the relationship between elemental compo-
sition and the spatial distribution of cementitious products. The corresponding results are
presented in Figure 8.

 

Figure 8. PAC63S3 scanning (a) point position and (b) point position energy spectrum scanning.
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Figure 8a,b presents the EDS spectra obtained at two distinct locations on the PAC63S3
solidified body. The primary elements identified at both locations were Ca, Si, Al, O,
and trace amounts of Cr. Ca and Si exhibited the highest abundances, with pronounced
Ca-K and Si-K peaks. The Ca/Si atomic ratio ranged from 1.5 to 2.0, consistent with the
typical composition of C-S-H gels, confirming that the amorphous flocculent structures
observed in the SEM images correspond to the C-S-H phase. The Al-K peak indicated
the presence of Al, likely originating from residual Al3+ in calcined phosphogypsum or
aluminosilicate minerals within the soil. Al3+ reacts with SO4

2− to form AFt, promoting its
localized deposition.

A weak Cr-K signal was detected, indicating effective Cr(VI) immobilisation. This
suggests that C-S-H gels immobilise Cr(VI) within their microporous structures via sur-
face adsorption or ion-exchange mechanisms, thereby reducing leaching risk. Elemental
mapping revealed high concentrations of Ca, Si, and O within the matrix, indicating that
C-S-H gels formed a continuous, dense network that filled pores and encapsulated soil
particles, thereby enhancing compressive strength. Localized Al enrichment likely served
as nucleation sites for AFt formation, which interwove with C-S-H to create a composite
structure, enhancing matrix compactness. Cr exhibited no distinct enrichment regions but
was uniformly dispersed within the gelling system, indicating its immobilisation within the
C-S-H or AFt structures, consistent with the previously reported low Cr(VI) leaching results.

3.2.5. Specific Surface Area and Pore Size Distribution

To further elucidate the microstructural differences between the PAC63S3 and PAC73S6
solids, specific surface area and pore size distribution analyses were conducted. Nitrogen
adsorption–desorption isotherms were employed to determine specific surface area, pore
size, and pore volume, thereby investigating the mechanisms governing changes in pore
characteristics under varying calcination conditions. Figure 9 presents the adsorption–
desorption curves for the two solids, while Table 6 summarises the corresponding BET
surface area and pore size distribution results.

The nitrogen adsorption–desorption isotherms for PAC63S3 (Figure 9a) and PAC73S6
(Figure 9c) exhibit typical Type IV curve characteristics with a pronounced hysteresis loop
in the high relative pressure region. The average pore size is 14.17 nm, with the pore
size distribution predominantly concentrated in the 2–4 nm range, exhibiting a unimodal
peak indicative of a hierarchical mesoporous structure. In contrast, PAC63S3 exhibits a
markedly higher adsorption capacity than PAC73S6 throughout the process, with a steeper
upward trend in the high-pressure region, suggesting a more developed pore network and
enhanced adsorption capacity.

Table 6. PAC63S3 and PAC73S6 specific surface area test results.

Sample Specific Surface Area
(m2/g)

Total Pore Volume
(cm3/g)

Average Aperture
(nm)

PAC63S3 60.8345 0.2155 14.1696
PAC73S6 15.5274 0.0534 13.7563
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(a)  (b) 

(c)  (d) 

Figure 9. Adsorption–desorption curves and pore volume–pore size distribution of PAC63S3 (a,b)
and PAC73S6 (c,d).

Both PAC63S3 (Figure 9b) and PAC73S6 (Figure 9d) exhibit a distribution dominated by
mesopores with minor micropore fractions, characterised by a sharp peak at approximately
3–5 nm, indicating a highly concentrated pore size distribution. PAC63S3 demonstrates a
higher total pore volume and a greater fraction of small-diameter pores. Its elevated specific
surface area and dense mesoporous framework promote the formation of a continuous
hydration product network, thereby improving matrix density, mechanical integrity, and
compressive strength. Conversely, PAC73S6 displays underdeveloped and heterogeneously
distributed pores, leading to incomplete hydration and a loosely bound structure, thereby
constraining strength development.

Table 6 indicates that PAC63S3 possesses a substantially greater specific surface area
(60.83 m2/g) and total pore volume (0.2155 cm3/g) than PAC73S6. The average pore
diameters of PAC63S3 and PAC73S6 are similar, at 14.17 nm and 13.76 nm, respectively.
The elevated specific surface area and pore volume of PAC63S3 not only supply additional
reaction sites for hydration but also facilitate the formation of a denser, more continuous
hydration product network, thereby improving macroscopic compressive strength. How-
ever, the restricted pore structure of PAC73S6 hinders the formation and accumulation of
hydration products, leading to suboptimal mechanical performance.

3.2.6. Photoelectronic Energy Spectrum

X-ray photoelectron spectroscopy was conducted on specimen PAC63S1, and the
results are presented in Figure 10. Together with the SEM morphology and EDS elemental
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mapping, the data clarify the relationship between the microstructural features of hydration-
derived cementitious products and the speciation of key elements.

Figure 10. High-resolution XPS spectra of sample PAC63S1: (a) Al 2p, (b) Ca 2p, (c) Cr 2p.

In Figure 10a, the Al 2p spectrum shows two components at 73.8 and 74.68 eV, indi-
cating that Al is predominantly present as Al–O bonds in aluminosilicates or hydrated
aluminate phases. The incorporation of Al into Si–O–Al linkages facilitates the formation
of C–A–S–H and aluminate-type hydrates [42]. In Figure 10b, the Ca 2p spectrum exhibits
the characteristic spin–orbit doublet at 347.68 and 351.28 eV. The lower binding energy is
consistent with calcium in a carbonate environment and also reflects Ca-related chemical
states, confirming that Ca participates in hydrate formation while coexisting with carbonate
phases [43]. In Figure 10c, the Cr 2p signal at approximately 579.2 and 588.5 eV is charac-
teristic of chromate species, suggesting that chromium remains mainly in a high-valence
state. Combined with SEM–EDS showing no pronounced Cr enrichment, the results im-
ply that Cr(VI) is stabilized primarily through surface adsorption and interlayer anion
immobilization within cementitious phases such as C-A-S-H and AFm or hydrotalcite-like
phases, together with diffusion resistance induced by pore-structure densification. This is
consistent with the low Cr(VI) concentrations observed in the toxicity leaching tests.

3.3. Mechanistic Analysis and Discussion

In the PAC stabilization system, Cr(VI) mobility is mainly controlled by chromate
immobilization by hydration-derived cementitious products and by pore-structure densifi-
cation. Under alkaline pore-solution conditions, Cr(VI) occurs predominantly as chromate,
CrO4

2−, with the local presence of hydrogen chromate, HCrO4
−. Calcium released from
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PAC reacts with reactive silica and alumina to form abundant C–A–S–H gel, calcium alu-
minate hydrates, ettringite, and AFm-type phases. These cementitious phases immobilize
chromate within the solid matrix through surface complexation and electrostatic adsorption,
and through interlayer anion exchange in layered phases such as AFm and hydrotalcite-like
structures. This reduces the effective chromate concentration in the pore solution and
lowers the leaching risk [44]. Meanwhile, continuous precipitation and cross-linking of
hydrates within pore space decrease porosity and connectivity, strengthening diffusion
resistance and physical encapsulation. The coupled chemical binding and microstructural
densification limits Cr(VI) release from the matrix and enables stabilization of high-salinity
Cr(VI)-contaminated soils, as schematically illustrated in Figure 11.

 

Figure 11. Hydration mechanism of solid waste-based materials.

As a benchmark against recent advanced stabilization technologies, Asadoullahtabar
et al. proposed a nano TiO2

−modified solidification strategy and systematically compared
it with cement, bentonite, and silica fume. Compared with conventional cement-based
or solid-waste-based binders, nano-modification provides clear advantages: nanoscale
particles serve as efficient nucleation and filling agents, accelerating structure development
and markedly densifying the microstructure.

To better relate mechanical performance to immobilization behavior, Cr(VI) leaching
should be viewed as a transport-controlled process occurring within a porous cementitious
matrix. In our system, the increase in compressive strength indicates improved mechanical
integrity and a denser hydration network, which is expected to reduce pore connectivity
and hinder the propagation of microcracks, thereby suppressing preferential pathways
for ion migration. Consequently, the effective transport of aqueous species is reduced
and the measured leaching decreases [45]. Their study further integrated mechanical
performance, sustainability assessment, and multi-criteria decision analysis, offering a
more rigorous framework to judge engineering competitiveness and practical applicability.
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To overcome the limitations of our current qualitative interpretation, future work will
prioritize quantitative characterization and analysis.

3.4. Economic Benefit Analysis

With the expansion of carbon trading markets and rising carbon prices, the economics
of stabilization technologies are increasingly shaped by both energy-related material costs
and carbon-emission costs. Building on the above technical assessment of PAC-based
stabilization of Cr(VI)-contaminated soil under high-chloride conditions, this study further
incorporates carbon-price scenarios. The integrated net benefit per unit mass of treated
soil is adopted as the key metric to evaluate how carbon-price fluctuations influence the
economic competitiveness of the PAC pathway.

Figure 12a shows that the unit-volume carbon footprint of PAC is markedly lower
than that of conventional C30 concrete, indicating a clear advantage in carbon emissions.
Consistent with this trend, Figure 12b demonstrates that the total carbon-inclusive cost of
both materials increases as the carbon price rises across all scenarios. However, because C30
has a higher carbon footprint, its cost increases more sharply. As a result, PAC maintains
a lower total cost under all carbon-price scenarios, and its economic advantage becomes
more pronounced at higher carbon prices.

Figure 12. Economic performance of PAC stabilization: (a) carbon footprint; (b) total carbon-
inclusive cost.

4. Conclusions
The experimental results demonstrate that PAC significantly influences both the

mechanical properties and environmental stability of high-salinity, Cr(VI)-contaminated
soil remediation systems. Calcination temperature and Cr(VI) concentration are identified
as the primary controlling factors for strength development. An optimal balance between
energy consumption and activation efficiency is achieved at 600 ◦C for 3 h.

(1) Compressive strength and orthogonal analysis:

Orthogonal experimental results, using 28-day compressive strength as the response
variable, reveal that calcination temperature and Cr(VI) concentration exert dominant
effects, with corresponding strength ranges of 10.5 MPa and 11.7 MPa, respectively. The
700 ◦C calcination group achieves maximum strength under low-salinity conditions. How-
ever, under high-salinity conditions, complexation between Fe3+ and Cl− to form soluble
[FeCl4]− complexes reduces strength. A calcination regime of 600 ◦C for 3 h achieves
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optimal performance, balancing coal ash activation with energy consumption and yielding
a 28-day compressive strength of 28.75 MPa. Increasing the Cr(VI) concentration from 30 to
90 mg/kg reduces mean compressive strength by 41.6%, attributed to interfacial toxicity
reactions and pore-blocking effects.

(2) Toxicity leaching and salinity-interference mechanisms:

High salinity markedly increased the leaching risk of Cr(VI). The uncalcined group
exhibited a leached concentration as high as 21.9 µg L−1, which remains far below the
Chinese regulatory limit of 5 mg L−1, whereas PAC63S3 showed only 1.5 µg L−1. Chloride
intensified the risk via three pathways. First, it preferentially occupied surface sites on
C–S–H, suppressing chromate binding. Second, salt crystallization increased porosity by
about 8%, and SEM revealed cracks wider than 5 µm, creating transport pathways for
chromate migration. Third, chloride promoted complexation with ferric ions, thereby
reducing the immobilization efficiency of Cr(VI).

(3) Strength loss in high-salinity environments and mitigation:

High salinity reduced mechanical strength by 22%, mainly due to chloride-induced
disruption of the cementitious framework and the inhibitory effect associated with
ferric ions. This discrepancy highlights the need for environment-adaptive design.
Medium-temperature, extended-duration calcination or nano-modification strategies
are recommended to balance mechanical performance with long-term durability under
saline conditions.
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