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The mechanism of synergistic
hydration performance
Improvement of the ternary
composite cementitious material
composed of hemihydrate
phosphogypsum, blast furnace
slag and quicklime

Jiangiu Li*?, Yulu Li? Lin Yang? and Jianxin Cao™?*

'School of Chemistry and Chemical Engineering, Guizhou University, Guiyang, China, *Guizhou
Provincial Engineering Research Center of Efficient Utilization for Industrial Waste, Guiyang, China

To realize the resource utilization of solid waste hemihydrate phosphogypsum
(HPG) and significantly enhance its mechanical strength and water resistance
as a construction material, this study employs the synergistic activation of
HPG with blast furnace slag (BFS) and quicklime. A high-strength and highly
water-resistant HPG-based ternary composite cementitious material (HPG-
CCM) was prepared. Systematic investigations on its leaching toxicity, hydration
characteristics, and microstructural evolution were conducted through ICP-
OES, XRD, SEM-EDS, and TG-DTG analyses. The results demonstrate that
when the HPG-to-BFS mass ratio was 6:4 with 3% externally added quicklime,
the 28-day compressive strength and softening coefficient of HPG-CCM
reached 52.8 MPa and 0.97, respectively. Under this optimal formulation,
the relative proportions of C-S-H gel and ettringite in the reaction system
were effectively modulated, resulting in significantly enhanced structural
compactness, suppressed volumetric expansion, and improved water resistance.
Furthermore, when the external quicklime content exceeded 3%, the leaching
concentrations of phosphorus (P) and fluorine (F) remained below the thresholds
stipulated by the Chinese standard GB 8978-1996, confirming the material's
exceptional safety. Mechanistic analysis reveals that the hydration process of
HPG-CCM comprises three distinct phases: Early Hydration Stage: Quicklime
neutralized the inhibitory effects of soluble P and F within HPG on its
hydration activity, facilitating the formation of interlocking CaSO,-2H,0O crystals
that established the primary strength framework. Densification Stage: Active
silicates and alumina from BFS reacted with quicklime and CaSO,-2H,0O to
generate C-S-H gel and ettringite, which filled interstitial pores within the
CaS0O,4-2H,0 matrix, yielding a dense microstructure. Encapsulation Stage:
Continuous hydration of BFS produced C-S-H gel that progressively enveloped
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CaS0O,4-2H,0 crystals, thereby augmenting both mechanical robustness and

water resistance.
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1 Introduction

With the increasing adoption of the new hemihydrate-
based wet-process phosphoric acid (WPA) technology, a distinct
type of solid waste—hemihydrate phosphogypsum (HPG)—is
generated as a direct by-product of this emerging route. In
this process, HPG (CaSO,-0.5H,0) is precipitated within the
CaSO,-H;P0O,-H,SO,-H,0 equilibrium system by controlling
the sulfuric acid dosage, maintaining the reaction temperature at
90 °C-110 °C (Jia et al,, 2021), and adjusting the phosphoric acid
concentration to approximately 45% (see Equation 1). These specific
operating conditions fundamentally differentiate the hemihydrate
WPA route from the conventional dihydrate process and result
in HPG exhibiting unique phase composition and impurity
characteristics.

Cas(PO,),;F + 10H,S0, + 5H,0 — 6H;PO, + 10CaSO, - 0.5H,0 + 2HF |
1)

With the increasing adoption of the hemihydrate process in
WPA production, the resulting by-product—HPG—has attracted
considerable attention due to its inherent potential cementitious
activity (Jiang et al., 2018). HPG can hydrate and harden at
ambient temperature, offering the possibility of partially replacing
conventional cementitious materials such as Portland cement
(Wang et al., 2025a). However, its practical application is hindered
by several critical drawbacks. First, the surface and crystal lattice
of HPG are enriched with water-soluble P,O5 and F~ impurities,
which can be readily released during prolonged stockpiling or
under rainfall, posing potential threats to both surface and
groundwater (Jiang et al., 2024). Second, its hydration products
are predominantly dihydrate gypsum, which exhibits a loose
microstructure and high solubility in water, resulting in poor water
resistance and insufficient mechanical performance for engineering
applications—its softening coeflicient typically ranges from only 0.3
t0 0.5 (Fornés et al., 2021; Tao et al., 2024; Wang et al., 2025b). Given
the broad demand for gypsum-based binders in the construction
industry, the inadequate water resistance of HPG significantly
compromises its long-term stability in humid or water-exposed
environments, thereby restricting its large-scale implementation in
building and infrastructure projects. Consequently, enhancing the

Abbreviations: WPA, wet-process phosphoric acid; PG, phosphogypsum;
HPG, hemihydrate phosphogypsum; HPG-CCM, hemihydrate
phosphogypsum-based composite cementitious material; BFS, blast
furnace slag; UCS, uniaxial compressive strength; SEM-EDS, scanning
electron microscopy-energy dispersive X-ray spectroscopy; XRD, X-ray
diffraction; TG, thermogravimetric, DTG, differential thermogravimetric;
FTIR, Fourier transform infrared spectroscopy.
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water resistance of HPG is not only the key technical bottleneck
in its utilization as a construction material, but also a critical step
toward advancing the resource utilization of phosphogypsum and
mitigating its associated environmental risks.

To enhance the water resistance of gypsum-based binders,
recent studies have explored the incorporation of hydraulic
binders (e.g., blast furnace slag and fly ash) in combination
with alkaline activators to promote the formation of C-S-
H gels and minor amounts of ettringite crystals, thereby
improving material densification and long-term water stability
(Zhang et al., 2022; Chen P. et al., 2022). Blast furnace slag (BFS),
a latent hydraulic material rich in amorphous SiO, and Al,O;, can
exhibit markedly increased reactivity under alkaline conditions,
yielding a variety of cementitious hydrates (Wang et al., 2022;
Zheng et al., 2023). Previous investigations have reported promising
results by coupling slag with carbide slag (Zhou et al., 2024) or
quicklime (Park et al., 2016) to co-utilize with PG. However, the
fundamental mechanism in these systems is that slag-generated
C-S-H phases encapsulate gypsum particles, while PG itself does
not actively participate in the cementitious reaction. As a result, the
gypsum content in such composites remains constrained, limiting
the potential for high-volume resource utilization of PG.

In contrast, HPG possesses inherent cementitious activity, and
activating its latent reactivity could overcome the limitation of its
treatment as an “inert aggregate” However, most existing studies
on HPG have primarily focused on improving its mechanical
strength, with limited attention given to enhancing its water
resistance, understanding its environmental behavior, or elucidating
the underlying synergistic reaction mechanisms. Moreover, previous
reports indicate that improper use of alkaline activators can lead
to excessive formation of ettringite phases, resulting in deleterious
volume expansion and cracking (Lin et al., 2024). Consequently, the
key research challenge lies in developing a composite system that
can both stimulate the reactivity of HPG and regulate the structure
of its hydration products, thereby improving overall water resistance
and ensuring environmental stability. Although extensively studied
in supersulfated cement systems, the synergistic activation behavior
of blast furnace slag and quicklime in hemihydrate phosphogypsum
remains insufficiently understood.

Given the above, this study proposes a composite material
in which quicklime and BFS are synergistically combined with
HPG. Quicklime serves to create an alkaline environment that
neutralizes soluble P and F impurities while simultaneously
promoting the activation of BFS. This approach enables regulation of
the relative formation of C-S-H gels and ettringite phases within the
reaction system, thereby enhancing microstructural densification,
suppressing volumetric expansion, and improving both mechanical
strength and water resistance. The investigation begins with
an evaluation of macroscopic properties—including uniaxial
compressive strength (UCS), softening coeflicient, expansion rate,
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TABLE 1 Chemical components of raw materials.

10.3389/fmats.2025.1739893

Chemical compositions CaO SOz F SiO, P,O4 AL, Oy Fe, O3 ‘ MgO Others
HPG 35.16 49.01 1.01 9.67 091 0.17 0.07 0.02 3.98
BFS 41.55 3.57 — 32.17 — 11.49 0.57 6.13 4.52
Quicklime 96.10 0.28 — 0.82 — 0.31 0.23 0.96 1.30
(b) & +— SiO,
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=3
N
= -
R7)
=1
3
k=i
10 20 30 40 50 60
2 Theta / Degree
FIGURE 1
Microstructural and phase composition analysis of HPG: (a) SEM image; (b) XRD pattern.

and ionic leaching—followed by the characterization of HPG’s
reactive evolution using electrical conductivity and hydration heat
measurements. Furthermore, a combination of X-ray diffraction
(XRD), thermogravimetric and differential thermogravimetric (TG-
DTG), Fourier transform infrared spectroscopy (FTIR), pore size
distribution analysis, and scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS) is employed to elucidate
the synergistic regulation mechanisms by which quicklime and
BFS influence the hydration products and microstructure of HPG.
The findings aim to provide a novel pathway for the high-volume
incorporation of industrial solid wastes into high-water resistance
cementitious materials.

2 Materials and methods
2.1 Raw materials

The raw materials employed in this study comprised HPG, BFS,
quicklime, and water.

The HPG sample was sourced from the production line of
Guizhou Chanhen Chemical Co., Ltd. Its particle size ranged from
0.40 to 210.50 um, with a median particle size (ds,) of 53.69 um
and a specific surface area of 154.27 m?/kg. The primary chemical
constituents were SO;, CaO, and SiO, (see Table 1), accompanied
by minor amounts of environmentally sensitive impurities such as F
and P,0;. The crystalline water content was determined to be 5.46%.
XRD analysis indicated that the dominant phase was CaSO,-0.5H, 0,
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while SEM images revealed polycrystalline particles with smooth
surfaces and dense structures (see Figure 1).

The BFS was obtained from a steel plant in Yunnan Province and
was typical water-quenched slag. Its major chemical components
were CaO, SiO,, and Al,O; (see Table 1), meeting the activity
requirements for S95-grade slag powder (Xia et al, 2025). The
specific surface area was 481.30 m*/kg. As shown in Figure 2,
the particle size ranged from 0.51 to 100.80 um, with a ds, of
17.55 um and a relatively narrow particle size distribution, meeting
the fineness requirements for cementitious activity.

Quicklime was procured from Guizhou Chuandong Chemical
Co., Ltd., and was of industrial grade. The primary active component
was CaO, with an available CaO content of 95% (see Table 1). It
had a specific surface area of 544.30 m?/kg, a particle size range of
0.21-89.16 pum, and a ds;, of 8.33 um, indicating high reactivity and
suitable fineness for cementitious applications.

The mixing water used in this study was local tap water,
employed for slurry preparation.

2.2 Experimental design

The samples were prepared according to the mix proportions
listed in Table 2, with HPG, BFS, and quicklime as the primary
constituents. Predetermined masses of HPG, BFS, and quicklime
were blended in the proportions shown in Table 2 to produce
the HPG-based composite cementitious materials (HPG-CCM).
The HPG mass fractions were set at 100%, 80%, 70%, and
60%, corresponding to BFS contents of 0%, 20%, 30%, and 40%,
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FIGURE 2

Particle size distribution of raw materials.

respectively. Quicklime was used as an additional component, with
contents of 0%, 1%, 3%, 5%, and 7%, calculated by mass percentage
of the total binder. The resulting mixtures were designated N1-N13,
with N1 serving as the control group to evaluate the effects of BFS
and quicklime on the water resistance of HPG-CCM. The blended
powders were mixed with water at a mass concentration of 50% and
stirred for 1 min to form a homogeneous slurry, which was then cast
into three-gang steel molds measuring 40 mm x 40 mm x 160 mm.
Following casting, the specimens were cured in a standard curing
chamber (20 °C + 2 °C, relative humidity=95%) for 24 h, demolded,
and then immersed in local tap water at ambient temperature (20 °C
+ 2°C) for curing until the designated ages of 1, 3, 7, 14, and
28 days. At each curing age, uniaxial compressive strength, softening
coeflicient, and expansion rate tests were performed.

Based on the results of these tests, the optimal mix proportions of
the three materials were selected for further experiments, including
toxicity leaching tests and microstructural characterization. The
overall experimental design is illustrated in Figure 3.

2.3 Test methods

2.3.1 Setting time test

At a mass concentration of 50%, the raw materials were
precisely weighed according to the proportions outlined in Table 2,
thoroughly mixed with water, and subsequently poured into a
circular mold. In accordance with the Chinese standard GB/T
17669.4-1999, the initial and final setting times of the samples were
determined using a Vicat apparatus.

2.3.2 UCS test

Specimens measuring 40 mm x 40 mm x 160 mm were cured
in a standard curing chamber for durations of 1, 3, 7, 14, and
28 days. At each curing age, three specimens were tested to ensure
the representativeness of the results. Compressive strength tests were
performed using a cement concrete compression testing machine
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TABLE 2 Material proportion.

Number HPG (%) BFS (%) Quicklime (%)
N1 100 0 0
N2 80 20 1
N3 80 20 3
N4 80 20 5
N5 80 20 7
N6 70 30 1
N7 70 30 3
N8 70 30 5
N9 70 30 7
N10 60 40 1
N11 60 40 3
N12 60 40 5
N13 60 40 7

(YAW-300D, China) at a loading rate of 0.6 kN/s. The average value
of the three measurements was taken as the compressive strength.

2.3.3 Softening coefficient test

Specimens cured for up to 28 days were removed and immersed
in water for 24 h to ensure full saturation before testing the saturated
compressive strength, following the standard testing procedures
outlined in JCT 698-2010. Another set of specimens was dried in
an oven (DHG-9023A, China) at 40 °C-45 °C for 24 h to achieve
complete dryness. After cooling to room temperature, their dry
compressive strength was measured. The softening coefficient was
calculated according to Equation 2. All tests were performed in
triplicate to ensure data reliability.

GCSat

K= )

Ucdry
Where K, is the softening coefficient, o, is the saturated

compressive strength, and o, is the dry compressive strength.

cdry
2.3.4 Expansion rate test

The thoroughly mixed slurry was cast into three-gang molds
measuring 40 mm x 40 mm x 160 mm. After curing at a constant
temperature of 20 °C + 2 °C for 1 day, the specimens were demolded
and their initial lengths (L) were measured using a vernier caliper
with a precision of 0.01 mm. The specimens were then immersed in
water and cured until 28 days. After wiping the surface moisture, the
length at 28 days (L) was measured again. The expansion rate of the
specimens was calculated according to Equation 3.

LIy

I (©)

&
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FIGURE 3
The specific experimental process.

Where L, is the initial length and L is the specimen length after 28
days of curing.

2.3.5 Toxic leaching test

The concentrations of leachable toxic ions from samples at
different hydration ages were determined following the HJ 557-2010
standard. Samples were crushed into fragments smaller than 3 mm
in diameter and soaked in deionized water at a solid-to-liquid
ratio of 1:10. The mixtures were placed on a horizontal shaker
(HZQ-3, China) and agitated at 110 rpm for 8 h, followed by a
static period of 16 h. The supernatant was then filtered through
a 0.45 um microporous membrane to obtain the leachate, which
was subsequently analyzed using inductively coupled plasma optical
emission spectrometry (ICP-OES).

2.3.6 XRD

XRD patterns were obtained using a Bruker D8 Advance
diffractometer (Germany) with a scanning range of 5°-60° and a
scan rate of 10°/min. All samples were ground into fine powders to
ensure homogeneity. Approximately 50 mg of each sample was used.
During the measurements, the temperature of both the samples and
the instrument was maintained at 25 °C + 2 °C to minimize peak
shifts caused by temperature fluctuations.

2.3.7 TG-DTC

Thermal performance analysis was conducted using a
simultaneous thermal analyzer (STA 449F3, Netzsch, Germany) to
assess the samples at different hydration ages. The measurements
were carried out under a nitrogen atmosphere, with a heating
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rate of 10 °C/min from room temperature to 1000 °C. During the
experiment, the flow rate of the atmosphere was maintained at
30 mL/min, and the sample mass was kept below 10 mg. Prior to
each test, the equipment was calibrated to ensure the accuracy
of the thermogravimetric results, with the measurement error
controlled within +2%.

2.3.8 FTIR

FTIR analysis was performed using a Nexus spectrometer
(Thermo Fisher Scientific, United States) to investigate the bonding
characteristics of the hydration products. Thin pellets were prepared
by pressing a mixture of sample powder and KBr at a ratio of 1:100.
Spectra were recorded over the range of 4000 to 400 cm™'. Each
sample was measured in triplicate, and the average spectrum was
used to enhance the reliability of the results. The spectral resolution
error was controlled within +1 cm™.

2.3.9 Conductivity

The dissolution of cementitious material particles was evaluated
by monitoring the rate of increase in electrical conductivity,
while a subsequent decrease in conductivity served as an initial
indication of hydration product formation (Wang et al., 2024).
Under a solid-to-liquid ratio of 1:10, both the control group (N1)
and experimental samples were directly mixed into beakers for
measurement. Electrical conductivity values were automatically
recorded using a conductivity meter (YSI 3200, United States).
All experiments were conducted in a temperature-controlled
environment, with temperature variations maintained within
+1°C.
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2.3.10 Calorimetry

The hydration heat of the samples was measured using an
isothermal microcalorimeter (TAM Air C80, SETARAM, France).
Data were recorded at 1 min intervals to determine the hydration
rate, which was further used to calculate the relationship between
heat evolution and hydration time. Tests were conducted under
controlled conditions at a temperature of 20 °C + 2 °C, relative
humidity of 60% * 5%, and a water-to-cement ratio of 0.5. The
measurement error was maintained within +5%.

2.3.11 Pore size measurements

The pore structure of the hardened specimens was analyzed
using a Tristar IT 3030 nitrogen adsorption analyzer (Micromeritics,
United States). Prior to each measurement, samples were degassed
under vacuum at 60 °C for 6 h. During testing, the temperature
and humidity of the environment were carefully controlled
and maintained within a £3% margin of error to ensure data
reliability.

2.3.12 SEM-EDS

Prior to SEM analysis, the dried samples were sputter-coated
with a thin layer of gold to enhance electrical conductivity.
Microstructural characterization was performed using a JSM-6510
scanning electron microscope operated at an accelerating voltage
of 20 kV and a resolution of 3 nm, enabling detailed observation
of morphological features and microstructural details. The SEM
system was equipped with EDS for elemental analysis, allowing
simultaneous evaluation of compositional changes alongside
morphological variations.

3 Results and discussion

3.1 Effects of BFS and quicklime on the
water resistance of HPG

3.1.1 Setting time analysis

Figure 4 presents the results of the setting time tests for HPG-
CCM mixtures with different proportions. It can be observed
that the initial setting time for the sample without quicklime
and BFS was 239 min, while the final setting time was 321 min.
When the HPG:BFS ratio was 8:2, the setting times gradually
decreased with increasing quicklime content. The initial setting time
reduced from 239 min (without quicklime) to 141 min, and the final
setting time decreased from 321 min to 181 min (see Figure 4a).
This reduction is attributed to the increase in alkalinity with
higher quicklime content, which accelerated the neutralization of
water-soluble phosphorus (P) and fluorine (F) impurities adsorbed
on HPG, thereby promoting the hydration reaction of HPG and
shortening the setting times. Under the condition of 3% quicklime
content, when the HPG:BFS ratio was reduced from 8:2 to 6:4,
the initial setting time of HPG-CCM decreased from 187 min to
133 min, and the final setting time decreased from 242 min to
149 min (see Figure 4c). This indicates that with higher HPG
content, more quicklime is required to neutralize the P and F
impurities. Insufficient quicklime content may lead to excessively
long setting times.
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3.1.2 Mechanical performance analysis

Figure 5 presents the compressive strength results of HPG-
CCM at different curing ages. As shown in Figure 5a, at a hydration
age of 1day, with a quicklime content of 1% and an HPG-to-
BES ratio of 6:4, the compressive strength of HPG-CCM reached
2.37 MPa. Increasing the quicklime content initially enhanced the
mechanical strength, followed by a decline at higher dosages.
This behavior is attributed to the presence of soluble P- and
F-containing impurities in HPG, which suppress the hydration
of HPG and result in the low strength observed in the control
group. After quicklime addition, these impurities react with CaO
to form insoluble P- and F-bearing precipitates, thereby reducing
their inhibitory effect and promoting the hydration and hardening
of HPG.

It should be noted that both Ca;(PO,), and CaHPO,
are possible precipitation products under alkaline conditions.
Specifically, within the pH range of approximately 9.8-14, the
dominant species are CaHPO, and Ca;(PO,),, whereas at pH
values above 14, Ca;(PO,), predominates. Therefore, it can be
inferred that the system mainly contains Ca;(PO,),, CaHPO,,
and CaF, (see Equations 4-7) (Xu et al., 2023; Wu et al., 2022).
However, the relative proportions of these two phases remain
undetermined and require further detailed structural analysis.
In this study, the identification of the phosphate precipitates
was primarily inferred from thermodynamic considerations
and the alkaline pH environment generated by CaO addition.
Direct structural characterization of the precipitates has not
yet been conducted, and thus the specific phase composition
cannot be conclusively determined at this stage. This point will
be further clarified and supplemented in future work. Excessive
CaO addition led to the presence of unreacted quicklime during
curing, which may induce excessive ettringite formation and result
in specimen expansion and a subsequent decrease in compressive

strength.
CaO +H,0 — Ca(OH), (4)
3Ca(OH), + 2H,PO, — Ca,;(PO,), | +6H,0 (5)
Ca(OH), + H;PO, — CaHPO, | +2H,0 (6)
2F +Ca®* — CaF, | 7)

Furthermore, as the proportion of HPG relative to BFS increases,
the mechanical strength of HPG-CCM exhibits a similar trend of
initially increasing and then decreasing with different quicklime
content. This observation indicates that during the early hydration
stage, the mechanical strength of HPG-CCM primarily derives from
the hydration and hardening of HPG; thus, higher HPG content
corresponds to greater strength, while BFS acts mainly as an inert
aggregate at this stage.

When the hydration age is extended to 3days, the
results shown in Figure 5b reveal that within the HPG-to-BFS
ratio range of 6:4 to 8:2, the mechanical strength of HPG-
CCM again initially increases and then decreases with increasing
quicklime content, reaching a maximum compressive strength
at 3% quicklime addition. This phenomenon suggests that
with prolonged hydration, samples with initially lower HPG
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FIGURE 4

Setting time of HPG-CCM at different quicklime contents. (a) HPG:BFS(8:2), (b) HPG:BFS(7:3), (c) HPG:BFS(6:4).

content gradually catch up in strength to those with higher HPG
content after 3 days. This is attributed to the alkali activation
of BFS during this period, which significantly enhances the
hydration process.

When the hydration age was further extended to 7 days, the
results in Figure 5¢ indicate that at an HPG-to-BFS ratio of 6:4,
the increase in mechanical strength was significantly greater than
that observed for the 8:2 ratio, with the peak of the strength
surface shifting towards the left. At a quicklime content of 3%, the
compressive strength increased to 35.55 MPa. This suggests that a
higher proportion of BFS facilitates the formation of more strength-
bearing hydration products, markedly enhancing the mid-term
mechanical performance of HPG-CCM.

Figures 5d,e display the mechanical strength of HPG-CCM after
14 and 28 days of hydration, respectively, within an HPG-to-BFS
ratio range of 6:4 to 8:2 and quicklime content between 1% and 5%.
The peak strength regions on the response surfaces are located on
the left side. Compared with the early hydration results in Figure 5a,
the strength peak shifts from the right side at early stages to
the left side at later stages. This indicates that the early strength
developed primarily through HPG hydration is progressively
supplemented by strength contributions from the hydration of
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BES and quicklime during later stages. Under the experimental
conditions, the optimal HPG-to-BFS mass ratio was determined
to be 6:4. Subsequent investigations focused primarily on samples
N10~N13.

At an HPG-to-BFS ratio of 6:4, the compressive strength
development of HPG-CCM across curing ages is presented in
Figure 5f. The results demonstrate that increasing quicklime
content initially enhances compressive strength, which subsequently
declines at higher dosages. A quicklime content of 3% yielded
a peak 28-day compressive strength of 52.8 MPa. This behavior
can be attributed to the effective neutralization of deleterious
impurities such as P and F by an appropriate amount of
quicklime, mitigating their inhibitory effects on the hydration
reaction and promoting the hardening process of HPG-
CCM. Moreover, with prolonged curing, quicklime further
activates the latent pozzolanic reactivity of BFS under alkaline
conditions, generating additional hydration products and thereby
continuously improving the mechanical properties of the sample
(Park et al., 2016; Antonio et al., 2010). Therefore, an HPG-to-BFS
mass ratio of 6:4 combined with 3% quicklime addition provides an
optimal formulation for maximizing the mechanical performance
of HPG-CCM.
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Compressive strength of HPG-CCM at different curing ages: (a) 1 d, (b) 3 d, (c) 7 d, (d) 14 d, (e) 28 d, and (f) strength development across curing ages at
the optimal mix ratio.

3.1.3 Softening coefficient analysis such as van der Waals interactions, resulting in significantly
Figure 6 shows the variation of the softening coefficient of ~ compromised mechanical properties and water resistance of the
HPG-CCM under different mix proportions. Without modification ~ hydrated matrix (Gao et al., 2022). When the HPG-to-BFS mass
by quicklime and BFS, the softening coefficient of HPG was  ratio was 6:4 with 3% quicklime addition, the softening coefficient
only 0.37, indicating low strength and poor water resistance. This ~ of HPG-CCM reached a maximum value of 0.97, representing
behavior is primarily attributed to the slow hydration rate of a 162.16% improvement compared to the unmodified sample,
HPG, where most particles fail to fully react with water to form  demonstrating excellent water resistance.
an interconnected network of CaSO,-2H,O crystals. Instead, the As quicklime content increased, the softening coefficient of
structure is maintained predominantly by weak physical forces =~ HPG-CCM exhibited an initial rise followed by a decline. Under the
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Softening coefficient of HPG-CCM at different quicklime contents.

synergistic effect of an alkaline environment and SO,* ions, BFS
was effectively activated, producing hydration products such as C-
S-H gel and ettringite (Zhang et al., 2017; Yoon et al., 2023). These
products fill the pores within the HPG-CCM matrix, enhancing
its compactness and thereby significantly improving the softening
coefficient. However, when quicklime content exceeded 5%, the
softening coefficient decreased markedly. Consistent with the
observations in Section 3.1.2, this decline is attributed to excessive
quicklime, which induces overproduction of ettringite within the
system. This leads to expansion, increased internal porosity and
cracking, weakening the structural integrity of the hardened body
and subsequently reducing both saturated compressive strength and
water resistance.

3.1.4 Volume stability analysis

Figure 7 shows the variation in expansion rate of HPG-CCM
under different quicklime contents. The results demonstrate that the
expansion rate initially increases and then decreases with increasing
quicklime dosage. When quicklime content ranges from 1% to 3%,
HPG-CCM maintains high compressive strength while keeping the
expansion rate below 1%, indicating an optimal balance between
mechanical performance and volumetric stability within this range.
However, when quicklime content is increased to 5%, and the HPG-
to-BFS mass ratios are 6:4, 7:3, and 8:2, the expansion rates rise
sharply to 3.38%, 5.63%, and 2.35%, respectively, with the 7:3 ratio
exhibiting the highest expansion. This behavior is attributed to the
excessive quicklime continuously reacting with CaSO,-2H, 0 in the
alkaline environment, further activating the aluminate phases in the
glassy matrix of BFS and generating a large quantity of needle-like
ettringite crystals (Lin et al., 2024). The volumetric expansion of
ettringite induces internal stress accumulation within the hardened
matrix (Yang et al., 2022; Qi et al, 2023), ultimately causing
significant expansion and cracking. Therefore, excessive quicklime
addition compromises the volumetric stability of the HPG-CCM
hydration matrix, rendering it unsuitable for practical engineering
applications.
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FIGURE 7
Volume expansion rates of HPG-CCM at different quicklime dosages.

3.2 Environmental impact assessment of
enhanced water resistance in HPG-CCM

Figure 8 presents the leaching concentrations of harmful
P and F ions from HPG-CCM samples at 28 days of curing,
compared against the regulatory limits set by GB 8978-1996 (P
< 0.5mg/L, F < 10mg/L). The control sample (N1) exhibited
extremely high leachate concentrations of P and F, measuring
239 mg/L and 110.02 mg/L, respectively, exceeding the permissible
limits by approximately 478 and 11 times (see Figures 8a,b).
These findings indicate that untreated HPG releases substantial
quantities of hazardous ions, posing a significant threat to soil and
groundwater systems.

Upon the addition of 1% quicklime (sample N10), the
leaching concentrations of P and F decreased markedly to 1 mg/L
and 10 mg/L, respectively. While the fluoride concentration
reached the regulatory threshold, the phosphorus concentration
remained slightly above the allowable limit, suggesting that this
low quicklime dosage offers partial but insufficient stabilization.
Increasing the quicklime content to 3%, 5%, and 7% further
reduced the P concentrations to 0.05mg/L, 0.02mg/L, and
0.01 mg/L, respectively—well below the regulatory limit of
0.5 mg/L—demonstrating excellent phosphorus immobilization.
Correspondingly, fluoride concentrations decreased to 0.78 mg/L,
0.64 mg/L, and 0.51 mg/L, all significantly lower than the 10 mg/L
limit, indicating effective fluoride mitigation.

3.3 Mechanism analysis of water resistance
improvement

3.3.1 Hydration product evolution

3.3.1.1 Mineralogical composition analysis
Figure 9 presents the XRD patterns of HPG-CCM with

different mix proportions after 28 days of curing. The primary
diffraction peaks in sample N1 correspond to CaSO,-0.5H,O0,
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FIGURE 9
XRD patterns of HPG-CCM with different mix proportions after 28

days of curing.

CaSO,-2H,0, and SiO,. The presence of CaSO,-0.5H,0 indicates
incomplete hydration of HPG under these conditions. Following the
incorporation of quicklime and BFS, sample N 10 exhibits diffraction
peaks for ettringite, CaSO,-2H,0, and CaSO,-0.5H,0, suggesting
that at a quicklime content of 1%, some CaSO,-0.5H,0 remains
unconverted to CaSO,-2H,0. The incomplete hydration can be
primarily attributed to two factors: insufficient alkalinity to fully
neutralize the soluble P and F ions in HPG, which inhibits hydration,
and the encapsulation of unreacted HPG particles by formed C-S-H
gel, which impedes further hydration.

When the quicklime content is increased to 3%, the
CaSO,-0.5H,0 diffraction peak disappears in sample NI1,
indicating that HPG has largely fully hydrated to CaSO,-2H,O.
Under sufficiently alkaline conditions, Ca?* and OH™ ions facilitate
the migration of impurity P and F ions from the surface or lattice
of HPG particles, forming insoluble precipitates with Ca*, which
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continuously promotes HPG hydration. Comparing samples N10
and N12 reveals similar ettringite peak intensities.

3.3.1.2 TG-DTG analysis

The TG-DTG curves of HPG-CCM after 28 days of
curing are presented in Figure 10. As shown, the unmodified
HPG-CCM (without quicklime and BFS) exhibits a distinct
weight loss peak around 148.5°C, corresponding to the
dehydration of CaSO,-2H,O formed during HPG hydration.
In contrast, HPG-CCM samples containing quicklime and
BES display a new weight loss peak near 118.63°C. This
characteristic peak is primarily attributed to the synergistic
effect of the supplementary materials, which not only accelerate
the hydration of HPG but also promote the formation of
new mineral phases, specifically ettringite, whose dehydration
temperature is centered around 118°C. This conclusion is
further supported by the characteristic ettringite diffraction
peak observed at approximately 9.1° in the XRD patterns
(Qu et al., 2017; Wei et al., 2022).

The mass loss associated with hydration products for HPG-
CCM at different mix proportions is summarized in Table 3.
With increasing quicklime content, the weight loss attributable
to CaSO,-2H,0O shows a continuous upward trend, indicating
that quicklime significantly enhances the conversion of HPG to
CaSO,-2H,0. However, the weight loss related to ettringite exhibits
a non-linear pattern, increasing initially and then decreasing. At
low quicklime content (sample N10, 1% quicklime), the alkalinity
of the system is insufficient, limiting both the hydrolysis rate
of BFS and the hydration degree of HPG, thereby suppressing
ettringite formation. Conversely, at excessive quicklime content
(sample N13, 7% quicklime), although the hydration rate of HPG-
CCM is markedly increased, the rapid formation of ettringite tends
to coat BFS particles, hindering further hydrolysis reactions and
resulting in a decline in ettringite formation at later stages. Overall,
sample N11 exhibits the highest ettringite-associated weight loss,
indicating that an optimal proportion of quicklime and BFS exerts
a synergistic effect that maximizes the formation of both key
hydration products.
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TABLE 3 Mass loss of hydration products in samples with different mix
proportions.

Samples Mass loss ratio (%)

Ettringite CaS0O,-2H,0
(118.63 °C) (148.5 °C)

N1 0 4.22

N10 9.32 7.54

N11 10.91 8.14

N12 9.25 8.67

N13 7.88 9.09

3.3.1.3 FTIR analysis

Figure 11 presents the FTIR spectra of hydration products in
HPG-CCM with different mix proportions. The FTIR analysis
was employed to identify the functional groups and mineral
phase transformations occurring during hydration. The absorption
bands at 3,553 cm™! and 3,408 cm™ correspond to the stretching
vibrations of O-H groups. In the quicklime-free N1 sample,
these peaks are relatively weak. However, their intensities
increase markedly upon quicklime incorporation, indicating
that the alkaline environment enhances the reaction between
HPG and water, leading to the formation of CaSO,-2H,O. This
observation is consistent with the XRD results presented in
Section 3.3.1.1.

The bands at 1683 cm™ and 1619 cm™ are attributed to
the bending vibrations of H-O-H in gypsum (Nishiyama and
Oinuma, 1977). In addition, the absorption peaks at 1150 cm™
and 1116 cm™! are associated with the V; vibrations of SO,*",
consistent with the sulfate-related signals originating from HPG
(Xu et al.,, 2016). The peaks at 672 cm ™' and 598 cm™! correspond
to the symmetric and asymmetric vibrations of AI-OH groups in
ettringite, further confirming the presence of ettringite (Trezza and
Lavat, 2001; Alvarez-Ayuso and Nugteren, 2005; Qian et al., 2008).
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FIGURE 11
FTIR spectra of HPG-CCM with different mix proportions after
28 days of curing.

Meanwhile, the peak at 468 cm™ is assigned to the Si-O vibrations
in SiO, tetrahedra, corroborating the formation of C-S-H gel and
compensating for the limited sensitivity of XRD in detecting the
fibrous C-S-H phase (Re et al., 2023).

When the quicklime dosage reaches 7%, the characteristic
peaks of C-S-H gel progressively weaken and eventually disappear,
suggesting that excessive quicklime may hinder the hydration of
BES, thereby suppressing C-S-H formation. Overall, the FTIR
findings align well with the XRD results, confirming that the primary
hydration products of HPG-CCM are CaSO,-2H,O, ettringite,
and C-S-H gel.

3.3.2 Microstructural evolution

3.3.2.1 Microstructure analysis
Figure 12 presents the microstructural morphology of HPG-

CCM after 28 days of hydration. In the control group (Figure 12a),
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FIGURE 12
SEM images of HPG-CCM after 28 days of curing and the EDS mapping analysis results of sample N11. (a) quicklime:0%, (b) quicklime:1%, (c)
quicklime:3%, (d) quicklime:5%, (e) quicklime:7%, (f) Element scatter plot.

the hydration products primarily consist of irregular block-like  absence of effective interlocking between crystals indicate
CaSO,-0.5H,0 and a small amount of plate-like CaSO,-2H,0O.  incomplete hydration, which accounts for the low compressive
The relatively low content of hydrated CaSO,-2H,O and the  strength observed at 28 days.
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Pore size distribution of HPG-CCM with different mix proportions after 28 days of curing: (a) pore size distribution; (b) cumulative pore volume.

When 1-3 wt% quicklime was incorporated (Figures 12b,c),
the HPG-CCM
microstructure, characterized by the coexistence of C-S-H gel and
CaSO,-2H,0. The abundant C-S-H gel encapsulated needle-like
ettringite crystals and densely filled the pores, resulting in the

samples exhibited a comparatively dense

near absence of visible ettringite in samples N10 and N11. This
microstructural densification effectively hindered water ingress into
the CaSO,-2H,O crystals, thereby enhancing both compressive
strength and water resistance. However, when the quicklime
content exceeded 5wt% (Figures 12d,e), the hydration products
clearly contained blocky CaSO,-2H,0, needle-like ettringite, and
only small amounts of C-S-H gel. Excessive quicklime led to
an overly alkaline environment, which inhibited the formation
of C-S-H gel, resulting in a less compact product structure.
Furthermore, the high alkalinity promoted ettringite formation,
inducing volumetric expansion and severe cracking in the
hydration products. These microstructural defects caused a marked
reduction in both compressive strength and water resistance,
consistent with the macroscopic observations described in
Section 3.1.

For the sample with an HPG-to-BFS mass ratio of 6:4 and
3 wt% quicklime, the EDS elemental mapping after 28 days of
hydration is shown in Figure 12f. The analysis revealed that needle-
like regions exhibited an Al:Ca molar ratio of 0.3-0.4, matching
the stoichiometric composition of ettringite (Zhou et al., 2024),
confirming that CaSO,2H,0O, quicklime, and BFS reacted
chemically to form ettringite. These elongated ettringite crystals
interlocked within the CaSO4-2H,0O framework, promoting
microstructural densification and contributing positively to the
mechanical performance of HPG-CCM. In addition, flocculent
gel phases displayed Si:Ca molar ratios of 0.4-0.6, consistent
with the typical stoichiometry of C-S-H gel (Xia et al., 2025).
This indicates that, under alkaline conditions, SiO, from BFS
participated in the hydration reaction to generate C-S-H gel. These
gels uniformly coated the CaSO,2H,O crystalline framework,
further skeletal
improving both the mechanical strength and water resistance
of HPG-CCM.

enhancing compactness and  significantly
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3.3.2.2 Pore structure analysis

Figure 13 shows the pore size distribution characteristics of
HPG-CCM after 28 days of curing with different mix proportions.
As shown in Figure 13a, when the quicklime content is 1%, the pore
size distribution of sample N10 is primarily concentrated between
3-4 nm, with a predominant presence of aerogel pores (less than
4.5nm). This is mainly attributed to the insufficient quicklime
content, which results in the hardened matrix being primarily
composed of interlocked CaSO,-2H,O crystals, with only a small
amount of C-S-H gel and ettringite crystals filling the pores, leading
to a concentration of smaller pore sizes.

When the quicklime content is increased to 3% (sample N11),
the pore size distribution shifts to the 2.5-4 nm range, indicating
a further filling of the pores by C-S-H gel and ettringite crystals
generated during the hydration process. This shift promotes an
increase in gel pore volume, thereby improving the densification
and compressive strength of the HPG-CCM matrix. However,
when the quicklime content is further increased to 5% and 7%
(samples N12 and N13), the peak of the pore size distribution
shifts significantly toward larger pore sizes, with a concentration
around 25 nm. This change can be attributed to the high alkalinity
induced by the excessive quicklime content and the combined effect
of CaSO,-2H, 0, which significantly accelerates the BFS hydration
reaction, resulting in an overproduction of ettringite crystals. Given
that ettringite crystals are significantly larger than C-S-H gel, their
excess generation in the microstructure leads to internal expansion
(Yuichiro et al., 2021; Zhe et al., 2025), forming a larger number of
harmful macropores and causing a decline in mechanical strength
and softening coeflicient. As seen in Figure 13b, the cumulative
pore volume of sample N10 is the highest, reaching 0.044 cm®/g.
With increasing quicklime content, the cumulative pore volume of
the HPG-CCM hydration products follows a “decrease first, then
increase” trend, which is highly consistent with the changes in
mechanical strength shown in Figure 5.

3.3.3 Hydration reaction process analysis

3.3.3.1 Conductivity analysis
The evolution of electrical conductivity in HPG-CCM pastes
with different mix proportions is presented in Figure 14. For
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Electrical conductivity of HPG-CCM pastes at different curing times.

the unmodified N1 sample (ie., without quicklime and BES),
the conductivity exhibited a rapid initial increase followed by
a gradual decline. This behavior can be attributed to the rapid
dissolution of Ca?*, SO42’, and minor amounts of soluble P
and F impurities from HPG during the early stage, which
sharply increased the ionic concentration in the pore solution,
thereby causing a pronounced rise in conductivity. Subsequently,
Ca** ions in solution reacted with PO,*>" and F~ ions to form
insoluble precipitates, reducing the concentration of free ions and
leading to a gradual stabilization of conductivity. When 1 wt%
quicklime and 40 wt% BFS were incorporated (sample N10), the
conductivity also rose sharply at the early stage but quickly leveled
off within a short period. This can be explained by the rapid
dissolution of quicklime during hydration, which released large
amounts of Ca®** and OH™ ions, causing an initial surge in
conductivity (Yang et al., 2022). As PO,>” and F~ anions reacted
with Ca?* to form low-solubility precipitates, the ionic concentration
in the solution reached a new equilibrium, resulting in stabilized
conductivity.

It is noteworthy that when the quicklime dosage exceeded
3wt%, the conductivity of the HPG paste increased significantly
more than that of the unmodified sample. This indicates that
higher quicklime contents markedly promote the dissolution of
HPG, accelerating ion release and thereby effectively enhancing its
hydration reactivity. The process subsequently led to the formation
of hydration products such as CaSO,-2H,0, ettringite, and C-
S-H gel, followed by a dissolution-crystallization equilibrium
stage, during which the conductivity tended to stabilize in the
later period.

3.3.3.2 Hydration heat analysis
The hydration heat curves of HPG-CCM with different mix

proportions are presented in Figure 15. As shown in Figure 15a,
three main exothermic peaks appear during the hydration
process at approximately 0-0.25h, 1.5-7.5h, and 7.5-70h. In
the initial stage (0-0.25h), the peak heat release significantly
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increases with rising quicklime content, primarily attributed
to the exothermic reaction of quicklime hydration forming
Ca(OH),.

Figure 15b reveals that the unmodified HPG sample exhibits no
distinct exothermic peaks, indicating a relatively low hydration rate.
In contrast, quicklime-modified HPG samples show pronounced
exothermic peaks within the 1.5-7.5h interval. The heat release
during this stage mainly arises from the reaction of quicklime with
soluble P and F impurities in the solution, generating insoluble
calcium salts such as Ca;(PO,), and CaF,. These precipitates
do not form a dense barrier layer on the HPG crystal surfaces,
thereby enabling rapid hydration of HPG into CaSO,-2H,0, a
strongly exothermic process (Qian et al., 2008; Re et al., 2023).
This result demonstrates that an appropriate amount of quicklime
can substantially enhance the early hydration performance
of HPG.

Figure 15c shows that in the later stage (7.5-70h), the
third exothermic peak shifts toward shorter curing times with
increasing quicklime content, reflecting an accelerated hydration
reaction. When the quicklime dosage is 1% (sample N10), only
a weak exothermic peak appears at 37.5 h, suggesting incomplete
neutralization of P and F impurities and a hindered hydration
rate. Increasing the dosage to 3% (sample N11) advances the
exothermic peak to 30 h with a markedly enhanced peak value.
This is because at this dosage, impurities are fully neutralized,
and the quicklime synergistically activates the hydration of BFS
alongside the formation of CaSO,-2H,0O, leading to abundant
C-S-H gel and ettringite crystals that effectively fill pores and
improve structural density and strength. Further increasing the
dosage to 5% and 7% causes excess Ca(OH), to react with
CaS0O,-2H,0 earlier, triggering BFS hydration sooner and shifting
the exothermic peak to approximately 12h (Xue et al, 2018;
Chen X. et al., 2022).

The cumulative hydration heat release is showed in Figure 15d.
Over 0-72 h, sample N10’s cumulative heat release reaches only
52.36 J/g, close to that of unmodified HPG. Sample N11’s cumulative
heat significantly increases to 194.29 J/g, a 271.05% improvement
over the unmodified sample. When the dosage rises to 5% and 7%,
cumulative heat decreases to 144.00 J/g and 163.10 J/g, respectively.
Notably, within the first 20 h, samples with 5% and 7% quicklime
show higher cumulative heat than the 3% sample, but after 20 h,
the 3% sample’s heat release rapidly increases to the highest value.
These results indicate that optimizing the quicklime and BFS
proportions is critical for balancing early activation and long-
term hydration potential, thereby enhancing the water resistance
of HPG-CCM.

3.4 Hydration mechanism

Based on the previous research findings, the hydration process
of the HPG-quicklime-BFS ternary cementitious system can be
divided into three main stages: the early hydration stage, the
hydration densification stage, and the hydration encapsulation stage
(Figure 16). In the early hydration stage, quicklime reacts rapidly
with water to form Ca(OH),, releasing a significant amount of OH™
ions, which greatly increases the alkalinity of the HPG-CCM system.
In this highly alkaline environment, soluble impurities such as P and
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FIGURE 16
The three hydration stages of the HPG-quicklime-BFS ternary cementitious system.
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F in the HPG dissolve quickly and react with OH™ and Ca*" ions
to form insoluble Ca;(PO,), and CaF, precipitates (Xu et al., 2023;
Wau et al,, 2022). Meanwhile, during the hydration of HPG, Ca®* and
8042" ions are released, and when their concentration reaches the
solubility product of CaSO,-2H,0, CaSO,-2H,0 nuclei are formed
and continue to grow under hydration (Equations 8, 9). These
interlocking CaSO,-2H, O crystals gradually form the early strength
framework. In the hydration densification stage, the high alkalinity
provided by quicklime promotes the dissolution of the glass phase
in the blast furnace slag, releasing a large amount of SiO,*~ and
AI(OH),™ ions. Si0,* reacts with Ca®" and OH" to form C-S-H
gel (Equation 10). At the same time, AI(OH),” reacts with Ca**,
SO,*", and OH™ to form ettringite crystals (Equation 11). These C-
S-H gels and ettringite crystals fill the pores in the CaSO,-2H,0
framework, significantly densifying the system structure. In the
hydration encapsulation stage, as the hydration reaction continues,
the content of C-S-H gel increases and gradually encapsulates the
CaSO,-2H,0 crystals. This process not only further enhances the
mechanical properties of the HPG-CCM system but also effectively
improves its water resistance.

CaSO, -0.5H,0 — Ca®" +50,> +0.5H,0 (8)
Ca®* +50,%” +2H,0 — CaSO, - 2H,0 9)
SiO, + xCa(OH), + yH,0 — xCaO - SiO, - yH,0 (10)

Al O, +3CaSO, - 2H,0 + 3Ca(OH), + 23H,0
— 3Ca0 - Al,05 - 3CaS0, - 32H,0 (11)

4 Conclusion

This study systematically investigated the synergistic effects
of quicklime and BFS on the water resistance and hydration
characteristics of the HPG-CCM. The main conclusions are
summarized as follows:

1. Without quicklime modification, the soluble P,O; and F
impurities in HPG significantly hinder its hydration process,
resulting in negligible early strength development. After
28 days of curing, the compressive strength of the unmodified
HPG-CCM was only 3.03 MPa with a softening coeflicient
of 0.37, indicating poor water resistance and limiting its
application in moisture-exposed industrial environments.

2. The synergistic activation of HPG by quicklime and BES,
with an optimized HPG to BFS mass ratio of 6:4% and
3% quicklime addition, yielded remarkable performance
improvements. The HPG-CCM exhibited an early compressive
strength of 8.96 MPa at 1day and reached 52.8 MPa at
28 days, demonstrating excellent mechanical strength and
water resistance.

3. Quicklime rapidly neutralizes soluble P and F impurities in
HPG while providing abundant Ca*" ions, thereby accelerating
the early hydration of HPG. When the quicklime content
exceeded 3%, partial hydration was achieved within 1 day,
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leading to the development of considerable cementitious
strength. Moreover, the contents of P and F in the resulting
HPG-CCM complied with the relevant Chinese regulatory
limits, confirming its environmental safety.

The hydration of HPG-CCM under the combined influence
of quicklime and BFS occurs in three stages. In the early
stage, quicklime converts P and F impurities into inert forms
and releases Ca®* ions, promoting the transformation of
HPG into CaSO,-2H,0. In the densification stage, BFS reacts
with quicklime and CaSO,2H,0O to form C-S-H gel and
ettringite, filling pores and enhancing compactness. Finally,
in the encapsulation stage, C-S-H gel coats the CaSO,-2H,0
crystals, further improving the sample’s water resistance and
mechanical properties.
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