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Abstract

Phosphogypsum-based cemented paste backfill (PCPB) represents an effective solution
for managing substantial accumulations of PG. However, its practical application is lim-
ited by excessive fluoride content and insufficient strength. To systematically investigate
the influence of initial fluoride content on the hydration behavior, microstructures, and
strength development of PCPB specimens, synthetic phosphogypsum was prepared using
CaS0O4-2H,0 and NaF to eliminate impurity interference in this study. A series of speci-
mens was designed with varying initial fluoride content (5-70 mg/L), sand-to-cement ratios
(1:6, 1:8, 1:10), and concentrations (63 wt%, 65 wt%). Setting time, unconfined compressive
strength, isothermal calorimetry, X-ray diffraction, and scanning electron microscopy were
employed to elucidate the effects and underlying mechanisms of fluoride on PCPB perfor-
mance. The results indicate that higher initial fluoride content markedly delayed setting
and reduced early strength. Calorimetric analysis confirmed that fluoride postponed the
exothermic peak and extended the induction period, primarily due to the formation of
the CaF; layer on clinker particle surfaces, which hindered nucleation and hydration. The
microscopic results further revealed that high fluoride content suppressed the formation of
ettringite and C-S-H gels, resulting in more porous and loosely bonded microstructures.
Leaching tests indicated that fluoride immobilization in PCPB specimens occurred mainly
through CaF, precipitation, physical encapsulation, and ion exchange. These findings
provide theoretical support for the fluoride thresholds in PG below which the adverse
effects on cement hydration and strength development can be minimized, contributing to
the sustainable goals of waste reduction, harmless disposal, and resource recovery in the
phosphate industry.

Keywords: phosphogypsum; cemented paste backfill; mechanical properties; fluoride
immobilization

1. Introduction

Phosphogypsum (PG) is the primary by-product of wet-process phosphoric acid
production, consisting mainly of gypsum (CaSO4-2H,0) alongside fluorides, phosphates,
and trace metallic impurities [1-3]. With the rapid growth of the global phosphate fertilizer
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industry, approximately 300 million tons of PG are generated annually worldwide, of which
more than 100 million tons originate from China [4,5]. However, less than 15% of the total
PG produced is recycled into building materials, soil conditioners, or cement retarders [6,7].
Most PG is directly stockpiled in large open-air impoundments, occupying vast land areas
and posing serious risks to groundwater and surrounding ecosystems due to its acidic
components and the leaching of phosphorus and fluoride [8,9]. Therefore, the efficient
and sustainable reuse of PG has become a key focus in solid waste management and green
mining development.

In recent years, the utilization of PG in cemented paste backfill has emerged as a
promising approach that combines waste recycling with mine stability control [10-13]. This
technology involves mixing PG, cementitious materials (typically ordinary Portland cement,
(OPQ)), and water to produce a slurry that is pumped into underground voids or open
pits [14,15]. However, the high fluoride content in PG could significantly delay setting time,
inhibit cement hydration, and cause continuous leaching of fluoride, posing long-term risks
to groundwater quality [16,17]. Moreover, untreated PG exhibits low reactivity with OPC,
resulting in inadequate early strength that often fails to meet the engineering requirements
of mine backfill operations [16,18]. To compensate for this deficiency, higher OPC content
is typically employed, but this significantly elevates both mining costs and environmental
burden, thereby limiting large-scale PG utilization.

Achieving a balance between mitigating the risks of fluoride pollution and minimizing
production costs is therefore essential to maximize the sustainability of PG-based cemented
paste backfill (PCPB) [19,20]. Previous studies have shown that replacing OPC with in-
dustrial byproducts (such as ground granulated blast furnace slag, steel slag, and fly ash)
can effectively reduce both cost and carbon emissions [20-23]. However, in practical engi-
neering applications, adjusting factors such as the sand-to-cement ratios and concentration
to reduce cement content remains the most commonly employed approach [24,25]. Fur-
thermore, extensive research exists on reducing fluoride concentrations in PCPB leachate
to mitigate environmental impacts. Chen et al. [26] demonstrated that alkaline washing
pretreatment effectively immobilized fluoride while maintaining mechanical strength. Sim-
ilarly, other studies have shown that introducing polyaluminum chloride could reduce
fluoride concentration in leachates and promote early hydration by accelerating the forma-
tion of hydration products [27]. However, given the complex and uncontrollable nature
of impurities in PG, it is challenging to definitively elucidate the influence of fluoride on
hydration kinetics, mineral phase, and fluoride immobilization mechanisms.

To overcome these limitations, this study synthesized PG from pure CaSO4-2H,0 and
NaF to eliminate interference from phosphates and organic impurities. The effects of initial
fluoride content on the hydration behavior, strength development, and microstructural
evolution of PCPB specimens were systematically investigated. Experimental parameters
included varying initial fluoride contents (5-70 mg/L), sand to cement ratios (1:6, 1:8, 1:10),
and concentrations (63 wt% and 65 wt%). Setting time, unconfined compressive strength
(UCS), isothermal calorimetry, X-ray diffraction (XRD), and scanning electron microscopy
(SEM) analyses were conducted to elucidate the mechanisms governing hydration and
fluoride immobilization. The findings provide a theoretical foundation for the fluoride
thresholds in PG below which the adverse effects on cement hydration and strength
development can be minimized, contributing to the sustainable goals of waste reduction,
harmless disposal, and resource recovery in the phosphate industry.
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2. Materials and Methods
2.1. Raw Materials

To eliminate the influence of impurities commonly found in natural PG and quan-
titatively investigate the effect of initial fluoride content on the performance of PCPB
specimens, synthetic PG was prepared using analytical-grade calcium sulfate dihydrate
(CaS04-2H,0, >99%, Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin, China) and
sodium fluoride (NaF, >98%, Hangzhou Westlake Chemical Co., Ltd., Hangzhou, China).
The OPC (P.O 42.5) supplied by Conch Cement Co., Ltd. (Wuhu, China) was used as the
primary cementitious material. Deionized water was provided by South China High-Tech
Water Treatment Equipment Co., Ltd. (Shenzhen, China).

2.2. PCPB Preparation

The initial fluoride contents in the synthetic PG were determined based on field
measurements from a phosphate mine in Guizhou, China, where fluoride leaching con-
centrations ranged from 12 to 61 mg/L. To efficiently investigate the influence of fluoride
content on PCPB performance while limiting experimental cost and workload, five repre-
sentative fluoride levels (5, 10, 30, 50, and 70 mg/L) were selected to cover and extend the
observed field distribution. To further examine the coupled effects of fluoride concentra-
tion and cement hydration, a structured experimental design was adopted by varying the
sand-to-cement ratios (1:6, 1:8, and 1:10) and concentrations (63 wt% and 65 wt%). This fac-
torial combination enables systematic evaluation of the main factors and their interactions
while minimizing the number of required experiments. The detailed mix proportions are
summarized in Table 1. Each specimen was labeled using the notation “C3S6F5,” where
“C3” represents a concentration of 63 wt%, “S6” denotes a sand-to-cement ratio of 1:6, and
“F5” indicates an initial fluoride content of 5 mg/L. The same naming convention applies
to other combinations.

Table 1. The mix proportions of PCPB specimens.

Sand to . CaSO42H,0 NaF OPC Deionized
Groups . Concentration Water
Cement Ratio /g /mg /g /g
C3S6F5 21598 20.0 36.0 148
C3S6F10 215.96 40.0 36.0 148
C3S6F30 1:6 63 wt% 215.88 120.0 36.0 148
C356F50 215.80 200.0 36.0 148
C3S6F70 215.72 280.0 36.0 148
C3S8F5 223.98 20.0 28.0 148
C3S8F10 223.96 40.0 28.0 148
C3S8F30 1:8 63 wt% 223.88 120.0 28.0 148
C3S8F50 223.80 200.0 28.0 148
C3S8F70 223.72 280.0 28.0 148
C3S10F5 21598 20.0 22.9 148
C3S10F10 215.96 40.0 229 148
C3S10F30 1:10 63 wt% 215.88 120.0 22.9 148
C3510F50 215.80 200.0 229 148
C3510F70 215.72 280.0 22.9 148
C5S6F5 205.68 20.0 34.3 140
C5S56F10 205.66 40.0 34.3 140
C5S6F30 1:6 65 wt% 205.58 120.0 34.3 140
C5S6F50 205.50 200.0 34.3 140
C556F70 205.42 280.0 34.3 140
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Table 1. Cont.
Sand to . CaSO42H,0 NaF OPC Deionized
Groups . Concentration Water
Cement Ratio /g /mg /g g

C5S8F5 213.28 20.0 26.7 140
C5S8F10 213.26 40.0 26.7 140
C5S8F30 1:8 65 wt% 213.18 120.0 26.7 140
C5S8F50 213.10 200.0 26.7 140
C5S8F70 213.02 280.0 26.7 140
C5510F5 218.18 20.0 21.8 140
C5S10F10 218.16 40.0 21.8 140
C5510F30 1:10 65 wt% 218.08 120.0 21.8 140
C5510F50 218.00 200.0 21.8 140
C5S10F70 217.92 280.0 21.8 140

Based on prior research [28], the synthetic PG was first prepared with the designated
fluoride content and then mixed with OPC according to Table 1. The mixture was stirred
with deionized water for 5 min to form a homogeneous slurry, which was then poured into
cylindrical molds (50 mm in diameter and 100 mm in height). The specimens were cured at
20 £1 °Cand 90 £ 2% relative humidity.

2.3. Analytical Method

Setting times were measured according to the Chinese standard GB/T 1346-2024 [29].
The initial setting time was determined when the penetration depth of the needle was
approximately 4 mm from the base, measured at 5 min intervals, while the final setting
time was recorded when the needle failed to leave a visible mark on the specimen, checked
every 15 min [30].

Unconfined compressive strength (UCS) tests were conducted at curing times of 7, 14,
and 28 d using a microcomputer-controlled universal testing machine (SANS-YAW4305,
Jinan, China) at a loading rate of 0.1 mm/min [31]. The reported UCS values represent the
average of three specimens.

The mineralogical composition of the PCPB specimens was analyzed using XRD (D8
Advance, Bruker, Bremen, Germany). The hydration heat evolution within the first 70 h
was monitored by isothermal calorimetry (TAM Air, Jiangcheng Precision Instruments
Co., Ltd., Shenzhen, China). The microstructures of PCPB specimens were observed using
scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS, Tescan Mira3,
TESCAN, Brno, Czech Republic) [32].

The fluoride leaching concentrations in PCPB specimens were determined following
the GB 5086.1-1997 [33].

3. Results and Discussion
3.1. Setting Time

The setting time is a crucial parameter of the early hydration behavior of PCPB
specimens and provides important insights into their early strength development. The
setting time results of the PCPB specimens are presented in Figure 1. It can be observed
that C556F5 exhibited the shortest setting time, with initial and final setting times of 19.02 h
and 20.64 h, respectively. In contrast, C3510F70 showed the longest setting time, with initial
and final setting times of 38.12 h and 41.11 h, respectively. This pronounced delay can be
attributed to the combined effects of the lower cement content and the highest fluoride
content, both of which suppress cement hydration [22]. Furthermore, at a sand-to-cement
ratio of 1:6, the PCPB specimens exhibited the shortest times to reach both initial and final
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setting among the three ratios. This may be attributed to the higher ratio diluting the paste
and accelerating ion diffusion, thereby accelerating hydration reactions [4]. Under identical
sand-to-cement ratios, the setting times of PCPB specimens with different concentrations
were relatively similar, consistent with their mechanical strength results. Concurrently, as
both the sand-to-cement ratio and concentration decrease, the reduced cement content in
the slurry prolonged the setting time of the PCPB specimens. Interestingly, compared to
C556F5, C556F70 exhibited initial and final setting times of 23.18 h and 25.4 h, respectively.
This may be attributed to the reduced fluoride content, which mitigates the inhibitory effect
of fluoride on cement hydration, thereby accelerating the setting process and enhancing
early strength development in PCPB specimens.

~ Final setting time (h) |~ Initial setting time (h)
C--65wt%, S/C--1:10
F 70 39.03 C5S10E70 | 36.15
F 50 39.03 C5S10F50 | 36.02
F 30 38.68 C5S10F30 35.72
F 10 38.23 (issANwm | 3547
Fs 36.94 C55|0F5 34.42
C--65wt%, S/C--1:8
F 70 33.66 | C5S3F70 30.99
F 50 33.31 C588F50 31.17
F 30 32.18 | C5S§F30 29.95
F 10 319 C553F10 | 29.92
F5 30.96 | C598F5 | 29.02
C--65wt%, S/C--1:6
F 70 254 C5S4E70 | 23.18
F 50 25.03 C554F50 23.08
F 30 21.2 [C58¢F3h 19.24
F 10 21.88 | C55¢8100 20.13
F5 20.64 [CSspFF 19.02
C--63wt%, S/C--1:10
F70 4111 C3S10F70 38.12
F 50 40.23 C3SI0F50 37.09
F 30 3936 | C3S10F30 36.55
F 10 39.05 | (T3SIT)HO 36.13
Fs 38.77 C3S]0F5 | 3592
C--63wt%, S/C--1:8
E 70 35.44 C3S3F70 32.92
F 50 354 C3S3K50 32.89
F 30 34.07 | C358030 31.65
F 10 3222 C3S3F10 | 20.87
Fs 3223 C3SBF5 | 30.02
C--63wt%, S/C--1:6
F 70 27.11 | C3S¢E70 | 2499
F 50 2461 | C3S6F50 2279
F 30 252 C3S4K30 23.24
F 10 22.41 [ @€38¢F10 20.13
Fs5 23.04 | C3SpES | 21.02

Figure 1. The setting times of the PCPB specimens.
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3.2. Mechanical Properties

Figure 2 presents the overall strength of the PCPB specimens, with red columns indicat-
ing specimens with strength values ranging from 1.2 to 1.6 MPa, which were predominantly
associated with specimens containing lower initial fluoride concentrations. Overall, the
strength of PCPB specimens increased steadily with higher concentration, lower sand to
cement ratios, and reduced initial fluoride content. However, only certain specimens met
the strength requirements for practical mine backfilling applications. To better illustrate the
relationships among curing times, concentration, sand-to-cement ratios, and initial fluoride
content, the strength values and strength contribution rate were analyzed at different curing
times. The strength contribution rate represents the proportion of strength gained within
specific curing intervals relative to the strength of the PCPB specimens cured for 28 d.

s3aduwo)D
— -
-:, ES =

—
=

(ZAIN) WIBUAS IALS

65%-28d
63%-28d
65%-14d
63%-14d

Figure 2. The overall strength of the PCPB specimens.

Figure 3 shows the strength and strength contribution rates of the PCPB specimens at
different curing times. The strength contribution ratio denotes the percentage of strength
gain in specimens cured for different curing intervals relative to the strength of PCPB
specimens cured for 28 d. It can be observed that the strength of the PCPB specimens con-
sistently increased with decreasing initial fluoride content across 7, 14, and 28 d. Strength
also exhibited a positive correlation with both curing times and cement content. At a
concentration of 63 wt%, only the C3S6F5 cured for 7 d demonstrated a notably higher
strength (0.538 MPa), while other specimens showed minimal strength differentiation. In
contrast, the strength variation in specimens at 65 wt% showed an inverse correlation with
fluoride content, and the corresponding strength contribution rates were generally higher
than those of the 63 wt% (Figure 3b). Since no other impurities in the PCPB specimens

were present, the observed delay in strength development can be attributed primarily to
the retarding effect of fluoride on the hydration reaction.

The strength of the 63 wt% PCPB specimens cured for 14 d gradually approached that
of the 65% PCPB specimens, reaching 0.432-0.963 MPa (Figure 3c). As shown in Figure 3d,
the strength contribution rate of the 63% PCPB specimens was significantly higher than that
of the 65% specimens during the 7-14 d curing period, with C3S6F30 reaching the highest
contribution of 44%. Moreover, the contribution rate of the 63 wt% specimens declined

as the cement content decreased, suggesting that the retarding effect of fluoride becomes
more pronounced when less cement is available to buffer its effects.
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Figure 3. The strength and strength contribution rates of PCPB specimens at different curing
times. (a) The strength of specimens cured for 7 d, (b) Strength contribution rates during the 0-7 d,
(c) The strength of specimens cured for 14 d, (d) Strength contribution rates of PCPB specimens
during the 7-14 d, (e) The strength of specimens cured for 28 d, (f) Strength contribution rates of
PCPB specimens during the 14-28 d.

The strength among PCPB specimens cured for 28 d became more pronounced, indi-
cating that fluoride content increasingly influenced later strength development of the PCPB
specimens. As shown in Figure 3f, PCPB specimens with higher initial fluoride content
exhibited strength contribution rates exceeding 40% during the 14-28 d, confirming that
the retarding effect of fluoride primarily affects the early hydration stage. As hydration
time extends, the retarding effect of fluoride gradually diminishes, while the contribution
of cement content to the strength development of the PCPB specimens increases further.

Additionally, it was observed that the C5S6F5 consistently exhibited optimal mechani-
cal properties across all curing times. Interestingly, as the initial fluorine content increased,



Appl. Sci. 2025, 15, 12939

8 of 16

the C556F70 also demonstrated a favorable trend in strength development. Based on
these results, C5S6F5 and C556F70 were selected for detailed analysis of early hydration
behavior, mineral phases, and microstructure of the specimens. Building upon this foun-
dation, the C5S8F70 and C3S6F70 specimens were selected through a controlled variable
method to further analyze the influence of cement content on the strength development of
the specimens.

3.3. Analysis of Early Hydration Kinetics

Figure 4 presents the heat release rate and cumulative heat of the PCPB specimens
during the first 70 h, and the corresponding characteristic parameters are summarized
in Table 2. Overall, the hydration profiles of all PCPB specimens exhibited the typical
heat evolution pattern observed in conventional cementitious materials, regardless of
initial fluorine content and cement content variations. During the initial dissolution stage,
the C556F70 showed a significantly lower heat release rate than C556F5, with a clear
delay in the appearance of the exothermic peak. This confirmed that higher fluoride
contents markedly retarded the initial hydration of cement. The delay is likely due to the
endothermic precipitation of CaF,, which consumed heat and formed a surface film that
inhibited further hydration until dissolution equilibrium was reached. Moreover, a similar
delay was observed in the C558F70 and C3S6F70, with the most pronounced effect in
C356F70, likely due to the higher water and gypsum contents enhancing fluoride solubility
and CaF, formation.

0.025 40

(a) = C5S6F5 (b)
——C5S6F70
C5S8F70
= C3S6F70
0.020 -
30
g o
2 0015 A 5
g =2
= =l -
g 2.2
a é
2 0010 4 g
i g
e ~
=
£ o 10
Uj/ ~
0.005 -
= C5S6FS
0+ ——C5S6F70
0.000 C5S8F70)
——C3S6F70
T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
Time (h) Time (h)

Figure 4. (a) Heat release rate measured for the PCPB specimens. (b) Cumulative heat measured for
the PCPB specimens.

Table 2. Hydration heat characteristic parameters of the PCPB specimens.

G Induction Second Exothermic Peak Cumulative
rou
P Stage (h) Time (h) Peak (W/g) Heat (J/g)
C5S6F5 3.3 10.5 0.00027 36.80
C5S6F70 7.6 15.1 0.00028 37.27
C5S8F70 9.04 16.1 0.00023 32.19
C3S6F70 8.3 15.8 0.00026 36.33

In the induction stage, the C5S6F5 exhibited a much shorter induction period (3.3 h)
compared to approximately 8-9 h for the other specimens, indicating that reducing the
initial fluoride content substantially shortened the hydration induction period of the PCPB
specimens. The remaining specimens showed noticeable fluctuations in heat flow before
the end of the induction phase, which may be associated with variations in fluoride content
caused by differences in cement content.
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During the acceleration stage, fluoride content exerted a greater influence on the
timing of the second exothermic peak than cement content. The C5S6F5 reached its second
peak at 10.05 h with a maximum heat flow of 0.00027 W /g, indicating that lower initial
fluoride content enhanced the specimen hardening rate, consistent with the setting time
results. In contrast, C5S6F70 exhibited a slightly higher peak value, possibly due to ionic
exchange between fluoride and hydration products. The C558F70 displayed the latest
and weakest exothermic peak, primarily due to its lower cement content. During the
deceleration and stabilization stages, the heat flow curves of all specimens showed no
significant trend differences. However, after approximately 50 h, the cumulative heat of
C556F70 began to increase gradually, reaching a maximum of 37.27 J /g, suggesting that
higher fluoride content may promote the late hydration of C4AF in the cement clinker.

In summary, the initial fluoride content directly affected the initial dissolution and
induction stages of PCPB specimens, while cement content influenced the process indirectly
by modulating the available fluoride content in the system [34]. Higher fluoride contents
delayed both the initial hydration and induction stages, whereas increasing the cement
content promoted fluoride immobilization during early hydration, effectively reduced free
fluoride concentration, and shortened the induction period, thereby accelerating the overall
hydration process.

3.4. XRD Analysis

Figure 5 presents the mineral composition and corresponding contents of the PCPB
specimens cured for 28 d. The primary clinker phases of OPC (C,S, C3S, C3A, and C4AF)
were still detected in all specimens, indicating that the hydration process was partially
delayed by the presence of fluorides. Ettringite (AFt), mainly formed from the hydration of
C3A, was identified as the dominant early hydration product contributing to strength devel-
opment [35,36]. Ca(OH), and C-S-H gels were also observed as typical hydration products
of C,5 and C3S, with the amorphous phase fraction representing the amounts of C-S-H
gels [37,38]. Notably, significant differences were observed between C556F5 and C556F70
in terms of the amorphous phase, Ca(OH),, and AFt contents. The reduced formation of
these phases in C5S6F70 suggested that higher initial fluoride contents inhibited cement
hydration, consistent with the observed reduction in mechanical properties. Moreover, the
higher residual C3A content in C556F70 indicates that fluoride hindered the hydration of
C3A, explaining the lower early strength of the specimen. In contrast, both C558F70 and
C3S6F70 exhibited lower amorphous contents than C556F70, suggesting that increasing
cement content could partially mitigate the retarding effect of fluoride, thereby enhancing
the content of hydration products within the specimens and further supporting strength
development. No distinct diffraction peaks corresponding to crystalline fluoride-bearing
phases were detected in any of the PCPB specimens. This absence may be attributed
to their low contents or to the physical immobilization of fluoride within amorphous
hydration products.

3.5. Microstructural Analysis

Figure 6 shows the microstructural morphology of the PCPB specimens cured for
28 d. A large number of hydration products, primarily C-S-H gels and AFt, were observed
along with residual gypsum and visible pore structures in the PCPB specimens. The
C5S6F70 exhibited a relatively loose microstructure with numerous large pores on the
surface, indicating incomplete hydration under the high-fluoride environment. In contrast,
the C556F5 displayed a denser morphology, where interwoven clusters of AFt needles and
C-S-H gels formed a compact, continuous microstructure. The heterogeneous distribution
of hydration products in C5S6F70, with localized dense and porous regions, likely caused
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internal volume fluctuations and microcracking, contributing to its lower compressive
strength. Compared to the C556F70, both C5S8F70 and C3S6F70 showed more dispersed
hydration products alongside a higher abundance of large pores. Moreover, larger gypsum
crystals are discernible in both C558F70 and C3S6F70, indicating that, under identical
initial fluoride content conditions, cement content directly influences the early hydration
reaction and strength development of the PCPB specimens. While the granular crystals
were occasionally observed on the surfaces of the PCPB specimens, likely corresponding to
CaF, crystals embedded within gypsum crystals or denser hydration products [39,40].
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Figure 5. Mineral composition and corresponding contents of the PCPB specimens cured for 28 d.

C5S8E70

[
Pores

Figure 6. The microstructural morphology of the PCPB specimens cured for 28 d.

As shown in Figure 7, elemental distribution within the C5S6F70 revealed dense
distributions of Ca and S, confirming the presence of residual gypsum. The regions
marked by yellow circles exhibited distinct Si enrichment accompanied by localized slight
F enrichment, suggesting partial ion exchange between F and the structure of C-S-H gels.
This indicates that fluoride may be incorporated within C-S-H gels or at their interface with
gypsum, forming complex composite microstructures [41]. Furthermore, partial overlap
between F and Ca signals supported CaF, precipitation as one of the primary fluoride
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immobilization mechanisms. The co-localization of Fe and F also suggested that hydration
of C4AF under high-fluoride conditions facilitated fluoride immobilization through the
formation of the complexes [42].

100pm

100um ' 100pm '
Figure 7. The elemental distribution within the C556F70 cured for 28 d.

3.6. Fluoride Leaching Behavior

Figure 8 presents the fluoride leaching concentrations and corresponding immobi-
lization contribution rates of the PCPB specimens cured for different times. The fluoride
concentrations of C556F70 and C356F70 at 0 d were 7.035 and 9.579 mg/L, respectively,
corresponding to immobilization contribution rates of 90% and 86%. This indicates that
higher concentrations promoted fluoride immobilization in PCPB specimens. Furthermore,
the fluoride immobilization contribution rates exhibited a decreasing trend across the
three intervals of 0-7 d, 7-14 d, and 14-28 d as the hydration reaction progressed, which
suggested that the fluoride immobilization capacity of the PCPB specimens became increas-
ingly limited. Nevertheless, throughout the entire hydration process, the PCPB specimens
achieved over 90% fluoride immobilization within the first 7 d, potentially attributable to
CaF, precipitation formation.

Interestingly, the C5S8F70 exhibited a lower initial fluoride concentration (5.496 mg/L
at 0 d) compared with C556F70, seemingly contradicting the expectation that higher cement
content would reduce fluoride leaching. However, the fluoride concentration in C556F70
cured for 28 d had dropped below that of C5S8F70, which may be attributed to the lower
gypsum content in C556F70, initially limiting CaF; precipitation and resulting in higher
early fluoride leaching. As the hydration reaction progressed, the increased cement content
in C556F70 facilitated more stable fluoride immobilization during later curing stages. In
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contrast, the C556F cured for 28 d exhibited a low fluoride concentration of 0.607 mg/L, yet
its fluoride immobilization contribution rate reached only 87.86%, likely due to its lower
initial fluoride content and relatively compact microstructure.
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Figure 8. The fluoride leaching concentrations and corresponding immobilization contribution rates
of the PCPB specimens.

Combining insights from hydration heat, mineral phase, and microstructural analyses,
it is evident that OPC contributed to fluoride immobilization during hydration. This
process is closely related to the retardation effect of fluoride on cement hydration. During
the initial hydration stage, dissolution of synthetic PG releases abundant fluoride, which
rapidly reacts with Ca to form CaF, precipitates [20]. These precipitates tended to deposit
on the surface of unhydrated clinker particles, impeding water penetration and delaying
hydration. The early hydration is dominated by C3A, and the results indicated that lower
fluoride contents enhanced C3A reactivity, promoting early strength development [43,44].
As hydration progressed, newly formed products such as AFt progressively encapsulated
CaF, precipitates, leading to physical encapsulation of fluoride.

Meanwhile, the C-S-H gels generated by the hydration reactions of C,S and C3S are
the primary contributors to strength development. According to double-layer and zeta
potential theories, C3S experienced distinct induction and acceleration stages during early
hydration [45]. However, as hardening and setting progressed, C-S-H gels and Ca(OH),
crystals accumulated on particle surfaces, reducing the hydration rate. The observed
variations in strength across different fluoride contents suggested that excessive fluoride
content inhibited the hydration reactions, likely due to the adsorption of CaF, precipitates
on unhydrated clinker surfaces, hindering the acceleration of C3S and C;S reactions.

During the later hydration stages, abundant C-S-H gels provided potential sites for
ion exchange, allowing residual fluoride to be incorporated into silicate chains, further
contributing to chemical immobilization. Furthermore, the greater consumption of C4AF
in high-fluoride conditions indicated its participation in fluoride immobilization [46,47].
The hydration products of C4AF may undergo secondary hydrolysis in saturated CaF,
environments, forming complex compounds that further immobilize fluoride.

Based on the leaching and microstructural analyses, precipitation dominated during
the early hydration period. Gypsum served as the main Ca?* source, with specimens
containing lower cement content tending to exhibit higher early fluoride immobilization
efficiencies due to greater gypsum availability. However, the resulting CaF, precipitates
could extensively adhere to unhydrated clinker surfaces, impeding further hydration
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and slowing the overall reaction rate [48]. As shown schematically in Figure 9, physical

encapsulation occurred primarily during the early and intermediate hydration stages. Once

CaF; precipitation reached equilibrium, these deposits became coated by new hydration

products, leading to the physical immobilization of fluoride [44,49]. Additionally, fluoride

may also be trapped within gypsum crystals or adsorbed onto hydration products through

ion exchange, forming complex fluoride-bearing compounds [50].

____________________________________
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Figure 9. The fluoride immobilization mechanisms of the PCPB specimens.

4. Conclusions

This study systematically investigated the influence of initial fluoride content, sand-to-

cement ratios, and concentration on the hydration behavior, strength development, and

microstructural evolution of the PCPB specimens. The main conclusions are as follows:

@

@

®)

4)

Effect of fluoride on hydration and strength: Lower initial fluoride content weakened
the inhibitory effect of fluoride on cement hydration, resulting in superior early
strength of the PCPB specimens. The strength contribution analysis further confirmed
that increasing cement content effectively mitigated the negative impact of fluoride,
leading to enhanced overall strength development.

Hydpration behavior and phase evolution: Isothermal calorimetry demonstrated that
higher fluoride content intensified the retardation effect on hydration, as evidenced
by delayed exothermic peaks and prolonged induction periods. This was primar-
ily attributed to the early formation of CaF, precipitates, which adhered to clinker
surfaces and hindered nucleation. XRD results revealed significantly reduced C4AF
content and elevated C3A content in the C556F70, suggesting that CaF, precipitation
suppressed the rapid hydration of C3A while promoting the later hydration of C4AF.
This explained the slower strength development observed in high-fluoride conditions.
Microstructural characteristics: SEM showed that elevated fluoride content inhib-
ited hydration product formation, leading to a more porous and loosely packed
microstructure. And the specimens with high fluoride content exhibited heteroge-
neous distributions of hydration products and more pronounced porosity. EDS results
revealed overlapping distributions of F and Fe, as well as local enrichment of Ca, Si,
and F, indicating that fluoride participated in ion exchange with C-S-H gel structures.
Fluoride immobilization mechanisms: Fluoride leaching results demonstrated that in-
creasing cement content significantly reduced the fluoride concentration in leachates.
The fluoride immobilization contribution analysis indicated that OPC hydration primar-
ily contributed to fluoride immobilization during the middle and later stages. Fluoride
immobilization in PCPB specimens occurred mainly through three mechanisms: CaF,
precipitation, physical encapsulation, and ion exchange with hydration products.
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Future research should focus on the long-term evolution of internal microstructures,
the effects of aggressive degradation and end-of-life scenarios, and the stability and mobility
of immobilized contaminants. In addition, it is essential to evaluate more aggressive
degradation and end-of-life scenarios, such as cyclic wetting—drying, chemical erosion,
mechanical disturbance, or carbonation-induced phase transformations. Furthermore,
future work should further explore the variability of industrial PG and the reproducibility
of material performance under different sources and processing conditions. The behavior
of PCPB specimens under fire exposure should also be investigated, as fire represents a
new and emerging challenge for backfill materials. These investigations will provide more
reliable guidance for practical applications and optimization of the PCPB specimens.
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