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Abstract

With rapid economic and social development, significant amounts of coal-based and gypsum solid waste are
generated daily. However, the high cost of sulfate aluminum cement has limited its widespread application.
Notably, when the dosage of desulfurized gypsum reached 8%, the strength of the cementitious material at
different ages approached or even exceeded that of pure sulfate aluminum cement. The sulfate aluminum cement-
coal-based solid waste gypsum cementitious material prepared in this study demonstrated high compatibility with
various admixtures. Specifically, when the proportions of sulfate aluminum cement, coal gangue powder, ultrafine
coal ash, and desulphurization gypsum in the cementitious material were 67%, 15%, 10%, and 8%, respectively,
and the dosages of the polycarboxylate water reducer, boric acid, and lithium carbonate were 0.25%, 0.25%, and
0.15%, respectively, with a water-to-binder ratio of 0.35, the strength of the cementitious material at different ages
met the requirements of 425 sulfate aluminum cement. This study innovatively utilizes solid waste gypsum to
enhance the strength of sulfate aluminum cement-coal-based solid waste cementitious material and employs an
admixture ternary compound to enhance the performance of sulfate aluminum cement-coal-based solid waste-
solid waste gypsum cementitious material. These approaches contribute to improving the utilization rate of solid
waste gypsum and reducing the cost of sulfate aluminum cement.
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INTRODUCTION

With the rapid development of various industries in China, the mining and consumption of coal have
increased significantly, leading to substantial amounts of coal gangue and fly ash. However, effectively
treating coal-based solid waste remains a challenge. Reusing coal-based solid waste as an admixture in
cement offers a promising solution. It not only reduces the environmental harm caused by coal-based solid
waste but also lowers the cost of cement! .

Solid-waste gypsum, mainly comprising phosphogypsum and flue gas desulfurization gypsum, is generated
in chemical plants or smelters through specific processes. However, due to the considerable amount of solid
gypsum waste produced during these processes, it is commonly disposed of as waste. The accumulated solid
waste gypsum poses significant environmental risks by polluting water and soil. Substituting solid waste
gypsum for traditional gypsum in sulfoaluminate cement (SAC) can regulate the properties and hydration
products of SAC. This substitution reduces the amount of clinker, decreases the use of natural gypsum, and
increases the consumption of solid waste gypsum. Consequently, it saves land and mineral resources while
mitigating the environmental harm caused by solid waste gypsum'**.

Water-reducing agents play a crucial role in reducing the amount of water required while maintaining
excellent workability and enhancing the strength and durability of cement-based materials'®. Retarders
delay the setting and hardening of cement slurry without affecting the composition and properties of the
hydration products”. Early strength agents promote the early strength development of cement and shorten
the setting time to meet the demand for external forces on cement'®.

Garcia-Maté et al. reported that fly ash can decrease the cohesiveness of SAC but does not react with the
hydration products of SAC”. The greater the number of voids in the structure of SAC, the lower the
strength. The voids decreased with a lower water-to-binder ratio, resulting in higher strength. The water-to-
binder ratio of SAC typically ranges from 0.45 to 0.65. A fly ash content below 15% had a positive effect on
the binder system by reducing the porosity of the binder material. However, when the fly ash content
reached 30%, the SAC was diluted, and the strength of the binder system was reduced. Huang et al. reported
that soluble phosphorus can combine with aluminum ions in the hydration system of SAC, consuming
aluminum ions and reducing the driving force for the precipitation of SAC". It can also inhibit the
hydration of SAC, prolong the setting time, reduce the early compressive strength, and result in higher
expansion. The addition of calcium hydroxide and aluminum sulfate to the hydration system can neutralize
the acidity of phosphogypsum and eliminate its adverse effects on SAC. Gao et al. investigated the effects of
desulfurized gypsum on the properties of SAC containing ground-granulated blast furnace slag"'!. The
hydration rate, setting time, mechanical strength, pore structure, and hydration products of SAC with
desulfurized gypsum were examined. The results indicated that desulfurized gypsum can promote hydration
and improve the mechanical strength of SAC with ground granulated blast furnace slag; however, the
dosage of desulfurized gypsum should not exceed 6%. Zhang et al. reported that the hydration process of
ultrafine SAC-based grout materials could be divided into acceleration, retardation, and stable periods"?.

Naphthalene-based water-reducing agents delay the acceleration and stable periods of hydration of ultrafine
SAC-based grout materials while promoting the hydration of the retardation period. In comparison to
naphthalene-based water-reducing agents, polycarboxylate water-reducing agents exhibited minimal impact
on the hydration of the retardation period, significantly prolonging the stable hydration period.

In this study, phosphogypsum and desulfurized gypsum were utilized to adjust the properties of the SAC-
coal-based solid waste binder material, with semi-hydrated gypsum used for comparison purposes. After
determining the appropriate dosage of solid-waste gypsum, a tri-component combination comprising a
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water-reducing agent, retarder, and early strength agent was employed to further adjust the properties of the
binder material. Finally, the water-to-binder ratio was fine-tuned to meet the specifications of grade 425
cement. This research offers valuable insights into the comprehensive utilization of coal-based solid waste
and solid waste gypsum.

EXPERIMENTAL

Raw materials

SAC was sourced from Zibo Yunhe Cement Co., Ltd. Ultra-fine fly ash with a fineness of 1340 mesh
(equivalent to 10 microns or 1250 mesh) was acquired from Qingyun Kangjing Building Materials Co., Ltd.
Coalgangue powder was obtained from Lingshou Chunfang Mine Product Processing Factory.
Phosphogypsum and desulfurized gypsum were procured from Hubei Zhimeitang New Materials
Technology Co., Ltd. Semi-hydrated gypsum was sourced from Shandong Yousuo Chemical Technology
Co., Ltd. Tap water served as the experimental water source, and the physical-mechanical properties of SAC
were assessed using a water-to-binder ratio of 0.5, as outlined in Table 1. Additionally, the physical
properties of the SAC-coal-based solid waste binder material, featuring a fixed content of 10% ultrafine fly
ash and 15% coal gangue powder, are detailed in Table 2.

The main chemistry of SAC is shown in Table 3.
The properties of SAC are shown in Table 4.

Based on Figure 1, it is evident that the secondary fly ash and primary fly ash utilized in this experiment
possess identical compositions. However, the ultrafine fly ash employed in this study includes plagioclase
feldspar and calcium carbonate. Furthermore, the coal gangue powder utilized in this experiment comprises
various minerals, including kaolinite, plagioclase feldspar, muscovite, and chlorite.

Phosphogypsum and desulfurization gypsum test data are shown in Table 5.

Gypsum content in mix design

To design the mix proportions with the addition of gypsum and comprehensively study its influence on the
hydration performance of the SAC-coal-based solid waste binder system, a replacement ratio of 25% (15%
coal gangue powder + 10% ultrafine coal ash) of SAC-coal-based solid waste binder material was selected for
the experiment™. Three types of gypsum - semi-hydrated gypsum, phosphogypsum, and desulfurized
gypsum - were used to partially replace the cement in the mix design. The gypsum content ranged from 0%
to 12% in increments of 2% for each group. In total, there were 18 groups with specific mix design schemes,
as listed in Table 6.

Admixture content in the mix design

In this experiment, the performance of the binder material was adjusted by incorporating a ternary
composite comprising a water reducer, retarder, and an early strength agent. The admixture content was
determined based on the solid waste gypsum content.

Experimental methods

Setting Time: Due to the nonstandard consistency of the water-to-cement ratio used in the experiment,
which could yield inflated results, the slump cone test method commonly employed at construction sites
was adopted.
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Table 1. Physical properties of SAC
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Compressive strength/MPa
1day 3days 7 days 28 days

Setting time/min

Flowability/mm

216 237 24.8 319 59

164

SAC: Sulfoaluminate cement.

Table 2. Physical properties of SAC-coal-based solid waste cementitious material

Compressive strength/MPa

Setting time/min

Flowability/mm

1day 3 days 7 days 28 days

16.2 18.9 19.2 28.5 4.5 18
SAC: Sulfoaluminate cement.
Table 3. Chemical composition of SAC (%)

Sio, Al,0, Cao SO, K,0 Fe,0,
6.472 14.924 57.096 18.385 1.001 1.804
SAC: Sulfoaluminate cement.

Table 4. Basic properties of SAC

Initial setting Final setting 1day compressive 3 days compressive 28 days compressive
time/min time/min strength/MPa strength/MPa strength/MPa
10-15 15-20 30.0 425 45.0

SAC: Sulfoaluminate cement.

Table 5. Phosphogypsum and desulfurization gypsum test data

Test items Phosphogypsum Desulfurization gypsum
0.3 mm material retained 2.47% 0.53%
0.15 mm material retained 5.35% 113%
Bulk density 700 ¢g/L 759 g/L
pH 6-7 7
Attached water 0.703% 0.798%
Soluble anhydrous gypsum 0 0
B-hemihydrate gypsum 75.017% 86.535%
Dehydrated gypsum 10.238% 5.997%
cr <0.04%

Total phosphorus <0.3%

Soluble phosphorus < 0.05%

Flowability: The flowability of the binder material was assessed using the cement paste consistency test
method outlined in “Test methods for uniformity of concrete admixtures” (GB/T 8077), with a water-to-

cement ratio (w/c) of 0.5.

Mechanical Performance: The binder material was cast with a water-to-cement ratio of 0.5, and its
compressive strength at 1, 3, 7, and 28 days was determined according to the “Test method for strength of
hydraulic cement mortar” (GB/T 17671-1999, ISO method).
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Table 6. Gypsum content in the mix design

Numbered SAC/% Coal gangue powder/% Ultrafine fly ash/% Gypsum/%
T 73 15 10 2

T2 71 15 10 4

T3 69 15 10 6

T4 67 15 10 8

T5 65 15 10 10

T6 63 15 10 12

SAC: Sulfoaluminate cement.

1 Quartz-SiOy
2 Kaolinite-Al, SinO5(OH)4
! 3 Mullite-AlgSisO13
4 Albite-NaAl Si308
5 Clinochlore-(Mg, Al Fe)(Si,Al)401((OH)g
6 Muscovite-KAl,(Si3Al)O;((OH),
7 Calcite-CaCO3

Intensity (a.u.)

ultrafine fiy ash

10 20 30 40 50 60 70 80
20 (°)

Figure 1. XRD pattern of coal-based solid waste. XRD: X-ray diffractometry.

Analysis of Hydration Products: X-ray diffractometry (XRD) was employed to analyze the mineral
composition of the cement clinker, utilizing an X'Pert3 powder X-ray diffractometer (PANalytical,
Germany) with a scanning speed of 2 (°)/min and a step size of 0.02°, covering a scan range of 0°-80°.
Quantitative analysis was conducted using a refined method based on full-peak pattern analysis. Loading
Powder Diffraction File (PDF) standard cards containing the respective phases, the entire spectrum was
analyzed while controlling the calculated convergence scale factor (R-factor) below 15% to ensure the
reliability of the results. The area ratios of the diffraction peaks corresponding to each phase above the
baseline were calculated to determine the mass fraction of each phase, generating a quantitative analysis
report.
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RESULTS AND DISCUSSION

Influence of gypsum on the physical properties of SAC-coal-based solid waste binder material
Figure 2A illustrates that with an escalation in the semi-hydrated gypsum content, the setting time of the
binder material decreases. When the semi-hydrated gypsum content increased from 0% to 12%, the setting
time of the binder material decreased by 1.3 min, marking a decrease rate of 28.4%. Conversely, as the
phosphogypsum content increased, the setting time initially rose and subsequently declined. Upon
increasing the phosphogypsum content from 0% to 2%, the setting time of the binder material surged by
5 min, showcasing a growth rate of 112.7%. However, with further increments in phosphogypsum content,
the setting time diminished. At a phosphogypsum content of 12%, the setting time of the binder material
decreased by 0.6 min, indicating a decrease rate of 13.1%. Likewise, as the desulfurized gypsum content
increased, the setting time initially surged and later diminished. Upon elevating the desulfurized gypsum
content from 0% to 2%, the setting time of the binder material was augmented by 3.1 min, showcasing a
growth rate of 68.7%. Nonetheless, with ongoing increments in desulfurized gypsum content, the setting
time began to decrease, albeit remaining higher than that of the binder material devoid of desulfurized

gypsum.

Figure 2B depicts that with a rise in the semi-hydrated gypsum content, the flowability of the binder
material declines. Upon increasing the semi-hydrated gypsum content from 0% to 12%, the flowability of
the binder material diminishes by 40 mm, reflecting a decrease rate of 33.9%. Similarly, as the
phosphogypsum content increases, the flowability of the binder material initially ascends and subsequently
descends. Elevating the phosphogypsum content from 0% to 2% leads to a flowability augmentation of
11 mm, with a growth rate of 8.5%. However, with further increments in phosphogypsum content, the
flowability begins to decline. At a phosphogypsum content of 12%, the flowability of the binder material
reduces by 16 mm, indicating a decrease rate of 13.6%. Likewise, as the desulfurized gypsum content
increases, the flowability of the binder material initially rises and subsequently falls. A surge in desulfurized
gypsum content from 0% to 2% results in a flowability increase of 12 mm, with a growth rate of 10.2%.
Nonetheless, with ongoing increments in desulfurized gypsum content, the flowability starts to diminish. At
a desulfurized gypsum content of 12%, the flowability of the binder material decreases by 9 mm, marking a
decrease rate of 7.6%.

The primary constituent of hemihydrate gypsum is CaSO,-0.5H,0. Therefore, desulfurization gypsum can
also undergo a reaction with water. Specifically, 1 mol of hemihydrate gypsum reacts with 1.5 mol of water
to yield 1 mol of CaSO,2H,0. With an increase in hemihydrate gypsum content, it rapidly reacts with a
significant amount of water. Consequently, the free water within the unit volume of cementitious materials
continues to diminish. Additionally, CaSO,-2H,O can react with cement particles, expediting the formation
of ettringite and hastening the hydration reaction. Consequently, the setting time of cementitious materials
continues to shorten. The reduction of free water within the unit volume of the cementitious material leads
to a decrease in fluidity. Phosphogypsum encompasses soluble fluorine and soluble phosphorus, which can
engage in a reaction with Ca(OH),, a byproduct of cement hydration, to generate inert salts such as CaF,
and Ca,(PO,),. These inert salts precipitate on the surface of cement particles, thereby impeding the
hydration rate of cement. Hence, when the quantity of phosphogypsum is limited, the setting time of the
cementitious material is extended. Due to the sluggish hydration process, an abundance of free water
engages in the reaction, thereby augmenting the fluidity of the cementitious material. As the dosage
continues to rise, the presence of CaSO,-0.5H,0 in the cementitious system escalates, consequently
absorbing a substantial portion of free water. This phenomenon leads to the commencement of a decline in
both setting time and fluidity of the cementitious material. The dissolution rate of desulfurization gypsum
surpasses that of anhydrite present in cement. Upon incorporating a small amount of desulfurization
gypsum into the cementitious system, the ettringite precipitated in the liquid phase infiltrates the interstices
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Figure 2. Effect of gypsum on setting time and fluidity of SAC-coal-based solid waste cementitious materials. SAC: Sulfoaluminate
cement.

between cement particles, impeding the progression of further hydration reactions. Additionally,
desulfurization gypsum may harbor impurities with retarding effects, further elongating the setting time of
the cement slurry. With the gradual escalation of desulfurization gypsum content, a copious amount of
CaS0,-0.5H,0 dissolves in the cementitious system, actively participating in the hydration reaction and
consuming a significant portion of free water. As the hydration reaction progresses, generating exothermic
reactions, it fosters increased ettringite formation. Consequently, the consumption of cement reaction water
amplifies, resulting in a shorter setting time.

Figure 3A illustrates that at a semi-hydrated gypsum content of 6%, the 1-day strength of the binder
material peaked, showcasing an increase of 3.1 MPa at a growth rate of 19.1%. Subsequently, as the semi-
hydrated gypsum content rose further, the 1-day strength of the binder material began to decline.
Specifically, at a semi-hydrated gypsum content of 12%, the strength decreased by 2.3 MPa, with a rate of
14.2%. Similarly, when the phosphogypsum content reached 10%, the 1-day strength of the binder material
reached its pinnacle, exhibiting a 3.1 MPa increase at a growth rate of 19.1%. Nevertheless, as the
phosphogypsum content continued to escalate, the 1-day strength of the binder material experienced a
downturn. However, even at a phosphogypsum content of 12%, the strength remained superior to that of
the binder material without gypsum. Optimal strength was achieved with an 8% desulfurized gypsum
content, resulting in a 3.4 MPa surge at a growth rate of 21%. Yet, with further increments in desulfurized
gypsum content, the 1-day strength of the binder material gradually declined. Nonetheless, even at a
desulfurized gypsum content of 12%, the strength surpassed that of the binder material devoid of gypsum.

Figure 3B illustrates that at a semi-hydrated gypsum content of 8%, the 3-day strength of the binder material
peaked, showcasing an increase of 4.2 MPa at a growth rate of 22.2%. Subsequently, as the semi-hydrated
gypsum content rose further, the 3-day strength of the binder material began to decline. Specifically, at a
semi-hydrated gypsum content of 12%, the strength decreased by 3.7 MPa at a rate of 19.6%.

Similarly, when the phosphogypsum content reached 8%, the 3-day strength of the binder material achieved
its zenith, exhibiting a 2.8 MPa increase at a growth rate of 14.8%. However, as the phosphogypsum content
continued to escalate, the 3-day strength of the binder material experienced a downturn. Nonetheless, even
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Figure 3. The effect of gypsum on the strength of SAC-coal-based solid waste cementitious materials at (A) 1, (B) 3, (C) 7, and (D) 28
days. SAC: Sulfoaluminate cement.

at a phosphogypsum content of 12%, the strength remained higher than that of the binder material without
gypsum. Optimal strength was achieved with an 8% desulfurized gypsum content, resulting in a 4 MPa
surge at a growth rate of 21.2%. Yet, with further increments in desulfurized gypsum content, the 3-day
strength of the binder material gradually declined. Nonetheless, even at a desulfurized gypsum content of
12%, the strength surpassed that of the binder material devoid of gypsum.

Figure 3C reveals that at an 8% semi-hydrated gypsum content, the 7-day strength of the binder material
peaked, marking a remarkable increase of 6.7 MPa at a growth rate of 34.9%. Subsequently, as the semi-
hydrated gypsum content rose further, the 7-day strength of the binder material began to decline.
Specifically, at a semi-hydrated gypsum content of 12%, the strength decreased by 0.3 MPa at a decrease rate
of 1.6%. Similarly, when the phosphogypsum content reached 8%, the 7-day strength of the binder material
achieved its zenith, showcasing an impressive 8.5 MPa increase at a growth rate of 44.3%. However, as the
phosphogypsum content continued to escalate, the 7-day strength of the binder material experienced a
downturn. Nevertheless, even at a phosphogypsum content of 12%, the strength remained higher than that
of the binder material without gypsum. An optimal 7-day strength was attained with an 8% desulfurized
gypsum content, resulting in a notable 10 MPa surge at a growth rate of 52.1%. Yet, with further increments
in desulfurized gypsum content, the 7-day strength of the binder material gradually declined. Nonetheless,
even at a desulfurized gypsum content of 12%, the strength surpassed that of the binder material devoid of
gypsum.
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Figure 3D illustrates that at an 8% semi-hydrated gypsum content, the 28-day strength of the binder
material peaked, exhibiting a notable increase of 9.6 MPa at a growth rate of 37.1%. Subsequently, as the
semi-hydrated gypsum content escalated, the 28-day strength of the binder material commenced a
downward trajectory. Specifically, at a semi-hydrated gypsum content of 12%, the strength decreased by
0.7 MPa at a decrease rate of 2.7%. Similarly, with an 8% phosphogypsum content, the 28-day strength of
the binder material attained its zenith, showcasing a commendable 7.9 MPa increase at a growth rate of
30.5%. However, as the phosphogypsum content continued to rise, the 28-day strength of the binder
material experienced a decline. Nonetheless, even at a phosphogypsum content of 12%, the strength
remained higher than that of the binder material without gypsum. An optimal 28-day strength was achieved
with an 8% desulfurized gypsum content, resulting in a significant 8.2 MPa surge at a growth rate of 31.7%.
However, with further increments in desulfurized gypsum content, the 28-day strength of the binder
material gradually decreased. Nevertheless, even at a desulfurized gypsum content of 12%, the strength
surpassed that of the binder material devoid of gypsum.

Hydration mechanism analysis

Samples labeled S1 with fixed proportions of 15% coal gangue powder and 10% ultrafine fly ash, along with
varying proportions of semi-hydrated gypsum at 6% (S2), 8% (S3), and 10% (S4), underwent XRD analysis
at a curing age of 28 days. The XRD results of samples cured for 28 days without gypsum and the XRD
spectra of the cementitious materials are depicted in Figure 4A. Similarly, XRD analysis was conducted on
samples with fixed proportions of 15% coal gangue powder and 10% ultrafine fly ash, along with
phosphogypsum at 6% (S5), 8% (S6), and 10% (S7), at a curing age of 28 days. The XRD results of samples
cured for 28 days without gypsum and the XRD spectra of the cementitious materials are displayed in
Figure 4B.

Additionally, XRD analysis was performed on samples with fixed proportions of 15% coal gangue powder
and 10% ultrafine fly ash, along with desulfurized gypsum at 6% (S8), 8% (S9), and 10% (S10), at a curing age
of 28 days. The XRD results of samples cured for 28 days without gypsum and the XRD spectra of the
cementitious materials are presented in Figure 4C. Lastly, samples with fixed proportions of 15% coal
gangue powder, 10% ultrafine fly ash, and 8% desulfurized gypsum were subjected to XRD analysis at curing
ages of 1 day (S11), 3 days (S12), 7 days (S13), and 28 days. The XRD patterns of the cementitious materials
are illustrated in Figure 4D. Quantitative analysis of ettringite in the hydration products of cementitious
materials using the Rietveld method is summarized in Table 7.

With a consistent amount of coal-based solid waste and an increasing quantity of semi-hydrated gypsum,
the proportion of ettringite in the hydration products of the cementitious materials gradually rose, while the
strength of the cementitious system initially increased and then decreased. This phenomenon occurs
because as the content of semi-hydrated gypsum in the cementitious system rises, more ettringite is formed.
Additionally, the presence of sulfate ions in the cementitious system enhances the activity of ultrafine fly
ash!"**l. This activation promotes the formation of the gel through the pozzolanic reaction, enhances the
bonding between the particles, and leads to a denser overall structure. With the increase of hemihydrate
gypsum content from 0% to 8%, the dissolution of hemihydrate gypsum consumes the free water in the
cementitious material. Gypsum actively participates in the hydration reaction, resulting in the formation of
more ettringite. Calcium sulfate reacts with CH [Ca(OH),] and AH, [Al(OH),] in cement to form additional
ettringite, which contributes to the strength improvement. However, when the content of hemihydrate
gypsum increases from 8% to 10%, the strength of cementitious materials decreases due to excessive
expansion and fracture of cement caused by excessive formation of ettringite.
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Table 7. Rietveld quantitative analysis of the ettringite content in the hydration products of cementitious materials

Numbers Specific gravity of ettringite
S1 41.6
S2 54.3
S3 57.6
S4 59.8
S5 52.7
S6 52.4
S7 52.8
S8 499
S9 43.9
S10 494
N 50.8
S12 51.3
S13 523
A 1 Ettringite-Ca (AI(OH),) (SO,)(H,0),, B 1 Ettringite-Ca (AI(OH),),(SO,)(H,0),,
2 Calcite-CaCO, 2 Calcite-CaCO,
3 Quartz-SiO, 3 Quartz-$i0,
4 Kaolinite-AlSi,0,(OH), N 4 Kaolinite-ALSi,0(OH),
5 Indialite-Mg,ALSi,O,, 5 Indialite-Mg,ALSI,O,,
6 Calcium Sulfite Hydrate-Ca(SO,)(H,0), 6 Calcium Sulfite Hydrate-Ca(SO,)(H.0),
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Figure 4. XRD pattern of the hydration products. (A) the XRD results of the samples cured for 28 days without gypsum and the XRD
spectra of the cementitious materials; (B) the XRD results of the samples cured for 28 days without gypsum and the XRD spectra of the
cementitious materials; (C) the XRD results of the samples cured for 28 days without gypsum and the XRD spectra of the cementitious
materials; (D) the XRD patterns of the cementitious materials.

With a consistent amount of coal-based solid waste and an increasing quantity of phosphogypsum, the
proportion of ettringite in the hydration products of the cementitious materials initially rose and then
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stabilized, while the strength of the cementitious system first increased and subsequently decreased. As the
phosphogypsum content increased from 0% to 6%, the augmentation of ettringite and the activation of
ultrafine fly ash by sulfate ions in the cementitious system improved interparticle bonding and overall
structural density, resulting in strength enhancement. However, as the phosphogypsum content increased
from 6% to 10%, the ettringite mass remained relatively stable despite the initial strength increase. This is
attributed to the continuous generation of ettringite due to the sufficient gypsum content in the
cementitious materials. Additionally, sulfate ions in phosphogypsum activate the activity of ultrafine fly ash
in cementitious materials, leading to the generation of c-s-h gel. Consequently, although the strength of the
cementitious materials increased, the proportion of ettringite in the hydration products did not significantly
rise.

With a constant amount of coal-based solid waste and increasing desulfurized gypsum, the proportion of
ettringite in the hydration products of the cementitious materials initially increased, followed by a decrease
and subsequent increase. Conversely, the strength of the cementitious system initially rose and then
declined. At lower desulfurized gypsum content, the reaction involving CaSO,-0.5H,0 in desulfurized
gypsum, water in the cementitious system, and cement particles reduced free water per unit volume and
boosted ettringite formation, enhancing cementitious material strength. As desulfurized gypsum content
increased, sulfate ions from its dissolution heightened ultrafine fly ash activity, depleting calcium hydroxide
and reducing ettringite formation. However, the cementitious material densified, improving overall
structural density and, thus, strength. With further desulfurized gypsum increase, an abundance of calcium
sulfate in the hydration environment continuously generated ettringite. Additionally, calcium sulfate
underwent secondary hydration with CH and AH, in the cement to form ettringite. Excessive ettringite
generation caused expansion, leading to decreased strength of the cementitious materials"*'”..

With fixed proportions of coal gangue powder, ultrafine fly ash, and desulfurized gypsum at 15%, 10%, and
8%, respectively, the proportion of ettringite in the hydration products initially increased and subsequently
decreased, while the strength of the cementitious materials continued to rise with the curing age. The
addition of semi-hydrated gypsum reduced the overall free water content in the cementitious system, and
the ample calcium sulfate content enabled it to participate in hydration reactions, generating ettringite.
Moreover, sulfate ions activated ultrafine fly ash, fostering pozzolanic reactions and enhancing cementitious
material formation, thereby boosting strength at different curing ages compared to samples without
desulfurized gypsum. Strength notably increased from 3 to 7 days of curing, while the proportion of
ettringite in hydration products showed only slight growth. This is because ultrafine fly ash is already
activated during the first 3 to 7 days of curing, leading to the significant generation of cementitious
materials and only a slight increase in the proportion of ettringite in hydration products. With increased
curing age, the strength of the cementitious materials rises; however, the proportion of ettringite decreases.
This is because the ultra-fine fly ash has strong activity. When enough sulfate ions are in the cementitious
system, more gels are continuously generated through the pozzolanic reaction. However, excessive gel and
excessive ettringite lead to expansion and fracture of cement, resulting in a decrease in the strength of
cementitious materials.

Effects of ternary composite incorporation of water reducers on the properties of cementitious
materials

To comprehensively and systematically examine the influence of water reducer dosage on the hydration
performance of a sulfate-aluminate cement-coal-based solid waste-solid waste gypsum cementitious system,
various percentages of lignosulfonate sodium, naphthalene-based, and polycarboxylate water reducers were
introduced to the cementitious system. The water reducer dosages ranged from 0% to 3% in increments of
0.05%, resulting in 18 groups. As depicted in Figure 5A and B, an increase in the water reducer dosage led to
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Figure 5. (A) Influence of water reducer on the setting time of cementitious materials; (B) Influence of water reducer on the flowability
of cementitious materials; (C) Influence of retarder on the setting time of cementitious materials; (D) Influence of retarder on the
flowability of cementitious materials.

progressive improvements in fluidity and setting time of the cementitious material. The water-reducing
effect followed the sequence of polycarboxylate, naphthalene-based, and lignosulfonate sodium water
reducers, while the retarding effect followed the sequence of polycarboxylate, lignosulfonate sodium, and
naphthalene-based water reducers.

With the increase in polycarboxylate water reducer dosage from 0% to 0.3%, the fluidity of the cementitious
material increased by 145 mm, marking a growth rate of 112.9%, while the setting time increased by 7.8 min,
reflecting a growth rate of 147.9%. As for the naphthalene-based water reducer dosage, an increase from 0%
to 0.3% led to a fluidity increase of 83 mm, at a growth rate of 70.3%, and a setting time increase of 2.0 min,
at a growth rate of 38.5%. Similarly, with an increase in lignosulphonate sodium dosage from 0% to 0.3%,
the fluidity of the cementitious material rose by 73 mm, indicating a growth rate of 61.9%, and the setting
time extended by 9.7 min, reflecting a growth rate of 183.0%.

The molecular structure of lignosulfonate sodium contains retarding groups (hydroxyl and ether bonds)
that inhibit the early hydration of cement, reduce chemically bound water, and increase the amount of free
water, thereby enhancing the fluidity and setting time of the cementitious material"**”. The mechanism of
naphthalene-based water reduction involves electrostatic repulsion and steric hindrance. Electrostatic
repulsion encompasses dispersion and lubrication effects. The dispersion effect arises from the oriented
adsorption of naphthalene-based water reducer molecules onto cement particle surfaces, inducing a
uniform charge distribution. This, in turn, triggers electrostatic repulsion, disrupting the flocculation
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structure between cement particles. Consequently, encapsulated free water is released, enhancing its
utilization in the cementitious material. This process improves fluidity, setting time, and water drainage
rate, thereby reducing the stone content of the cementitious material. The lubrication effect stems from the
hydrophilic groups of naphthalene-based water reducer molecules adsorbed on cement particle surfaces,
forming a stable solvation water film with water molecules within the cementitious material. This reduces
flow resistance between cement particles, facilitating lubrication and enhancing the material’s flowability.
The free hydrophilic branches of naphthalene-based water reducer molecules, when adsorbed on the surface
of cement particles, create steric hindrance during mutual approach. As cement particles draw closer,
greater branch overlap occurs, intensifying steric hindrance. This prevents close particle contact, disrupts
particle flocculation, enhances cement particle flow, and promotes the flowability of the cementitious
material. With the action of electrostatic repulsion, an increase in polycarboxylate water reducer dosage
enhances the fluidity and setting time of the cementitious material while decreasing stone content. Beyond
electrostatic repulsion and steric hindrance theories, the grafting copolymer side chain retarding effect
constitutes a unique water-reducing mechanism of the polycarboxylate water reducer, contributing to its
higher water-reducing rate compared to lignosulfonate sodium and naphthalene-based water reducers. The
retarding effect of the grafted copolymer side chains encompasses the phenomenon where certain side
chains attached to the polycarboxylate water reducer molecule not only induce steric hindrance but also, in
an alkaline environment, may undergo breakage, releasing polycarboxylic acid with dispersing properties.
This acid can effectively disperse cement particles and enhance fluidity”*". Compared to naphthalene-
based and lignosulfonate sodium water reducers, polycarboxylate water reducers offer greater advantages
for the fluidity and setting time of SAC-coal-based solid waste-solid waste gypsum cementitious materials.
Consequently, the polycarboxylate water reducer was chosen for further experimentation.

To comprehensively and systematically examine the impact of retarder dosage on the hydration
performance of the SAC-coal-based solid waste-solid waste gypsum cementitious system, with a fixed
dosage of 0.25% polycarboxylate water reducer, different proportions of inorganic retarder borax and
organic retarder sodium gluconate were introduced into the cementitious system. Retarder dosages ranged
from 0% to 0.25% in increments of 0.05%, constituting a total of ten groups. As depicted in Figure 5C and D,
an increase in borax dosage markedly prolonged the setting time of the cementitious material, concurrently
enhancing fluidity and reducing stone content. Specifically, when the borax dosage rose from 0% to 0.25%,
the setting time surged by 105.3 min. Subsequently, with further increments in borax dosage, the setting
time exhibited a significant rise. Correspondingly, the fluidity of the cementitious material increased by
19 mm when the borax dosage reached 0.25%. Conversely, elevating the sodium gluconate dosage from 0%
to 0.2% resulted in a 50.3-minute increase in the setting time of the cementitious material. However, with
subsequent increases in sodium gluconate dosage, the setting time of the cementitious material decreased.

This is because the addition of borax to the cementitious material results in the formation of small calcium
borate crystals in the paste, which create an enveloping layer on the surface of the cement particles, slowing
down the hydration rate of the SAC. When the borax dosage is excessively low, the calcium borate may not
fully cover the surface of the cement particles, resulting in an insignificant retarding effect. As the borax
dosage increases, the density of calcium borate on the surface of the cement particles gradually grows,
leading to a gradual prolongation of the setting time of the cementitious material. Consequently, the
increasing amount of free water that cannot participate in the hydration reactions contributes to the
enhanced fluidity of the cementitious material and an increased water bleeding rate. However, when the
dosage is excessively high, the calcium borate layer on the surface of the clinker particles becomes overly
dense, impeding the hydration reaction of the cement particles and resulting in excessive retardation or
even no setting”?*. Sodium gluconate can create an enveloping layer within the cement and its hydration
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products, thereby slowing down the hydration rate of the cement and reducing the formation rate of
ettringite, which extends the setting time. Initially, when the dosage of sodium gluconate is relatively small,
the enveloping layer formed is thin, resulting in an insignificant retarding effect. However, upon reaching a
certain dosage threshold, the thickness of the enveloping layer increases, effectively delaying cement
hydration. As the dosage of sodium gluconate continues to increase, it reacts with the hydration products,
leading to the formation of more calcium gluconate crystals. This process results in a thinner enveloping

layer and a decrease in the retarding effect™"l.

To comprehensively and systematically investigate the impact of early strength agent dosage on the
hydration performance of a SAC-coal-based solid waste-solid waste gypsum cementitious system, various
percentages of lithium carbonate and calcium formate were added to the system, with early strength agent
dosages ranging from 0% to 0.25% in increments of 0.05%, totaling ten groups. As depicted in Figure 6A and
B, as the dosage of lithium carbonate and calcium sulfate increased, the setting time and fluidity of the
cementitious material progressively decreased. However, the incorporation of lithium carbonate resulted in
a more pronounced decrease in setting time and fluidity compared to the incorporation of calcium formate.
As illustrated in Figure 6C-F, with a constant dosage of polycarboxylate water reducer and borax retarder,
the strength of the cementitious material at various ages initially rose and then decreased as the dosage of
lithium carbonate increased. At a lithium carbonate dosage of 0.15%, the strength of the cementitious
material at various ages peaked, surpassing that of pure SAC. However, with further increases in lithium
carbonate dosage, the strength at various ages began to decline. Conversely, with an increase in calcium
sulfate dosage, the strength of the cementitious material at 1 day continued to rise, while those at 3 and 28
days gradually decreased.

When sodium sulfate dissolves in water, it reacts with calcium hydroxide in the cementitious system to
form gypsum dihydrate. This compound can further react with anhydrous calcium sulfate in cement
clinker, facilitating the formation of ettringite and aluminum hydroxide gel, thus enhancing the strength of
the cementitious material after 1 day. However, the addition of sodium sulfate depletes calcium hydroxide
in the cementitious material, reducing its content. Consequently, sodium sulfate only contributes to the
strength of the cementitious material on 1 day and does not support subsequent strength development*>**),

Conversely, the addition of lithium carbonate accelerates the rate of ettringite formation in cementitious
materials, thereby promoting early strength. Within a certain dosage range, lithium carbonate positively
influences the strength at various ages of the cementitious material**. While sodium sulfate does not
facilitate the later strength development of SAC-coal-based solid waste-solid waste gypsum cementitious
materials, an appropriate dosage of lithium carbonate promotes strength across various ages.

To comprehensively study the influence of the water-to-binder ratio on the hydration performance of SAC-
coal-based solid waste-solid waste gypsum cementitious systems, a fixed dosage of 0.25% polycarboxylate
water reducer, 0.25% borax retarder, and 0.15% lithium carbonate early strength agent were maintained,
while varying the water-to-binder ratio from 0.5 to 0.3, decreasing by 0.5 in each group, totaling five groups.

In Figure 7A, with the aforementioned fixed dosages, a decrease in the water-to-binder ratio resulted in
reduced fluidity and setting time of the cementitious material. Specifically, as the water-to-binder ratio fell
from 0.5 to 0.3, the fluidity decreased from 237 to 194 mm, representing a reduction of 43 mm at a rate of
18.1%, and the setting time decreased by 33.7 min, indicating a drop of 56.7%. Higher water-to-binder ratios
resulted in fewer cement particles per unit volume, leading to larger distances between the particles.
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Figure 6. (A) Influence of early strength agent on the flowability of cementitious materials; (B) Influence of early strength agent on the
setting time of cementitious materials; (C) Influence of early strength agent on the 1 day strength of cementitious materials; (D)
Influence of early strength agent on the 3 days strength of cementitious materials; (E) Influence of early strength agent on the 7 days
strength of cementitious materials; (F) Influence of early strength agent on the 28 days strength of cementitious materials.

A o B
| - 240 80 4
55 - =
70 ~
L 230 E,
g 1
] e T S
< 45+ —a— Fluidity [ 220 € E
: £ Is
< < b
£ E £
£ L 210 & Z
@ 354 2. 40 4
£
S
30 - L 200
? 30 4
25 4
T T T T T 190 20 T T T T T
0.30 035 0.40 0.45 0.50 0.50 0.45 0.40 0.35 0.30

Water-to-cement ratio Water-to-cement ratio
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Figure 7B depicts that when the water-cement ratio was 0.4, the 28-day strength of the cementitious
material exceeded 42.5 MPa, reaching 49.8 MPa. Similarly, when the water-cement ratio was 0.35, the 3-day
strength surpassed 42.5 MPa, reaching 43.6 MPa, with the strength at each age exceeding the requirements
for 425 SAC. As the water-to-binder ratio decreases, the strength of the cementitious materials at each age
continues to rise. This is because the gel produced by hydration becomes insufficient to fill the gaps between
the particles, and the excess evaporated water leaves more voids, leading to a decrease in strength.
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Conversely, with a low water-to-binder ratio, the distances between the cement particles are smaller,
allowing the gel produced by cement hydration to easily fill the gaps between the particles. Additionally,
fewer voids remain after evaporation, resulting in an increase in strength with a decrease in the water-to-
binder ratio.

CONCLUSION

With increasing amounts of semi-hydrate gypsum, phosphogypsum, and desulfurization gypsum, the
strength of the cementitious material at different ages initially rises and then declines. When the doses of
sulfate aluminum cement, coal gangue powder, ultrafine coal ash, and desulfurization gypsum in the
cementitious material were 67%, 15%, 10%, and 8%, respectively, the strength at 1 and 3 days resembled that
of pure sulfate aluminum cement, while the strength at 7 and 28 days far surpassed that of pure sulfate
aluminum cement. This proportion effectively reduces the cost of sulfate aluminum cement. The
compatibility of the sulfate aluminum cement-coal-based solid waste-solid waste gypsum cementitious
material with admixtures is excellent. When the doses of sulfate aluminum cement, coal gangue powder,
ultrafine coal ash, and desulphurization gypsum in the cementitious material were 67%, 15%, 10%, and 8%,
respectively, and 0.25% polycarboxylate water reducer, 0.25% borax, and 0.15% lithium carbonate were
added, the strength at each age of the sulfate aluminum cement-coal-based solid waste-solid waste gypsum
cementitious material surpassed that of pure sulfate aluminum cement. Additionally, the setting time and
flowability were superior to those of pure sulfate aluminum cement. With a water-to-binder ratio of 0.35,
the strength at each age met the requirements of the 425 sulfate aluminum cement. This experimental ratio
allows for the consumption of a large amount of coal-based solid waste and solid waste gypsum, which is
significant for environmental protection efforts.
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