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Abstract

A quaternary solid-waste-based binder was prepared from low-titanium slag, municipal
solid waste incineration (MSWI) fly ash, steel slag, and flue-gas desulfurization gypsum
(FGDQG) to clarify the activating effect of MSWI fly ash on low-titanium slag and its in-
fluence on hydrate evolution. Unlike conventional solid-waste-based binders in which
MSWI fly ash is mainly regarded as a hazardous residue requiring stabilization, this study
demonstrates its specific role as a Ca-rich alkaline activator for promoting low-titanium slag
depolymerization and coordinated hydrate formation. The results showed that the com-
pressive strength first increased and then decreased with increasing MSWI fly ash content.
Considering both strength development and MSWI fly ash utilization, the optimum mix-
ture was identified as low-titanium slag:MSWI fly ash:steel slag:FGDG = 43.0:17.2:25.8:14.0,
with compressive strengths of 9.51 and 46.32 MPa at 3 and 90 d, respectively. These val-
ues corresponded to 5.66 and 1.04 times those of the reference mixture without MSWI
fly ash, respectively. Ettringite and C-(A)-S-H gel were the main strength-contributing
hydration products, while Friedel’s salt was identified as a chloride-bearing AFm phase.
Moderate MSWI fly ash addition promoted alkaline activation and low-titanium slag de-
polymerization, leading to increased formation of ettringite, C-(A)-5-H gel, and Friedel’s
salt, which contributed to improved compressive strength. In contrast, excessive MSWI
fly ash disturbed the Ca-Si-Al balance and inhibited effective hydrate formation. These
results demonstrate that MSWI fly ash can serve as an effective Ca-rich activator for low-
titanium-slag-based low-carbon cementitious materials and provide a feasible route for the
synergistic utilization of multiple solid wastes.

Keywords: low-titanium slag; MSWI fly ash; composite activation; low-carbon cementitious
materials

1. Introduction

The decarbonization of cementitious materials has become a central challenge in
sustainable construction because conventional Portland cement production is inherently
energy intensive, resource intensive, and carbon intensive. Current assessments indicate
that the direct emissions intensity of cement production remains close to 0.6 t CO, per tonne
of cement, which means that substantial carbon mitigation will depend not only on process
optimization, but also on the replacement of clinker by low-carbon alternative binders
derived from industrial by-products [1]. In this context, the development of cementitious
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materials based on solid wastes is not merely a disposal strategy, but an essential pathway
toward resource-efficient and low-carbon material systems.

Among the various waste streams available for binder design, steel slag and FGDG
have been widely recognized as functionally valuable constituents because they can re-
spectively provide Ca-rich alkaline phases and sulfate for hydrate formation. By contrast,
the resource utilization of MSWI fly ash remains far more challenging owing to its com-
plex chemistry, high alkalinity, and the coexistence of soluble salts and hazardous species.
Recent reviews have shown that the annual generation of MSWI fly ash in China has
exceeded 10 million tonnes and that the dominant management route is still solidifica-
tion/stabilization followed by landfill disposal [2]. Although this pathway can achieve
short-term hazard control, it does not fully exploit the intrinsic chemical value of MSWI fly
ash in low-carbon cementitious systems. From a materials perspective, the high Ca content
and alkalinity of MSWI fly ash suggest that it may act not only as a residue requiring stabi-
lization, but also as a potentially reactive Ca-rich component in multi-solid-waste binders.
Moreover, chlorides and soluble salts in MSWI fly ash can modify the pore-solution ionic
environment and influence the dissolution and reorganization of the Ca-Si-Al network in
low-titanium slag. Chloride may react with Ca- and Al-bearing species to form Friedel’s
salt [3,4], whereas excessive soluble salts can disturb the Ca-Si-Al-S balance and hinder the
sustained formation of ettringite and C-(A)-S-H gel [5]. In addition, the potential leaching of
heavy metals from MSWI fly ash remains a critical barrier to its acceptance in construction
materials [6,7]. Therefore, the coordinated use of MSWI fly ash in low-carbon cementitious
systems should not only promote slag activation and hydrate formation, but also ensure
the immobilization of hazardous elements through physical encapsulation and chemical
binding within hydration products.

Low-titanium slag is another underutilized by-product with considerable potential
for cementitious applications. Publicly available statistics are commonly reported for
titanium-bearing blast furnace slag as a whole rather than for low-titanium slag alone,
but recent studies consistently indicate that China generates approximately 7 million
tonnes of titanium-bearing blast furnace slag annually, with accumulated stockpiles already
exceeding 100 million tonnes, while the overall utilization rate remains below 3% [8].
Despite its Ca-Si-Al-bearing composition, low-titanium slag exhibits relatively low intrinsic
hydraulic activity compared with conventional blast furnace slag, and its efficient utilization
therefore depends on the establishment of an appropriate activation environment [9]. This
issue is particularly important for regions such as southwest China, where vanadium
titanomagnetite smelting produces large quantities of titanium-bearing slags but high-
value utilization routes remain limited.

From the perspective of binder chemistry, a key unresolved issue is how MSWI fly ash
participates in the activation of low-reactivity low-titanium slag, rather than only acting
as a waste component requiring stabilization or as a general alkaline additive. This issue
is particularly important because low-titanium slag contains Ca-Si-Al-bearing phases but
exhibits limited intrinsic hydraulic activity, and its efficient utilization depends on the
construction of a suitable alkaline-sulfate reaction environment. The quaternary system
composed of low-titanium slag, steel slag, FGDG, and MSWI fly ash differs from con-
ventional multi-solid-waste binders in both composition and reaction pathway. In this
system, low-titanium slag serves as the principal aluminosilicate precursor, MSWI fly ash
provides Ca-rich alkaline species to promote slag depolymerization, steel slag supplies ad-
ditional reactive Ca-bearing phases, and FGDG continuously provides sulfate for ettringite
formation. This design enables the coupled regulation of Ca supply, sulfate activation, alu-
minosilicate network dissolution, and hydrate evolution within an all-solid-waste matrix.
Its potential application is also closely related to cemented paste backfill, where reducing
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cement consumption and increasing regional solid-waste utilization are both critical for
engineering and environmental performance [10]. However, the dosage-dependent ac-
tivation role of MSWI fly ash in low-titanium-slag-based cementitious systems remains
insufficiently clarified. In particular, how MSWI fly ash-derived Ca-rich alkaline species
regulate pore-solution chemistry, promote the depolymerization of the low-reactivity Ca-
Si-Al network, and affect the subsequent formation of ettringite and C-(A)-S-H gel has not
been systematically revealed [11].

Accordingly, this study developed a quaternary binder system composed of low-
titanium slag, MSWI fly ash, steel slag, and FGDG. The objectives were to determine the
optimum MSWI fly ash dosage, clarify its activating effect on low-titanium slag, and eluci-
date the associated hydration mechanism. To this end, compressive strength at different
curing ages was combined with the efficacy coefficient method for mixture optimization,
while the hydration products, heat evolution, elemental chemical-state changes, and mi-
crostructural development were systematically characterized by XRD, FT-IR, TG-DTG,
isothermal calorimetry, XPS, and SEM. This work is expected to provide both a mechanistic
basis for the design of low-titanium-slag-based low-carbon binders and a feasible route for
the coordinated high-value utilization of metallurgical solid wastes and MSWI fly ash.

2. Results and Discussion
2.1. Effect of MSWI Fly Ash Content on the Performance of the Binder

As shown in Figure 1, the compressive strength of all mixtures increased progres-
sively with curing age, reflecting the continuous hydration and gradual microstructural
densification of the binder system. With the combined content of low-titanium slag and
FGDG fixed, progressively increasing the replacement of steel slag by MSWI fly ash led
to a consistent strength evolution pattern at all ages, characterized by an initial increase
followed by a decline. Specifically, all fly ash-containing mixtures (G2-G6) exhibited higher
3 d compressive strength than the MSWI fly ash-free mixture (G1), indicating that MSWI fly
ash was more effective than steel slag in establishing an alkaline reaction environment at
the early stage, thereby facilitating the initial activation of the system. This confirms that the
incorporation of MSWI fly ash can effectively enhance early-age strength while promoting
its synergistic utilization in the quaternary binder. However, the subsequent decrease in
strength at higher MSWI fly ash contents also reveals the limited substitution capacity
of fly ash for steel slag. Although both materials contribute to the alkalinity required
for precursor activation, steel slag additionally contains reactive silicate phases such as
C3S and C,S, which can hydrate to form C-S-H gel and thus play a crucial role in matrix
consolidation and strength development [12]. In contrast, MSWI fly ash, despite its high
CaO content, cannot provide the same hydration contribution. Consequently, excessive
MSWI fly ash addition accompanied by insufficient steel slag weakened the formation of
strength-bearing hydrates, resulting in reduced compressive strength. Notably, from the
perspective of long-term performance, all MSWI fly ash-containing mixtures achieved the
target strength of 30 MPa at 90 d, and the mixtures with moderate MSWI fly ash contents,
particularly G2 and G3, showed superior 90 d strength to G1, with increases of 0.66% and
4.31%, respectively. These results demonstrate that an appropriate dosage of MSWI fly
ash not only promotes early hydration activation but also contributes positively to the
long-term mechanical performance of the binder system.
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Figure 1. Compressive Strength of Low-Titanium Slag-Based Quaternary Cementitious System.

2.2. Determination of the Optimal Mixture Proportion of the MSWI Fly Ash-Low-Titanium
Slag-Based Binder Based on the Efficacy Coefficient Method

Figure 1 shows that the compressive strength of the quaternary binder system exhib-
ited a consistent increase-then-decrease trend with increasing MSWI fly ash content at all
curing ages, although all mixtures still exceeded 30 MPa at 90 d. The optimum MSWI fly
ash dosage was clearly age-dependent. G2 containing 8.6% MSWI fly ash achieved the
highest strengths at 3-28 d, with values of 11.05, 25.71, and 40.66 MPa at 3, 7, and 28 d,
respectively, whereas further increasing the MSWI fly ash content to 17.2-34.4% resulted
in a progressive strength reduction. In contrast, G3 with 17.2% MSWI fly ash exhibited
the highest 90 d strength of 46.32 MPa. These results indicate that MSWI fly ash exerts
a time-dependent effect on strength development, and its optimum dosage should be
selected by balancing early-age performance and later-age strength gain.

To further identify the optimum formulation, the efficacy coefficient method was
applied using the compressive strengths at 3, 7, 28, and 90 d as integrated evaluation
indices. The maximum strength at each curing age was assigned an efficacy coefficient of
1, and the remaining values were normalized as the ratio of the measured strength to the
corresponding maximum value. The overall efficacy coefficient (OEC) was then calculated
as the geometric mean of the four individual efficacy coefficients. In Table 1, d1, dy, d3, and dy4
represent the individual efficacy coefficients at 3, 7, 28, and 90 d, respectively, and D denotes
the overall efficacy coefficient (OEC). As listed in Table 1, G2 exhibited the highest overall
efficacy coefficient (0.99), indicating the best comprehensive mechanical performance
among the tested mixtures. However, G3 achieved the highest 90 d compressive strength
and incorporated twice the MSWI fly ash content of G2, while still maintaining satisfactory
early-age and 28 d strength. Therefore, considering both mechanical performance and
the objective of increasing MSWI fly ash utilization, G3 was selected as the preferred
formulation for the quaternary binder system. The corresponding mix proportion of
low-titanium slag, MSWI fly ash, steel slag, and gypsum was 43.0:17.2:25.8:14.0.

Table 1. Efficacy Coefficient Analysis of Formulation Schemes.

Compressive Strength (MPa) EC OEC
Sample
3d 7d 28d 9d dq d> d3 dy D

Gl 1.68 23.66 39.94 4441 0.15 0.92 0.98 0.96 0.60
G2 11.05 25.71 40.66 44.70 1.00 1.00 1.00 0.97 0.99
G3 9.51 21.60 38.98 46.32 0.86 0.84 0.96 1 0.91
G4 5.85 13.33 30.54 38.43 0.53 0.52 0.75 0.83 0.64
G5 3.04 7.65 22.55 39.98 0.27 0.30 0.55 0.86 0.44
G6 0.48 3.29 12.21 32.70 0.04 0.13 0.30 0.71 0.18
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2.3. Hydration Mechanism of the MSWI Fly Ash-Low-Titanium Slag Quaternary Binder System
2.3.1. Hydration Heat Evolution Analysis of the Hydration Reaction

As shown in Figure 2a, the cumulative heat release of all mixtures increased continu-
ously with hydration time, but clear differences were observed among the formulations.
G3 exhibited the highest cumulative heat release throughout the later hydration period,
indicating the greatest overall hydration degree and the most sustained reaction process.
This result agrees well with its superior long-term compressive strength, confirming that
a moderate dosage of MSWI fly ash was beneficial to prolonged hydrate formation and
matrix development. In contrast, G6 showed the lowest cumulative heat release, suggest-
ing that excessive MSWI fly ash suppressed the overall hydration process. This behavior
was mainly attributed to the disturbance of the Ca-Si-Al balance and the reduction in the
proportion of effective reactive precursors at high MSWI fly ash contents, which limited
the continued formation of hydration products.

The heat-flow curves in Figure 2b further reveal that all mixtures exhibited a typical
multi-stage exothermic pattern. A sharp initial peak appeared within 0.1-0.8 h, corre-
sponding to the rapid wetting, dissolution, and early reaction of highly reactive Ca-bearing
phases. A second weak peak was observed at around 8 h and was mainly associated with
the sulfate—aluminate reaction and ettringite formation [13]. At this stage, G2 and G3
showed relatively higher heat flow than the other mixtures, indicating that a moderate
amount of MSWI fly ash promoted the establishment of a favorable alkaline environment
and accelerated the release of reactive silicate and aluminate species from low-titanium
slag. A broad late exothermic stage appeared over approximately 60-160 h, which was as-
sociated with the continued hydration of relatively slow-reacting phases and the sustained
formation of C-(A)-S-H gel [14]. Overall, the results demonstrate that MSWI fly ash plays
a dosage-dependent role in the quaternary binder system: an appropriate incorporation
level promotes both early activation and sustained hydration, whereas excessive addition
weakens reaction continuity and is unfavorable for strength development.
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Figure 2. Hydration heat evolution of the quaternary binder systems: (a) cumulative heat release;
(b) heat flow.

2.3.2. XRD Analysis of Hydration Products

Figure 3 shows that the hydrated pastes were mainly composed of ettringite, Friedel’s
salt, Ca(OH),, residual C,5, C35 and CaSOy4-2H,O, together with the inert RO phase. In
addition, a weak diffuse hump gradually appeared in the 20 range of 29-35°, indicating
the formation of poorly crystalline C-(A)-S-H gel. At 3 d, only weak ettringite reflections
were detected, confirming that hydration had already been initiated at the early stage.
With increasing curing age, the ettringite peaks became progressively stronger, especially
from 7 to 28 d, suggesting continuous sulfate consumption and sustained crystallization
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of ettringite. Meanwhile, the amorphous hump became more evident at later ages, indi-
cating the gradual accumulation of C-(A)-S-H gel. These results suggest that the strength
development of the quaternary system was governed by the sequential formation of an
ettringite-dominated early skeleton and a C-(A)-S-H-dominated later binding network.
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Figure 3. XRD patterns of the quaternary binder systems at different curing ages: (a) G1; (b) G2;
(c) G3; (d) G4; (e) G5; (£) Gé6.

The phase evolution also revealed a clear dosage-dependent role of MSWI fly ash. In
G2 and G3, the C3S reflections disappeared by 28 d, indicating more complete hydration of
reactive silicate phases, which is consistent with their superior mechanical performance. By
contrast, C;S decreased more gradually and remained detectable even at 90 d, confirming
its contribution to long-term gel formation and later-age strength gain. Ca(OH), was
mainly observed at 3-7 d and disappeared at 28 d in G1-G4, implying that the early-
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generated alkalinity was subsequently consumed by the activation of low-titanium slag
and the formation of secondary hydrates. The progressive attenuation of CaSO4-2H,O
further confirms its continuous participation in ettringite formation, particularly during
the 7-28 d interval when strength increased most rapidly. A characteristic reflection of
Friedel’s salt was also identified, demonstrating that chloride released from MSWI fly ash
was chemically incorporated into a stable AFm-type phase. Therefore, the XRD results
indicate that an appropriate amount of MSWI fly ash not only promotes the hydration of
reactive silicate phases and the formation of ettringite and C-(A)-S-H, but also facilitates
chloride immobilization through Friedel’s salt formation, which is a key advantage of this
quaternary binder system.

Figure 4 compares the phase assemblages of G1 without MSWI fly ash, G3 with the
optimum proportion, and G6 with the highest MSWI fly ash dosage at 3 and 28 d. At both
curing ages, G3 exhibited the most favorable hydration characteristics, as evidenced by
the stronger ettringite reflections, the more discernible diffuse hump assigned to poorly
crystalline C-(A)-S-H gel, and the lower residual gypsum peak intensity relative to G1
and G6. These features indicate that an appropriate amount of MSWI fly ash promoted
sulfate consumption and enhanced the coupled formation of ettringite and C-(A)-S-H,
which is consistent with the superior mechanical performance of G3. This result suggests
that moderate MSWI fly ash addition does not merely provide alkalinity, but also optimizes
the reaction pathway by accelerating the dissolution of reactive Si- and Al-bearing phases
in the low-titanium slag-based system and promoting the development of a dual hydrate
framework composed of ettringite and C-(A)-S-H.

(@) 1-Ettringite 2-CaS0,-2H,0 3-C,S 4-C,S
5-Quartz 6-CaTiO; 7-Friedel’s Salt 8-RO phase
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Figure 4. XRD comparison of the MSWI fly ash-low-titanium slag-based quaternary binder systems
at different curing ages: (a) 3 d; (b) 28 d.
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By contrast, G6 showed clear signs of hydration inhibition. The weaker ettringite peaks,
the absence of an obvious C-(A)-S-H amorphous hump, and the higher residual gypsum
intensity indicate that excessive MSWI fly ash suppressed the effective progression of
hydration. This behavior can be attributed to the excessive chloride and Ca-rich components
introduced by high MSWI fly ash addition. On the one hand, chloride preferentially reacted
with aluminate species to form Friedel’s salt, thereby consuming reactive Al and weakening
ettringite formation. On the other hand, excess CaO disturbed the Ca-5i-Al balance of
the system and was unfavorable for the sustained growth of a dense C-(A)-S-H network.
Therefore, the XRD comparison confirms that the beneficial effect of MSWI fly ash is
strongly dosage-dependent: appropriate incorporation enhances hydrate evolution and
structural build-up, whereas excessive addition shifts the system toward chloride binding
and incomplete hydration, ultimately impairing later-age performance.

2.3.3. FT-IR Analysis

Figure 5 further clarifies the evolution of the hydration products, particularly the
poorly crystalline C-(A)-S-H gel that cannot be fully resolved by XRD. All mixtures exhib-
ited similar band positions, indicating comparable types of hydration products, whereas
the band intensity evolved markedly with curing age, reflecting differences in hydration
degree and product accumulation. The broad bands at approximately 3400 and 1600 cm ™!
were assigned to the O-H stretching and H-O-H bending vibrations of bound water, mainly
associated with ettringite and C-(A)-S-H gel [15,16]. Their progressive enhancement from
3 to 90 d indicates the continuous formation of hydrated phases. The band near 1110 cm ™!
corresponds to S-O asymmetric stretching, arising from sulfate-bearing phases such as gyp-
sum and ettringite [17], while the band around 970 cm ! is attributed to Si-O asymmetric
stretching in silicate tetrahedra [18]. In addition, the bands near 670, 600, and 510 cm !
are assigned to Si-O-(Al) bending vibrations, confirming the gradual development of alu-
minosilicate hydrate structures [19,20]. The bands at approximately 1450-1470 cm ! and
875 cm ! were assigned to the characteristic vibrations of CO32~, indicating the presence
of minor carbonate species, mainly CaCOjs. These carbonate signals may be related to slight
surface carbonation during curing, drying, or sample handling [21]. Overall, the FT-IR
results indicate that the quaternary system underwent continuous hydration, accompanied
by sustained formation and structural evolution of ettringite and C-(A)-S-H gel.

The variation in MSWI fly ash content further affected the development of hydration-
related bands. Among the representative mixtures, G3 showed the strongest hydration-
related bands and the most evident evolution of the O-H, H-O-H, and Si-O-(Al) vibrations,
indicating the highest degree of hydrate accumulation and polymerized gel development.
This result is consistent with the XRD and strength results, confirming that an appropriate
amount of MSWI fly ash effectively promoted both early hydration and later structural
build-up. By contrast, G6 exhibited weaker hydration-related bands, suggesting a lower
extent of hydrate formation and a less developed gel network. Therefore, the FI-IR analysis
further demonstrates that moderate MSWI fly ash incorporation optimizes the hydration
pathway of the low-titanium slag-based quaternary binder, whereas excessive addition
suppresses effective gel formation and is unfavorable for long-term performance.
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Figure 5. FT-IR spectra of the quaternary binder systems at different curing ages: (a) G1; (b) G2;
(c) G3; (d) G4; (e) G5; (f) Ge.
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2.3.4. TG-DTG Analysis

Figure 6 shows that the TG-DTG curves of the quaternary binder systems exhibited

several characteristic mass-loss regions associated with the thermal decomposition of

hydration products. All mixtures exhibited three main mass-loss regions during heating,
namely 40-110 °C, 110-180 °C, and 600-800 °C, which can be assigned primarily to the
dehydration of C-(A)-S-H gel, the dehydration of ettringite, and the dehydroxylation of
CaCO:;, respectively [22-24]. In particular, the mass loss at approximately 100-110 °C
is mainly associated with the dehydration of ettringite and C-(A)-S-H gel. The DTG
signal around 136 °C may be attributed to the overlapping dehydration of sulfate-bearing

hydrates, including ettringite and residual calcium sulfate hydrate derived from FGDG [25].
The mass loss in the 500-600 °C range was attributed to the further dehydroxylation of
structurally bound water in C-(A)-5-H/C-5-H-type hydrates [26].
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Figure 6. TG-DTG curves of the quaternary binder systems at different curing ages: (a) G1; (b) G2;

(c) G3; (d) G4; (e) G5; (f) G6.
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With increasing curing age, the low-temperature mass loss became more pronounced,
indicating the continuous formation of hydration products. Among the mixtures, G3 ex-
hibited the most evident increase in the 40-180 °C mass loss, suggesting that a moderate
MSWI fly ash dosage promoted the formation of ettringite and C-(A)-S-H gel. This result
agrees with the XRD and FI-IR observations, in which stronger ettringite reflections and
more evident Si-O/Si-O-Al vibration bands were observed for the optimized mixture. In
contrast, the weaker low-temperature mass loss of G6 indicates that excessive MSWI fly ash
did not effectively contribute to hydrate accumulation, which is consistent with its lower
strength development.

The mass loss in the high-temperature range of approximately 630-670 °C should be
attributed to the decarbonation of minor carbonate-containing phases, mainly CaCOj3. The
presence of carbonate species was also supported by the carbonate-related FT-IR bands at
approximately 875 cm~!. These carbonate phases may have originated from slight surface
carbonation during curing, drying, or sample handling.

Figure 7 further compares the TG-DTG curves of the representative G1, G3, and G6
mixtures to clarify the effect of MSWI fly ash dosage on hydrate accumulation. At 3 d, the
total mass loss in the 40-180 °C range followed the order G3 > G1 > G6. This temperature
region is mainly associated with the dehydration of C-(A)-S-H gel, ettringite, and sulfate-
bearing hydrates, indicating that a moderate MSWI fly ash dosage promoted early hydrate
formation. The higher mass loss of G3 suggests that MSWI fly ash enhanced the alkaline
activation of low-titanium slag and accelerated the conversion of dissolved Ca, Si, and Al
species into hydration products. At 28 d, the low-temperature mass loss remained highest
for G3, followed by G1 and G6. This result indicates that the optimized MSWI fly ash
dosage supported sustained hydrate accumulation during curing, whereas excessive MSWI
fly ash weakened effective hydration. The lower mass loss of G6 reflects the insufficient
formation of strength-contributing hydrates, which is consistent with its lower compressive
strength and less developed microstructure.

2.3.5. XPS Analysis

Figure 8 presents the XPS spectra of the representative G3 system at 3 and 28 d,
showing clear curing-age-dependent shifts in the chemical states of the major elements.
The Ca 2p binding energy increased slightly from 347.17 to 347.20 eV, indicating the
continuous incorporation of Ca into newly formed hydration products. The Si 2p binding
energy shifted from 101.58 to 101.81 eV, indicating progressive reconstruction of the silicate
environment and the development of a more polymerized C-(A)-S-H structure [27,28].
A similar positive shift was observed for Al 2p, from 73.98 to 74.07 eV, suggesting a gradual
increase in the proportion of more stable octahedrally coordinated Al relative to less ordered
tetrahedral Al environments, which is consistent with the formation of ettringite and other
Al-bearing hydrates [29,30]. Meanwhile, the O 1s binding energy increased from 531.49 to
531.68 eV, confirming the increasing degree of oxygen bonding order and silicate network
polymerization during hydration. The Ti 2p and S 2p spectra further support this evolution.
Ti 2p shifted from 458.07 to 459.05 eV, indicating gradual structural reorganization of
Ti-bearing phases inherited from low-titanium slag, while S 2p increased from 168.81
to 168.96 eV, reflecting the stabilization of sulfate in more ordered hydration products,
especially ettringite [31,32]. Taken together, these systematic positive shifts demonstrate
that the G3 system underwent continuous Ca-5i-Al-S chemical reconstruction from 3 to
28 d, leading to higher hydrate polymerization, more stable Al coordination, and a denser
reaction network. This provides direct spectroscopic evidence that the optimum MSWI fly
ash dosage promotes not only early activation, but also the sustained development of a
chemically more ordered and mechanically stronger hydrate structure.
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Figure 7. TG-DTG comparison of selected quaternary binder systems at different curing ages: (a) 3 d;
(b) 28 d.

2.3.6. SEM Analysis

Figure 9 shows the microstructural evolution of the representative G3 paste at 3, 7,
and 28 d. At 3 d, only a limited amount of hydration products was observed, and the
matrix exhibited a loose and porous morphology dominated by fine particulate agglom-
erates. Sparse needle-like ettringite and a small amount of primary C-(A)-S-H gel could
be identified, providing only weak initial structural support between unreacted particles.
This explains the relatively low compactness and strength at the early stage. At7 d, the
amount of ettringite and C-(A)-S-H gel increased markedly, and the microstructure became
significantly denser. Ettringite developed from fine needles into short rod-like crystals,
while the newly formed C-(A)-S-H gel progressively filled intercrystalline voids and coated
residual particles, resulting in a much more integrated hydrate framework. By 28 d, the
hydration products had accumulated substantially, and the matrix evolved into a compact
multi-scale composite structure. Ettringite further grew into well-developed elongated
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crystals and was closely intergrown with abundant C-(A)-S-H gel, which continuously
filled pores and strengthened interfacial bonding. In addition, plate-like Friedel’s salt was
observed, indicating the chemical incorporation of chloride into stable hydration products.
Therefore, the SEM results confirm that the superior performance of G3 originates from
the progressive establishment of a coupled hydrate framework composed of ettringite,
C-(A)-S-H gel, and Friedel’s salt, which simultaneously enhances structural densification,
strength development, and chloride stabilization.
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Figure 8. XPS spectra of the representative G3 sample at different curing ages: (a) Ca 2p; (b) Si 2p;
(c) Al2p; (d) O 1s; (e) Ti 2p; (f) S 2p.
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Figure 9. SEM images of the representative G3 sample at different curing ages: (a) G3-3d; (b) G3-3d;
(c) G3-7d; (d) G3-7d; (e) G3-28d; (f) G3-28d.

2.4. Hydration Process of the MSWI Fly Ash-Low-Titanium Slag-Based Cementitious Materials

The hydration of the MSWI fly ash-low-titanium slag-based quaternary binder is
mainly controlled by the activation effect of MSWI fly ash on the low-reactivity Ca-Si-Al
network of low-titanium slag. At the early stage, MSWI fly ash and steel slag released
Ca-rich alkaline species, which increased the alkalinity of the reaction environment and
promoted the initial dissolution of low-titanium slag [33,34]. This process was reflected
by the enhanced early heat-flow response of the mixtures with moderate MSWI fly ash
addition, which is consistent with the accelerated dissolution and hydration behavior com-
monly observed in alkali-activated slag-based binders [35]. Meanwhile, sulfate supplied by
FGDG reacted with the dissolved Ca and Al species, leading to the preferential formation
of ettringite and the establishment of an early hydration framework [36]. As hydration
proceeded, the continuous depolymerization of the low-titanium slag provided additional
silicate and aluminate species [37]. This interpretation is supported by the development
of the amorphous hump in XRD patterns, the evolution of 5i-O and Si-O-Al vibration
bands in FI-IR spectra, and the increased low-temperature dehydration signals in TG-DTG
curves. The shifts in Ca, Si, Al, O, and S binding energies further indicated the progressive
reconstruction of the Ca-Si-Al-S chemical environment during curing, since XPS binding-
energy variations are closely associated with changes in silicate polymerization and the
local chemical environment of calcium silicate hydrate-type phases [38,39]. Consequently,
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ettringite contributed mainly to early structural build-up, whereas C-(A)-S-H gel gradually
filled pores and improved the later-age compactness of the matrix, as observed from SEM
images. Friedel’s salt was also identified as a chloride-bearing AFm phase associated with
the chloride-containing MSWI fly ash system, which is consistent with the established
chloride-binding behavior of AFm phases in cementitious materials [40,41].

This evolution also explains the strength development of the optimized mixture. The
higher cumulative heat release of G3 reflected a more sustained hydration process, while the
stronger XRD and FT-IR signals and the increased low-temperature mass loss in TG-DTG
indicated greater accumulation of ettringite and C-(A)-S-H gel. These hydration products
filled interparticle voids and improved the continuity of the hardened matrix, thereby
contributing to the higher compressive strength. In contrast, the weaker heat release and
lower hydrate-related signals of G6 corresponded to insufficient hydrate accumulation and
a less compact microstructure, which was consistent with its reduced strength develop-
ment. Therefore, an appropriate dosage of MSWI fly ash promoted slag activation and
hydrate formation by regulating the alkaline reaction environment and ion supply, while
excessive MSWI fly ash weakened effective hydration, probably due to an unfavorable
imbalance among Ca-rich species, chloride-bearing components, and reactive Si-Al sources,
thereby limiting the continuous formation of ettringite and C-(A)-S-H gel [42]. It should be
noted that MSWI fly ash composition may vary significantly depending on waste source
and incineration conditions, especially in terms of chloride, soluble salts, and heavy met-
als [42,43]. Such variability may affect the activation efficiency, hydrate assemblage, and
environmental applicability of the binder system. Future work will therefore evaluate
MSWI fly ashes with different chemical compositions to further verify the robustness and
engineering adaptability of the proposed quaternary binder.

3. Materials and Methods

In this study, four representative industrial solid wastes were used as raw materials,
including low-titanium slag (LTS), steel slag (SS), municipal solid waste incineration fly ash
(MSWI fly ash), and flue-gas desulfurization gypsum (FGDG), all of which were supplied by
a steel plant in Guizhou, China. Prior to use, LTS, SS, and FGDG were mechanically ground
using an SM®500 x 500 laboratory ball mill to obtain sufficient fineness for subsequent
binder reactions. All materials were oven-dried and stored in sealed containers before
mixing. The chemical compositions of the raw materials, as presented in Table 2, were
determined using a wavelength-dispersive X-ray fluorescence spectrometer (WD-XRF, XREF-
1800, Shimadzu, Kyoto, Japan). LTS is rich in Ca, Si, and Al, indicating its potential as a
reactive slag precursor for the generation of aluminosilicate hydrate phases. The relatively
high CaO contents of SS and MSWI fly ash favor the rapid release of calcium species
during the initial reaction stage, which contributes to an increase in Ca?* availability in the
pore solution and thus accelerates slag dissolution and hydrate formation. FGDG mainly
provides sulfate and calcium sources, playing a key role in regulating the reaction route and
phase assemblage of the system. The particle-size distribution and basic physicochemical
properties of the same raw materials had been systematically characterized in our previous
study [44].

A quaternary binder system composed of low-titanium slag, steel slag, MSWI fly
ash, and FGDG was designed to evaluate the activating effect of MSWI fly ash on low-
titanium slag. The mixture levels were selected based on our previous study [44], in
which this formulation exhibited excellent workability and mechanical performance. The
corresponding mix proportions are presented in Table 3. The water-to-binder ratio was
fixed at 0.32 for all mixtures. After weighing according to the designed proportions, the
raw materials were mechanically mixed to obtain homogeneous pastes and then cast into
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30 x 30 x 50 mm molds. The specimens were cured at 20 °C and 98% relative humidity,
demolded after approximately 24 h, and maintained under the same conditions until the
designated testing ages. Compressive strength was determined at 3, 7, 28, and 90 d, with
three parallel specimens prepared for each mixture.

Table 2. Chemical composition of raw materials.

Raw Materials CaO SiO, Al,O3 TiO, MgO SO;3 Fe, O3 MnO Na, O Cl LOL
LTS 43.82 26.43 12.29 6.11 521 2.45 1.64 0.76 0.61 0.02 0.66
SS 45.03 11.76 1.35 3.41 4.43 1.79 26.11 4.43 0.03 0.04 1.62
MSWI fly ash 52.89 712 3.49 0.02 2.76 5.74 1.39 0.05 7.68 17.4 1.72
FGDG 52.77 1.79 0.34 0.22 0.26 43.12 0.42 0.13 0.11 0.56 0.41
Table 3. Mix Proportion Design of Low-Titanium Slag-Based Cementitious System.
MSWI Fly Ash SS LTS FGDG MSWI Fly Ash Replacement Ratio
Sample Iwt. % 1%
Gl 0 43.0 43 14 0

G2 8.6 34.4 43 14 20

G3 17.2 25.8 43 14 40

G4 25.8 17.2 43 14 60

G5 34.4 8.6 43 14 80

G6 43 0 43 14 100

The efficacy coefficient method was adopted to determine the optimum MSWI fly ash
dosage for preparing the MSWI fly ash-low-titanium slag-based quaternary cementitious
material. This method has been widely used for multi-index optimization of cementitious
materials and concrete mixtures [45,46]. In this study, the compressive strengths of G1-G6
at 3,7, 28, and 90 d were selected as the performance evaluation indicators. In this study,
the compressive strengths at 3, 7, 28, and 90 d were assigned equal weight in the efficacy
coefficient analysis. The overall efficacy coefficient was calculated using the geometric
mean of the four individual efficacy coefficients, thereby reflecting the balanced strength
development of each mixture across different curing ages. A lower efficacy coefficient at
any curing age would reduce the final overall efficacy coefficient. For each curing age, the
maximum compressive strength was assigned an efficacy coefficient of 1, and the efficacy
coefficients of the other mixtures were calculated as the ratio of their measured strength to
the corresponding maximum strength. The overall efficacy coefficient was then calculated
as the geometric mean of the four individual efficacy coefficients, thereby reflecting the
comprehensive contribution of strength development at different curing ages. The mixture
with the highest overall efficacy coefficient was considered to have the best comprehensive
mechanical performance. Since all indices belonged to the larger-the-better type, the efficacy
coefficient for each index was calculated as the ratio of the measured value to the maximum
value obtained at the same curing age, as expressed in Equation (1):

Xi

di = M

Ximax

where d; is the efficacy coefficient of the compressive strength at a given curing age, x; is
the measured compressive strength of a given mixture at that curing age, and x; max is the
maximum compressive strength among all mixtures at the same curing age. In this study,
dy, dy, d3 and dy correspond to the efficacy coefficients at 3, 7, 28, and 90 d, respectively.
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To reflect the overall mechanical performance over the entire curing period, the overall
efficacy coefficient D was calculated as the geometric mean of the four individual efficacy
coefficients, as given in Equation (2):

= \/dy-dy-d3-dy )

A higher D value indicates a better overall balance of compressive strength at different
curing ages. Based on this method, the optimum mixture proportion was identified by
jointly considering early-age strength, long-term strength, and the utilization level of MSWI
fly ash.

The chemical compositions of the raw materials were determined by X-ray fluores-
cence spectroscopy (XRF, XRE-1800, Beijing Huarda Science and Technology Co., Ltd.,
Beijing, China). The phase assemblages of hydrated samples were identified by X-ray
diffraction (XRD, Ultima IV, Rigaku, Japan) with Cu K« radiation at 40 kV and 10 mA
over a 20 range of 5-90 degrees, using a step size of 0.02 degrees and a scanning rate
of 5 degrees/min. Fourier transform infrared spectroscopy (FI-IR, Nicolet i520, Thermo
Fisher Scientific, Waltham, MA, USA) was used to characterize the evolution of functional
groups and bonding structures in the range of 400-4000 cm ™! with a resolution of 4 cm~1.
Thermogravimetric and derivative thermogravimetric analyses (TG-DTG) were performed
using a simultaneous thermal analyzer (STA 449 F3, Netzsch, Selb, Germany) from 30 to
1000 °C under a high-purity Ar atmosphere at a heating rate of 10 °C/min to examine
the thermal decomposition behavior of the hydration products. X-ray photoelectron spec-
troscopy (XPS, K-Alpha, Thermo Scientific, USA) was further employed to investigate the
evolution of elemental chemical states in the hydrated binders. The hydration behavior
was evaluated by isothermal calorimetry (TAM Air, TA Instruments, New Castle, DE, USA),
in which paste samples with a water-to-binder ratio of 0.32 were monitored for 168 h to
obtain the heat flow and cumulative heat release. In addition, the micromorphology of the
hydration products was examined using a scanning electron microscope equipped with
energy-dispersive spectroscopy (SEM-EDS, FEI Quanta 650, FEI, Hillsboro, OR, USA) at an
accelerating voltage of 10 kV, with a spot size of 6 and an aperture size of 3.

4. Conclusions

This study clarified the dosage-dependent role of MSWI fly ash in activating a low-
titanium-slag-based quaternary cementitious material and revealed its effects on compres-
sive strength development, hydration heat evolution, hydrate formation, and microstruc-
tural reconstruction. The results confirm that an appropriate amount of MSWI fly ash
can effectively promote low-titanium slag activation and the coordinated formation of
strength-contributing hydration products.

(1) The compressive strength showed a clear increase-then-decrease trend with in-
creasing MSWI fly ash content, indicating that the activating effect of MSWI fly ash was
effective only within an appropriate dosage range. Based on the combined evaluation of
compressive strength at different curing ages using the efficacy coefficient method, the
optimum formulation was determined as low-titanium slag:MSWI fly ash:steel slag:FGDG
=43.0:17.2:25.8:14.0. This mixture achieved compressive strengths of 9.51 MPa at 3 d and
46.32 MPa at 90 d. The optimized binder exhibited effective activation and shows potential
for non-structural low-carbon cementitious applications, such as cemented paste backfill.
However, its broader engineering use still requires further validation of volumetric stability,
durability, and leaching safety.

(2) Moderate MSWI fly ash incorporation increased the heat flow and cumulative
heat release during the main hydration stage and promoted sustained hydrate formation.
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In contrast, excessive MSWI fly ash reduced the cumulative heat release and weakened
later hydration.

(3) XRD, FT-IR, TG-DTG, XPS, and SEM analyses consistently showed that ettringite,
C-(A)-S5-H gel, and Friedel’s salt were the main hydration products controlling the per-
formance of the system. The optimized mixture exhibited greater hydrate accumulation,
higher gel polymerization, and a denser microstructure, whereas excessive MSWI fly ash
reduced effective hydrate formation and deteriorated structural compactness.

(4) The hydration of the quaternary system was governed by the synergistic coupling
of Ca supply, sulfate activation, and aluminosilicate depolymerization. Steel slag and MSWI
fly ash provided Ca-rich alkaline components, FGDG supplied sulfate, and low-titanium
slag continuously released reactive Si and Al species to form ettringite and C-(A)-S-H gel.
The key role of MSWI fly ash was to regulate low-titanium slag activation and hydrate
evolution; at an appropriate dosage it promoted hydration, whereas excessive addition
disturbed the Ca-5i-Al balance and suppressed effective gel formation.
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