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Abstract

Municipal solid waste incineration (MSWI) fly ash contains soluble salts and heavy metals,
which may cause leaching risks and durability deterioration when directly used in cement-
based materials. This study aimed to investigate the synergistic effects of carbonated and
hydrophobically modified municipal solid waste incineration fly ashes on the engineering
performance and heavy-metal immobilisation of mortar. Mortars containing modified fly
ashes were evaluated in terms of hydration behavior, compressive strength, water absorp-
tion, electrically accelerated corrosion resistance, heavy metal leaching, and microstructure.
Carbonated fly ash promoted hydration through the nucleation and filling effects of CaCO3,
shortened setting time, increased cumulative hydration heat, and improved compressive
strength by up to 4.5 MPa. Hydrophobic fly ash reduced particle wettability and capillary
water transport, thereby reducing water uptake and mitigating visible corrosion-induced
deterioration under accelerated conditions, although excessive dosage delayed hydration
and reduced strength. The combined modification showed a clear synergistic effect, re-
ducing water absorption by up to 39.9%. In particular, the C3H3 specimen, containing
75 kg·m−3 carbonated MSWI fly ash and 75 kg·m−3 hydrophobically modified MSWI fly
ash, exhibited the lowest water absorption of 3.92% and effectively suppressed crack propa-
gation and corrosion-product migration. The leaching concentrations of Cr, Cu, Zn, As, Cd,
and Pb were below the GB 18598—2019 limits. X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TG), and low-field nuclear mag-
netic resonance (NMR) results indicated that the improved performance originated from a
composite barrier involving carbonate filling, hydrophobic interfacial blocking, and heavy
metal solidification/stabilization.

Keywords: municipal solid waste incineration fly ash; carbonation modification;
hydrophobic modification; synergistic effect; heavy metal leaching

1. Introduction
With economic development, population agglomeration, and changes in urban

lifestyles, the generation of municipal solid waste (MSW) has continued to increase, and
its safe and efficient disposal has become a major issue in urban environmental gover-
nance [1,2]. Incineration, as a mainstream approach for municipal solid waste treatment,
can reduce waste volume by approximately 90% and mass by 75–80%, while enabling heat

Buildings 2026, 16, 2593 https://doi.org/10.3390/buildings16132593

https://crossmark.crossref.org/dialog?doi=10.3390/buildings16132593&domain=pdf&date_stamp=2026-06-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-1691-876X
https://doi.org/10.3390/buildings16132593


Buildings 2026, 16, 2593 2 of 21

and power generation through waste heat recovery [3]. However, this process inevitably
generates municipal solid waste incineration fly ash (MSWI FA) [4]. MSWI fly ash is the
fine residue captured by air-pollution-control systems during municipal solid waste incin-
eration [5]. Unlike conventional coal fly ash, it is more heterogeneous and generally poses
greater environmental risks, necessitating appropriate pretreatment before its utilisation
in cement-based materials. In recent years, the total amount of solid waste generated in
China has approached 10 billion tonnes, of which combustion-derived wastes account for
approximately 350 million tonnes [6,7]. The annual global generation of MSWI fly ash
has exceeded 10 million tonnes [8,9]. MSWI fly ash is rich in potentially cementitious
components, such as Ca, Si, Al, and Fe; however, it also contains hazardous substances,
including heavy metals such as Pb, Cd, Cr, and Cu, high levels of soluble chloride salts, and
dioxins. In particular, the chloride content introduced by kitchen waste can reach 15–20%,
which may give rise to a series of environmental and durability-related problems [10,11].
Therefore, in the context of zero-waste cities and green, low-carbon circular development,
there is an urgent need to explore pathways for the safe stabilisation and resource utilisation
of MSWI fly ash [12].

Existing MSWI fly ash treatments can be broadly classified into desalination, activa-
tion, and densification. Desalination mainly includes water washing, electrodialysis, and
acid washing. Under a liquid-to-solid ratio of 8:1, a washing time of 5 min, and 70 ◦C,
chloride removal can reach 88.72% [13,14]. Water washing promotes the dissolution of
soluble salts [15], while electrodialysis further removes mobile salts and some metals [16].
However, washing may generate saline wastewater, alter fly ash chemistry and surface
structure, and remains less effective for poorly soluble chlorides and heavy metals [17,18].
Activation improves the reactivity of MSWI fly ash through mechanical grinding and
chemical treatment [19]. Mechanochemical pretreatment refines particles, creates structural
defects, and promotes the release of reactive components [20]. When combined with CO2

mineralisation, it increases the 28 d compressive strength of mortar by 43.6% and reduces
the leaching of As, Ba, Ni, Pb, Se, and Zn by 17.9–77.8% [21].

Densification includes cement-based solidification, geopolymerisation, carbonation,
and high-temperature sintering. Pressure-assisted sintering promotes chloride migration
and mineral reconstruction [22], while high-temperature treatment reduces fly ash toxicity
and improves its suitability as a cementitious material [23]. Sintering at 1150 ◦C reduces
heavy-metal leaching by 62.50%, but requires substantial energy and may cause metal
volatilisation [24]. By contrast, carbonation fixes CO2 through reactions with CaO and
Ca(OH)2, while carbonate precipitation reduces free alkalis, fills pores, and stabilises heavy
metals [25,26]. After 6 h of accelerated carbonation, the calcite content increases by 67%,
and Cu and Pb leaching decreases by 53.1% and 73.5%, respectively [27]. Because no
single method can simultaneously achieve low cost, low energy demand, performance
improvement, and long-term environmental safety, combined treatment has become an
important direction for MSWI fly ash utilisation.

In addition to chemical stabilisation and pore densification, moisture transport is
another key factor affecting the long-term environmental safety of MSWI fly ash. MSWI
fly ash usually contains high levels of chlorides. With the increasing frequency of extreme
rainfall events, the service performance of fly ash-based cementitious materials is highly
susceptible to water transport and the migration of aggressive media [28,29]. Once water
penetrates into the pores of mortar, it can not only promote the migration of corrosive
ions and induce the leaching of heavy metals, but also aggravate pore structure deteri-
oration, matrix cracking, and reinforcement corrosion [30–32]. In particular, MSWI fly
ash particles are generally characterised by rough, porous, and highly water-absorptive
features; therefore, their direct incorporation into mortar may increase the water absorption
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capacity of the system and weaken the impermeability and durability of the material [33].
Hydrophobic modification can reduce the hydrophilicity of fly ash particles by introducing
low-surface-energy groups or forming hydrophobic films on their surfaces, thereby inhibit-
ing water uptake and the transport of aggressive ions, and mitigating pollutant migration
in water and material deterioration at the source [34–36].

A single treatment method is difficult to satisfy the requirements of fly ash-based
mortar in terms of mechanical performance, resistance to water-induced deterioration, and
environmental safety. Carbonation-modified fly ash can improve the stability of fly ash
through mineral phase transformation and carbonate precipitation, whereas hydrophobi-
cally modified fly ash can enhance the durability of mortar by inhibiting the migration of
water and aggressive ions. The synergistic effect of these two modification strategies in
cementitious systems may provide a new pathway for the high-volume, safe, and functional
utilisation of MSWI fly ash. However, studies on the effects of the combined incorporation
of carbonation-modified and hydrophobically modified fly ash into mortar on the hydration
process, pore structure, water absorption behaviour, mechanical properties, corrosion resis-
tance, and heavy metal immobilisation remain limited. Therefore, in this study, mortars
incorporating both hydrophobically modified and carbonated MSWI fly ash were prepared,
and their mechanical properties, hydration heat, water absorption, corrosion resistance,
heavy metal leaching, hydration products, and pore structure were systematically eval-
uated. The mechanisms by which carbonation stabilisation and hydrophobic blocking
improve mortar performance were further elucidated, which is of great significance for
enhancing the long-term service performance of mortars prepared with municipal solid
waste incineration fly ash.

2. Materials and Methods
2.1. Materials

R·SAC 42.5 sulphoaluminate cement (SAC), P.O 42.5 ordinary Portland cement (OPC),
silica fume (SF), unmodified MSWI fly ash (WF), hydrophobically modified MSWI fly ash
(HWF), and carbonated MSWI fly ash (CWF) were used as raw materials, while quartz
sand was used as the aggregate. R·SAC 42.5, P.O 42.5 and quartz sand were supplied by
Zhengzhou Jingwei Building Materials Co., Ltd., Longwowa Village, Jiayu Town, Xingyang
City, Henan Province, China. Silica fume was supplied by Luoyang Yumin Microsilica
Powder Co., Ltd., China, while the MSWI fly ash was collected from the Xingjin Waste
Incineration Plant in Zhengzhou, China. The main components of SAC were anhydrous
calcium sulphoaluminate (C4A3S, 56.2%) and dicalcium silicate (C2S, 26.2%). The ordi-
nary Portland cement was mainly composed of tricalcium silicate (C3S, 57.3%), dicalcium
silicate (C2S, 23.5%), tricalcium aluminate (C3A, 6.5%), and tetracalcium aluminoferrite
(C4AF, 10.5%).

The preparation procedure for carbonated MSWI fly ash was as follows. First, MSWI
fly ash was mixed with water at a mass ratio of 1:5 for washing. Water washing can
remove soluble salts and reduce the chloride content in fly ash [37]. A lower chloride
content is beneficial for improving the thermal stability of the material [38]. The washed
fly ash was dried in an oven at 60 ◦C, after which the dried material was placed in a
carbonation chamber. The carbonation conditions were set as follows: temperature of
25 ◦C, CO2 concentration of 5%, pressure of 0.1 MPa, and carbonation duration of 1 day.
The preparation procedure for hydrophobically modified MSWI fly ash was as follows.
Acetic acid was added dropwise into an ethanol solution to adjust the pH to 4–5. Deionised
water and methyltrimethoxysilane (MTMS, Shanghai Yien Chemical Technology Co., Ltd.,
China) were then added and mixed thoroughly, followed by sufficient stirring to promote
silane hydrolysis. Subsequently, MSWI fly ash, deionised water, and surfactant were added
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to the mixture at a ratio of 10:20:1, and the suspension was continuously stirred on a
magnetic stirrer at 90 ◦C for 4 h, allowing the hydrolysis products of silane to bond with the
MSWI fly ash. The hydrophobically modified MSWI fly ash was subsequently oven-dried
at 105 ◦C for 12 h to obtain the final product.

The morphologies of the raw materials are shown in Figure 1, and the XRF results
of the three types of MSWI fly ash are presented in Table 1. The main mineral phases in
the original MSWI fly ash included SiO2, CaCO3, CaSO4, Ca(OH)2, CaClOH, NaCl, and
KCl, with Ca, Si, O, and Cl being the dominant elements. After carbonation, the chloride
content of the CWF decreased, which was attributed to the removal of soluble salts during
the washing process. The increased SiO2 content of HWF was attributed to the introduction
of Si-containing siloxane species derived from methyltrimethoxysilane.

 

Figure 1. Morphologies of the raw materials.

Table 1. XRF of Three Types of Waste Fly Ash.

Chemical
Composition CaO SiO2 Cl Na2O Al2O3 SO3 P2O5 Fe2O3 MgO K2O TiO2 ZnO CuO Cr2O3 Others

WF 33.9 16.7 9.7 8.9 8.2 4.4 4.3 4.1 3.8 2.9 1.4 0.5 0.2 0.1 0.3
CWF 34.9 17.0 7.9 6.6 9.2 4.9 4.1 4.6 3.3 3.4 1.2 0.7 0.2 0.1 1.1
HWF 34.3 28.5 4.1 3.1 8.2 4.3 3.6 4.8 3.1 2.4 1.4 0.8 0.2 0.1 0.6

The particle size distributions of the raw materials are shown in Figure 2a. The mean
particle sizes of sulphoaluminate cement, ordinary Portland cement, silica fume, MSWI
fly ash, hydrophobically modified MSWI fly ash, carbonated MSWI fly ash, and quartz
sand were 4.38 µm, 13.58 µm, 6.08 µm, 11.72 µm, 36.69 µm, 43.67 µm, and 474.69 µm,
respectively. After hydrophobic and carbonation modification, the particle size of MSWI fly
ash increased markedly compared with that of the original material, indicating that both
grafted functional groups and carbonation treatment contributed to the enlargement of
fine particles.

The XRD patterns and static water contact angles of the three MSWI fly ashes are
shown in Figure 2b, and their FTIR spectra are presented in Figure 2c. WF mainly con-
tained SiO2, CaCO3, CaSO4, Ca(OH)2, CaClOH, NaCl, and KCl. Compared with WF, CWF
exhibited stronger CaCO3 diffraction peaks and CO3

2− absorption bands at approximately
1420 and 870 cm−1, confirming the formation of additional carbonate products during
carbonation. The water contact angle increased from 26.8◦ for WF to 147.2◦ for HWF,
indicating substantially reduced surface wettability. Moreover, the C–H bands at 2918 and
2850 cm−1 and the Si–CH3 band near 1260 cm−1 indicated the introduction of methylsilox-
ane groups onto the HWF surface. These results verify the effectiveness of both carbonation
and hydrophobic modification.
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Figure 2. (a) Particle size of raw materials; (b) XRD results and static water contact angles of the three
types of waste fly ash; (c) FTIR spectra of the three types of waste fly ash.

2.2. Mix Proportion Design and Specimen Preparation

The mix proportions of mortars prepared with MSWI fly ash are presented in Table 2.
The mixture proportions were determined based on preliminary tests and previous studies
on MSWI fly ash mortars [39]. Earlier studies employed MSWI fly ash dosages of up to
140 kg·m−3 [40] and adopted blended calcium sulphoaluminate cement–ordinary Portland
cement systems [41]. The mass ratio of cementitious materials to fine aggregate was
1:1, and the water-to-binder ratio was 0.30. The dosage of MSWI fly ash accounted for
approximately 15% of the total mass of cementitious materials. CW0 was the reference
mixture containing unmodified MSWI fly ash, whereas CW6 and HW6 contained only
carbonated and hydrophobically modified MSWI fly ash, respectively. The CWF-to-HWF
mass ratios in C4H2, C3H3, and C2H4 were 2:1, 1:1, and 1:2, representing CWF-dominated,
equal-proportion, and HWF-dominated systems, respectively. This design enabled the
individual and synergistic effects of the two modifications to be compared at a constant
total MSWI fly ash content. Hydrophobic-modified MSWI fly ash and carbonated MSWI
fly ash were used either in combination or individually to replace unmodified MSWI fly
ash. The superplasticizer (Jiangsu Subote New Materials Co., Ltd.,China) dosage was 0.3%
by mass of the cementitious materials.

Mortar preparation, casting, and curing were conducted in accordance with
GB/T 17671-2021 [42]. Prismatic specimens measuring 40 × 40 × 160 mm were used
for the compressive-strength test, while cubic specimens measuring 40 × 40 × 40 mm were
used for the water-absorption test. The cementitious materials were dry-mixed for 2 min,
after which premixed water and superplasticiser were added and mixed at low speed for
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2 min. Quartz sand was then introduced, followed by high-speed mixing for 2 min, a 60 s
pause for scraping, and a further 1 min of mixing. The fresh mortar was cast and vibrated,
demoulded after 24 h, and cured at 20 ± 2 ◦C and a relative humidity of at least 95%
until testing.

Table 2. Mix ratios of mortar with different waste fly ash (kg/m3).

Samples SAC 42.5 P.O 42.5 SF WF CWF HWF Quartz Sand Water SP

CW0 526 222 82 150 0 0 980 294 3
CW6 526 222 82 0 150 0 980 294 3
HW6 526 222 82 0 0 150 980 294 3
C4H2 526 222 82 0 100 50 980 294 3
C3H3 526 222 82 0 75 75 980 294 3
C2H4 526 222 82 0 50 100 980 294 3

Note: CW0 denotes the reference group. CW and C denote samples containing carbonated MSWI fly ash, while
HW and H denote samples containing hydrophobic-modified MSWI fly ash. CW6 indicates the incorporation
of carbonated MSWI fly ash at 150 kg/m3. C4H2 indicates that the dosages of carbonated MSWI fly ash and
hydrophobic-modified MSWI fly ash were 100 kg/m3 and 50 kg/m3, respectively. C3H3 indicates that both
carbonated MSWI fly ash and hydrophobic-modified MSWI fly ash were incorporated at 75 kg/m3.

2.3. Macroscopic and Microscopic Characterisation

The setting time of the mortar was determined using a Vicat apparatus in accordance
with the Chinese standard GB/T 1346-2011 [43]. The compressive strength of the mortar
was tested according to the Chinese standard GB/T 17671-2021 [42]. For each mixture
and curing age, compressive strength is reported as the mean ± standard deviation of (n)
replicate measurements. The heat of hydration was measured in accordance with ASTM
C1679 [44]. Cement pastes with the mix proportions listed in Table 2 were prepared, and
their heat flow and cumulative heat release were measured using a conduction isothermal
calorimeter (TAM Air, TA Instruments, USA). The test temperature was maintained at
20 ◦C, and data were recorded continuously for 72 h. The water absorption of the mortar
was measured in accordance with the Chinese standard GB/T 50081-2019 [45]. For the
water absorption test, the mortar specimens cured for 28 d were first dried to constant mass.
The specimens were then completely immersed in water, with the water level maintained
25 mm above the top surface of the specimens. The mass of the specimens was continuously
measured at different immersion times within 5 d. The electrically accelerated corrosion test
was conducted using a 220 V direct-current regulated power supply (MT-152D, Maisheng,
China) [46]. The steel bar embedded in the mortar was used as the anode and connected to
the positive terminal of the power supply, while a copper sheet immersed in the external
solution was used as the auxiliary electrode and connected to the negative terminal. Each
specimen was connected to an independent power supply. Before electrification, the mortar
specimens were immersed in a 5% NaCl solution for 24 h to ensure complete wetting [47].
Subsequently, the immersed specimens were placed in a 5% NaCl solution, and the liquid
level was adjusted to slightly below the upper surface of the specimens. The applied
voltage was controlled at 8 V for 8 d, with electrification conducted for 12 h per day. A
freshly prepared NaCl solution was used before electrification each day. The corrosion
resistance of the mortar was characterised by observing the morphology of the embedded
steel bars. The externally applied potential accelerates electrochemical reactions and may
alter current distribution, chloride transport, oxygen availability, and the development of
corrosion products compared with natural chloride exposure. Therefore, the electrically
accelerated corrosion test was used as a comparative screening method to evaluate the
corrosion-related behaviour of different mortar mixtures under identical test conditions.
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The heavy metal contents in the mortars were determined by ICP-MS. After standard
curing for 28 d, the specimens were crushed, and powder samples with particle sizes
smaller than 1 mm were sieved for analysis. After weighing, the samples were subjected
to microwave digestion using aqua regia (HCl:HNO3 = 3:1) at 180 ◦C to ensure sufficient
release of metal elements from the specimens [48]. The digested solutions were filtered
through a 0.22 µm PTFE membrane, diluted to a fixed volume, and then analyzed using
an inductively coupled plasma mass spectrometer (Agilent 7900, Agilent Technologies,
USA) to determine the contents of Pb, Cr, As, Cd, Zn, Cu, and other elements. During
the analysis, Rh, In, and Ge were used as internal standard elements to correct for matrix
effects and instrumental signal drift.

After curing for 28 d, representative fragments were collected from different locations
of the mortar specimens in each group, then crushed, dried, ground, and thoroughly ho-
mogenised to prepare powder samples for XRD, FTIR, and TG analyses. Powder samples
with particle sizes below 75 µm were used for both XRD (D8 Advance, Bruker, Germany)
and FTIR (Nicolet iS50, Thermo Scientific, USA) analyses. For XRD analysis, the 2θ range
and scanning rate were 10–80◦ and 0.5◦/min, respectively. For FTIR analysis, the wavenum-
ber range was 400–4000 cm−1. Thermogravimetric analysis was conducted using a thermal
analyser (STA 8000, PerkinElmer, USA). Powder samples below 45 µm were used for TG
analysis, with a temperature range of 25–800 ◦C and a heating rate of 10 ◦C/min. The
pore structure of the mortar was characterised using a low-field nuclear magnetic reso-
nance analyser (MesoMR12-060, NIUMAG). The intensity of the NMR signal is related
to the water content of the sample. The transverse relaxation time (T2) of the mortar was
measured using the Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence, as expressed in
Equation (1) [49].

1
T2

≈ 1
T2s

= ρ
S
V

=
ρFs

R
=

2ρ

R
(1)

where T2s is the surface relaxation time and ρ is the surface relaxivity of T2s, with
ρ = 12 nm/ms [50]; S/V is the ratio of the pore surface area, S, to the fluid volume,
V; R is the pore radius; and Fs is the pore geometry factor. In this study, the pore structure
was assumed to be cylindrical, and Fs was therefore taken as 2.

3. Results
3.1. Setting Time and Compressive Strength

The setting times of the mortars with different mix proportions are shown in Figure 3a.
With the incorporation of carbonated MSWI fly ash, both the initial and final setting times
of the mortar were shortened. This can be attributed to the presence of calcite in the
carbonated MSWI fly ash, which provided additional nucleation sites during hydration and
thereby accelerated the setting process [5]. In contrast, the incorporation of hydrophobically
modified MSWI fly ash prolonged the setting time of the mortar. This was because the
hydrophobic groups in the fly ash hindered sufficient contact between cement and water,
thus delaying cement hydration [51]. The compressive strengths of the mortars with
different mix proportions are shown in Figure 3b. With the incorporation of carbonated
MSWI fly ash, the compressive strength of the mortar increased. At 28 d, the compressive
strength of the mortar containing carbonated MSWI fly ash increased by up to 4.5 MPa
compared with that of the reference group. The incorporation of carbonated MSWI fly ash
improved the compactness of the specimens, while also contributing to the immobilisation
of heavy metals, resulting in more stable strength development [52]. Conversely, the
compressive strength of the specimens gradually decreased with increasing incorporation
of hydrophobically modified MSWI fly ash. At 28 d, the compressive strength of the mortar
containing hydrophobically modified MSWI fly ash decreased by up to 9.7 MPa compared
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with that of the reference group. This reduction was mainly attributed to the formation of
low-surface-energy interfaces by hydrophobic groups within the mortar, which reduced the
wetting and migration of water on the surfaces of particles and hydration products, thereby
hindering the formation of a continuous and dense network of hydration products such as
C–S–H [53]. In addition, interlayer water and confined water in C–S–H gel participate in
hydrogen-bond networks and interparticle cohesion, and changes in their state may affect
the structural stability and mechanical performance of the gel [54]. The strength of the
specimens incorporating both hydrophobically modified and carbonated MSWI fly ash
was higher than that of the specimens containing only hydrophobically modified MSWI
fly ash, but lower than that of the specimens containing only carbonated MSWI fly ash.
This indicates that the two modified materials exert balancing effects on the mechanical
properties of mortar and can be used to regulate its strength development.

Figure 3. Properties of mortars with different mix proportions: (a) setting time; (b) compres-
sive strength.

3.2. Heat of Hydration

The heat of hydration results of pastes with different mix proportions are shown in
Figure 4. The different proportions of modified MSWI fly ash significantly affected the
early-age hydration heat behaviour of the composite cementitious system. All specimens
exhibited two distinct exothermic peaks. The first peak mainly corresponded to the initial
wetting of cement particles, the rapid dissolution of ye’elimite, and the release of soluble
components from fly ash, whereas the second peak was associated with the substantial
formation of hydration products, such as AFt, AH3, and C–S–H [55]. Compared with
the co-modified specimens, the first and second peaks of the CW0 specimen appeared
earliest. This may be attributed to the higher chloride content in the unmodified MSWI
fly ash, as chlorides may promote early hydration and accelerate heat release. Among
the co-modified specimens, C4H2 exhibited the highest cumulative heat release, reaching
114.88 J/g, indicating that a higher content of carbonated fly ash promoted hydration
heat evolution. Carbonated MSWI fly ash can facilitate early hydration reactions through
the nucleation effect of CaCO3 [56]. With increasing replacement by hydrophobically
modified MSWI fly ash, the cumulative heat release decreased to 111.29 J/g for C3H3 and
107.08 J/g for C2H4. This is because hydrophobically modified MSWI fly ash restricts
water migration and ion diffusion, thereby inhibiting the hydration reaction of mortar;
excessive hydrophobic components may weaken the promoting effect of carbonated fly
ash [57]. Overall, carbonated MSWI fly ash mainly promotes heat release through CaCO3

nucleation, pore filling, and the formation of hydration products, whereas hydrophobically
modified MSWI fly ash suppresses the main hydration peak by reducing wettability and
delaying water migration. Appropriate co-incorporation can regulate the hydration rate
and hydration heat release.
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Figure 4. Heat of hydration of pastes with different mix proportions: (a) heat flow; (b) cumulative
heat release.

3.3. Water Absorption and Electrically Accelerated Corrosion

The water absorption of mortars prepared with MSWI fly ash after curing for 28 d is
shown in Figure 5. MSWI fly ash exhibits a loose, porous, and heterogeneous structure
with a relatively high specific surface area, which endows it with strong water absorption
capacity [33]. The water absorption process of mortar can be divided into a rapid water ab-
sorption stage, a transition stage, and a stable stage [58]. During the rapid water absorption
stage, driven by the capillary suction of internal capillary pores, the water absorption of
each mortar specimen reached approximately 90% of its total water absorption by around
8 h. With the incorporation of carbonated MSWI fly ash, the water absorption of the mortar
decreased, with CW6 showing a reduction of 23.2%. Carbonated MSWI fly ash promoted
the formation of C–S–H and CaCO3 in the specimens, which filled pores and reduced pore
connectivity, thereby weakening water migration and decreasing water absorption. With
the incorporation of hydrophobically modified MSWI fly ash, the water absorption of the
mortar also decreased, with HW6 showing a reduction of 33.4%. The silica in MSWI fly ash
can bond with methylsiloxane hydrophobic groups and form a hydrophobic film within the
pores of the matrix, thereby reducing water uptake [59]. When hydrophobically modified
MSWI fly ash and carbonated MSWI fly ash were used together as replacements, the reduc-
tion in water absorption first increased and then decreased, with a maximum reduction of
39.9%. The synergistic incorporation of hydrophobically modified and carbonated MSWI
fly ash at an appropriate ratio can balance the water absorption behaviour and compactness
of mortar, further reducing the water absorption of the specimens [60].

The electrically accelerated corrosion morphologies of mortars with different mix
proportions are shown in Figure 6. The reference specimen, CW0, exhibited obvious
through-cracks on the surface, outward leakage of corrosion products, and interfacial
deterioration around the steel bar. The mortar containing unmodified MSWI fly ash had
relatively high contents of corrosive ions and high water absorption. Under the action of
the electric field, water and corrosive ions migrated towards the steel–mortar interface,
thereby accelerating the expansion of steel corrosion products and inducing cracking. After
the incorporation of carbonated MSWI fly ash, the water absorption decreased from 6.52%
for CW0 to 5.01% for CW6, and the corrosion cracks and rust staining showed a slight
decreasing trend. This was mainly associated with the filling effect of carbonate products
in the carbonated MSWI fly ash, which improved particle packing, refined some pores,
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and reduced the connectivity of capillary water absorption channels, thereby delaying the
ingress of corrosive media. However, local cracks and rust propagation were still observed
in the CW specimens, indicating that carbonation treatment alone had a limited effect on
water blocking and ion migration inhibition. The specimens incorporating hydrophobically
modified MSWI fly ash exhibited lower water absorption. With the incorporation of
hydrophobically modified MSWI fly ash, crack propagation and the outward leakage of
corrosion products were weakened in the corrosion morphology. An appropriate amount of
hydrophobic components could reduce the surface energy of pore walls, disrupt continuous
water-film transport pathways, decrease the penetration of electrolyte solution into the
steel–mortar interface, and thus improve corrosion resistance [61]. Among the co-modified
specimens, C3H3 showed a water absorption of 3.92% and relatively slight corrosion
damage, indicating a synergistic effect between suitable amounts of carbonated MSWI
fly ash and hydrophobically modified MSWI fly ash. Carbonated MSWI fly ash reduced
transport pathways through pore filling and matrix densification, whereas hydrophobically
modified MSWI fly ash inhibited the migration of water and ions by forming a hydrophobic
barrier. The reduction in water absorption was an important reason for the improvement
in corrosion morphology. Overall, the water ingress resistance and corrosion resistance
improvement induced by hydrophobically modified MSWI fly ash were superior to those
achieved by carbonated MSWI fly ash alone, while the composite system exhibited a more
favourable synergistic effect of pore filling and hydrophobic blocking. The water-absorption
and electrically accelerated corrosion tests provide comparative, rather than long-term
field, evidence. Lower water absorption and steel mass loss indicate reduced liquid and
ion transport and improved corrosion-related performance under the adopted conditions.

Figure 5. Water absorption of mortars with different mix proportions.

3.4. ICP-MS

The heavy-metal leaching results of the mortar specimens with different mix propor-
tions are presented in Figure 7 and Table 3. The leaching concentrations of Cr, Cu, Zn, As,
Cd, Pb, Mn, and Fe from the original MSWI fly ash were 11.9, 6.9, 29.1, 0.13, 0.36, 2.4, 10.0,
and 172.5 mg/L, respectively. All regulated metals except Pb met the GB 18598—2019 [62]
limits. The Pb concentration reached 2.4 mg/L, exceeding the limit of 1.2 mg/L, indicating a
potential Pb-leaching risk and the need for modification and cement-based solidification to
restrict its release. Compared with CW0, CW6, HW6, C4H2, and C2H4 further reduced the
release concentrations of most metal elements, indicating that replacing unmodified fly ash
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with modified MSWI fly ash can improve the environmental safety of the mortar system.
Overall, the leaching concentrations of heavy metals in the mortar specimens with different
mix proportions remained at relatively low levels, and the concentrations of Cr, Cu, Zn,
As, Cd, and Pb were all below the limits specified in GB 18598—2019, demonstrating the
effective immobilisation of heavy metals from MSWI fly ash in this system. Compared
with the reference sample CW0, the incorporation of CWF, HWF, and their combined use
reduced the concentrations of all heavy metals to varying degrees. Compared with CW0,
CW6 reduced the leaching concentrations of Cr, Cu, Zn, As, Cd, and Pb by 39.3%, 29.4%,
13.0%, 25.0%, 50.0%, and 25.0%, respectively, with Cr, Cu, Cd, and Pb decreasing from
8.9, 1.7, 0.08, and 0.8 mg·L−1 to 5.4, 1.2, 0.04, and 0.6 mg/L, confirming that carbonation
effectively suppressed heavy-metal release. This can be attributed to the reaction of alkaline
components, such as CaO and Ca(OH)2, with CO2 during carbonation to form CaCO3.
This process not only reduced the content of free alkalis in fly ash, but also improved the
compactness of the matrix through pore filling, adsorption, and encapsulation, thereby
restricting the migration of some metal ions [5,56].

Figure 6. Electrically accelerated corrosion images of mortars with different mix proportions:
(a) surface corrosion morphology; (b) steel–mortar interfacial corrosion morphology.

The hydrophobic-modified sample HW6 exhibited a more pronounced inhibitory
effect on the release of certain elements. Compared with CW0, HW6 reduced the leaching
concentrations of Cr, Cu, Zn, As, Cd, and Pb by 55.1%, 35.3%, 25.0%, 25.0%, 62.5%, and
37.5%, respectively, with Cr, Cu, Cd, and Pb decreasing to 4.0, 1.1, 0.03, and 0.5 mg/L.
This indicates that hydrophobic-modified fly ash not only alters the surface wettability of
particles, but also weakens capillary water absorption and ion migration pathways, thereby
reducing the leaching of heavy metals from the mortar matrix by external solutions [59].
The combined modified samples C4H2 and C2H4 showed better stabilization effects. Com-
pared with CW0, C2H4 reduced the leaching concentrations of Cr, Cu, Zn, As, Cd, and Pb
by 57.3%, 47.1%, 36.0%, 50.0%, 50.0%, and 37.5%, respectively, with Cr, Cu, Zn, As, and
Pb decreasing to 3.8, 0.9, 6.4, 0.02, and 0.5 mg/L and most elements reaching the lowest
or near-lowest levels. These results suggest a synergistic effect between carbonation and
hydrophobic modification. Carbonation products enhance heavy metal stability through
pore filling and chemical solidification/stabilization, while hydrophobic components fur-
ther block water transport pathways and reduce dissolution–diffusion migration processes,
thereby jointly decreasing the leaching concentrations of heavy metals.
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Figure 7. Heavy metal concentrations in mortar specimens with different mix proportions.

Table 3. Leaching concentrations of metal elements in the original MSWI fly ash and mortar
specimens (mg/L).

Element WF
(mg·L−1)

CW0
(mg·L−1)

CW6
(mg·L−1/%)

HW6
(mg·L−1/%)

C4H2
(mg·L−1/%)

C2H4
(mg·L−1/%)

GB 18598—2019
Limit (mg·L−1)

Cr 11.9 8.9 5.4/39.3 4.0/55.1 4.1/53.9 3.8/57.3 15
Cu 6.9 1.7 1.2/29.4 1.1/35.3 1.0/41.2 0.9/47.1 120
Zn 29.1 10 8.7/13.0 7.5/25.0 6.5/35.0 6.4/36.0 120
As 0.13 0.04 0.03/25.0 0.03/25.0 0.02/50.0 0.02/50.0 1.2
Cd 0.36 0.08 0.04/50.0 0.03/62.5 0.04/50.0 0.04/50.0 0.6
Pb 2.4 0.8 0.6/25.0 0.5/37.5 0.5/37.5 0.5/37.5 1.2
Mn 10 9.5 6.1/35.8 4.8/49.5 4.7/50.5 4.1/56.8 —
Fe 172.5 170.1 118.6/30.3 94.8/44.3 92.2/45.8 92.3/45.7 —

Note: Values after “/” represent the percentage reduction in leaching concentration relative to CW0, calculated as
(R = CCW0−Ci

CCW0
× 100%). “—” indicates that no corresponding limit was specified.

3.5. XRD

The XRD patterns of the mortars prepared with different mix proportions are shown in
Figure 8. The crystalline phases identified in the mortar specimens included SiO2, CaCO3,
CaSO4, Ca(OH)2, AFt, C2S, C4A3S, C4ACH11, and Friedel’s salt [63,64]. The diffraction
peak at approximately 26.7◦ was mainly assigned to SiO2 (quartz), originating primarily
from the quartz sand and unreacted siliceous components. Variations in its intensity may
be attributed to the non-uniform local distribution of sand particles. A CaCO3 peak was
observed at approximately 29◦, suggesting the presence of a distinct carbonate phase
in the system. The peaks at 31–35◦, around 39◦, and several low-intensity peaks were
assigned to AFt, Friedel’s salt, and sulphoaluminate hydration products, indicating that
Cl−, SO4

2−, Ca, and Al components in the fly ash participated in hydration reconstruction
and immobilisation reactions [65].

Friedel’s salt and AFt were detected in the mortars, which can be attributed to the
ability of calcium aluminates in sulfoaluminate cement to bind Cl− and SO4

2−, leading
to the formation of Friedel’s salt and AFt [65]. Compared with CW0, the diffraction
peaks of CaCO3 and calcium carboaluminate hydrates became more distinct in CW6 with
the incorporation of carbonated MSWI fly ash. This is because the carbonated fly ash
introduced pre-formed CaCO3 into the system, and CaCO3 could react with C4A3S in the
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cement and Ca(OH)2 in the hydration products to form calcium carboaluminate hydrates,
such as C4ACH11 [66,67]. In addition, the preparation of carbonated MSWI fly ash involved
a washing step, which reduced its internal chloride content. As a result, the content of
Friedel’s salt in CW6 decreased. The variations in AFt and Friedel’s salt in HW6 were similar
to those observed in CW6. Moreover, a relatively strong Ca(OH)2 peak was observed in the
hydrophobic-modified MSWI fly ash sample. Hydrophobic-modified fly ash inhibited the
rapid dissolution of salts and reactive components within the fly ash, so the consumption
of calcium hydroxide was less pronounced than that in highly reactive systems. The C4H2,
C3H3, and C2H4 samples exhibited both the carbonate stabilization effect of carbonated
fly ash and the transport-regulating effect of hydrophobic-modified fly ash. Specifically,
carbonated fly ash provided a stable carbonate framework and improved the pore structure,
whereas hydrophobic-modified fly ash reduced continuous water transport. Together
with the fixation of Cl− by Friedel’s salt, this contributed to suppressing the diffusion of
aggressive media.

Figure 8. XRD patterns of mortars with different mix proportions.

3.6. FTIR

The FTIR spectra of mortars prepared with different proportions of MSWI fly ash are
shown in Figure 9. The broad band observed at approximately 3628–3426 cm−1 can be
attributed to the vibrations of H2O and OH−, while the band at 1650 cm−1 corresponds
to the H–O–H bending vibration, indicating the presence of adsorbed or bound water
to varying degrees in all specimens. The absorption band near 1109 cm−1 is associated
with SO4

2−, whereas the bands around 796, 740, 525, and 470 cm−1 are mainly related
to Si–O vibrations [33,64]. Compared with CW0, the characteristic CO3

2− peaks of the
CW6 specimen near 1420 cm−1 and 870 cm−1 were markedly enhanced, indicating that
Ca-based reactive components and some hydration products were further converted into
carbonate phases after carbonation, indicating stronger carbonate-related signals in CW6.
Carbonation not only increased the carbonate content, but also consumed the original
alkaline Ca phases to some extent, resulting in smoother OH− and H2O peak profiles
and reflecting the characteristics of dealkalisation carbonation. HW6 mainly exhibited
the introduction of organic hydrophobic groups. The absorption peaks near 2918 cm−1

and 2850 cm−1 can be assigned to the stretching vibrations of alkyl C–H bonds, indicating
that the organic groups from the hydrophobic modifier were successfully introduced into
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the mortar [68]. C2H4, C3H3, and C4H2 exhibited the dual characteristics of carbonation
and hydrophobic modification. On the one hand, the CO3

2− peaks near 1420 cm−1 and
870 cm−1 indicated the presence of distinct carbonation products in the system; on the other
hand, organic group absorption peaks similar to those of the hydrophobically modified
group were still observed, supporting the coexistence of hydrophobic functional groups
and carbonate-related products in the synergistically modified system.

Figure 9. FTIR spectra of mortars with different mix proportions.

3.7. NMR

The NMR results of mortars with different mix proportions are shown in Figure 10.
CW0 exhibited the highest porosity of 6.27%, indicating that unmodified MSWI fly ash
led to the formation of more pores within the mortar matrix. This can be attributed
to the loose and porous structure, high water absorption, and high chloride content of
raw fly ash, which tend to increase the water demand of the paste and result in a less
compact microstructure [69]. Compared with CW0, the porosity of CW6 decreased to
5.75%. Carbonation treatment reduced the micropore volume, refined the pore size, and
improved the compactness of the matrix through CaCO3 precipitation covering and filling
the surface and internal pores of fly ash particles [70]. In terms of pore size distribution,
CW0 showed the highest peak intensity in the dominant peak region, accompanied by a
distinct tail in the macropore region, suggesting that it had not only a higher total porosity
but also a broader pore structure. After the incorporation of carbonated MSWI fly ash, the
main peak of CW6 decreased significantly, indicating that the dominant pore population
was effectively compressed. As shown in Figure 10c, the proportion of pores sized 20–50 nm
in CW6 decreased from 2.24% in CW0 to 2.02%, while pores sized 50–100 nm decreased
from 0.56% to 0.35%, and pores larger than 100 nm decreased from 0.59% to 0.38%. These
results demonstrate that carbonation was particularly effective in reducing medium-sized
pores and larger harmful pores, directly reflecting the pore-filling and pore-blocking effects
of CaCO3.
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Figure 10. Pore characteristics of mortars with different mix proportions: (a) pore-size frequency
distribution; (b) cumulative pore-size distribution; and (c) pore distribution in different size ranges
and total porosity.

The total porosity of HW6 was 3.56%, which was lower than that of CW6. The propor-
tion of pores sized 20–50 nm decreased from 2.24% in CW0 to 0.90%, while pores larger
than 100 nm decreased to approximately 0.40%. This indicates that hydrophobic treatment
not only inhibited the development of mesopores into connected capillary pores, but also
effectively reduced large pores and potential crack-like pores. Hydrophobic modification
lowered the surface free energy of reaction products and pore walls and weakened the
continuous transport of water within the pore channels, thereby disrupting the connected
capillary pore network that would otherwise readily form [71]. The total porosities of
the combined-modified samples C4H2, C3H3, and C2H4 were 4.24%, 3.54%, and 3.67%,
respectively, with C3H3 showing the lowest value. The synergistic modification did not
rely on maximizing the replacement level of either single treatment, but rather on balanc-
ing the two mechanisms. In the C3H3 mixture, the CaCO3 filling and pore refinement
provided by carbonated fly ash were more effectively coupled with the water-repellent
and connected-pore-blocking effects of hydrophobic-modified fly ash. As shown in
Figure 10c, C3H3 exhibited relatively low proportions in all four pore categories, indi-
cating not only a lower total porosity but also a more effective suppression of harmful
pores and a more balanced pore structure. Therefore, in the synergistic system, carbonation
mainly contributed to pore filling and mineral reconstruction, whereas hydrophobic mod-
ification weakened liquid water connectivity and subsequent pore development. When
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these two effects were properly matched, both the total porosity and the proportion of
harmful pores were simultaneously reduced.

3.8. TG

The TG curves of the different mortar specimens are shown in Figure 11, and the
mass losses at different stages are listed in Table 4. The mass loss at 40–105 ◦C (W0) was
mainly associated with the removal of free water and some bound water, accompanied
by the dehydration of hydration products such as AFt and C–S–H [72]. The mass loss
at 105–400 ◦C (WI) mainly corresponded to the decomposition of CaSO4·2H2O, AFm,
and Al(OH)3 [73,74]. The mass loss at 400–600 ◦C (WII) was mainly attributed to the
decomposition of Ca(OH)2 [75], while the mass loss at 600–800 ◦C (WIII) was assigned to
the decarbonation decomposition of CaCO3 [76].

Figure 11. TG analysis results of mortars with different mix proportions: (a) TG–DTG curves;
(b) mass loss in different temperature ranges and total mass loss.

Table 4. Related data of mass loss at different heating stages (wt%).

Samples W0 WI WII WIII Wlose

CW0 6.18 4.34 2.13 4.38 17.03
CW6 6.32 4.94 2.58 5.53 19.37
HW6 5.25 4.87 2.96 5.22 18.30
C4H2 5.57 5.03 2.88 5.48 18.96
C3H3 5.57 5.25 2.33 5.40 18.55
C2H4 5.38 5.56 2.22 5.31 18.47

Compared with CW0, the incorporation of carbonated MSWI fly ash increased the
total mass loss of CW6 to 19.37%, indicating an overall increase in thermally decomposable
components. Specifically, WI increased from 4.34% to 4.94%, WII from 2.13% to 2.58%, and
WIII from 4.38% to 5.53%. These results suggest that carbonated MSWI fly ash promoted
the hydration degree of the samples, induced the formation of more carbonate phases, and
facilitated the accumulation of hydration products in the low- and medium-temperature
ranges. The incorporation of hydrophobic-modified MSWI fly ash also increased the
total mass loss, with HW6 showing a Wlose value of 19.30%. Meanwhile, the W0 content
decreased markedly, indicating that hydrophobic-modified MSWI fly ash reduced the
moisture content of the samples and inhibited the formation of some hydration products.
The combined replacement samples reflected the synergistic effect between carbonated
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and hydrophobic-modified MSWI fly ash. The total mass losses of the three combined-
modified samples were all higher than that of CW0, and their WI, WII, and WIII values
increased, suggesting that combined modification favored the accumulation of hydration
products. Among them, C4H2 exhibited a Wlose value of 18.96%, and its WIII reached 5.48%,
indicating that a higher proportion of carbonated fly ash increased the carbonate content in
the combined system. With increasing hydrophobic-modified MSWI fly ash content, the
free water content decreased and the amount of hydration products was slightly reduced.
However, the mass loss of C3H3 at each stage remained at an intermediate level, showing
relatively balanced but not prominent thermal decomposition characteristics.

4. Conclusions
This study investigated the combined use of carbonated and hydrophobically modified

MSWI fly ashes in mortar. The principal conclusions are as follows:
(1) Carbonation and hydrophobic modification produced complementary but compet-

ing effects. Carbonated MSWI fly ash promoted early hydration, strength development, and
carbonate-related pore filling, whereas hydrophobically modified fly ash reduced particle
wettability and water transport but partially delayed hydration and weakened strength
development. Their combined use therefore provided a means of balancing mechanical
performance, moisture resistance, and environmental stability rather than maximising a
single property.

(2) No single mixture exhibited the best performance in all respects. Within the
investigated range, C3H3 provided the most balanced engineering performance, showing
relatively low water absorption, limited visible corrosion damage, and the lowest measured
porosity. By contrast, C2H4 generally exhibited the greatest reductions in the leaching of
several metal elements. The proportion of carbonated and hydrophobically modified fly
ashes should therefore be selected according to the intended performance requirement.

(3) The combined XRD, FTIR, TG, and NMR results were consistent with a mecha-
nism involving carbonate-related pore filling and hydrophobic blocking of liquid and ion
transport. However, these results mainly provide qualitative or comparative evidence and
do not constitute definitive quantitative phase analysis. The observed reductions in water
absorption, accelerated corrosion damage, and heavy-metal leaching should likewise be
interpreted as relative improvements under the adopted laboratory conditions.

(4) The proposed approach shows potential for producing MSWI fly ash-containing
mortars requiring reduced water uptake and controlled contaminant release. Nevertheless,
the present study was limited to six mixtures at a fixed total fly ash dosage, short-term
water-absorption, electrically accelerated corrosion, and laboratory leaching tests. Long-
term chloride migration, sorptivity, surface resistivity, cyclic leaching, natural exposure, and
quantitative phase analysis are required before field durability and large-scale application
can be established.
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