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Abstract: In this study, an ultrasonic-assisted wet mineralization process is developed using ordinary Portland cement as the raw
material. This approach is designed to advance the use of mineralization technologies in construction materials by simultaneously
enhancing mechanical properties and mineralization efficiency. A comprehensive microstructural analysis is conducted to elucidate
the underlying mineralization mechanisms facilitated by ultrasonic treatment. Furthermore, an industrial-scale implementation
framework is developed to support the practical application of this technique. We find that the pH variation during the process
follows three distinct stages: a rapid drop, a plateau, and a gradual decline. During the same wet mineralization period, the content
of calcium silicate hydrate (C-S-H) in the ultrasonic-assisted cement suspension is increased by 16.02%. Ultrasonic-assisted
treatment improves the degree of mineralization and suppresses the growth of large crystals. Moreover, the incorporation of wet
mineralization-treated suspensions into cement pastes significantly increases the compressive strength of the cementitious system.
The most notable enhancement is observed when ultrasonic-assisted wet mineralization is conducted for 15 min, which results
in a 25.78% increase in 1-d compressive strength and a 12.20% improvement in 28-d compressive strength. A 25-min ultrasonic-
assisted treatment gives the greatest reduction in setting time, shortening the initial setting time by 19.46% and the final setting
time by 12.98%. Based on a calculated ultrasonic mineralization energy efficiency factor, we determine that the ultrasonic-assisted
wet mineralization process achieves its highest efficiency within the first 5 min. Prolonged mineralization results in a noticeable
decline in mineralization efficiency.
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1 Introduction

Cement serves as a fundamental building mate-
rial that is used extensively in modern architecture and
infrastructure development. However, its manufactur-
ing process is associated with significant emissions.
Statistical data indicate that cement production con-
tributes to about 8% of global anthropogenic CO, em-
issions, exerting a considerable influence on global
warming and environmental changes (Lippiatt et al.,
2020; Li L and Wu, 2022). Therefore, reducing carbon
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emissions within the cement industry, or identifying
feasible methods for capturing and storing the emitted
CO,, represents a critical strategy for addressing cli-
mate change.

Carbon capture and storage (CCS) technology,
being a pivotal strategy for climate change mitigation,
has attracted considerable attention and has been studied
extensively across various disciplines in recent years.
Cement-based materials, owing to their intrinsic alka-
linity and the release of alkaline cations like Ca® during
hydration, show a natural tendency toward CO, ad-
sorption and mineralization (Gartner and Hirao, 2015;
Ashraf, 2016; Shen et al., 2022a). Specifically, under op-
timal conditions of temperature, humidity, and carbon
exposure, cementitious materials can undergo mineral-
ization reactions with CO,, forming stable compounds
like calcium carbonate (CaCO,), thereby achieving
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long-term CO, sequestration. Monkman et al. (2016)
conducted an experiment where a controlled amount of
CO, was introduced during the concrete mixing phase.
The results show that this method can significantly re-
duce both the initial and final setting time of concrete
while enhancing early-age strength development. Ac-
cording to their findings, CO, reacts with the calcium
components in cement particles to rapidly form micro-
nano scale CaCQO, particles. These particles, character-
ized by their high specific surface area and surface re-
activity, act as nucleation centers that promote the at-
traction of hydration reactants, thereby accelerating the
hydration process. However, the study also reveals that
exceeding a certain threshold of injected CO, may lead
to the formation of overly dense CaCO, coatings, which
hinder further reactions and reduce overall effective-
ness. In similar studies, He et al. (2017) directly intro-
duced CO, during the cement mixing phase for miner-
alization treatment. Although this method effectively
increases CO, absorption in the cement system, it also
leads to a decline in certain mechanical properties, par-
ticularly evident in the slower development of later-
stage strength. Wang ML et al. (2023) extended the stir-
ring time during the carbonization process and found
that the mechanical properties were improved. How-
ever, compared with cement paste that has not under-
gone mineralization treatment, there is still some re-
duction in performance.

Ultrasonic dispersion, as an external-field-assisted
strengthening technology, offers a novel approach to
overcome the above limitations. The ultrasonic cavita-
tion effect has significant advantages in material syn-
thesis and reactive mass transfer enhancement due to
its unique mechano-chemical synergistic effects (Dong
etal., 2016; Hamidi et al., 2017; Sulistiyono et al., 2019;
Tamidi et al., 2021). Hamidi et al. (2017) confirmed
through experiments on a gas-liquid system that an ul-
trasonic field can significantly increase the solubility of
CO, in the liquid phase. This is attributed to the cavi-
tation effect, which improves some properties of the
liquid phase. Sulistiyono et al. (2019) introduced ul-
trasonic dispersion technology in the synthesis process
of CaCQ,, effectively inhibiting the phenomenon of
particle agglomeration and successfully preparing nano-
scale calcium carbonate with an average particle size
of 64 nm. Xu et al. (2023) used an ultrasonic disper-
sion-assisted stirring process during the mixing of ce-
ment paste. Their results show that the hydration rate
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of cement particles is significantly increased. The cav-
itation effect peels off the hydration products on the
surface of cement particles, and at the same time, the
micro-turbulence caused by the collapse of cavitation
bubbles enhances the frequency of particle collisions.
Xiong et al. (2024) confirmed that ultrasonic treatment
reduced the porosity of cement paste and found that
the period of induction of cement hydration was short-
ened. Liu LL et al. (2021) innovatively introduced ul-
trasonic dispersion during the mixing of fresh cement
paste coupled with CO, injection. The process enhances
both the rate of uptake of CO, and the compressive
strength of the paste, but overall mineralization effi-
ciency remains limited due to the constraints of the
mixing stage. Moreover, their study focuses mainly on
workability, lacking a comprehensive phase analysis of
how ultrasonic treatment influences the mineralization
mechanism.

Wet mineralization technology serves as an ef-
fective approach for CO, storage. This technology in-
volves mainly placing solid building materials contain-
ing alkaline components in a liquid-phase environment,
introducing CO, gas under high water-to-binder ratio
conditions, and promoting reactions with alkaline cat-
ions such as Ca® and Mg™ to form carbonate precipi-
tates, thereby achieving long-term CO, sequestration
(Lippiatt et al., 2020; Zajac et al., 2020; Shen et al.,
2022b; Li WZ et al., 2023; Mao et al., 2023; Fu et al.,
2024). Under wet conditions, the solubility of CO, in
water increases, leading to the formation of carbonic
acid or bicarbonate ions. Moreover, the presence of
water enhances the dispersion of solid particles and ion
diffusion (Mao et al., 2023), significantly improving
contact efficiency at the reaction interface and acceler-
ating the mineralization reaction rate (Fagerlund et al.,
2012; Liu SH et al., 2021b). However, the current main-
stream wet mineralization method relies on mechanical
stirring. Mechanical stirring, due to its limited dispers-
ing ability, is unable to overcome the interfacial binding
energy of the mineralized product layer (C-S-H/CaCO,
complex), resulting in continuous thickening of the
product layer. Here, C-S-H is calcium silicate hydrate.
This restricts the diffusion ability of Ca™ and the prog-
ress of the mineralization reaction. By integrating ul-
trasonic dispersion technology with wet mineralization
and using the energy concentration and localized strong
disturbance effects of ultrasonic cavitation, we expect
that the compactness of the product layer can be further
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reduced, the “passivation” effect of the CaCO, coating
on the reaction process can be mitigated, and the con-
version efficiency and uniformity of the mineraliza-
tion reaction can be enhanced.

Based on established mineralization techniques, in
this study, we develop an ultrasonic-assisted wet miner-
alization process. Conventional methods relying solely
on mechanical stirring generally yield limited mineral-
ization efficiency. While previous attempts have intro-
duced ultrasonic dispersion during the mixing of low
water-to-binder ratio pastes, the high viscosity of the
system and the constrained reaction time restrict the
degree of mineralization, making deep treatment diffi-
cult to achieve. By integrating ultrasonic dispersion
technology into a wet mineralization system, our pro-
posed approach significantly enhances mineralization
efficiency while simultaneously improving the compre-
hensive performance of the cement-based materials. In
the experimental design, a fresh cement-water system is
established, and CO, gas is introduced while maintain-
ing a high water-to-binder ratio. An ultrasonic field is
simultaneously applied during this process. Microstruc-
tural characterization techniques, including X-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), scanning electron microscopy (SEM), and ther-
mogravimetric analysis (TGA), are used to thoroughly
examine the influence of ultrasound-assisted technol-
ogy on the morphology, phase composition, and reac-
tion pathways of the mineralized products. Further-
more, to assess its practical application potential, the
cement suspension treated by ultrasound-assisted wet

2 Material and experiments

The cement used in this study is ordinary Port-
land cement (P.O. 52.5). The oxide composition of the
cement is obtained through X-ray fluorescence (XRF)
analysis (Table 1). Table 2 shows the names of the
samples and the experimental conditions of each sam-
ple. The water used for the experiment is municipal tap
water. The carbon dioxide is supplied by the Hangzhou
Zhejiang Gas Co., Ltd., China, with a purity of 99.0%.
The water-cement ratio of the cement suspension is 5:1.
We elucidate the mechanism of ultrasonic-assisted wet
mineralized cement suspension using pH measure-
ment, XRD, FT-IR, TGA, and SEM, while assessing
macroscopic performance through compressive strength
and setting time. The macroscopic test specimen is ce-
ment paste. The wet mineralization of cement substi-
tution rate is 8%, and the water-cement ratio of the ce-
ment paste specimen is 0.4. Detailed experimental
specifications can be found in Section S1 of the elec-
tronic supplementary materials (ESM). The experi-
mental flow chart is shown in Fig. S1 of the ESM.

3 Results and discussion
3.1 Analysis of temperature changes

Fig. 1 illustrates the temperature evolution dur-
ing the 25-min mineralization process for both the

Table 1 Composition of cement oxides

. e . . Oxide Mass fraction (%)
mineralization is incorporated into a conventional ce-
ment paste system. The early strength development, set- Na,0 0.471
ting time, and 28-d compressive strength are evaluated, 80, 3.895
and the strengthening mechanism of this technology on MgO 1.396
cement performance is analyzed. Finally, we evaluate K,0 0.751
the energy efficiency of the ultrasonic-assisted wet min- ALO, 5.353
eralization process and develop a scalable framework Sio, 21.988
for its industrial implementation. CaO 61.260
Table 2 Samples tested under different conditions
Sample name Treatment CO, flow rate Mineralized cement Mineralization Total CO2
p (L/min) substitution rate (%) duration (min) input volume (L)
UC-2-5 Ultrasonic 2 8 5 10
UC-2-15 Ultrasonic 2 8 15 30
UC-2-25 Ultrasonic 2 8 25 50
MC-2-25 Non-ultrasonic 2 8 25 50
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Fig. 1 Comparison of temperature changes of cement powder
during ultrasonic-assisted and non-ultrasonic-assisted wet
mineralization

ultrasonic-assisted and non-ultrasonic-assisted wet min-
eralization groups. Although both groups start at the
same temperature of 20 °C, their thermal behavior ex-
hibits significant differences.

The ultrasonic-assisted group shows substantial
temperature variations, following a characteristic non-
linear heating trend, with the temperature rising from
an initial 20.0 to 56.8 °C. This phenomenon is attrib-
uted mainly to the thermal effects induced by ultra-
sonic propagation in the medium (Xiong et al., 2023):
Ultrasonic cavitation imparts significant kinetic energy
to both fluid molecules and cement particles, convert-
ing acoustic energy into thermal energy through con-
tinuous mechanical vibration, expansion, and friction,
thereby leading to a pronounced temperature increase in
the system. From a kinetic perspective, the temperature
change in the ultrasonic group shows distinct stages—
the most notable increase occurs within the first 5 min,
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where the temperature rises rapidly from 20 °C to about
40 °C. Subsequently, the rate of heating gradually de-
celerates, eventually stabilizing around 56 °C.

In contrast, the non-ultrasonic group exhibits a rela-
tively mild temperature change, remaining within a nar-
row range of 20-21 °C. Although both mineralization
and hydration reactions of cement are exothermic in na-
ture, the high water-to-binder ratio of the suspension ef-
fectively absorbs the reaction heat. Combined with the
absence of ultrasonic energy input, this results in a neg-
ligible overall temperature increase in the system.

3.2 Analysis of pH changes

A comparison of pH changes between ultrasonic
and non-ultrasonic-assisted wet mineralization of ce-
ment is shown in Fig. 2. The pH variation can be cat-
egorized into three distinct stages: a rapid drop, a sub-
sequent plateau, and a final gradual decline. A detailed
diagram of the mechanism of pH variation can be found
in Fig. S2 of the ESM.

3.2.1 Rapid drop

Initially, the pH of the cement suspension is 11.7,
which results from the dissolution and hydration of ce-
ment powder. Upon the onset of carbonation, the pH
rapidly decreases from 11.7 to about 8.0, mainly due to
the rapid consumption of calcium hydroxide (Ca(OH),,
CH) (Chang et al., 2018; Mehdipour et al., 2019; Wang
and Chang, 2019; Goergens et al., 2020; Aghajanian
et al., 2021), a product of cement hydration. During
the premixing stage, cement mineral components
such as tricalcium silicate (C,S) and dicalcium silicate
(C,S) undergo hydration reactions upon contact with
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Fig. 2 Comparison of pH changes of cement powder by different wet mineralization: (a) ultrasonic-assisted; (b) non-ultrasonic-
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water, producing CH and C-S-H gel, as shown in chemi-
cal Egs. (1) and (2). CH, being the main alkaline com-
pound, contributes to the high pH environment. When
CO, is introduced, it dissolves in the liquid phase to
form carbonic acid (H,CO,). Subsequently, CH reacts
with H,CO, to precipitate CaCO,, consuming OH" ions
in the process. This reaction leads to a significant drop
in the pH. The reaction rate during this stage is influ-
enced by the mass transfer efficiency of CO, dissolu-
tion and the dissolution kinetics of CH.

3Ca0-SiO,+ (n+3-x)H,0—xCaO - SiO, - nH,O +

(3-x)Ca(OH),, (1)
2Ca0 - Si0, + (n+2—x)H,0 —xCa0 - Si0, - nH,0 +
(2-x)Ca(OH),. @)

3.2.2 Plateau

After the pH value drops to 8.0-8.5, the pH pla-
teaus, indicating that the CH is formed when the pre-
mixing has been completely consumed. During this pH
plateau stage, three major reaction pathways contrib-
ute to mineralization: (1) CH is produced from the on-
going hydration of C,S and C,S continues to react with
CO,, consistent with the reactions occurring in the rapid
drop; (2) C,S directly participates in mineralization by
reacting with CO,; (3) C,S similarly undergoes direct
mineralization with CO,. The mineralization of CH
takes precedence over that of C,S and C,S, meaning
that CH is preferentially consumed (Shen et al., 2022a).
The continuous hydration of C,S and C,S, coupled with
the concurrent mineralization of CH, C,S, and C,S, es-
tablishes a dynamic equilibrium. This balance con-
tinuously consumes H" and OH™ ions in the suspen-
sion, thereby stabilizing the pH value. From a macro-
scopic perspective, this corresponds to a dynamic equi-
librium between the leaching rate of Ca* and the dis-
solution rate of CO,. The released Ca* follows two
main pathways: One portion undergoes hydration fol-
lowed by mineralization, while the other participates
directly in the mineralization reaction. Despite the re-
duction in CO, solubility caused by ultrasonic heat-
ing, the process simultaneously enhances the leaching
kinetics of Ca*". This accelerated release of calcium
ions shifts the reaction equilibrium forward, thereby in-
creasing the CO, dissolution rate and overall reaction ki-
netics. Thus, the reaction rate is higher in the ultrasonic
group than that in the non-ultrasonic group at this stage.

The reaction process is kinetically constrained by the
dissolution rates of the mineral phases and the forma-
tion rate of the product layer (He et al., 2017). The
plateau for the ultrasonic-assisted group lasts until about
17 min, compared with only 9 min in the non-ultrasonic
group (Fig. 2). Thus, ultrasonic treatment significantly
extends the plateau. This phenomenon can be attributed
to the surface of cement particles in the non-ultrasonic
group becoming coated with a dense composite layer of
C-S-H gel and CaCO, during the early plateau, form-
ing an ion barrier that inhibits further Ca* release. In
contrast, the ultrasonic-assisted wet mineralization sys-
tem achieves sustained Ca® leaching rates through a
dual mechanism of ultrasonic cavitation. The thermal
effect enhances ion migration and diffusion kinetics,
while the mechanical stresses generated by cavitation-
induced microjets and shock waves dynamically sup-
press the formation of a dense product composite layer,
thereby continuously exposing fresh reaction surfaces
and maintaining calcium ion dissolution.

3.2.3 Gradual decline

At this stage, the surface of cement particles is
coated with a significantly thicker reaction product
layer, consisting of a C-S-H/CaCO, composite. The
CaCO, and C-S-H gel form an intricately intertwined
structure, which hinders ion diffusion and acts as an
effective ion diffusion barrier. This densification of the
product layer leads to a marked reduction in the leach-
ing rate of Ca®, making its leaching efficiency lower
than that of CO,. Despite the constant rate of carbon
passage, the accumulation rate of H' slows down dur-
ing this stage. As shown in Fig. 2, the final pH values
for both groups approach that of carbonic acid, indi-
cating near saturation of CO, solubility in the suspen-
sion and near the limit of CO, absorption. The pH value
shows a gradual downward trend. Notably, the onset
of the slow descent period occurs earlier in the non-
ultrasonic group than that in the ultrasonic group, sug-
gesting that regulation of the product layer structure
prolongs the effective duration of the reaction.

3.3 XRD analysis

The results of XRD analysis of the cement powder
suspensions used in wet mineralization, both with and
without ultrasonic treatment, are presented in Fig. 3.
The main phases identified in the cement powder during
wet mineralization include calcite, C,S, and C,S. The
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Fig. 3 XRD spectra of ultrasonic-assisted and non-ultrasonic-
assisted wet mineralization of cement suspensions

data indicate that both C,S and C,S persist in all sam-
ples, suggesting that the cement powder has not un-
dergone complete mineralization. Moreover, the ab-
sence of CH in the XRD spectra confirms its full reac-
tion, which is consistent with the results from the pre-
vious pH test. Note that calcite is the only crystalline
form of calcium carbonate observed. This phenomenon
can be attributed to the high water-to-binder ratio of
suspension, which provides a favorable environment for
sufficient contact and reaction between calcium ions
and carbonate ions. As a result, the mineralization pro-
cess proceeds efficiently, allowing the metastable poly-
morphs such as vaterite and aragonite to transform com-
pletely into the thermodynamically most stable form—
calcite.

Fig. 3 shows that in the ultrasonic-assisted group
(ultrasonic-assisted carbonization (UC) series), the
calcite content of wet mineralization exhibits a nonlin-
ear increase trend with the extension of mineralization
time. Notably, the increase of calcite during the initial
15 min of mineralization (UC-2-5 to UC-2-15) is sig-
nificantly higher than the growth rate over the subse-
quent 10 min (UC-2-15 to UC-2-25). This attenuation
in the rate of calcite formation is closely associated
with the development of composite layers of reaction
products: Rapid consumption of CH dominates the ini-
tial mineralization phase when the cement particle sur-
face has not yet formed a dense product layer and the
Ca™ leaching rate is high. As the reaction progresses,
C-S-H gel deposits along with CaCO, to form a coating
that inhibits further dissolution of internal minerals,
leading to a decrease in the reaction rate. The calcite
peak intensity of UC-2-15 is comparable to that of
UC-2-25, indicating similar extents of mineralization
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reaction between UC-2-15 and UC-2-25. UC-2-15 es-
sentially represents the plateau stage depicted in Fig. 2.
Effectively prolonging this homeostasis period will
enhance the efficiency of wet mineralization. Both
UC-2-15 and UC-2-25 exhibit significantly higher cal-
cite content than MC-2-25. Given the established posi-
tive correlation between calcite content and mineral-
ization duration, it can be reasonably deduced that the
15-min mechanically stirred system will produce a
lower calcite content than that of MC-2-25. Conse-
quently, these results confirm that under equivalent pro-
cessing time (15 min), the calcite content of the 15-min
ultrasonic-assisted system (UC-2-15) will exceed that
of its mechanically stirred counterpart, demonstrating
that ultrasonic treatment effectively enhances the over-
all mineralization efficiency in wet mineralization
systems.

3.4 FT-IR analysis

The FT-IR spectra of ultrasonic-assisted and non-
ultrasonic-assisted wet mineralization of cement paste
suspensions are presented in Fig. 4. FT-IR spectroscopy
can detect structural changes in mineralized and hy-
drated products, as well as other phases. According to
previous studies (Shen et al., 2022a), the absorption
bands around 1400, 870, and 710 cm™' correspond to
C-O bond vibrations, while those around 900 and
1100 cm™ are associated with Si—O bond vibrations
(Fernandez-Carrasco et al., 2012; Liu SH et al., 2021a).
The absorption band at about 1400 cm™ represents sta-
ble C—O bonds indicative of well-crystallized CaCQO,,
whereas those around 870 and 710 cm™ represent less
stable C—O bonds characteristic of amorphous calcium
carbonate (Giinther et al., 2005; Zou et al., 2015). As the
ultrasonic-assisted wet mineralization time increases,
the intensity of the absorption signal at 1400 cm™" grad-
ually strengthens, indicating an increase in the amount
of well-crystallized calcium carbonate. Additionally, at
the same carbonation time, the C—O bond absorption
peak for UC-2-25 shifts to a higher wavenumber
(1442 cm™) than that of MC-2-25 (1417 ¢cm™), suggest-
ing a higher degree of C—O bond polymerization and
a more stable crystalline structure.

FT-IR can be used for the quantitative analysis of
C-S-H content and proportion during the wet mineral-
ization process. Two overlapping absorption bands
are observed within the Si—O bond region (Fig. 4).
The broad band near 1000 cm™ corresponds to the
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Fig. 4 FT-IR spectra of ultrasonic-assisted and non-ultrasonic-
assisted wet mineralization of cement suspensions

asymmetric tensile vibration of the Si—O bond in the
initial high-calcium C-S-H. CO, reacts with the inter-
layer and defect-associated calcium in the C-S-H
chain structure, forming CaCO, and leading to the
detachment of calcium from the chains (Mao et al.,
2023). The decalcified C-S-H exhibits a high degree
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Fig. 5 FT-IR spectra split-peak fitting results in the 900 to 1200 cm™ band: (a) MC-2-25; (b) UC-2-5; (¢) UC-2-15; (d) UC-2-25

of polymerization (Shen et al., 2022a). The wide band
near 1100 cm™ is attributed to the decalcification
of the initial high-calcium C-S-H after mineralization,
leading to low-calcium C-S-H with a higher degree
of polymerization.

Previous studies have demonstrated the feasibility
of decoupling FT-IR spectra for the quantitative analy-
sis of amorphous phases such as C-S-H (Séaez del
Bosque et al., 2014; Mao et al., 2023). In this study,
Gaussian fitting is applied to the FT-IR spectra in the
900-1200 cm™ region, the range corresponding to the
Si—O bond, revealing a strong correlation (Fig. 5). The
deconvolution process separates the original overlap-
ping peaks into two distinct peaks, with the peak ar-
eas representing the relative contents of high-calcium
and low-calcium C-S-H, respectively (Table 3). Addi-
tionally, the total peak area of C-S-H, which is the sum
of the peak areas of high-calcium and low-calcium
C-S-H, increases with prolonged ultrasonic wet min-
eralization time, indicating an increase in C-S-H
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Table 3 Content and proportions of high-calcium C-S-H and low-calcium C-S-H in the wet mineralization process of

cement powder suspensions under variable conditions

Sample Peak area of high- Peak area of low- Total area of ~ High-calcium C-S-H = Low-calcium C-S-H
name calcium C-S-H gel calcium C-S-H gel C-S-H peaks gel content (%) gel content (%)
MC-2-25 2850.86 1355.28 4206.14 67.78 32.22
UC-2-5 2728.26 928.13 3656.39 74.62 25.38
UC-2-15 3310.65 1246.56 4557.21 72.65 27.35
UC-2-25 3414.03 1465.74 4879.77 69.96 30.04

content. Consequently, during the wet mineralization
process, both mineralization and hydration reactions
occur concurrently, leading to a coupled reaction be-
tween mineralization and hydration.

The total C-S-H peak areas for UC-2-5, UC-2-15,
and UC-2-25 are 3656.39, 4557.21, and 4879.77, re-
spectively, while that of MC-2-25 is 4206.14 (Table 3).
The growth rate of C-S-H during the initial 5 to 15 min
for ultrasonic-assisted wet mineralization is 90.08 min™,
which subsequently decreases to 32.26 min™' between
15 and 25 min, indicating the onset of an equilibrium
stage. This suggests that the reaction rate remains highly
efficient even during the plateau stage. Furthermore,
under identical reaction conditions, the total peak areas
of both UC-2-25 and UC-2-15 surpass that of MC-2-25,
indicating a higher C-S-H gel content in their cement
suspensions. The total peak area of C-S-H in UC-2-25
is 16.02% higher than that in MC-2-25. Therefore, it
can be inferred that ultrasonic action increases the
C-S-H content by 16.02%. This leads to the reason-
able inference that the C-S-H content of UC-2-15 will
also exceed that of the mechanically stirred system
with a shorter reaction time of 15 min. This phenome-
non is attributed to the ultrasonic cavitation and ther-
mal effects, which significantly accelerate the hydra-
tion process of cement particles.

The proportion of low-calcium C-S-H in Table 3
serves as an indirect indicator of the extent of C-S-H
decalcification. Sample MC-2-25 shows the highest
degree of decalcification, with a low-calcium C-S-H
content of 32.22%, which is slightly higher than that
of UC-2-25 at 30.04%. This difference can likely be
attributed to the different pH levels of the suspensions
(Shen et al., 2022a). Prior research indicates that the
polymerization of C-S-H gel occurs more effectively
under acidic conditions. The pH of MC-2-25 is mar-
ginally lower than that of UC-2-25 (Fig. 2), thereby
promoting the transformation of high-calcium C-S-H

into the more polymerized low-calcium C-S-H (Shen
et al., 2022a).

3.5 Thermogravimetric analysis

The thermogravimetric (TG) and derivative ther-
mogravimetric (DTG) results for the ultrasonic-assisted
and non-ultrasonic-assisted wet mineralization of ce-
ment suspensions are presented in Fig. 6. The troughs
are predominantly concentrated near 700 °C, corre-
sponding to well-crystallized calcium carbonate. This
indicates that the calcium carbonate formed in the ce-
ment suspension exhibits relatively high crystallinity.
Additionally, the troughs in Fig. 6 progressively shift
to higher temperatures, suggesting an increase in the
thermal stability of the mineralized product, CaCO,.
Notably, the stability of CaCO, in MC-2-25 is only mar-
ginally higher than that in UC-2-5.

By quantitatively comparing the actual CO, ab-
sorption of the cement suspension to its maximum po-
tential CO, absorption, the degree of mineralization ()
of the cement suspension can be determined (Eq. (3)).
Nepco, 1N Eq. (3) denotes the actual sequestrated CO,
of the cement suspension and #,,.,co, denotes the theo-

retical sequestrated CO,. The actual sequestrated CO,
can be estimated based on the percentage of mass loss
occurring near 700 °C during TGA. The methodology
for calculating the theoretical sequestrated CO, of a
cement suspension is provided in Eq. (4) (Steinour,
1959; Andrade and Sanjuan, 2021).

o= 10 s 100%, (3)
ntheOCOZ
_ Meo, 0.7 1.09
M theoco, = m [ Mcao =Y. Tlso, ]+1 Hngo T
0.7ty 0+ 0.46 7511, . (4)

Here, M., and M, denote the molar masses of
CO, and CaO, respectively. £ in Eq. (4) denotes the
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Fig. 6 TG and DTG results of ultrasonic-assisted and non-ultrasonic-assisted wet mineralization of cement suspensions:

(a) TG; (b) DTG

mass fractions of CaO, SO,, MgO, Na,O, and K,O,
with specific values provided in Table 1. Based on
calculation, the theoretical CO, sequestration capacity
of this cement is 48.19 g/100 g of cement. The actual
CO, sequestration amount for each suspension is then
determined from the mass loss rate in the TG curves
(Fig. 6a), and the results are summarized in Table 4.

Table 4 Comparison of mass loss rate, decomposition
temperature, and degree of mineralization

Sample Mass loss Decomposition Degree of
name rate (%) temperature (°C) mineralization (%)
MC-2-25 18.9 713 39.34
UcC-2-5 12.8 696 26.56
UC-2-15 23.7 731 49.18
UC-2-25 25.6 737 53.12

The degree of mineralization during ultrasonic-
assisted wet mineralization progressively increases
with the extension of carbon transfer time. Specifically,
the mineralization degree for UC-2-5 is 26.56% after
5 min of ultrasonic-assisted wet mineralization and in-
creases to 49.18% after 15 min, representing an increase
of 22.62 percentage points (PPs). However, when the
ultrasonic-assisted wet mineralization time is extended
to 25 min, the mineralization degree reaches 53.12%,
which is only 3.94 PPs higher than that observed at
15 min. These results indicate a positive correlation
between the degree of mineralization and its duration.
However, as mineralization proceeds, the thickening
of the resulting composite product layer gradually re-
duces the mineralization efficiency. Under identical
mineralization conditions, UC-2-15 exhibits a 9.84 PPs

higher degree of mineralization than MC-2-25. Based
on the established positive correlation between the de-
gree of mineralization and carbonation duration, it can
be inferred that the 15-min mechanically stirred system
will show a lower degree of mineralization than that
of MC-2-25 and thus will be significantly lower than
that of UC-2-15. Therefore, although the elevated sys-
tem temperature reduces CO, solubility in the suspen-
sion, the cavitation-induced erosion of the product layer
enhances ion diffusion efficiency, while the associated
thermal effect accelerates the reaction kinetics. Col-
lectively, these synergistic effects lead to a significant
improvement in the overall degree of mineralization
in the ultrasonic-assisted group.

3.6 SEM analysis

SEM is used to characterize the mineralized
products from the ultrasonic-assisted group (UC se-
ries) and mechanical mixing group (Fig. 7). This analy-
sis elucidates the polymorphic characteristics of cal-
cium carbonate crystals and the evolution patterns of
the product layer under different process conditions.
Samples exhibit regular small cube-like calcite (CaCO,)
crystals with nearly 90° angles, consistent with typical
calcite growth characteristics. Comparative SEM im-
age analysis reveals that while all samples exhibit prod-
uct layer agglomeration, significant differences are ob-
served in morphology and dispersion. A continuous
covering layer is formed between the grains of UC-2-5
through C-S-H gel bridging (Fig. 7a), whereas contin-
uous calcite grain accumulation is noted in UC-2-15,
UC-2-25, and MC-2-25 (Figs. 7b-7d). This phenomenon
can be attributed to the shorter carbonation passage
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Fig. 7 SEM images of ultrasonic-assisted wet mineralization and non-ultrasonic-assisted wet mineralization of cement
suspensions: (a) UC-2-5; (b) UC-2-15; (¢) UC-2-25; (d) MC-2-25

time of UC-2-5, where pre-stirred C-S-H does not
participate in mineralization or decalcification decom-
position, resulting in reduced calcium carbonate pro-
duction. Additionally, the size of calcite crystals in the
ultrasonic-assisted group (UC-2-15 and UC-2-25)
decreases significantly, with ultrasonic treatment in-
hibiting the growth of larger crystals. Scale compari-
son based on SEM images reveals that the grain sizes
in the ultrasonic-assisted wet mineralization group
(Figs. 7a—7c¢) range from 100 to 200 nm, while those
in the conventional wet mineralization group (with-
out ultrasonic treatment) fall within the 230—500 nm
range.

3.7 Setting time

The setting time for different samples is presented
in Fig. 8. Comparisons of setting time, standard devia-
tion, and the rate of change relative to the control are
presented in Table S1 of the ESM. Compared to the
untreated control group (N, without adding ultrasonic-
assisted wet mineralization cement suspension to the
cement paste), the initial setting time of all experimen-
tal groups is reduced by 6.49% to 19.46%, while the
final setting time is decreased by 5.90% to 12.98%.

400 B2 Initial setting time

B rinal setting time

350 1 319

300 295

300 1

250 1

200 1

150 1

Setting time (min)

100 1

50 1

N MC-2-25 UC-2-5 UC-2-15 UC-2-25

Fig. 8 Comparison of setting times

These results indicate that wet mineralization of the
cement suspension effectively shortens the setting time
of the cement paste. Under the same wet mineralization
duration, the reduction effect of UC-2-25 on the initial
setting time, relative to the control group N, is 9.19 PPs
higher than that of MC-2-25. This improved perfor-
mance can be attributed to the ultrasonic treatment
generating finer crystals that provide dual benefits: a
filling effect and early-stage hydration nucleation. It
can be reasonably inferred that UC-2-15 would simi-
larly exhibit higher early-age strength than its 15-min
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mechanically stirred counterpart. Furthermore, compar-
isons among the last three groups (UC-2-5, UC-2-15,
and UC-2-25) reveal the impact of variable ultrasonic-
assisted wet mineralization time on setting time reduc-
tion. The effect of setting time reduction relative to car-
bon transfer time shows a nonlinear trend. Compared
with UC-2-15, the reduction effects of UC-2-5 on the
initial setting time and final setting time relative to
the control group N are 10.80 PPs and 5.60 PPs lower,
respectively. Compared with UC-2-15, the initial set-
ting time of UC-2-25 is shortened by only 2.17 PPs,
and the final setting time by 1.48 PPs. Evidently, when
the duration of wet mineralization exceeds a certain crit-
ical threshold, the marginal benefit of reducing setting
time diminishes significantly.

3.8 Compressive strength

The compressive strength for cement pastes par-
tially substituted with cement suspensions at various
ages are presented in Fig. 9. Comparisons of the per-
centage strength gain relative to the control (N, with-
out adding ultrasonic-assisted wet mineralization ce-
ment suspension to the cement paste) are presented in
Fig. S3 of the ESM. The overall trend in compressive
strength is clear and statistically significant. Regardless
of mineralization, the compressive strength of speci-
mens shows a nonlinear increase with curing time. The
strength of the experimental group after mineraliza-
tion is consistently higher than that of the control group
without mineralization. Across all ages, UC-2-15 dem-
onstrates the highest compressive strength, followed by
UC-2-25, while UC-2-5 exhibits the lowest strength.
This may be attributed to insufficient reaction time for
UC-2-5, leading to inadequate formation of CaCO,

go | 1 ¢
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I 25 d
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40 -

Compressive strength (MPa)

N MC-2-25

ucC-2-5 uUC-2-15  UC-2-25

Fig. 9 Compressive strength of specimens at different ages

and C-S-H. Despite a longer reaction duration, group
UC-2-25 exhibits the formation of a dense C-S-H/
CaCO, composite layer on the cement particle surfaces.
Although ultrasonic treatment partially disrupts this
layer, its thickness and compactness continue to in-
crease as the reaction proceeds, ultimately hindering
further hydration of the unreacted inner particles. This
observation aligns with the findings of Monkman et al.
(2016), which indicates that an excessively thick prod-
uct layer can significantly reduce ion permeability,
thereby suppressing later-stage hydration and result-
ing in diminished gains in mechanical properties. In
the present system, even with the introduction of ul-
trasonic agitation to delay densification, a critical thresh-
old exists. Beyond 15 min, the continued growth of the
product layer causes the reaction mechanism to shift
from surface reaction control to diffusion control. Con-
sequently, the marginal benefits in both the degree of
mineralization and specimen strength development be-
gin to decline. These results confirm that the mineral-
ization process has a well-defined optimum duration,
beyond which further extension does not enhance
performance.

The compressive strengths of both UC-2-15 and
UC-2-25 significantly exceed that of MC-2-25, sug-
gesting that the inhibitory effect of the product com-
posite layer on mechanical properties requires a criti-
cal mineralization threshold to be reached. Given that
the degree of mineralization of MC-2-25 remains be-
low this critical value, it can be reasonably deduced that
the 15-min mechanically stirred system with a lower
degree of mineralization will not provide greater str-
ength enhancement to the cementitious matrix than that
of MC-2-25. Consequently, the cement paste formed
by using UC-2-15 as a partial cement substitute has a
higher compressive strength than the suspension liquid
that is mechanically stirred for 15 min. Compared to
the untreated control group (N), the optimal perform-
ing formulation UC-2-15 shows a 25.78% increase in
compressive strength at 1-d curing age, maintaining a
significant 12.20% improvement after 28 d of curing. In
contrast, the mechanically stirred mineralization group
MC-2-25 shows corresponding gains of only 15.23%
and 5.50%, respectively, with its strengthening effect
merely exceeding that of UC-2-5, which undergoes
a shorter ultrasonic treatment among the ultrasonic-
assisted groups. These results confirm that UC-2-15 pro-
vides remarkable strength enhancement to the cement



paste within a relatively short mineralization period.
With increasing curing age, the gain in strength of the
four experimental groups gradually decreases, prov-
ing that the cement suspension after wet mineralization
has certain early strength characteristics. It can accel-
erate the hydration of cement, but the gain in strength
is more limited in specimens with a 28-d curing age.

3.9 Mechanism of ultrasonic-assisted wet
mineralization

3.9.1 Mechanism of ultrasonic enhancement of
mineralization efficiency

Ultrasonic waves are mechanical waves with fre-
quencies exceeding 20 kHz, characterized by high fre-
quency, short wavelength, and strong directivity. When
ultrasonic waves propagate through a liquid medium,
the periodic variation in sound pressure induces alter-
nating compression and expansion of the medium’s
molecules. These cavitation nuclei undergo a three-
stage dynamic evolution of expansion, contraction, and
collapse under the energy-driven effect of the acoustic
field. During the rarefaction half-cycle, when the sound
pressure falls below the tensile strength of the liquid,
transient cavitation nuclei form within the liquid, lead-
ing to bubble nucleation and subsequent expansion
during the same stage. In the compression half-cycle,
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these cavitation nuclei rapidly contract and eventually
collapse (Parvizian et al., 2011; Adewuyi and Khan,
2012), generating shock jets and shock waves (Monnier
et al., 1999). This phenomenon is referred to as the
cavitation effect of ultrasonic waves (Fig. S4 of the
ESM).

The ultrasonic cavitation effect plays a dual role
in enhancing mineralization efficiency. The microjet
causes multi-mode mechanical damage to the product
composite layer (C-S-H/CaCO,) on the surface of ce-
ment particles: when the shear stress exceeds the in-
terfacial binding energy of the composite layer, the
layered structure is peeled from the matrix; the stress
concentration effect induces the initiation of micro-
cracks at the brittle calcite grain boundaries, which prop-
agate along the crystal cleavage planes; the crack net-
work connects to form three-dimensional permeable
channels, reconstructing the pore structure and enhanc-
ing the ion diffusion efficiency, resulting in microcracks
and pore channels, thereby delaying the densification
process of the product composite layer. This prolongs
the plateau period, maintaining a high Ca™ leaching rate
(Fig. 10). Previous pH measurements indicate that
the onset of passivation—where mineralization effi-
ciency begins to decline—occurs at 9 min for the non-
ultrasonic group, compared to 17 min for the ultrasonic-
assisted group. Furthermore, although the temperature
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Fig. 10 Stripping of the composite layer by ultrasonic action
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increase induced by the ultrasonic thermal effect
reduces CO, solubility, it significantly enhances the ion
diffusion rate within the suspension. Overall, this ther-
mal effect exerts a positive influence on mineralization
efficiency. This conclusion aligns with recent research
findings (Mao et al., 2023), which indicate that under
consistent CO, flow rate conditions at temperatures
below 80 °C, moderate heating promotes the degree of
wet mineralization. The enhanced diffusion resulting
from temperature elevation effectively compensates for
the potential negative impact caused by reduced solu-
bility, thereby improving the efficiency of the mineral-
ization reaction.

3.9.2 Strength enhancement mechanism of ultrasonic-
assisted wet mineralization

The effects of ultrasonic accelerated hydration re-
action and strength enhancement can be attributed to
the following synergistic mechanisms. From the per-
spective of microscopic reaction, the shear stress in-
duced by ultrasonic cavitation detaches some products
from the product composite layer and imparts signifi-
cant kinetic energy. These particles subsequently un-
dergo intense collisions and friction, gradually reduc-
ing their size under ultrasonic refinement to reach the
nanometer level (according to Fig. 10, the ultrasonic ac-
tion on calcite crystals typically results in particle sizes
less than 200 nm). Nanometer-sized particles exhibit
higher specific surface areas and surface defect densi-
ties, which serve as active sites for the preferential ad-
sorption of hydration reactants such as C,S within the
cement paste matrix. This reduces nucleation activation
energy and accelerates the early hydration reaction pro-
cess (Monkman et al., 2016). From a microscopic me-
chanics perspective, ultrasonic-assisted processes gen-
erate more C-S-H gels and calcite. These gels, com-
bined with nanometer-sized calcite refined by ultrasonic
treatment, exert a micro-aggregate effect, filling initial
pores in the cement paste and providing strength sup-
port, thereby enhancing both the early and later strength
of the cement paste.

Energy efficiency evaluation of ultrasonic action is
presented in Section S2 of the ESM. Industrial applica-
tion prospects and technical challenges is presented in
Section S3 of the ESM. The specific process flow chart
is shown in Fig. S5 of the ESM, and the specific ener-
gy efficiency calculation table for ultrasonic action
is shown in Table S2 of the ESM.

4 Conclusions

In this study, we investigate and compare the
microscopic characteristics of ultrasonic-assisted and
non-ultrasonic-assisted wet mineralized cement sus-
pensions, as well as their effects on the compressive
strength and setting time of cement paste after partially
substituting the cement content. The following conclu-
sions can be drawn:

1. The change in pH of a cement suspension dur-
ing wet mineralization can be systematically catego-
rized into three distinct stages: (1) a rapid drop, where
CH generated from pre-mixing hydration reacts rapidly
with CO,, causing a sharp decline in pH from 11.7 to
about 8.0; (2) a plateau, characterized by a stable pH
range of 8.0—8.5 (ultrasonic-assisted wet mineralization
has been shown to extend this stage by 89%); (3) a grad-
ual decline, marked by a slow decrease in pH as CO,
approaches saturation within the suspension.

2. Calcite is confirmed as the predominant min-
eral phase in the cement suspension after wet mineral-
ization. Under identical wet mineralization durations,
the calcite content is substantially increased by apply-
ing the ultrasonic-assisted method. During the process
of wet mineralization, a synergistic reaction between
mineralization and hydration occurs. We find that
within the same mineralization time, UC-2-25 has a
16.02% higher C-S-H content than MC-2-25.

3. Following the substitution of a portion of the
cement pastes with the wet mineralized cement suspen-
sion, the cement paste demonstrates an increase in com-
pressive strength and exhibits enhanced early-strength
properties. The maximum 1-d strength of the cement
paste is increased by 25.78%, the initial setting time is
shortened by 19.46%, and the final setting time is short-
ened by 12.98%. Within the same mineralization time,
the 28-d compressive strength of UC-2-25 is 3.95 PPs
higher than that of MC-2-25. UC-2-15 exhibits the max-
imum improvement in compressive strength. Compres-
sive strength does not increase linearly with prolonged
mineralization time, but shows a specific gain thresh-
old. UC-2-15 exhibits the maximum improvement in
compressive strength.

4. Ultrasonic action improves the mineraliza-
tion efficiency of the suspension, and the wet miner-
alized suspension with ultrasonic assistance has stron-
ger mineralization ability. UC-2-25 exhibits the high-
est degree of mineralization (53.12%), surpassing



MC-2-25 (non-ultrasonic-assisted wet mineralization)
by 13.78 PPs under the same mineralization time. This
may be attributed to ultrasonic treatment inhibiting large
crystal growth and inducing a thermal effect that ac-
celerates the reaction rate.
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