[bookmark: _Hlk230945222][bookmark: _Hlk230781485]Wet Wollastonite Carbonation under Mild Conditions: Structural and Kinetic Insights
Sahra Homaee*1,2, Klaus Sygusch1, Doreen Ebert1, Robert Möckel1, and Martin Rudolph1 
Abstract
Wet mineral carbonation of calcium silicates is a promising route for permanent CO₂ sequestration and the production of carbonate-containing construction materials, yet the temperature dependence of the underlying kinetic processes remains incompletely understood. In this work, the carbonation of wollastonite (CaSiO₃) under mild conditions was systematically investigated through time-resolved experiments at (25, 45, 60, 75, and 90)°C, with particle-size effects further evaluated at 90°C. Carbonation conversion increased substantially with temperature. Kinetic analyses based on the Avrami model and shrinking-core model (SCM) formulations showed that wet wollastonite carbonation does not follow a single temperature-independent mechanism. Instead, the relative contributions of dissolution, precipitation, and transport processes vary with temperature, giving rise to three characteristic temperature intervals and regime-specific apparent activation energies. The intermediate range (45–75)°C exhibited the most consistent kinetic behavior, with an apparent activation energy of approximately (40–45) kJ mol⁻¹, characteristic of diffusion-influenced control. Particle-size reduction accelerated carbonation and increased final conversion without significantly altering the overall kinetic behavior. Complementary characterization by XRD, DTG, SEM, BET, and AFM demonstrated that increasing temperature enhances not only the extent of wollastonite-to-calcite transformation but also the structural, thermal, and morphological development of the carbonate products, while AFM revealed heterogeneous near-surface alteration associated with carbonate precipitation and silica-rich products. Overall, temperature exerts a greater influence than particle size on both reaction progress and apparent rate behavior. These findings provide an integrated kinetic and microstructural framework for understanding and optimizing wet carbonation of calcium silicates.
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Introduction
Reducing anthropogenic CO₂ emissions remains a significant scientific and industrial challenge in the transition to more sustainable production systems. Among various carbon capture, utilization, and storage strategies, mineral carbonation has gained increasing attention due to its ability to permanently fix CO₂ as thermodynamically stable carbonate minerals. Unlike temporary storage methods, mineral carbonation offers long-term stability and can be integrated with industrial residues or naturally occurring calcium and magnesium-bearing materials. Consequently, mineral carbonation is regarded as a promising approach for durable CO₂ sequestration and, in some cases, for generating value-added carbonate-containing products [1–5].
Beyond permanent sequestration, the selection of carbonation feedstocks and operating conditions should also consider the intended end use of the resulting products. Mineral carbonation can generate materials useful in construction-related applications, including as supplementary cementitious materials (SCMs), making it relevant both as a storage pathway and a route for producing value-added materials [1,6–9].
Calcium silicates are particularly attractive carbonation feedstocks due to their favorable reactivity under aqueous conditions. Wollastonite (CaSiO₃) is considered one of the most promising naturally occurring calcium silicate minerals owing to its high carbonation reactivity and relatively high natural abundance, and is frequently used as a model material for investigating carbonation pathways [1,10–12]. Under wet conditions, wollastonite carbonation proceeds through coupled steps: CO₂ dissolution, formation of dissolved carbonate species, silicate dissolution with Ca-ion release, and precipitation of carbonate products, typically calcite. These steps occur simultaneously and interact through surface modification, product-layer formation, and transport resistance, resulting in more complex overall behavior than a single-step reaction [13–16]. 
	CO2 dissolution and (bi)carbonate species formation:
CO2 (g) + H2O (l)  H2CO3 (aq)  HCO3− (aq) + H+ (aq)
	(1)

	Silicate (Wollastonite) dissolution:
CaSiO3 (s) + 2H+ (aq) → Ca2+ (aq) + H2O (l) + SiO2 (s)
	(2)

	(Calcium)Carbonate precipitation: 
Ca2+ (aq) + HCO3− (aq) → CaCO3 (s) + H+ (aq)
	(3)

	The overall carbonation process can therefore be expressed by the following net reaction:
CaSiO3 (s) + CO2 (g) + H2O (l) → CaCO3 (s) + SiO2⋅nH2O (s)
	(4)
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The net equation (4) summarizes the overall transformation of wollastonite into carbonate and silica-rich products. In practice, the silica-rich phase may persist as an altered surface layer or gel-like product, while calcite can precipitate at the reacting surface or within the surrounding solution. Overall reaction kinetics are thus influenced not only by wollastonite dissolution and carbonate precipitation, but also by passivating surface products that limit access to the reacting interface and contribute to diffusion-related constraints[17].
Although wollastonite demonstrates significant potential for aqueous carbonation, its kinetic evolution under comparable conditions remains incompletely understood. High temperatures and pressure, reduced particle size, improved mixing, and additives are known to enhance carbonation performance [3,18–22]. But it remains uncertain whether these factors solely increase the overall reaction rate or also alter the apparent rate-controlling mechanism. Particle size reduction typically enhances reactivity by increasing surface area and accessibility, yet its influence on the dominant kinetic regime is less systematically investigated than its effect on overall conversion. This underscores the need for systematic experimental kinetic datasets under well-defined conditions, which are currently limited despite the prevalence of modeling and simulation approaches.
Model-based kinetic analysis is particularly valuable for wet mineral carbonation systems. Here, the Avrami model was used to describe overall nucleation-and-growth transformation behavior, while SCM formulations distinguished between apparent surface-reaction and diffusion-controlled regimes[23–25]. Arrhenius analysis of fitted kinetic parameters further assessed thermal sensitivity and estimated apparent activation barriers[25–27].However, kinetic modeling alone cannot fully capture the complexity of heterogeneous aqueous carbonation, and mechanistic interpretations require support from structural, thermal, and morphological characterization to determine how phase composition, carbonate crystallinity, thermal stability, and surface morphology evolve consistently with the proposed controlling mechanisms.
Accordingly, this work aims to clarify how temperature and particle size influence wet wollastonite carbonation kinetics, identify dominant apparent rate-controlling mechanisms, and develop a mechanistic framework linking kinetic behavior with phase evolution and surface development. By integrating time-resolved kinetic modeling with multi-technique characterization, this study provides a more complete understanding of wet wollastonite carbonation across different temperature regimes.
Results and discussion
Temperature and time-dependent carbonation behavior
Time-dependent conversion profiles (X) (Figure 1 - a) indicate that temperature exerts a significant influence on the wet carbonation behavior of wollastonite. 
The extent of conversion X was obtained by normalizing the experimental CO₂ uptake to the theoretical CO₂ uptake:
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Increasing temperature enhances both the reaction rate and the final conversion within the investigated reaction period. After 180 minutes, conversion increased from 0.134 at 25°C to 0.333, 0.454, 0.574, and 0.619 at 45°C, 60°C, 75°C, and 90°C, respectively. This trend demonstrates that elevated temperature substantially promotes carbonation under the studied aqueous conditions, consistent with observations reported in other carbonation studies [25,28]. At lower reaction temperatures, both silicate dissolution and carbonate precipitation rates are generally low. Because the unseparated reaction slurries were completely dried at 105°C prior to characterization, any dissolved calcium and carbonate ions remaining in the fluid phase at lower carbonation reaction temperatures would have been forced to precipitate as secondary carbonates during evaporation. The persistently low carbonation degree observed at low temperatures, therefore, indicates that the system was limited by the initial leaching and dissolution kinetics of the wollastonite matrix, rather than by lower carbonate precipitation rates.
A comparison of the complete conversion profiles reveals that the effect of temperature was not uniform throughout the reaction period. At 25°C, conversion increased only marginally, from 0.043 at 5 minutes to 0.134 at 180 minutes, indicating minimal reaction progress. In contrast, at 45°C and 60°C, conversion increased more substantially, reaching 0.333 and 0.454 after 180 minutes, respectively. The highest conversions occurred at 75°C and 90°C, where the reaction proceeded rapidly, reaching 0.574 and 0.619 at the end of the experiment. These findings indicate that wollastonite carbonation is strongly kinetically constrained at low temperatures, whereas elevated temperatures significantly enhance conversion within a fixed reaction time, indicating that the main bottleneck is calcium ion concentration from leaching the wollastonite [15,29].
A notable aspect of the data is that the influence of temperature was not strictly uniform during the initial reaction stage. While the final conversion followed the expected order of 90°C > 75°C > 60°C > 45°C > 25°C, early-time behavior deviated from this trend. At 5 minutes, conversion at 90°C (0.032) was lower than at all other temperatures, and even at 10 and 15 minutes remained below those at 60°C and 75°C. Only after extended reaction times did the 90°C condition surpass the others, ultimately yielding the highest final conversion. This early-stage deviation may indicate that multiple coupled processes contribute to the overall carbonation pathway. Although higher temperatures are expected to enhance wollastonite dissolution and carbonate formation, they may also affect the availability of dissolved CO₂ in the liquid phase during the initial reaction stage. The data therefore suggest that the overall process results from the interplay of dissolution, ion release, carbonate nucleation and growth, and evolving transport limitations.
A further notable feature of the conversion curves is the progressive decrease in slope over time at all temperatures. At intermediate and high temperatures, the reaction initially proceeded rapidly before gradually slowing. This pattern indicates that the carbonation process does not follow a constant-rate mechanism throughout the experiment, but instead transitions through at least two kinetic stages: an initial fast regime followed by a slower regime at extended times. The initial stage likely corresponds to the availability of fresh reactive wollastonite surface and rapid release of calcium-bearing species, while the later stage may be influenced by reduced surface availability, accumulation of solid products, or the development of diffusion resistance through surface layers or precipitated phases.
This apparent shift in kinetic behavior is particularly evident in the 75°C and 90°C curves. At 60 minutes, conversions were 0.310 and 0.301, respectively, but at longer times the curves diverged, with 90°C reaching 0.619 compared to 0.574 at 75°C after 180 minutes. This suggests that the advantage of the highest temperature becomes more pronounced during the later stage of carbonation and may indicate that elevated temperature not only accelerates the initial reaction but also sustains carbonation progress despite the gradual development of product-layer, silica gel-layer effects, or other kinetic limitations.
In summary, the conversion–time profiles demonstrate that temperature influences both the magnitude of the carbonation rate and the temporal evolution of the reaction. The data reveal an initially rapid stage followed by a slower regime, with the relative significance of these stages varying with temperature. Consequently, wollastonite carbonation under the studied wet conditions cannot be adequately described as a single, uniform process governed by one mechanism throughout the reaction period. Instead, the observed profiles indicate evolving kinetic regimes, providing a robust foundation for subsequent model-based analysis using approaches such as the Avrami model and shrinking core model formulations.
Comparative fitting of kinetic models
Wet carbonation of wollastonite proceeds through the interconnected physicochemical steps described in the Introduction (Eq.1-Eq.4). The relative significance of these steps varies with reaction conditions, particularly temperature, which can influence the apparent rate-controlling regime. To elucidate the temperature-dependent kinetic behavior of wollastonite carbonation, experimental conversion data were analyzed using three kinetic models: the Avrami model, the shrinking-core model with chemical reaction control, and the shrinking-core model with diffusion control[23–25].
For the shrinking-core model, the following linearized expressions for chemical reaction control (5) and diffusion control (6) were applied (In all model expressions, X represents the fractional carbonation conversion at time t (Eq.(5)).):
	1 - (1 ‑ X)1/3 = kr·t
	(7)

	1 ‑ (1 ‑ X)2/3 + 2(1 ‑ X) = kd·t
	(8)


where the apparent rate constants kr and kd were obtained directly from the slopes of the fitted lines. 
For the Avrami model, the linearized form:
	ln[−ln(1 ‑ X)] = lnka + nlnt
	(9)


was applied, where the slope corresponds to the Avrami exponent n and the intercept corresponds to lnka.
Analysis of the linearized kinetic-model fits and their corresponding residual distributions (Figure 1 and FigureS 1) demonstrates that each applied model captures significant aspects of the carbonation behavior, although their mechanistic implications differ. The Avrami model (Figure 1- b) aligns well with experimental data across the entire investigated temperature range, indicating that the overall transformation behavior of wollastonite carbonation can be consistently described by an Avrami-type relationship. This finding implies that nucleation and growth processes contribute to carbonate formation at all studied temperatures. This interpretation is physically plausible, as carbonation in this system involves dissolution of the silicate phase, release of calcium species into solution, and subsequent formation and growth of a new carbonate product phase. Therefore, the Avrami analysis indicates that phase-transformation behavior is a persistent feature of the reaction pathway throughout the investigated temperature range. The associated schematic is included as a conceptual illustration of this transformation behavior.
Although the Avrami model offers a comprehensive description of the overall carbonation process, it is less effective for pinpointing the specific step that controls the reaction rate. Consequently, the shrinking-core model analysis is particularly valuable, as it enables interpretation of the kinetic response in terms of either interfacial chemical reaction control or diffusion through a product layer. Thus, the Avrami model and the shrinking-core formulations should be regarded as complementary: the Avrami model characterizes the transformation behavior of carbonate formation, while the shrinking-core models help identify the dominant transport or reaction limitation influencing the observed conversion profile.
Of the two shrinking-core models (Figure 1– c,d), the diffusion-controlled model most consistently describes the carbonation data between 25°C and 75°C. In this temperature range, the transformed data exhibit strong linearity, and the corresponding residuals are distributed evenly around zero, indicating that diffusion-related resistance is a major factor in determining the overall reaction rate. This observation aligns with the expected behavior of a heterogeneous aqueous carbonation system. As wollastonite dissolves and carbonate precipitation occurs, solid reaction products accumulate at or near the particle surface. The formation and growth of these layers impede the transport of dissolved carbonate species and calcium-bearing ions between the bulk solution and the unreacted mineral core. 
The predominance of diffusion-controlled behavior at intermediate temperatures is consistent with the multiphase nature of the carbonation process. Under these conditions, the rates of mineral dissolution, species transport, and carbonate precipitation are balanced such that the accumulation of solid products significantly influences the progression of the reaction. After the initial reaction at the mineral surface, continued carbonation increasingly relies on the migration of reactive species through the product layer. The better fit of the diffusion-controlled shrinking-core model between 25°C and 75°C therefore indicates that product-layer resistance might be a major kinetic limitation within this temperature range.
At 90°C, the fitting behavior changes. While the diffusion-controlled shrinking-core model (Figure 1- d) still provides a relatively high apparent fit quality; the residual distribution exhibits more systematic deviation, indicating that diffusion alone does not adequately describe the reaction profile at this temperature. In contrast, the chemical-reaction-controlled shrinking-core model (Figure 1- c) demonstrates improved agreement, suggesting that the interfacial chemical reaction becomes more influential at 90°C. This finding indicates a temperature-dependent shift in the dominant apparent rate-controlling mechanism. Such a shift is chemically plausible, as increasing temperature accelerates several kinetically favorable steps, including wollastonite dissolution, ionic mobility, and surface reaction kinetics. Although CO₂ solubility in water decreases with increasing temperature, the observed increase in carbonation conversion suggests that the acceleration of solid–liquid reaction steps compensates for the reduced dissolved CO₂ availability. Under these conditions, diffusion-related constraints become less dominant, and the interfacial reaction step exerts a greater influence on the overall rate.
The broad applicability of the Avrami model across the full temperature range underscores that wet wollastonite carbonation should not be interpreted solely as an ideal shrinking-core process. Instead, the reaction pathway results from the combined effects of mineral dissolution, species transport, and carbonate precipitation, with the product phase forming through nucleation and subsequent crystal growth. In this context, the shrinking-core models are valuable for identifying the dominant apparent kinetic limitation, while the Avrami model captures the transformation character of carbonate formation. Thus, the carbonation kinetics of wollastonite under wet conditions should be understood as the outcome of overlapping, temperature-dependent processes rather than a single mechanistic step.
In summary, evaluation of the linearized fits and residual patterns indicates that the diffusion-controlled shrinking-core model most accurately describes the carbonation behavior between 25°C and 75°C, whereas at 90°C, the chemical-reaction-controlled shrinking-core model is more appropriate. Simultaneously, the Avrami model remains applicable across the entire temperature range and highlights the ongoing significance of nucleation-and-growth processes in carbonate formation. Collectively, these findings demonstrate that wet wollastonite carbonation exhibits a temperature-dependent evolution in apparent kinetic control, while maintaining an overall transformation behavior consistent with progressive phase formation. This analysis provides a robust basis for interpreting the extracted kinetic parameters and for conducting subsequent Arrhenius analysis.
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[bookmark: _Ref230941347]Figure 1 Experimental conversion profiles and corresponding linearized kinetic-model fits for wet wollastonite carbonation at 25°C, 45°C, 60°C, 75°C, and 90°C: (a) time-dependent conversion (X), (b)Avrami model, representing nucleation-and-growth-type transformation;(c) SCM surface chemical reaction control, representing interfacial reaction at the unreacted core, and (d) SCM diffusion-control model, representing transport through the developing product layer. The schematics on the right illustrate the corresponding conceptual carbonation pathways, including progressive carbonate formation, interface-controlled reaction, and diffusion through a product layer. Together, the figure links the experimental carbonation behavior with the kinetic-model interpretations used to describe the evolution of the reaction mechanism.

Arrhenius-type analysis & Apparent rate control and possible regime shift
To further assess the influence of temperature on wet wollastonite carbonation, Arrhenius analyses were conducted using kinetic parameters derived independently from the Avrami, SCM surface-reaction, and SCM diffusion models. The corresponding kinetic constants, regression statistics, and detailed activation-energy calculations are provided in the Supporting Information (Tables S5–S6). 
The Arrhenius equation is widely employed to describe the temperature dependence of reaction rate constants [25–27]:
	
	(9)


where k is the rate constant, A is the pre-exponential factor, Ea is the activation energy, R is the universal gas constant, and T is the absolute temperature in Kelvin. In its linearized form, the equation becomes:
	
	(10)


Therefore, plotting lnk against 1/T enables estimation of the activation energy from the slope of the fitted line.
The kinetic constants used in this analysis were obtained from the linearized forms of the applied models (TableS 4). 
​ However, when n varies with temperature , the Avrami rate constant ka​, which has units of [time]−n, cannot be directly treated as a conventional Arrhenius rate constant. Therefore, the corrected Avrami rate constant was calculated according to
	ka(new) = (ka)1/n 
	(11)


This ensures that the resulting parameter has units of [time]⁻¹ and can be used in Arrhenius-type analysis. In the following sections, discussions referencing ka always pertain to the new ka [30].
Experimental conversion–time data confirmed that wet wollastonite carbonation proceeded more rapidly and extensively as temperature increased from 25°C to 90°C. To further assess this temperature dependence, Arrhenius-type analysis was performed using rate constants derived independently from the Avrami model, the surface-reaction-controlled shrinking-core model (SCM), and the diffusion-controlled SCM (Table S5). Because the linearized model fits showed different relative performances at individual temperatures, particularly at the temperature extremes (25°C and 90°C), using the rate constants from only one model across the entire temperature range would not adequately represent the evolution of the carbonation process. Therefore, the Arrhenius behavior of all three models was compared (Figure 2).
Interestingly, although the rate constants were obtained from different kinetic models and the single-temperature fits showed different model preferences, the Arrhenius plots displayed the same overall pattern. All three approaches revealed three comparable temperature intervals: 25°C –45°C (Stage I), 45°C –75°C (Stage II), and 75°C –90°C (Stage III). This consistency indicates that the observed stage-wise behavior is not an artifact of one specific model, but reflects a real change in the temperature dependence of the carbonation process. Therefore, wet wollastonite carbonation is better interpreted as a process in which the relative importance of dissolution, precipitation, and transport changes with temperature, rather than as a single invariant mechanism over the whole temperature range.
Stage I: Low-temperature hindered regime (25°C–45°C).
In the low-temperature interval, all three models yield relatively high apparent activation energies, indicating a strongly hindered regime in which carbonation is highly temperature-sensitive. Together with the low Avrami exponent (n = 0.32) and limited conversions, this suggests that insufficient wollastonite dissolution and slow release of reactive calcium species dominate the kinetic response. Therefore, the process is unlikely to be governed by a fully developed product-layer diffusion mechanism despite the superior fit of the diffusion-controlled SCM.
Stage II: Diffusion-influenced intermediate regime (45°C–75°C).
At intermediate temperatures, the apparent activation energies obtained from the diffusion-controlled SCM and the corrected Avrami model converge to similar values of approximately 40 kJ mol⁻¹–45 kJ mol⁻¹. In this interval, carbonation proceeds more effectively, while transport through the developing carbonate-silica layer increasingly influences the overall rate. This interpretation is consistent with the progressive product accumulation observed by XRD, DTG, SEM, and AFM, as well as the superior performance of the diffusion-controlled SCM.
Stage III: High-temperature mixed regime (75°C–90°C).
At higher temperatures, all three models converge to similar apparent activation energies of approximately 11 kJ mol⁻¹–12 kJ mol⁻¹. Although the surface-reaction-controlled SCM provides a better fit to the conversion profile at 90°C, the corresponding activation energies remain characteristic of systems in which transport effects are still significant. This apparent discrepancy suggests that the dominant transport limitation changes rather than disappears. While diffusion resistance at intermediate temperatures is primarily associated with transport through the carbonate-silica product layer, the reduced solubility of CO₂ at higher temperatures may increasingly influence gas dissolution and mass transfer in the liquid phase. Consequently, the behavior at 90°C is better interpreted as mixed control rather than a purely surface-reaction-controlled regime.
Furthermore, the decrease in Arrhenius slope from Stage I to Stage III indicates that, although temperature remains a major factor controlling carbonation, the kinetic benefit of further temperature increase is not constant across the investigated range. The strongest temperature sensitivity occurs at low temperatures, whereas the intermediate range (45°C –75°C) appears to represent the most effective operating window. At higher temperatures, the lower Arrhenius slope suggests diminishing kinetic gains, likely because transport-related limitations, including CO₂ dissolution and mass transfer in the liquid phase, become increasingly important. Therefore, beyond this intermediate interval, further temperature increases may provide limited additional benefit, implying that process intensification should focus on mitigating transport limitations and passivation effects rather than solely increasing temperature.
Accordingly, the calculated activation energies should be interpreted as regime-specific apparent parameters rather than intrinsic constants. This interpretation is further supported by the increase in the Avrami exponent from 0.32 at 25°C to approximately 0.99 at 90°C, indicating progressively less hindered transformation behavior with increasing temperature.
Importantly, Stage II (45°C –75°C) provides the most internally consistent activation-energy estimate. In this interval, the linearized model fitting identifies the diffusion-controlled SCM as the most suitable description, and the Arrhenius analysis based on diffusion-derived rate constants gives an apparent activation energy of approximately 39 kJ mol⁻¹–40 kJ mol⁻¹. This value is close to that obtained from the corrected Avrami rate constant (~45 kJ mol⁻¹), indicating that both model fitting and temperature-dependent analysis point to a diffusion-influenced regime in this range. Therefore, the most reliable and physically reportable activation energy in the present study is considered to be approximately 40–45 kJ mol⁻¹ for the intermediate temperature interval. In contrast, the activation energies obtained for Stage I and Stage III should be interpreted more cautiously, because the single-temperature model fitting and Arrhenius behavior are less consistent at the temperature extremes.
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[bookmark: _Ref228793882]Figure 2: Segmented Arrhenius-type plots of kinetic parameters derived from the Avrami and SCM analyses for wet wollastonite carbonation. (a) Corrected Avrami rate constant ka1/2, (b) SCM surface-reaction rate constant, and (c) SCM diffusion rate constant plotted as ln(k) versus 1/T. The shaded regions indicate the proposed temperature intervals: Stage I (25–45)°C, Stage II (45–75)°C, and Stage III (75–90)°C, used to evaluate regime-specific apparent activation energies.
Particle-size effect at one temperature
To further assess the kinetic behavior of wet wollastonite carbonation, the influence of particle size was investigated at 90°C, which yielded the highest conversion in the temperature-dependent experiments. The particle-size effect was examined by comparing a ground fine sample with a non-ground coarse sample under otherwise identical carbonation conditions. This comparison was intended to clarify how particle size reduction affects both the reaction rate and the apparent kinetic behavior of wollastonite carbonation[21].
The conversion–time profiles (Figure 3 - a) clearly show that the fine fraction carbonated more rapidly than the coarse fraction over the entire reaction period. Although both samples exhibited the same general trend of increasing conversion with time, the fine sample consistently showed higher conversion values and reached a greater final conversion after 180 min. This demonstrates that particle size reduction significantly enhances the carbonation kinetics of wollastonite. The improved performance of the fine fraction can be attributed mainly to its larger accessible surface area. BET analysis showed that the fine sample had a specific surface area of 4.67 m² g−1, compared with 1.49 m² g−1 for the coarse fraction. This higher surface area provides a greater density of reactive sites and promotes more effective contact between the mineral surface and the reactive aqueous phase. In addition, the smaller particle size likely facilitates faster dissolution of calcium-bearing species and improves the accessibility of the reacting interface.
The difference between the fine and coarse samples becomes more pronounced with reaction time, indicating that the effect of particle size is not limited to the initial stage of carbonation. Rather, particle size reduction also supports sustained reaction progress at longer times. Therefore, grinding appears to improve both the initial reactivity and the overall efficiency of wollastonite carbonation under the selected experimental conditions.
To further interpret the particle-size-dependent behavior, the experimental data were analyzed using the linearized Avrami model together with the shrinking-core models for chemical reaction control and diffusion control (Figure 3 – b,c,d). The Avrami model provided a good overall description of carbonation behavior for both fine and coarse wollastonite, with linearized plots showing clear linearity in both cases. This indicates that nucleation and growth of the carbonate product remain important features of the carbonation pathway regardless of particle size.
A more mechanistic distinction emerges from the shrinking-core model analysis. The chemical-reaction-controlled expression provided the most suitable description for both particle-size fractions, with linearized SCM chemical reaction plots (Figure 3- c) showing stronger agreement with experimental data than diffusion-controlled plots. This suggests that carbonation is controlled primarily by the interfacial reaction at the unreacted wollastonite surface rather than by diffusion through a product layer. The fine sample exhibited a steeper slope, indicating a higher apparent reaction rate constant, confirming that particle size reduction enhances the rate of the same governing mechanism rather than introducing a different one. The finer fraction carbonates more rapidly because grinding exposes more reactive surface and improves accessibility of active sites; the coarser fraction remains slower due to limited interfacial reaction rates.
Residual analysis supports this interpretation(FigureS1). Avrami model residuals remained relatively small for both samples, though the model is less diagnostic of the specific rate-limiting step. SCM chemical reaction residuals were more consistently distributed around zero than those of the diffusion-controlled model, confirming that the surface-reaction-controlled formulation better captures the particle-size-dependent kinetic response.
XRD analysis (Figure 4) confirmed progressive conversion of wollastonite and formation of calcite as the primary carbonate product, while also revealing distinct differences in carbonate crystal (Calcite) development between the two fractions. The coarse sample exhibited larger calcite crystallites, demonstrating that feed particle size affects both conversion degree and crystallization behavior. Complementary SEM and thermal analysis (Figure 5,Figure 11) support this conclusion: calcite formed on the coarse feed displayed a more pronounced rhombohedral morphology, and slightly higher T(DTGmax)) values indicate increased thermal stability of the carbonate phase, consistent with larger crystallite sizes determined by XRD [30]. A likely explanation is that the finer material, due to its higher specific surface area, provides more nucleation sites, resulting in more distributed precipitation of smaller carbonate domains, whereas the coarser feed favors growth of fewer but larger calcite crystals.
The influence of particle size is primarily quantitative rather than mechanistic. Particle size reduction enhanced carbonation rate and final conversion, but the dominant apparent kinetic regime remained unchanged. In contrast, temperature affected both the reaction rate and the apparent mechanistic behavior identified by model comparison, suggesting that temperature exerts a stronger influence than particle size on the overall kinetics of wet wollastonite carbonation.
In summary, reducing wollastonite particle size significantly improves carbonation performance at 90°C. The fine fraction achieved higher conversion throughout the reaction period, while kinetic model analysis indicates similar apparent kinetic behavior for both particle-size fractions, with a stronger contribution from surface-related processes at 90°C. XRD, SEM, and T(DTGmax) results further show that particle size influences the crystallization characteristics of the product phase, with the coarse sample favoring larger calcite crystals. The beneficial effect of particle size reduction is therefore best understood as an acceleration of the existing carbonation pathway rather than a shift to a different mechanistic regime.
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Figure 3: Comparison of the experimental conversion behavior and linearized kinetic-model fits for fine and coarse wollastonite during wet carbonation at 90 °C: (a) conversion (X) as a function of time, (b) Avrami model, (c) SCM surface chemical reaction control, and (d) SCM diffusion control. These plots provide the basis for assessing the influence of particle size on both carbonation progress and the apparent kinetic regime.
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[bookmark: _Ref230943437]Figure 4: Time-dependent phase evolution and calcite crystallite-size development for fine and coarse wollastonite during wet carbonation at 90°C observed with XRD, illustrating the faster wollastonite-to-calcite transformation of the fine fraction and the larger calcite crystallites formed in the coarse fraction. The colored fields show the relative fractions of wollastonite and calcite as a function of carbonation time, while the circles’ size represents the corresponding calcite crystallite size
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[bookmark: _Ref228349954]Figure 5: SEM backscattered images of the wollastonite feed and corresponding carbonated products for the two particle-size fractions: (a) coarse feed, (b) carbonated coarse feed, (c) fine feed, and (d) carbonated fine feed. The images illustrate the morphology of the initial feed particles and the development of the precipitated carbonate phase after carbonation, highlighting the influence of feed particle size on product morphology and crystal development.

Structural, thermal, and morphological observations of temperature-dependent carbonation evolution
Time-resolved XRD analysis (Figure 6) confirmed progressive carbonation under all investigated conditions, with wollastonite content decreasing and calcite content increasing with reaction time, supporting the TGA-based conversion trends. The extent of phase evolution was strongly temperature-dependent: only minor changes occurred at 25°C, moderate transformation at 45°C, and substantially greater calcite formation at 60°C, 75°C, and especially 90°C.
Calcite crystallite size increased with both reaction time and temperature, consistent with previous findings for carbonation systems [31–34]. This structural maturation provides a physical explanation for the shift in the Avrami exponent n: larger crystallites at 90°C correspond to the transition toward n ≈ 0.99, indicative of less-constrained interface-controlled growth, while smaller crystallites at lower temperatures are consistent with the restricted growth environment reflected by the sub-diffusion exponent n = 0.32 [23,38]. DTG results (Figure 11) further support this interpretation, with (T(DTGmax)) shifting to higher values with increasing reaction time and temperature, indicating development of a more thermally stable and structurally ordered carbonate phase, consistent with earlier carbonation investigations [31,35].
SEM analysis (Figure 7) establishes a connection between kinetic regimes and physical product development. At 25°C, minimal surface modification and sparse carbonate precipitation are observed, with wollastonite particles largely retaining their original morphology, consistent with the low n value and high Ea. At 45°C and 60°C, carbonate coverage becomes more pronounced though crystal development remains moderate, consistent with the diffusion-influenced intermediate regime (n = 0.57–0.67). At 75°C and 90°C, extensive surface precipitation and well-defined calcite morphologies are observed.
Collectively, XRD, DTG, and SEM results demonstrate that increasing temperature enhances both the extent of wollastonite-to-calcite transformation and the degree of structural development, with the progression from sparse precipitation to well-defined crystalline growth closely paralleling the increase in n from 0.32 to 0.99, confirming a thermally driven transition from a diffusion-limited to a more rapid interface-influenced growth regime.
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[bookmark: _Ref228354993]Figure 6: Combined representation of quantitative phase evolution and calcite crystallite-size development during wet wollastonite carbonation at different temperatures. The colored fields show the relative fractions of wollastonite and calcite as a function of carbonation time, while the circles’ size represents the corresponding calcite crystallite size.

[image: A collage of images of crystals

AI-generated content may be incorrect.]

[bookmark: _Ref228355166]Figure 7: SEM micrographs of wollastonite carbonated under different temperatures and reaction times, illustrating the progressive evolution of carbonate morphology during wet carbonation. Images are shown for 25°C, 45°C, 60°C, 75°C, and 90°C at 20 min, 75 min, and 180 min, highlighting the combined influence of temperature and time on surface coverage, carbonate precipitation, and crystal development
AFM investigation of carbonation-induced surface evolution at 60°C and 90°C
Optical microscopy (Figure 8 (a-d)) and atomic force microscopy (AFM) (Figure 8 (e-j)) were employed to analyze embedded samples carbonated at 60°C and 90°C, representing distinct kinetic regimes. Optical microscopy revealed pronounced color and contrast variations and cleavage-like and locally fractured features, more prominent in carbonated samples than in the polished unreacted feed, confirming that carbonation modifies the wollastonite surface and affects not only surface precipitation but also the structural integrity of the original mineral particles. Comparison with SEM observations (Figure 5) further supports this interpretation.
These observations can be interpreted through two complementary and potentially coexisting hypotheses. The first attributes the altered optical contrast and surface appearance to formation of a heterogeneous passivating layer comprising silica-rich gel-like phases or precipitated calcite, which progressively reduces accessibility of the reacting interface and contributes to diffusion-related limitations identified in the kinetic analysis. The second, not mutually exclusive, interpretation is that subsurface carbonation leads to cleavage, whereby carbonic acid penetrates below the original surface and promotes calcite formation within the particle. Because calcite has a lower density than wollastonite [31],  local volume increase upon replacement may generate subsurface stress, leading to uplift, bending, and disruption of the reacted layer, consistent with the cleavage-like and fractured features observed by SEM and AFM.
The available microscopy observations do not permit an unambiguous distinction between these mechanisms, and both likely contribute to the observed morphology. Nevertheless, each is consistent with the broader kinetic and structural results, confirming that surface evolution plays a significant role in controlling the carbonation pathway. AFM was subsequently used to compare topography and phase contrast of polished and carbonated embedded samples.
Atomic force microscopy (AFM) measurements provided quantitative results of carbonation-induced surface modification as summarized in Table 1. In comparison to the polished reference, both carbonated samples exhibited a marked increase in surface roughness (root mean square Rq, arithmetic average Ra, mean roughness depth Rz), with all topographic parameters increasing after carbonation and reaching their highest values in the 90°C sample. Notably, the substantial increases in Ra, Rq, and Rz indicate that carbonation results in a more heterogeneous and topographically complex surface (Table 1). This trend aligns with observations from optical microscopy, scanning electron microscopy (SEM), and kinetic analyses, and suggests that elevated temperature facilitates more extensive modification of the near-surface region. The phase shift signal of the vibrating cantilever in dynamic tapping mode is processed in a similar manner like the topographic signal by means of determining mean values φq, φa and φz, respectively [36,37]. With an increasing degree of carbonation, those values are decreasing. This can be contributed to the formation of carbonation product layers on the wollastonite surface making it chemically more homogeneous, especially with respect to the silica layer as a second product of wollastonite carbonation next to calcium carbonate. Nonetheless, these finding need more attention in future investigations as no references are known to the authors to compare with.
[bookmark: _Ref229560911]Table 1: AFM topography (Ra, Rq, Rz) and phase (φq, φa, φz) parameters (geometric mean g, arithmetic mean a and mean depth z) for the polished reference and the carbonated samples at 60°C and 90°C, summarizing the quantitative evolution of surface roughness and phase contrast variations after carbonation.
	Topography values

	Conditions
	Rq in nm
	Ra in nm
	Rz in nm

	Polished
	1.6 ± 0.3
	1.2 ± 0.3
	21.3 ± 7.8

	Carbonated 60°C
	7.9 ± 4.5
	3.3 ± 1.3
	146.5 ± 98.0

	Carbonated 90°C
	12.2 ± 7.0
	6.5 ± 3.6
	184.4 ± 92.0

	Phase values

	Conditions
	φq in °
	φa in °
	φz in °

	Polished
	4.3 ± 2
	3.2 ± 1.5
	50.4 ± 18.0

	Carbonated 60°C
	4.2 ± 1.3
	3.2 ± 1.0
	57.1 ± 21.4

	Carbonated 90°C
	1.6 ± 0.6
	0.9 ± 0.4
	36.4 ± 12.6



AFM imaging (Figure 8 (a-j)) provided visual evidence of carbonation-induced surface evolution. Compared to the polished reference, carbonated samples exhibited significantly increased roughness and more heterogeneous surface features, consistent with the topographic parameters in Table 1. Scratches visible on the polished surface appeared partially filled or overgrown after carbonation, indicating that reaction products accumulate on flat regions and within pre-existing surface depressions. This supports the kinetic interpretation that product buildup progressively reduces surface accessibility and contributes to diffusion-related limitations. Bright topographic features, interpreted as carbonate-rich precipitates, were larger and more developed in the 90°C sample than in the 60°C sample, consistent with the higher carbonation degree and more advanced product development identified by other characterization methods.
Phase images differed from corresponding topography maps, indicating that carbonation influences not only surface height but also local chemical properties, likely reflecting compositional heterogeneity within the reacted layer, potentially comprising calcite-rich regions and silica-rich altered material. Although AFM phase contrast alone cannot definitively identify composition, the observed differences are consistent with XRD, SEM, and the proposed passivation behavior. The higher phase contrast of polishing scratches on the fresh surface (Figure 8 h) may reflect elevated surface energies of scratched regions, which are subsequently reduced by carbonation product layers. The origin of the brighter spots observed on the 60°C (Figure 8 i) and 90°C (Figure 8 j ) carbonated substrates require further investigation.
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[bookmark: _Ref229560847]Figure 8: Optical microscopy and AFM images of embedded wollastonite samples before and after carbonation at 60°C and 9 °C. Panels (a–d) show optical microscopic images of the polished and carbonated samples, where the colorful appearance of the carbonated regions arises from white-light interference and reflects carbonation-induced surface alteration. Panels (e–g) present AFM topography images of the polished reference and the carbonated surfaces at 60°C and 90°C, while panels (h–j) show the corresponding AFM phase images. The combined optical and AFM observations reveal clear carbonation-induced changes in surface appearance, topography, and local surface heterogeneity.

Conclusion

Wet wollastonite carbonation under mild conditions was investigated using a time-resolved approach over 25°C –90°C, together with a particle-size comparison at 90°C. Carbonation proved strongly temperature dependent, with both reaction rate and final conversion increasing substantially with temperature.
Kinetic analysis showed that the process cannot be described by a single invariant mechanism across the full temperature range. The Avrami model fit the data well at all temperatures, indicating that nucleation-and-growth-type transformation remains relevant throughout. However, changes in the Avrami exponent and the Arrhenius behavior obtained from different kinetic models revealed that the relative contributions of dissolution, precipitation, and transport processes vary with temperature. Despite differences in the single-temperature model fits, the Arrhenius plots derived from the Avrami and SCM rate constants exhibited remarkably similar trends and consistently identified three temperature intervals corresponding to a strongly hindered low-temperature regime, a diffusion-influenced intermediate regime, and a high-temperature mixed-control regime. The intermediate temperature range (45°C –75°C) showed the most internally consistent behavior, yielding apparent activation energies of approximately 40 mol⁻¹–45 kJ mol⁻¹, characteristic of diffusion-influenced control.
Characterization results were consistent with the kinetic interpretation. XRD showed progressive wollastonite depletion and calcite formation, with crystallite size increasing with time and temperature. DTG suggested greater carbonate thermal stability at higher temperatures, and SEM showed increasingly developed calcite morphology. Optical microscopy and AFM on embedded substrates carbonated at 60°C and 90°C confirmed surface modification, with changes in topography and phase response supporting formation of a heterogeneous altered layer associated with carbonate precipitation and/or silica-rich surface products. The Avrami exponent evolution, from ~0.32 at 25°C to ~0.99 at 90°C, further supports progressively less hindered and more structurally developed carbonation with increasing temperature.
The particle-size study at 90°C confirmed that the fine fraction carbonated more rapidly and reached higher conversion, reflecting the beneficial effect of increased surface area. However, both fractions exhibited similar apparent kinetic behavior, indicating that particle size primarily influences reaction rate and conversion degree rather than changing the dominant kinetic response. This is consistent with the Arrhenius interpretation for the high-temperature range, where the rate behavior appears to be increasingly affected by CO₂ dissolution and gas–liquid transport limitations rather than by solid dissolution or precipitation alone. The coarse fraction nonetheless promoted the formation of larger and more distinct calcite crystals, indicating that feed particle size also influences the crystallization pathway.
Overall, temperature exerted the strongest influence on wet wollastonite carbonation, affecting conversion, apparent rate behavior, and product development. These findings provide an integrated kinetic and microstructural framework for understanding and optimizing wet carbonation of calcium silicates. Nevertheless, the nature, evolution, and limiting role of the passivating product layer require further investigation, as improved understanding will be essential for identifying strategies to mitigate passivation, enhance kinetics, and clarify how evolving process variables influence the reactivity and performance of the resulting carbonated materials, particularly regarding their potential use as supplementary cementitious materials.
Materials and methods
Raw material
Natural wollastonite supplied by Töpfereibedarf Lehrer GesmbH (Austria) was used as the starting material in this study. The material was used as received, without further purification; only grinding was applied where required. Prior to carbonation, the feedstock was characterized to define its initial chemical, mineralogical, and physical properties. X-ray fluorescence (XRF) confirmed a Ca–Si composition consistent with natural wollastonite, with CaO and SiO₂ contents of 42.9 and 51.8 % (m/m), respectively. X-ray diffraction (XRD) identified wollastonite as the predominant crystalline phase, with minor calcite also detected. Laser-diffraction analysis showed that the ground sample was finer than the non-ground sample, with d90,3 ​ values of 24 μm and 42.7 μm, respectively. Brunauer-Emmett-Teller (BET) and helium pycnometry gave an initial specific surface area of 4.67 m²/g and a skeletal density of 2.895 g/cm³ [38] . Detailed composition, phase, particle-size data, and characterization settings are provided in the Supporting Information (TableS 1,TableS 2,TableS 3).
Wet Carbonation Experimental Procedure
The carbonation experiments were carried out at atmospheric pressure in a batch reflux setup (Figure 9).
Prior to carbonation, wollastonite was ground in a disc mill (Retsch RS 200, Germany) for 10 minutes unless otherwise specified. Once the reactor reached the target temperature and the CO₂ flow stabilized, the solid was introduced according to the selected solid-to-liquid ratio. Carbonation experiments were conducted under otherwise identical conditions (S/L = 10%, Rotational speed = 900 rpm, CO2 flow rate = 700 ml min-1), with temperature varied between 25°C and 90°C for kinetic analysis. To assess the effect of particle size, additional experiments at 90°C compared a finely ground sample with a coarse, non-ground sample. Following the reaction, the slurry was dried at 105°C for 12 hours before further analysis.
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[bookmark: _Ref228268063][bookmark: _Hlk230619516]Figure 9 Schematic of the atmospheric-pressure batch reactor used for wet wollastonite carbonation, comprising a three-necked flask, condenser, thermometer, magnetic stirring, temperature-controlled water bath, and regulated CO₂ gas inlet.

Characterization Methods
The chemical composition of the feed material was determined by wavelength-dispersive X-ray fluorescence (WD-XRF) using a PANalytical AxiosmAX spectrometer (Rh anode). Crystalline phases before and after carbonation were identified by powder XRD using a PANalytical Empyrean diffractometer (Co radiation), with qualitative phase identification performed in PANalytical HighScore (3.0.4) using the ICDD PDF-5+ (2025) database, and quantitative phase analysis obtained by Rietveld refinement in Profex (5.1.0)[39]. CO₂ uptake was quantified by Thermogravimetric analysis (TGA) using a NETZSCH TG 309 Libra Classic under nitrogen atmosphere at 20 K min-1 up to 1000°C. Particle size distribution was measured by laser diffraction (Sympatec HELOS), and specific surface area by N₂ adsorption (BET method, Micromeritics Gemini VII 2390t). Microstructural and morphological changes were examined by Scanning Electron Microscopy (SEM), with elemental distributions analyzed by energy-dispersive X-ray spectroscopy EDX using a FEI Quanta 650 FEG instrument equipped with Bruker Quantax X-Flash 5030 detectors. For Atomic Force Microscopy (AFM) characterization, two larger pieces of natural wollastonite (~15 mm) were embedded in a 20 mm epoxy mount, ground, and polished (0.2 µm diamond slurry), then characterized before and after carbonation in the same setup Figure 9. using a Park Systems NX 12 in tapping mode for height and phase mapping, with Tap300Al-G cantilevers (BudgetSensors, Bulgaria; nominal resonance frequency 300 kHz).
Kinetic study design
To investigate the temperature dependence of wet wollastonite carbonation kinetics, experiments were conducted at 25°C, 45°C, 60°C, 75°C, and 90°C while keeping the solid-to-liquid ratio, stirring speed, CO₂ flow rate, and feed particle size constant.
At each temperature, reaction progress was monitored at (5, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150, and 180) minutes. To maintain constant solid–liquid ratios, hydrodynamic conditions, and gas–liquid interactions, a separate batch run was performed for each time point, giving 12 independent runs per temperature and avoiding artifacts associated with repeated sampling.
To assess the influence of particle size, additional experiments were conducted at 90°C by comparing a finely ground wollastonite sample with a coarse, non-ground sample under otherwise identical conditions.
All datasets were evaluated using the linearized form of the Avrami model, the shrinking-core model with surface chemical reaction control, and the shrinking-core model with diffusion control. The fitted kinetic parameters were then used in Arrhenius-type analysis to estimate the apparent activation energies of the dominant carbonation regimes.
CO₂ uptake and conversion determination
The theoretical CO₂ uptake of wollastonite was estimated from the bulk chemical composition measured by XRF (TableS 1), assuming carbonation of the reactive Ca- and Mg-bearing components. Based on the natural carbonate content of the feed measured by TGA, the theoretical CO₂ uptake was calculated as [31]:
	Theoretical CO2 Uptake (%) = (0.78·Z + 1.1·Y) *100 % - Natural CO2 (%)               
	(10)


where Z and Y are the mass fractions of CaO and MgO in the feed, respectively. Based on the feed composition and the corresponding correction for native carbonate content, the theoretical CO₂ uptake of the wollastonite used in this study was calculated to be 32.3 % (m/m).
The experimental CO₂ uptake was determined by thermogravimetric analysis from the carbonate-related mass loss in the temperature range of 500°C ‑ 900°C, corresponding mainly to CO₂ release from carbonate decomposition. To exclude the contribution of pre-existing carbonates in the raw material, the normalized CO₂ uptake was calculated as the difference between the carbonated sample and the feed (this method was used and described before in [31,40]):
	CO2 Uptake % = (                 
	(11)

	                                                                                      
	(12)

	
	(13)


where  (s denotes the sample state) represents the mass loss associated with carbonate decomposition and  is the total normalized mass loss used for correction.
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[bookmark: _Ref231536437]TableS 1XRF of Raw wollastonite
	Oxide
	SiO₂
	CaO
	TiO₂
	Al₂O₃
	Fe₂O₃
	Mn₃O₄
	MgO
	K₂O

	% (m/m)
	51.76
	42.91
	0.02
	0.27
	0.38
	0.05
	1.60
	0.03



[bookmark: _Ref231536463]TableS 2 Semi-quantitative XRD of Raw wollastonite
	Phase
	Chemical Formula
	% (m/m)

	Wollastonite
	CaSiO₃
	77.0 

	Calcite
	CaCO₃
	7.0 

	Quartz
	SiO₂
	4.6 

	Diopside
	CaMgSi₂O₆
	9.0 



[bookmark: _Ref231536473]TableS 3 PSD of wollastonite
	Parameter
	After grinding
	without grinding

	d10,3
	0.8 μm
	1.3 μm

	d50,3
	4.2 μm
	12.5 μm

	d90,3
	24.0 μm
	42.7 μm

	dST
	2.2 μm
	4.2 μm




TableS 4Time-resolved fractional conversion values for wollastonite carbonation at different reaction temperatures. The table reports the calculated conversion X as a function of carbonation time for experiments conducted at (25, 45, 60, 75, and 90)°C
	time_min
	X_25C
	X_45C
	X_60C
	X_75C
	X_90C

	5
	0.043341
	0.056129
	0.058942
	0.057090
	0.032017

	10
	0.051269
	0.072583
	0.083102
	0.095925
	0.045657

	15
	0.058912
	0.089848
	0.101484
	0.128422
	0.080522

	20
	0.061579
	0.101103
	0.128261
	0.154090
	0.101834

	30
	0.063951
	0.120857
	0.169194
	0.205940
	0.155221

	45
	0.075748
	0.153228
	0.216349
	0.261846
	0.226481

	60
	0.086619
	0.185618
	0.250666
	0.309737
	0.301375

	75
	0.095742
	0.209421
	0.289397
	0.364050
	0.346319

	90
	0.102369
	0.238705
	0.320954
	0.408463
	0.389315

	120
	0.108997
	0.275583
	0.384117
	0.485447
	0.491529

	150
	0.124176
	0.310424
	0.428329
	0.536270
	0.560442

	180
	0.133521
	0.332808
	0.454231
	0.573774
	0.618824





[bookmark: _Ref231540361]TableS 5 Kinetic parameters and fitting statistics obtained from the linearized Avrami, SCM surface-reaction, and SCM diffusion models at different carbonation temperatures. The table includes the fitted rate constants, Avrami exponent n, corrected Avrami rate constant Ka1/n, and goodness-of-fit metrics (R2, RSS, and RMSE) used for Arrhenius analysis.

	Temperature_C
	25.0
	45.0
	60.0
	75.0
	90.0

	Temperature_K
	298.15
	318.15
	333.15
	348.15
	363.15

	ks_SCM_surface
	0.00018
	0.00063
	0.00096
	0.00132
	0.00155

	kd_SCM_diffusion
	0.00003
	0.00025
	0.00052
	0.00090
	0.00106

	kA_Avrami
	0.02430
	0.02056
	0.01896
	0.01778
	0.00572

	n_Avrami
	0.32835
	0.56735
	0.66963
	0.74986
	0.99293

	kA_corrected
	0.00001
	0.00106
	0.00268
	0.00463
	0.00552

	R2_SCM_surface
	0.96920
	0.97961
	0.97554
	0.98003
	0.99378

	R2_SCM_diffusion
	0.99434
	0.99583
	0.99492
	0.99341
	0.97459

	R2_Avrami
	0.97804
	0.99173
	0.99715
	0.99954
	0.99546

	RSS_SCM_surface
	0.00004
	0.00030
	0.00085
	0.00132
	0.00056

	RSS_SCM_diffusion
	0.00000
	0.00001
	0.00005
	0.00020
	0.00109

	RSS_Avrami
	0.03437
	0.03814
	0.01819
	0.00366
	0.06383

	RMSE_SCM_surface
	0.00192
	0.00549
	0.00920
	0.01148
	0.00747

	RMSE_SCM_diffusion
	0.00015
	0.00099
	0.00226
	0.00448
	0.01042

	RMSE_Avrami
	0.05863
	0.06176
	0.04265
	0.01914
	0.07989
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[bookmark: _Ref231482491]FigureS 1 Residual distributions for the applied kinetic models for wet wollastonite carbonation. Panels (a), (c), and (e) show the residuals for the temperature-dependent dataset at 25°C, 45°C, 60°C, 75°C, and 90°C, while panels (b), (d), and (f) show the corresponding residuals for the particle-size comparison of fine and coarse wollastonite at 90°C. The rows correspond to the Avrami model (a, b), shrinking-core model (SCM) surface chemical reaction control (c, d), and SCM diffusion control (e, f). These plots provide a supplementary assessment of model adequacy and the distribution of deviations between experimental and fitted values.
TableS 6Segmented Arrhenius parameters calculated from the temperature-dependent rate constants of the SCM surface-reaction, SCM diffusion, and corrected Avrami models. The table reports apparent activation energies Ea​, regression coefficients, slopes, and intercepts for the three temperature intervals: Stage I (25–45)°C, Stage II (45–75)°C, and Stage III (75–90)°C. Note that R2=1 for two-point intervals and should not be overinterpreted.

	Model
	Stage
	Ea (kJ mol-1)
	R²
	Slope
	Intercept

	SCM surface reaction
	Stage I: 25–45 °C
	49.830121
	1.000000
	-5993.519500
	11.462640

	SCM surface reaction
	Stage II: 45–75 °C
	22.987223
	0.997603
	-2764.881287
	1.324596

	SCM surface reaction
	Stage III: 75–90 °C
	11.231160
	1.000000
	-1350.873222
	-2.747969

	SCM diffusion
	Stage I: 25–45 °C
	81.522748
	1.000000
	-9805.478423
	22.536293

	SCM diffusion
	Stage II: 45–75 °C
	39.206041
	0.997449
	-4715.665211
	6.555945

	SCM diffusion
	Stage III: 75–90 °C
	11.220027
	1.000000
	-1349.534187
	-3.132164

	Avrami corrected k=(ka)1/n
	Stage I: 25–45 °C
	176.434880
	1.000000
	-21221.419275
	59.855771

	Avrami corrected k=(ka)1/n
	Stage II: 45–75 °C
	45.346337
	0.985487
	-5454.214222
	10.346163

	Avrami corrected k=(ka)1/n
	Stage III: 75–90 °C
	12.214421
	1.000000
	-1469.138919
	-1.154350
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FigureS 2Time-dependent variation of the DTG decomposition maximum temperature (T(DTGmax)) during wet wollastonite carbonation: (a) comparison of fine and coarse wollastonite at 90°C, and (b) carbonation at 25°C, 45°C, 60°C, 75°C, and 90°C. The plots show differences in carbonate-product development and indicate progressively increasing thermal stability of the carbonate phase with reaction time, temperature, and particle-size fraction.

1Helmholtz-Zentrum Dresden-Rossendorf, Helmholtz Institute Freiberg for Resource Technology, Chemnitzer Str. 40, 09599 Freiberg,Germany
2HZDR Innovation GmbH, Dresden, Germany
image3.png
1-(1=X)"*

0.7+

—=— Fine

061| o Goarse
05
0.4
0.3

024 /

0.1+

0.0+

0.30 4

0.25 4
020+
0.15 4
0.10 4

0.05 - A e

60 80
Time (min)

T T T T T 1
100 120 140 160 180 200

T T T T T
80 80 100 120 140

Time (min)

T T 1
160 180 200

1-3(1 = X%+ 2(1 - X)

In-In(1 X))

0.0+

054

&
=3
!

-154

4

N

o
!

254

=304

= Fine
® Coarse

0204

0154

0.104

0.054

0.00

Fine
Coarse

30 35
Ln(t(min))

40

45 5.0 65

—
80 100 120
Time (min)

T T T 1
140 160 180 200




image4.png
Particle-size fraction

Coarse

Fine

10 20 45 75 120 180
Carbonation time / min

Phases
I Wollastonite
[ Calcite

Calcite crystallite size

o 95.2nm




image5.png
= -
ot | mag O det v [sot ma| wo o eew — 1T
BSED | 1500k | 3.5 1600x | 128mm I g BSED | 1500 kv | 3.5 5000x | 128mm 829 yum | Helmhokz Insttute Freiber for Resource Technology

=
SOy 2
Gt | W ot
BSED | 15.00kV | 4.6

mg | WD
1347 x | 128 mm | 154 ym

W G | W e gD WD | HeW —
# BSED | 15.00kV | 3.5 4000x 13.0mm _ 69.1ym Helmholtz Institute Freiberg for Resource Technology

Helmholtz Institute Freiberg




image6.png
Temperature / °C

90.0°C

75.0 °C

60.0 °C

45.0°C

25.0°C

120
Carbonation time / min

Phases
B Wwollastonite
3 Calcite

Calcite crystallite size

o 99.8nm
O 1267nm
(O 153.50m




image7.png




image8.png
100 pm





image9.png




image10.png
Thermometer ,__ » Condenser

Gas flow

. meter
Q [

Three-neck M
flask “—__

Magnetic
stir bar

aunixiw seb ZNZ0D

Temperature-controlled water
bath with magnetic stirring





image11.png
a
0.15 4 -
.
0.104
A
[ ] *
005 - .
. » * $ae
2 ' v TR
T 0.00 s sy B 5 af o¥
2 v 2 e vgee 4
8 005 S X
4 2 3
A
-0.10 - H =
-0.15
*
-0.20 4
" v : : : : T ' "
15 20 25 30 35 40 45 50 55
Ln(t(min))
(o]
00154
* v
0010 8/ v
¢ x* ¢ *
0.005 Fig e
e g " * .
0.000 1 " N
@
K " v
]
T -0.005
2
14
-0010-|
*
-0.015
v A
-0.020 v
005 t————————————
0 20 40 60 80 100 120 140 160 180 200
Time (min)
= 25°C
e o 45°C
00151 it
i o v 75°C
+ 90°C]
00104 o
& &
0.005 * *
o aY ¥ I
S 4 2 .
S 0000 wilx gy = I | (] = ¥
3 v e 2 s S
o« . A
-0.005 v
v
-0.010 .
*
-0.015 b4
o S R A
0 20 40 60 & 100 120 140 160 180 200

Time (min)

b 0.24

-
0.1 o
e [l .
.
o " = .
9 004 - -
] - L i
2 . .
g .
X -0.1 .
-024 =
= Fine
4 ® Coarse
=03 T T T T T T T L |
15 20 25 30 35 40 45 50 55
Ln{t(min))
d = Fine
0.015 4 ® Coarse
"
0.0104
L] "
0.005
. B N . b
o o?
@
E 0.000+ g a9 =% e s
& B
-0.0054 =
.
=0.010 o
.
-
-0.015
0 20 40 60 80 100 120 140 160 180 200
Time (min)
00154 5
]
.
00104 a
.
0.005 L]
1) 3 !
] .
2 0000 3
3 -
o [ .
=0.005 .
-0010-] R e
L]
= Fine
-0.015 - = Coarse
0 20 40 60 80 100 120 140 160 180 200

Time (min)




image12.png
[V

N 8 9 @ @ =
3 3z & B2 B
8§ 8 8 8

3
3

DTG Tyna / °C
Z 3

8

Particle-size fraction . Temperature
e Fine e 25°C
@ Coarse . e 4s°C
7807 e 60°C
75°C
90°C
L 10
W
©
2 760
3
750
720
25 50 75 100 125 150 175 20 a0 0 80 100 120 120 160 180

Carbonation time / min Carbonation time / min




image1.png
o7

—=—25°C|
08 —e—45°C] .
—s—60°C| P
v 75°C] o
251+ s0g] 4 P
0 v
¥, 5

8 100 120 10 160 180 200
“Time (min)

4 t 2

s
(intermediate) (Late)
o
O Unreacted core
(Wollastonite)
i o Product (CaCOy)
A
A2 ® Carbonate species
’o
s «
aow . L oo,
Nucleation of CaCO;, Growth of CaCO;nuclei  Impigment and coalescence of
s v CaCo3 crystals
T 2t 25 10 45 40 45 50 55
Latmin))
c
Lo oomar
e O Unreacted core
oasf 4 S 74 (Wollastonite)
FRERE s [ Product (CaCO;)
Zots ¥ . ® Carbonate species
= 3
oo w T e . e Reaction interface
. i Transport to the surface and
I reaction at the interface
[
om0
BEEEEEEEEEX]
‘Time (min)
dnzﬂ
Unreacted core
. O (Wollastonite)
cors] | 7 ¢
; » e . @ Cenvonated Prociuct
= > (Ca-Silicate/CaCO, rich layer)
g ow ¢ )
o g T ® Carbonate species
< %
0 5. g P Diffusion path through
= b L the product layer
i B

B 00 120 10 160 180 200

Time (min)




image2.png
‘Segmented Arhenius plot: SCM surface reaction

‘Segmented Arrhenius plot: SCM diffusion

a Segmented Arrhenius plot: Avrami corrected ki b c
s E= Stage | Stage | 60 Stage I Stage Il Stage | Stage 11 Stage Il Stage
L.
E
" 63
7 Ly -0
N - e
N ‘u
2 N z-75 2 ..
H H H
9 X N -
80
-10
W Knecccontons .. -85 W xnecconsams 10| W onecconsams
- Stoget 2545-C €= 1164k - = Stoet 25-45-C £a- 498 Kt == Stget 25.45C €2 0 5Kt
1] - g 575 €0 5 31 mar! - stgen a5 2 230 ome - s 75 = 292 mort
= sage 70 €0 - 12210 mort 7907 sagem rr30-€ £2.- 124yt == sigem 730 2 - 1120 mort
o2 ooes  ao0a0  oomn  ooo:2 000w o2 o000 o003 oo ooo:2  oooas ooi2s o002 o000 ooo:  ooo:2  oooas
1T T

1T





