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ABSTRACT 24 

The use of carbonated water in cementitious systems as a carbon sequestration strategy is 25 

promising, offering operational simplicity and high CO2 binding efficiency compared to 26 

approaches such as gaseous CO2 injection and carbonation curing. However, its application in 27 

low-carbon cement systems, particularly emerging binders such as limestone calcined clay 28 

cement (LC3), remains underexplored. As the shift to low-carbon binders is critical for reducing 29 

embodied carbon in cement, it is essential to understand their interactions with carbonated 30 

water, given their distinct reactivity, pH evolution, and fresh-state behaviour. This study 31 

systematically investigates the effects of carbonated water on conventional low-carbon binders 32 

(Slag-50% and Slag-80%), emerging LC3, and OPC mortars. Evaluations covered fresh-state 33 

properties, mechanical performance, durability (sorptivity and porosity), and microstructural 34 

evolution at early and later ages. Results show the strongest interaction of carbonate ions with 35 

C3A and its hydration products, with CO2 binding governed by the nature of early hydrates and 36 

pH conditions. Contrary to the hypothesis that high-calcium systems such as OPC are most 37 

favourable for CO2 binding, they exhibited reduced strength and durability. In contrast, LC3 38 

and Slag-50% demonstrated the greatest benefits, with improved CO2 binding, shortened 39 

setting times, enhanced strength and reduced sorptivity and porosity. Microstructural analysis 40 

confirmed CO2 binding predominantly influenced calcium-silicate-hydrate gels with minimal 41 

calcite formation. Overall, carbonated water emerges as a practical pathway to improve 42 

performance while enabling additional CO2 binding in  LC3 and slag-50% cement systems, 43 

reinforcing their superior potential for carbon sequestration to OPC. 44 
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1. INTRODUCTION 48 

Recent decarbonisation roadmaps for the construction industry project that Carbon Capture and 49 

Storage (CCS) and Carbon Capture and Utilisation (CCU) technologies could collectively 50 

contribute between 33% and 60% of the achievable emissions reductions in cement and 51 

concrete production (ECA roadmap; MPA roadmap). Despite the recognised importance of 52 

CCS, which involves capturing CO2 from point sources such as cement kilns and storing it 53 

permanently underground, its large-scale implementation remains constrained by unresolved 54 

challenges, including the risks of CO2 leakage and potential groundwater contamination (Celia, 55 

2017; Zheng et al., 2021). These inherent limitations underscore the need to diversify carbon 56 

sequestration strategies within the sector, with increasing emphasis on CCU pathways that 57 

reuse captured CO2 as a feedstock for producing value-added materials (Chang et al., 2024). 58 

Such approaches not only enhance process safety and carbon circularity but also generate both 59 

economic and environmental value through CO2-integrated products. Among emerging CCU 60 

technologies, mineral carbonation, particularly within cementitious systems, represents one of 61 

the most promising routes for achieving permanent immobilisation of carbon. This approach 62 

sequesters carbon through an accelerated equivalent of natural rock weathering where CO2 is 63 

converted into stable carbonate minerals, embedding carbon within the built environment and 64 

contributing to a closed carbon cycle. 65 

Mineral carbonation primarily leverages calcium and magnesium-rich materials due to their 66 

high reactivity with CO2. The thermodynamic stability of resulting carbonates, demonstrated 67 

by their substantially lower Gibbs free energy relative to CO2, ensures long-term permanence 68 

of the sequestered carbon [Hanifa et al., 2023]. The fundamental reaction for mineral 69 

carbonation is summarised in Equation 1. 70 
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𝐶𝑎𝑂/𝑀𝑔𝑂 + 𝐶𝑂2  
2
→ 𝐶𝑎𝐶𝑂3/𝑀𝑔𝐶𝑂3 + 𝐻𝑒𝑎𝑡 Eq. (1) 

The unique suitability of cement for mineral carbonation stems from its chemistry dominated 71 

by Bogue compounds such as tricalcium silicate (C3S), dicalcium silicate (C2S) and tricalcium 72 

aluminate (C3A), along with cement hydration products including calcium silicate hydrate (C-73 

S-H) gel, portlandite (CH), and ettringite (AFt). These compounds and phases contain reactive 74 

calcium species capable of undergoing reactions with CO2 to predominantly form 75 

thermodynamically stable calcite (CaCO3), enabling effective CO2 sequestration (Hanifa et al., 76 

2023; Kashef-Haghighi et al., 2015; Kazemian and Shafei, 2023).  77 

Among various mineralisation strategies in concrete, gaseous CO2 injection and carbonation 78 

curing are the most widely studied. In gaseous injection, CO2 in gaseous form is injected during 79 

mixing to dissolve in pore water and react with cement hydrates, while in carbonation curing, 80 

hardened concrete is exposed to concentrated CO2 gas to accelerate surface mineralisation 81 

(Davolio et al., 2025; Han et al., 2025). However, the rapid formation of a dense calcite layer 82 

during curing limits further gas penetration, making mass transport the rate-limiting step; 83 

studies report only 14% of the theoretical CO2 uptake is achieved due to this barrier (Stripple 84 

et al., 2018; Kashef-Haghighi and Ghoshal, 2010). Carbonation induced decalcification of 85 

hydration products can also degrade the material integrity and promote cracking (Ghantous et 86 

al., 2017), reinforcing perceptions of hardened-state carbonation as a deterioration mechanism 87 

rather than a viable sequestration route (Forsdyke and Lees, 2022; Galan et al., 2010).  88 

In contrast, gaseous CO2 injection enables direct gas-solid interactions, with CO2 dissolving in 89 

mixing water and dissociating into carbonate (CO3
2-) and bicarbonate (HCO3

-) ions depending 90 

on system pH (De Weerdt et al., 2019). These ions facilitate mineral dissolution and carbonate 91 

precipitation, with commercial implementations such as CarbonCure technologies (Niven et 92 

al., 2016) demonstrating feasibility for uptake up to 5%.  93 
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An alternative and potentially superior approach to gaseous CO2 injection is the use of 94 

carbonated water as mixing water, which supplies CO2 directly in a pre-dissolved form, 95 

bypassing the kinetic limitations associated with the stepwise dissolution of gaseous CO2. The 96 

immediate availability of dissolved CO2 accelerates carbonation reactions, enhances CO2 97 

utilisation efficiency, and simplifies process integration compared to gaseous injection systems 98 

(Davolio et al., 2025). For these reasons, this study adopts carbonated water as the mixing water 99 

to serve as a CO2 sequestration route. Beyond its technical advantages, the approach can also 100 

be seamlessly integrated into existing construction practices, offering an immediate and 101 

practical pathway toward net-zero concrete.  102 

2. USE OF CARBONATED WATER IN CEMENTITIOUS 103 

MATERIALS: PRIOR STUDIES, GAPS AND RESEARCH RATIONALE 104 

Research on carbonated water for carbon sequestration remains nascent, with only three 105 

studies: Kwasny et al., 2014, Dos Santos et al., 2019, and Suescum-Morales et al., 2022 106 

reported to date. Kwasny et al. used carbonated water with a high concentration of 47 g/L CO2, 107 

generated in a pressurised steel vessel, mixed with cement in a sealed chamber. In contrast, 108 

Suescum-Morales et al. employed commercial carbonated water with moderate concentration 109 

of 14 mg/L CO2 with a pH of approximately 4.8, incorporating recycled aggregates to enhance 110 

carbonation potential. Santos et al. applied carbonated water to improve the physical and 111 

mechanical properties of  fibre cement composite, using the lowest CO2 concentration of 112 

dosage of 3.8-4.2mg/L. All these studies focused on OPC systems, with Suescum-Morales 113 

additionally examining the effects of recycled aggregates. 114 

These studies primarily investigated the cement phases in which CO2 was bound and their 115 

subsequent effects on strength and durability, with results varying considerably across the 116 

different investigations. For instance, Kwasny et al., 2014 observed a significant decrease in 117 
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hydration rate at higher CO2 concentrations, attributed to carbonation products initially coating 118 

the cement particles. X-Ray diffraction (XRD) analysis confirmed this effect, revealing distinct 119 

phase differences compared to normal water mixes. In normal water mixes, phase peaks of 120 

gypsum, C3A, C3S, and C2S decreased rapidly after  the initial 25 minutes, indicating active 121 

hydration, whereas their slower reduction in carbonated water mixes reflects inhibition of 122 

early-phase dissolution and hydration.  However, carbonated water mixes exhibited extensive 123 

needle-shaped structures, with energy dispersive X-ray spectroscopy (EDS) confirming 124 

significant CO2 content. These structures are speculated to be ettringite with carbonate ions 125 

potentially substituting sulfate ions. Conversely, the moderate 14 mg/L CO2 concentration 126 

study by Suescum-Morales et al., 2022 reported a 20% increase in compressive strength at one 127 

and seven days, except for normal aggregates, which showed reduced one-day strength due to 128 

impaired initial hydration from lower pH conditions. This study also noted increased porosity, 129 

reduced dry bulk density, and higher calcite peak intensity alongside a slight decrease in 130 

portlandite peak intensity at one day. Similarly, Santos et al., 2019 reported beneficial effects 131 

of carbonated water at lower CO2 concentrations, concluding that carbonation during hydration 132 

improves matrix densification, enhances mechanical strength, and promotes early-age curing. 133 

The varying CO2 concentrations used across these studies resulted in distinct microstructural 134 

and mechanical responses, reflecting differences in carbonation kinetics and phase evolution. 135 

While the feasibility of using carbonated water in OPC systems has been demonstrated in these 136 

studies, its application to low-carbon cements remains largely unexplored. This gap limits 137 

understanding of its effectiveness across diverse supplementary cementitious materials (SCMs) 138 

and evolving cement chemistries. Low-carbon cements, characterised by lower cement content, 139 

reduced CaO levels, altered phase assemblages, and different hydration pathways, exhibit 140 

varied carbonation effects under diffused CO2 exposure in hardened state carbonation (Von 141 

Greve-Dierfeld et al., 2020; Winnefeld et al., 2022). Consequently, these compositional 142 
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differences are also expected to influence their interaction with carbonated water, potentially 143 

resulting in variations in carbonation kinetics and efficiency. Such variations present an 144 

opportunity to synergistically couple cement reduction with enhanced carbon sequestration, 145 

offering a dual pathway to sustainability. 146 

Unlike hardened-state sequestration which primarily involves carbonation of C-S-H 147 

compounds, portlandite, and ettringite, fresh-state carbonation via carbonated water is 148 

inherently more complex as it interacts directly with SCMs and the evolving hydration 149 

reactions. In OPC, CO2-reactive phases include Bogue compounds, whereas in slag systems, 150 

both Bogue phases and periclase (MgO) contribute (Biava et al., 2024; Gao et al., 2024). In 151 

clay-based cement  systems such as LC3, metakaolin derived hydration products can bind CO2 152 

through the formation of stable carboaluminate phases via alumina-carbonate reactions (Li et 153 

al., 2025; Sun et al., 2024a). Hence, these differing CO2 reactive phases of various cement 154 

systems, implies that carbonated water may suit certain cementitious systems better than others. 155 

Although reduced CaO content in high-SCM mixes may limit CO2 binding (Gunning et al., 156 

2010), the optimum cement content level where the benefits of CO2 binding via carbonated 157 

water is maximised needs experimental verification.  158 

Further, the low pH (~4-5)  of carbonated water introduces additional complexity to the cement 159 

pore solution. While acidic conditions promote mineral dissolution and increase release of 160 

calcium ions (Suraneni 2015), higher pH values are required to stabilise carbonate ions critical 161 

for CO2 binding (Aghaee, 2025). Hence, an optimal balance between pH, calcium availability, 162 

and carbonate stability is essential for effective CO2 sequestration without compromising 163 

hydration. This challenge is particularly relevant in low-carbon systems, which inherently 164 

exhibit lower pore solution pH than OPC (García Calvo et al., 2013; Natkunarajah et al., 2022). 165 

Identifying suitable combinations of cement chemistry and carbonated water pH that enhance 166 

CO2 uptake while maintaining hydration kinetics therefore remains a key research need.  167 
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To address these gaps, the present work systematically examines the use of carbonated water 168 

in both conventional OPC and low-carbon cement systems, focusing on the influence of 169 

solution chemistry, arising from pH changes and ion concentrations, on CO2 binding and 170 

hydration mechanisms. Novel binders such as limestone calcined clay cement (LC3) and 171 

conventional low-carbon slag systems are examined for the first time in this context. A multi-172 

scale evaluation spanning fresh, hardened, and microstructural stages is undertaken to clarify 173 

how carbonated water affects CO2 sequestration and material performance. The findings aim 174 

to guide industry in selecting cement formulations that maximise carbon sequestration while 175 

ensuring strength and durability, a critical but often overlooked consideration in sustainable 176 

sequestration practices. 177 

3. MATERIALS USED 178 

3.1 Cement 179 

The cement types investigated in this study encompass a broad spectrum of Portland cement 180 

content, ranging from 100% to 20% (Figure 1). For the cement replacements, SCMs such as 181 

slag and calcined clay were employed. Slag was chosen for its potential to replace a high 182 

percentage of Portland cement, while calcined clay was included as a low-carbon alternative, 183 

especially given potential future restrictions on the availability of fly ash and slag. The cement 184 

types were carefully selected to ensure comparable strength development and microscopic 185 

structure, allowing for a fair comparison of carbonated water effects. Table 1 presents the 186 

elemental composition of OPC and the various SCMs. The diverse range of elemental 187 

compositions was selected to explore the interactions of carbonate ions with different elements 188 

and the resulting hydration products. Table 2 provides a detailed overview of the cement 189 

systems, including clinker percentages and SCM types and quantities. The calcined clay used 190 

in the LC3 cement was produced by calcining raw kaolinite clay at approximately 800°C for 191 
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one hour in accordance with the recommendations of  Scrivener et al., 2018 and the Bureau of 192 

Indian Standards code IS18189. Notably, the LC3 system also includes limestone, comprising 193 

about 15% of the total cement content, as detailed in Table 2. No additional gypsum was added 194 

to the low‑carbon cement mixes for optimisation. This approach was adopted to maximise 195 

potential CO2 binding, as gypsum can compete with carbonate ions for calcium sites (Bonavetti 196 

et al., 2001). Moreover, the optimisation of gypsum content in low‑carbon cements depends on 197 

multiple factors, including SCM surface area and alite reactivity (Zunino and Scrivener, 2022), 198 

and was therefore considered beyond the scope of this study.  199 

 200 

Figure 1: Cement types explored in the study 201 

Table 1: Elemental composition of OPC and SCMs used in the study 202 

Chemical 

composition 

OPC Slag Clay Limestone 

CaO 61 37.1 0.05 48.3 

SiO2 19.4 36.1 49.3 10.2 

Al2O3 4.6 10.4 35.7 1.5 

MgO 3.3 13.2 0.1 0.5 

SO3 2.3 3.4 0.11 0.01 

Fe2O3 2.0 0.7 0.97 1.5 

Na2O 2.0 0.4 0.3 - 

K2O 0.7 0.5 0.4 0.1 

LOI 1.4 2.5 9.2 35.4 

Table 2: Cementitious systems explored in the study 203 

Cement 

types 

Portland cement 

content (%) 

Type of SCM SCM % 
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OPC 100 NIL 0 

Slag-50% 50 Slag 50 

Slag-80% 20 Slag 80 

LC3* 50 Calcined clay     35                                              
* The LC3 mix further comprises of 15% limestone 204 

Furthermore, the variation in hydration phases across different cement systems influences the 205 

binding of CO2 in the resulting hydration products. This is evident in the carbonation reaction 206 

equations of these products, as reported in literatures (Kazemian and Shafei, 2023; You et al., 207 

2022). Accordingly, Table 3 presents the primary hydration phases anticipated in the cement 208 

systems under investigation. 209 

Table 3: Hydration product phases in the cement systems used in the study (Kolani et al., 210 

2012; Sun et al., 2024)  211 

Cement 

Type 

Hydration products 

Dominant phases Minor phases 

OPC 
Calcium silicate hydrate (C-S-H) 

Portlandite (CH) 

Ettringite (AFt), monosulfate (AFm) 

Slag 

cements 

Calcium alumino silicate hydrate (C-A-S-H) 

 

Calcium silicate hydrate (C-S-H) 

Portlandite (CH) 

Ettringite (AFt), monosulfate (AFm) 

LC3 

Calcium alumino silicate hydrate (C-A-S-H) 

Mono and hemi carboaluminates (AFm) 

Ettringite (AFt) 

Portlandite (CH) 

3.2 Mixing water 212 

Carbonated water containing approximately 6 g/L CO2 and a pH range of 4.8 to 5.3 was 213 

employed to facilitate mineral carbonation (Figure 2), with all cement mixes prepared using 214 

both this carbonated water (CW) and normal tap water (NW) (pH ~7) as a control. To pertain 215 

to the standard pH requirements of >4 for mixing water (BS EN 1008) and minimise adverse 216 

effects such as reduced workability, increased permeability, and surface pore formation upon 217 

gas escape linked to elevated CO2 levels (Liang et al., 2024; Liu et al., 2021; Pham et al., 2024), 218 



11 

 

a CO2 dosing of 0.3% by weight of cement was selected. Although the carbon savings 219 

associated with such a low dosage are minimal, substantial reductions can be achieved when 220 

applied at scale. Moreover, the primary objective of this study is to investigate dosage levels 221 

that not only sequester CO2 but also impart beneficial effects on strength and durability. This 222 

rationale is supported by findings from three previous studies on the use of carbonated water 223 

(Kwasny et al., 2014), (Dos Santos et al., 2019), (Suescum-Morales et al., 2022), where lower 224 

dosages demonstrated potential improvements in performance, thereby motivating the 225 

selection of 0.3% CO2 for the present work. A fresh bottle of carbonated water was used for 226 

each mix to limit CO2 loss from gas escape. Importantly, pH loss of carbonated water was 227 

minimal, with only a 4% decrease observed after 30 minutes, indicating that this combination 228 

of CO2 concentration and pH stability is reasonable for potential large-scale application where 229 

the mixture can be used within 30 minutes of opening the carbonated water storage vessel. 230 

 231 

Figure 2: Carbonated water used for the study (pH 4.8 to 5.3) 232 

3.3 Fine aggregate 233 

In this study, fine aggregate conforming to the specifications of BS EN 13139 was used, with 234 

a particle size passing through a 4.75 mm sieve. 235 
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4. MORTAR MIX PROPORTION AND FABRICATION 236 

All mortars were cast with a constant water-to-cement (w/c) ratio of 0.5 and a cement-to-sand 237 

(c/s) ratio of 1:3. The specific mix proportions for 1 kg of dry mortar are detailed in Table 4. 238 

To ensure a workable consistency, a high-range water-reducing admixture (Sikament LA45), 239 

characterised by normal set behaviour and minimal retarding effect, was incorporated into the 240 

mortar mixture. The mortar was prepared in a 10-liter Hobart mixer by first dry-mixing the 241 

cement and sand, followed by the gradual addition of carbonated or normal water and the 242 

admixture. The admixture dosage was determined to achieve a flow table value (described in 243 

Section 5.1) within the range of 160-230 mm, representing a workable consistency for all 244 

cement systems investigated in this study. After achieving the desired workability, the fresh 245 

mortar was cast into moulds and sealed for 24 hours to prevent premature moisture loss. The 246 

specimens were then demoulded and subjected to a 28-day water-curing process using normal 247 

water. The curing setup involved a box-shaped container filled with water-saturated gravel to 248 

a depth of approximately 40 mm (as shown in supplementary data S1) maintained at 249 

approximately 20 ºC. A perforated base plate was positioned atop the gravel to support the 250 

specimens. This setup ensured consistent moisture conditions without excessive water 251 

exposure to the specimens, minimising potential leaching effects.      252 

Table 4: Mix proportions of mortar mixes for 1 kg of dry mortar 253 

Mix-ID w/c 

Weight (gms) 
Admixture % 

(by wt. of cement) Cement SCM Sand 

OPC - NW 0.5 250 - 750 0.61 

OPC - CW 0.5 250 - 750 0.62 

Slag 50% - NW 0.5 125 125 750 0.54 

Slag 50% - CW 0.5 125 125 750 0.54 

Slag 80% - NW 0.5 50 200 750 0.54 

Slag 80% - CW 0.5 50 200 750 0.56 
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LC3 - NW 0.5 125 125*  750 2.35 

LC3 - CW 0.5 125 125*  750 2.41 
* 87.5gm: Calcined clay; 37.5gm: Limestone 254 

5. TEST METHODS 255 

5.1 Fresh state properties 256 

To comprehensively characterise fresh state properties, four key tests were conducted: 257 

workability assessment using flow table on mortars, and pH measurement, setting time 258 

determination, and early-age hydration monitoring via isothermal calorimetry on cement paste. 259 

For cement paste tests, compositions corresponding to that of Table 4 without admixtures were 260 

used. The flow table test followed BS EN 1015-3 by measuring the spread diameter of the 261 

mortar after 15 jolts (see supplementary S2). The pH measurement evaluated the effect of 262 

carbonated water by preparing paste samples with normal and carbonated water at consistent 263 

w/c ratios, centrifuging approximately 30 mL of paste for 7 minutes (see S3), then measuring 264 

the pH of the extracted clear water using a calibrated pH meter, with calibration performed at 265 

least one day prior to testing. Initial and final setting times were determined using Vicat 266 

apparatus as per ASTM C191 to examine CO2 binding effect on setting properties of the mixes. 267 

Early-age hydration was monitored using an 8000HPC isothermal calorimeter on sealed paste 268 

samples prepared by mixing 25 g of cement with 25 g of water. The samples were placed in 269 

the calorimeter maintained at a constant temperature of 20 ºC to monitor heat evolution under 270 

stable thermal conditions. Hydration was recorded continuously for up to 3 days until the 271 

hydration curves stabilised (see S4). 272 

5.2 Hardened state properties 273 

To assess the hardened state properties and the impact of CO2 binding, compressive strength, 274 

sorptivity, and porosity tests were performed. Compressive strength was measured on 40 mm 275 
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mortar cubes as per BS EN 1015-11 at 1, 7, 28, and 56 days, ensuring specimens were surface-276 

dry before testing for consistency. Early strength (1 day) indicated initial setting behavior, 277 

while strengths at 28 and 56 days evaluated sustained effects of CO2 binding on strength 278 

development. Durability-related properties were assessed at 28 days via sorptivity as per 279 

ASTM C1585 to quantify capillary water absorption, measured by mass gain over time on one 280 

exposed specimen face (see S5). Sorptivity was calculated from the slope of cumulative 281 

absorbed water per unit area against square root of time, reflecting pore structure and water 282 

penetration resistance. Indicative porosity was estimated following the University of Cape 283 

Town durability index manual, by calculating percentage differences between saturated and 284 

oven-dry specimen weights, representing pore volume relevant to durability. 285 

5.3 Microstructural studies 286 

Microstructural investigations comprising of  thermogravimetric analysis (TGA) and XRD 287 

were conducted at 7 days to provide insight into the phase assemblages formed and modified 288 

due to CO2 binding within the system. This time point was chosen to understand the early 289 

mechanisms by which CO2 influences cement hydration and development, as differences 290 

induced by carbonated water may tend to stabilise at later ages. Cement pastes prepared for 291 

microstructural analysis maintained the same w/c ratio as the mortar mixes and excluded any 292 

chemical admixtures. Sample preparation involved crushing the paste specimens after 7 days 293 

of curing, followed by further grinding to achieve a particle size fine enough to pass through a 294 

75 µm sieve. Hydration of these fine powders was then stopped using the solvent exchange 295 

method described in Scrivener et al., 2018, whereby approximately 3 grams of powder were 296 

immersed in isopropanol for 10 minutes, vacuum filtered with two additional isopropanol 297 

washes and one diethyl ether wash, then dried at 40ºC for 10 minutes before storage in a 298 

desiccator until analysis. XRD analysis was conducted using a Siemens D500/501 299 

Diffractometer to identify the mineral phases present in the paste powder samples. Copper K-300 
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alpha radiation was employed with power settings of 40 kV and 20 mA. XRD patterns were 301 

collected over a 2θ range of 2° to 70° with a step size of 0.02° and a scan time of one second 302 

per step. For TGA analysis, approximately 15-20 mg of powdered sample was placed in an 303 

alumina crucible under an argon gas atmosphere. The temperature was ramped from 30 °C to 304 

950 °C at 10 °C/min, held isothermally for 1 minute at 950 °C, then cooled back to 30 °C at 305 

the same rate of 10 °C/min. The thermal decomposition and dehydration processes of the 306 

cement phases present in the powder, such as portlandite, calcite, and amorphous hydrates, 307 

were indicated by mass losses observed in the thermogravimetric and differential mass loss 308 

curves. These curves were used to identify the mass loss of each critical phase, as the 309 

temperature at which these processes occur is typical for the mineral or hydrate. The mass loss 310 

occurring within specific ranges was recorded for normal and carbonated water samples of 311 

each cement type, and the approximate quantification of these phases was conducted using the 312 

method described in Scrivener et al., 2018.  313 

6. TEST RESULTS AND DISCUSSIONS 314 

6.1 Fresh state properties 315 

6.1.1 Workability 316 

The workability results of the mortar systems, measured using the flow table method, are 317 

presented in Table 5 alongside the corresponding admixture dosages. A consistent decrease in 318 

flow was observed across all cement types when carbonated water replaced normal water, with 319 

reductions of 5-20%. This trend aligns with similar study by Monkman et al., 2016, who 320 

investigated the use of liquid CO2 during mixing as an accelerating agent in concrete and 321 

observed a similar decrease in workability. 322 
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Table 5: Fresh state properties of the mortar mixes 323 

Mix ID 
Admixture dosage % 

(by weight of cement) 
Flow (mm) 

OPC – NW 0.6 165 × 170 

OPC – CW 0.6 160 × 160 

Slag – 50% NW 0.5 230 × 235 

Slag – 50% CW 0.5 190 × 190 

Slag – 80% NW 0.5 195 × 200 

Slag – 80% CW 0.5 180 × 185 

LC3 – NW 2.3 175 × 185 

LC3 - CW 2.4 175 × 175 

 324 

The reduced flowability in such CO2 bound system has been mainly attributed to two factors: 325 

(i) accelerated C3A hydration, leading to greater needle-shaped ettringite formation and 326 

increased mix viscosity (Jakob et al., 2019; Winnefeld et al., 2019), and (ii) the formation of 327 

nano-calcite phases with high surface areas that reduce fluidity (Cao et al., 2019; Syamsunur 328 

et al., 2022). Moreover, the transient disordered calcium hydroxide particles react with 329 

carbonate ions to form calcium carbonate polymorphs which serve as nucleation sites, 330 

facilitating the  acceleration of the curing process (Kim et al., 2023; Stefaniuk et al., 2023).  331 

Despite these effects, the admixture demand to achieve the target workability (160-230 mm) 332 

remained similar for most systems, about 1% by weight of cement. The LC3 mix required a 333 

higher dosage (~3%) due to the high water retention of clays (Ferrari et al., 2024; Moghul et 334 

al., 2025). Overall, the reduction in workability remained within acceptable limits, indicating 335 

that the use of 0.3% CO2 in mixing water does not significantly impair fresh-state performance. 336 

6.1.2 pH of paste 337 

A potential drawback of using carbonated water in cement systems is the reduction in 338 

alkalinity. To assess this effect, the pH evolution of cement pastes prepared with normal and 339 
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carbonated water was monitored for two hours after mixing (Figure 3a), with the corresponding 340 

variation in H⁺ concentration shown in Figure 3b. Beyond two hours, pH values for all systems 341 

stabilized, and subsequent measurements at 7 and 28 days revealed no significant differences 342 

between the two mixing waters. Consequently, the initial pH stabilisation period of 343 

approximately 2 hours, where a transient variation in pH was detected, is reported and 344 

discussed in this study. 345 

 346 

(a) pH 347 
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 348 

(b) H+ (moles/litre) (10-13) 349 

  Figure 3: Evolution of (a) pH and (b) H+ concentration over time in different cement types 350 

with normal and carbonated water 351 

The pH profiles (Figure 3a) show an initial decrease for all cement mixtures with carbonated 352 

water, which stabilises after approximately two hours. For low-carbon cements (slag and LC3), 353 

the final pH converges with that of the normal water mixtures, whereas OPC maintains a 354 

slightly higher pH. These pH results are largely consistent with previous studies (Rashid and 355 

Singh, 2023), where the addition of gaseous CO2 (up to 0.2% by weight of cement) resulted in 356 

either constant or  marginal increases in pH, typically not exceeding 2%, across varying 357 

dosages. The initial pH reduction observed in this study is attributed to rapid binding of 358 

carbonate ions with calcium, consuming hydroxide ions and lowering solution alkalinity. This 359 

differs from gaseous CO2 addition reported in Rashid and Singh, 2023, where slower gaseous 360 

dissolution and buffering by hydration products maintain near-constant pH. The enhanced 361 
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reactivity of dissolved CO2 in carbonated water thus offers potential for improved CO2 uptake 362 

during early hydration. 363 

A lower initial pH increases H⁺ concentration, which can promote calcium leaching from 364 

minerals such as C3S and portlandite (Suraneni 2015; Tompkins et al., 2025). However, higher 365 

pH levels are more favorable for carbonate precipitation (Biava et al., 2024; Ramli et al., 2021). 366 

In this context, the modest pH variations seen here suggest distinct behaviors among cements: 367 

slag 80% and LC3 systems, with slightly lower pH, may favor enhanced CO2 binding, while 368 

OPC, with a more alkaline matrix, may promote calcite formation. 369 

As shown in Figure 3b, corresponding H⁺ concentration changes reflect this trend-decreasing 370 

by ~90% for OPC and increasing by 23-26% for slag 80% and LC3 mixtures when mixed with 371 

carbonated water. These shifts may influence early hydration kinetics through modified 372 

dissolution behavior, the influence of which is further explored in Section 6.1.4, where the role 373 

of carbonate ions in the hydration processes of different cement systems is discussed. Further 374 

quantitative validation through calcium concentration measurements (e.g., Inductively coupled 375 

plasma - ICP analysis) is proposed for future work. 376 

6.1.3 Setting times 377 

The initial and final setting times of the cement pastes are summarised in Table 6. Carbonated 378 

water primarily reduced initial setting times, with the most pronounced effects in LC3 (25% 379 

reduction) and Slag 80% (18% reduction). OPC and Slag 50% showed minimal or no change. 380 

This trend aligns with studies using CO2 during mixing (Davolio et al., 2025; Monkman et al., 381 

2016; Rashid and Singh, 2023), though it differs from Wang et al., 2024, who reported greater 382 

OPC setting time reductions attributed to temperature rises from pressurised CO2 gas 383 

compression rather than enhanced CO2 reactivity. 384 
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The enhanced response in LC3 and Slag 80% likely relates to their formation of monosulfate 385 

and carboaluminate phases (Table 3), which exhibit high CO2 reactivity as reported in literature 386 

(Von Greve-Dierfeld et al., 2020; Zhang and Çopuroğlu, 2022). Although slag-rich systems 387 

typically show delayed setting, carbonated water appears to accelerate this process. Overall, 388 

the observed reductions in setting times, while noteworthy, are not severe enough to hinder the 389 

practical application of these cement formulations. 390 

Table 6: Initial and final setting time of cement pastes explored in this study 391 

Cement Setting time NW CW 

OPC 
IST 70 65 

FST 220 220 

Slag 50% 
IST 90 90 

FST 270 265 

Slag 80% 
IST 110 90 

FST 300 295 

LC3 
IST 60 45 

FST 265 257 

IST: Initial setting time; FST: Final setting time 392 

6.1.4 Isothermal calorimetry 393 

Isothermal calorimetry results (Figures 4-7), recorded at 0.3 J/s accuracy, show heat flow 394 

evolution during cement hydration. Peak 1 represents the initial C3A + gypsum reaction 395 

forming ettringite, followed by an induction period that maintains paste workability. Peak 2 396 

corresponds to the primary hydration C3S reaction forming C-S-H, while Peak 3 reflects 397 

secondary C3A hydration (Bhandari et al., 2023; Chen et al., 2025). In OPC, these secondary 398 

aluminate peaks typically appear as shoulder peaks to the major silicate hydration peaks. 399 

However, in low-carbon cements with elevated aluminate content, these peaks are observed to 400 

be more pronounced and dominant compared to the silicate peaks (Wang et al., 2022; Zunino 401 

and Scrivener, 2025). Subplots in Figures 4-7 display both 1-hour and 30-hour curves to clearly 402 
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distinguish carbonated water effects on primary versus secondary hydration peaks across all 403 

systems. 404 

Isothermal calorimetry results reveal that carbonated water consistently accelerates the reaction 405 

rates of C3A phases (both the initial and secondary peaks) across all cement types, while 406 

retarding C3S hydration in OPC and in the OPC fraction present in slag-50% systems. In OPC 407 

(Figure 4), the initial C3A peak increases by 40%, whereas the C3S peak is delayed by 408 

approximately 3 hours; the secondary C3A peak shows a modest increase of ~10%. Similar 409 

behaviour is observed in slag-50% mixes (Figure 5), with a 38% rise in the initial C3A peak, a 410 

4% increase in the secondary peak, and a comparable delay in C3S hydration. LC3 systems 411 

(Figure 6) display the most pronounced changes, with a 78% increase in the initial C3A peak 412 

and a 10% increase in the secondary peak. Slag-80% mixes (Figure 7) show a 50% rise in the 413 

initial C3A peak and a modest 4% increase in the secondary peak. Notably, the secondary C3A 414 

peak (Peak 3) occurs earlier in LC3 and slag-80% systems (10-12 h) compared to OPC and 415 

slag-50% (19-20 h). These trends suggest that carbonate ions preferentially interact with 416 

aluminates, accelerating C3A hydration, particularly in systems where early aluminate 417 

reactivity dominates (LC3, slag-80%). A similar effect was reported in a study where CO2 was 418 

introduced during mixing in a 3D-printed cementitious system, leading to accelerated hydration 419 

of C3A (Li et al., 2023). However, the relatively low gypsum content in these binders would 420 

have further amplified this effect, as it would have also contributed positively to a more 421 

pronounced C3A hydration effect in these systems. 422 

 423 

 424 

 425 
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 426 

Figure 4: Heat of hydration curves of OPC pastes with normal and carbonated water 427 

 428 

Figure 5: Heat of hydration curves of Slag 50% pastes with normal and carbonated water 429 
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 430 

Figure 6: Heat of hydration curves of LC3 pastes with normal and carbonated water 431 

 432 

Figure 7: Heat of hydration curves of Slag 80% pastes with normal and carbonated water 433 

These peak alterations are further reflected in the cumulative heat evolution values, obtained 434 

by integrating the calorimeter power curves. This data, summarised for the first 24 and 40 hours 435 
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in both absolute terms and relative percentages compared to normal water (NW) mixes, is 436 

presented in Figure 8, with percentage increases and decreases with respect to the NW mixes 437 

indicated directly on the figure. Results indicate that the heat of hydration decreases by 2-8% 438 

in OPC and slag-50% mixes, whereas it increases by 4-10% in LC3 and slag-80% systems. 439 

These findings suggest that carbonated water enhances the overall early hydration in LC3 and 440 

high-slag cements while impairing it in OPC and slag-50% systems. The cumulative heat flow 441 

values may also elucidate trends in early strength development, which will be further discussed 442 

in Section 6.2.1. 443 

 444 

Figure 8: Cumulative heat flow values of various cement systems at 24 and 40 hours of 445 

hydration under the influence of normal and carbonated water 446 

Similar effects of delayed C3S hydration in OPC due to carbonation have been previously 447 

reported by Suescum-Morales et al., 2022, where carbonation products coating cement 448 
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particles delay initial C3S hydration. This mechanism extends to slag-50% systems, which 449 

exhibit comparable hydration delays. In contrast, LC3 systems show earlier hydration peaks (as 450 

observed with the secondary C3A peaks here) compared to OPC, driven by the rapid reactivity 451 

of metakaolin and limestone components (Humagain et al., 2025). This accelerated early 452 

reaction likely mitigates the delaying impact of carbonated water on the main C3S hydration 453 

peak. Although similar early secondary C3A peaks were observed in slag-80% mixes, the lack 454 

of retardation in C3S hydration is more reasonably attributed to their relatively lower C3A 455 

content, resulting in fewer carbonation products forming coatings that impede C3S hydration. 456 

The observed alterations in the hydration peaks suggest that CO2 ions may be incorporated into 457 

ettringite (calcium sulfoaluminate) formed during the initial C3A peak (Peak 1), and into 458 

monosulfoaluminate phases formed during the subsequent C3A peak (Peak 3). Previous studies 459 

(Carlson and Berman, 1960) on C3A reactions with carbonate ions indicate theoretical molar 460 

ratios of CO3
2- to C3A about 0.33 (3 moles of C3A with 1 mole of carbonate ions) for stable 461 

carboaluminate formation. At 0.3% CO2 by weight of cement with typical 10 wt% C3A, the 462 

calculated CSA: CO3
2- molar ratio is about 0.18 which means that all carbonate ions can be 463 

bound as monocarboaluminates without destabilising C3A. Consequently, cement systems such 464 

as LC3, characterised by higher reactive alumina content, have greater potential to bind CO2 465 

through these reaction products. This interpretation is supported by Srivastava et al., 2021 who 466 

reported significant carbonation in calcium sulfoaluminate cements with high aluminate 467 

content, and Sharma et al., 2023, who highlighted the pivotal role of ettringite in carbonation 468 

and its transformation into various crystalline forms of calcite. 469 

To decipher the effects of carbonated water on accelerating C3A hydration in low-carbon 470 

cement systems while retarding C3S hydration in OPC, the influence of H⁺ and OH⁻ 471 

concentrations on mineral dissolution was examined. It is well-established that increased H+ 472 

concentration enhances mineral dissolution in cement systems (Juilland et al., 2010; Zhuang et 473 
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al., 2022). The pH results from section 6.1.2 show a 90% reduction in H⁺ concentration in OPC 474 

with carbonated water after 2 hours, whereas LC3 and Slag-80% cements exhibit a 25% 475 

increase. The elevated H⁺ concentration in low-carbon systems likely promotes greater C3A 476 

hydration, whereas the large decrease in OPC correlates with smaller increases in C3A 477 

hydration.  478 

The retarding effect on OPC C3S hydration is further explained by the kinetics model of C3S 479 

hydration by Damidot et al., 2007, where C3S dissolution is positively influenced by H⁺ 480 

concentration and negatively by Ca(OH)2 concentration (Eq. 12). 481 

𝑑𝐶3𝑆

𝑑𝑡
 (𝑚𝑚𝑜𝑙 𝑠 𝑚2⁄ ) = 𝐴. 𝐾0. (𝑆𝐼 − 1) . [𝐻+]0.29 [𝐶𝑎𝑂𝐻+]−0.27 Eq. (12) 

The marked decrease in H⁺ in OPC due to carbonated water likely hinders C3S dissolution, 482 

whereas the slight H⁺ increase in low-carbon systems mitigates retardation or even marginally 483 

enhances hydration. Regarding OH⁻, low-carbon systems show ~20% decrease while OPC 484 

exhibits a substantial increase; a reduction in OH⁻ and thus Ca(OH)2 further facilitates C3S 485 

dissolution in LC3 and slag-80%. This explains why these systems show no delay in C3S 486 

hydration under carbonated conditions. Zhang et al., 2024 report similar findings in steel slag 487 

powders subjected to wet carbonation. Moreover, carbonation of ettringite, product of C3A 488 

hydration, releases water that may enhance subsequent C3S hydration. Systems with 489 

accelerated C3A hydration under carbonated water, such as LC3 and slag-80%, benefit from 490 

this additional water, which helps prevent hydration delays. It is also noteworthy that alkalis 491 

can affect the initial undersaturation of C3S, reducing its dissolution (Wagner et al., 2023). 492 

Since sodium bicarbonate was present in the carbonated water used, its effect may have 493 

contributed to C3S hydration delays observed in some systems. Though the exact sodium 494 

bicarbonate content is unknown, its possible influence should be considered.   495 

6.2 Hardened state properties 496 
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6.2.1 Compressive strength 497 

The compressive strength of the various mortar systems was evaluated at 1, 7, 28, and 56 days 498 

of curing. The strength results align closely with the hydration trends, showing modest 499 

increases in mortars where C3A hydration is accelerated and decreases in systems where the 500 

pH trend led to  lower H+ concentrations, thereby reducing C3S dissolution. Specifically, the 501 

compressive strength plot (Figure 9) shows a slight reduction in OPC systems at all ages, 502 

whereas slag-50% and LC3 cement systems exhibit strength gains of 1-6 MPa at later ages. The 503 

highest increase was observed in LC3 systems, with about a 12% strength enhancement in 504 

carbonated mixes compared to normal water mixes. In slag-80% systems, strength increased 505 

slightly at early ages (1 and 7 days) but decreased by approximately 2 MPa at later ages. 506 

 507 



28 

 

Figure 9: Compressive strength plot of the various cement systems with normal and 508 

carbonated water 509 

The enhanced early strength gain in low-carbon cements correlates with accelerated C3A 510 

hydration observed in calorimetry results, consistent with literature reports (Winnefeld et al., 511 

2019). Nano-calcite nucleation from carbonate-calcium interactions accelerates C3A reaction 512 

rates (Monkman et al., 2016; Rashid and Singh, 2023). This is because these nano-calcites, 513 

much finer than C3A, surround the C3A particles. Upon contact with water, C3A reacts with 514 

calcite to form carboaluminate layers, which are less permeable to water than ettringite. The 515 

continuous formation of such carboaluminate hydrates, characterised by large hexagonal 516 

plates, further promotes diffusion of water and sulfates through the C3A surface, facilitating 517 

ettringite formation (Ramachandran and Chun-Mei, 1986). Additionally, crystalline ettringite 518 

formation fills  pores and contributes to matrix densification, thereby enhancing strength 519 

(Scrivener et al., 2015). The conversion of ettringite to monosulfate has been reported to be 520 

delayed in the presence of carbonate ions due to sulfate-carbonate ion exchange (Bonavetti et 521 

al., 2001). In the presence of gypsum, C3A reacts preferentially with sulfate to form ettringite 522 

(AFt), which can bind carbonate ions to produce less stable ettringite-carbonate phases. In 523 

contrast, without gypsum, carbonate ions directly react with C3A hydration products to form 524 

more thermodynamically stable monocarboaluminates. The resulting monocarbonate phases 525 

are more stable than monosulfates, contributing to more durable microstructures (Holmes et 526 

al., 2022). Also, gypsum particles inhibit Ca2+ and CO3
2- ion binding, directly lowering 527 

precipitation efficiency as noted in a study by J. Kim et al., 2023 exploring enzyme-induced 528 

carbonate precipitation.  529 

Aluminates in SCMs can react with carbonate ions, as reported in low-carbon cement blends 530 

such as LC3, where aluminates from SCMs interact with carbonate ions introduced via 531 

carbonated water to form carbonate-aluminate phases like monocarbonates. This aluminate-532 
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carbonate reaction enhances later strength development by forming stable cementitious 533 

hydration products such as calcium carboaluminates and refining the microstructure (Li et al., 534 

2025; Sun et al., 2024). In terms of the loss of strength in OPC, in addition to the pH and H⁺ 535 

effects that hinder C3S hydration discussed earlier, the higher C3A content in OPC systems 536 

likely leads to increased formation of carbonation products, which may exert a stronger coating 537 

effect, delaying hydration (Zajac et al., 2022). 538 

Earlier studies (Monkman et al., 2016; Rashid and Singh, 2023) on OPC systems that used CO2 539 

injection during mixing mostly found that adding CO2 increased the strength. Motivated by 540 

these findings, higher CO2 dosages were further investigated by adding sodium bicarbonate 541 

(NaHCO3) at varying concentrations to OPC paste samples (supplementary data S6), revealing 542 

that a 10% NaHCO3 dosage (equivalent to 5-10% CO2) similarly enhanced hydration of both 543 

C3A and C3S phases, analogous to low-carbon cements. This enhancement likely results from 544 

increased carbonate ions reacting with free Ca²⁺, improving ionic mobility as reported in a 545 

study by Ren et al., 2024, where lime mud was used as the source of carbonate ions. These 546 

findings suggest an optimal CO2 dosage may exist, where low concentrations (<5%) cause 547 

coating-induced delays while higher dosages (>5%) promote hydration through enhanced 548 

solution chemistry. 549 

Thus, from the evolution of strength results, it can be inferred that early CO2 interaction with 550 

C3A effectively accelerates strengths at all ages when the cement content is around 50%, as in 551 

LC3 and slag-50% systems. Interestingly, calcium-aluminate and calcium-sulfate hydration 552 

products formed in carbonated water slightly increase strength in low-carbon cements, despite 553 

reports that carbonation of ettringite (calcium sulfoaluminate based) can reduce volume, 554 

increase permeability, and cause strength loss (Moffatt and Thomas, 2019). Further research is 555 

needed before generalising these observations; however, these findings highlight the potential 556 

for nucleation effects to outweigh strength losses in systems with approximately 50% clinker 557 
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replacement. However, the reduction in later age strength in slag-80% warrants further 558 

microstructural investigations to understand the specific hydration products formed in the 559 

presence of carbonate ions and their influence on later microstructure and mechanical 560 

performance.  561 

6.2.2 Sorptivity and porosity results 562 

The results of the sorptivity and porosity tests performed at 28 days are illustrated in Figures 563 

10 and 11, respectively. The sorptivity and porosity results align well with the later-age 564 

compressive strengths, with OPC systems exhibiting an approximately 68% increase in 565 

sorptivity, whereas all low-carbon cements show reductions, the highest being 28% for slag 566 

50% and 3-6% for slag 80% and LC3. Porosity measurements follow these trends, with OPC 567 

showing a 10% increase and low-carbon cements demonstrating an 8-12% decrease. 568 

 569 

Figure 10: Sorptivity plot of the various cement systems with normal and carbonated water 570 
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 571 

Figure 11: Porosity plot of the various cement systems with normal and carbonated water 572 

The increased sorptivity and porosity noted in OPC align with findings by Dos Santos et al., 573 

2019, and Suescum-Morales et al., 2022, who reported a 5% increase in accessible porosity 574 

when carbonated water is used. In OPC systems, carbonated water induces the early formation 575 

of dense carbonate coatings which hinder further hydration. This surface passivation causes 576 

initial hydration retardation, limiting the formation of hydration products necessary for pore 577 

refinement. Consequently, the pores remain more connected, resulting in increased sorptivity 578 

and porosity. In studies where CO2 was introduced in gaseous form during mixing (Monkman 579 

et al., 2016; Rashid and Singh, 2023), improvements or neutral trends in transport properties, 580 

such as chloride migration and sorptivity, were reported. It is noteworthy that the CO2 dosages 581 

examined in those studies (0.05-0.2% by weight of cement) were substantially lower than those 582 

explored in the present work. 583 
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By contrast, as discussed earlier in the strength results, the improved durability observed in 584 

low-carbon cements arises from the formation of calcium carboaluminate phases, 585 

predominantly derived from interactions between C3A and its hydration products with CO2. 586 

These precipitates effectively fill pores in the matrix, densifying the microstructure and 587 

reducing pore connectivity, thereby lowering sorptivity and porosity (Xia et al., 2023). 588 

Additionally, carbonation accelerates C3S hydration kinetics in these systems, promoting the 589 

formation of solid hydration products that further refine the pore structure.  590 

Early-age carbonation has been reported in prior studies to reduce the percentage of permeable 591 

voids through the formation of solid calcite (Liu 2016; Liang et al., 2024). However, the 592 

collapse and restructuring of C-S-H can substantially diminish micropores. Furthermore, 593 

calcium carbonate precipitation may occlude gel pores, thereby shifting the pore size 594 

distribution toward larger diameters, increasing the critical pore diameter, and inducing 595 

coarsening of the overall pore structure (Gu et al., 2025). Consequently, the overall effect can 596 

be thought to be governed by the balance between calcite formation and C-S-H degradation in 597 

OPC and low-carbon cements, with their cumulative influences determining performance 598 

under various deterioration mechanisms. Thus, the beneficial pore-filling effects of carbonated 599 

water dominate in low-carbon cements due to their composition and the balanced interplay 600 

between carbonation and hydration, whereas in OPC, it leads to microstructural degradation 601 

and reduced durability. 602 

6.3 Microstructural properties 603 

6.3.1 TGA 604 

The TGA plots for all paste types tested with normal and carbonated water are shown in Figures 605 

12 to 15. In these plots, the TG Y-axis indicates mass loss, while the DM Y-axis shows the rate 606 

of mass change, corresponding to specific decomposition phases. These plots identify the 607 
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phases based on mass losses at various temperatures, as indicated in the figures. Notably, mass 608 

losses associated with ettringite (AFt), C-S-H, monosulfoaluminate (AFm), 609 

hemicarboaluminates (Hc) and monocarboaluminates (Hm) phases overlap within the 100-610 

300°C temperature range. Consequently, these phases are reported collectively for this range, 611 

as precise determination of individual mass percentages is not feasible.  612 

Distinct peaks corresponding to AFt and C-S-H are evident across all cement types. All cement 613 

systems except for LC3 exhibit definite portlandite peaks, with intensities decreasing as SCM 614 

replacement increases relative to OPC. Interestingly, LC3 is the only system showing distinct 615 

AFm phases. This observation, in conjunction with calorimetry results indicating significant 616 

enhancement of C3A hydration activity in LC3 carbonated water mixes, suggests that AFm and 617 

AFt phases may serve as potential binding sites for carbonate ions. This interpretation is further 618 

supported by the TGA curves of LC3, which show a pronounced increase in mass rate curve in 619 

the C-S-H/AFt phase, followed by a smaller but clear increase in the AFm phase. In slag-50% 620 

systems, a moderate reduction in portlandite (0.5%) is observed alongside an increase in calcite 621 

phases (1%), the latter resulting primarily from the carbonation of portlandite. Conversely, 622 

OPC shows minimal peak changes except for a distinct peak around 800-900 ºC, attributed to 623 

the wollastonite-like decomposition of C-S-H phases at elevated temperatures, as previously 624 

documented by Myers et al., 2015 in their study of C-S-H hydrates. This thermal transformation 625 

is absent in low-calcium cements, likely due to their reduced Ca/Si ratios (Richardson, 1999; 626 

Richardson et al., 2002), which promote longer silicate chain-length hydrates with enhanced 627 

thermal stability that resist conversion of C-S-H to wollastonite upon heating, as reported 628 

earlier (Tajuelo Rodriguez et al., 2017). Collectively, TGA analysis demonstrates that only LC3 629 

systems exhibited profound phase changes upon CO2 binding followed by slag systems, 630 

indicating a stronger interaction and effect of carbonated water in these binders compared to 631 

others. 632 
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Despite the pronounced phase changes observed in LC3, overall mass loss percentages derived 633 

from the TGA plots reveal minimal differences between normal and carbonated water, with 634 

variations typically ranging from 2-4% for certain phases and even smaller variations for most 635 

other phases across all cement types. While TGA provides valuable phase identification 636 

insights for both normal and carbonated water systems, caution is warranted when interpreting 637 

specific effects of carbonation on individual hydration phases due to overlapping 638 

decomposition peaks. Therefore, XRD analysis was performed to further clarify phase 639 

transformations. 640 

 641 

Figure 12: TGA plots of OPC paste with normal and carbonate water 642 
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 643 

Figure 13: TGA plots of LC3 paste with normal and carbonate water 644 

 645 

Figure 14: TGA plots of Slag 50% paste with normal and carbonate water 646 
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 647 

Figure 15: TGA plots of Slag 80% paste with normal and carbonate water 648 

6.3.2 XRD 649 

The XRD analysis of powdered paste samples with both normal and carbonated water reveals 650 

distinct carbonation behaviours across the different cement types investigated (Figures 16 to 651 

19). The primary phases identified include the amorphous humps of C-S-H and its decalcified 652 

silica gel forms, alongside peaks corresponding to calcite, monocarboaluminates, and 653 

portlandite. Notably, the most pronounced effect observed in the XRD spectra is the 654 

carbonation of C-S-H, transforming it into decalcified amorphous silica gels. Semi-crystalline 655 

peaks of C-S-H, as observed in synthetic C-S-H samples in previous studies, typically appear 656 

around 16º and 29º, while the amorphous silica gel hump is centred around 18º (Liu et al., 657 

2022). The transformation of C-S-H gel towards decalcified or lower Ca/Si ratio forms is 658 

distinctly noted in the slag-50% and slag-80% mixes by an amorphous hump centred around 659 

18º, spanning from 15º to 28º, under the influence of carbonated water. Studies (Lu et al., 2023) 660 

using XRD on carbonation of C-S-H gels have attributed these amorphous humps to the 661 

formation of calcium-modified silica gels due to carbonation. The reduction in peak intensities 662 
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of C-S-H at 29º in the slag cement pastes further supports the decalcification of C-S-H under 663 

carbonated water. Previous studies (Baston et al., 2012; Xin et al., 2017) have also reported 664 

similar amorphous C-S-H peaks in carbonated slag mixes, linked to C-S-H with low Ca/Si 665 

ratios (approximately 0.6), confirming carbonation of C-S-H in them. The formation of such 666 

amorphous silica gels indicates calcium release from the silicate chains, resulting in gels with 667 

lower molar volume and a coarser pore network relative to intact C-S-H. This transformation 668 

increases overall porosity and permeability while diminishing the binding capacity of the gel, 669 

as reported previously (Liu et al., 2023; Morandeau et al., 2014; Wu & Ye, 2017).  670 

In contrast, OPC and LC3 were characterised by amorphous humps from 15 to 29º under both 671 

normal and carbonated water conditions. Hence, unlike slag systems, these amorphous humps 672 

in OPC and LC3 are attributed to C-S-H gels. While C-S-H typically shows diffracted peaks 673 

around 16º, the larger volume of C-S-H formed in OPC and LC3 systems likely caused a 674 

broader spread in the XRD spectra. It is interesting to note that the C-S-H hump in OPC showed 675 

reduced spread and intensity in carbonated water mix compared to normal water, indicating a 676 

decrease in C-S-H content. However, this reduction was not observed in LC3, suggesting a 677 

more stable C-S-H structure in LC3 under carbonated water. Also, the diffracted peaks of 678 

C-S-H in OPC and LC3 at 29º showed minimal changes in carbonated water mixes, with other 679 

peaks for calcite and portlandite also exhibiting less pronounced changes in these systems. 680 

Although Zajac et al., 2022 reported decalcified C-S-H XRD humps only in carbonated OPC 681 

samples, akin to those in slag systems, the XRD spectra of OPC and LC3 in this study did not 682 

show similar pattern at the tested CO2 dosage.  683 
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 684 

Figure 16: XRD plots of OPC paste with normal and carbonate water 685 
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 686 

Figure 17: XRD plots of LC3 paste with normal and carbonate water 687 
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 688 

Figure 18: XRD plots of Slag 50% paste with normal and carbonate water 689 
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 690 

Figure 19: XRD plots of Slag 80% paste with normal and carbonate water 691 

Interestingly, while isothermal calorimetry indicated enhanced C3A activity across all systems, 692 

suggesting CO2 binding in ettringite and monocarboaluminates, XRD revealed substantial C-693 

S-H gel alterations, particularly in slag systems, with minimal evidence of carbonated 694 

ettringite. Rietveld quantification was not performed to determine the exact phase contents due 695 

to the presence of pronounced amorphous humps from C-S-H and other poorly crystalline 696 

carbonated phases, which obscured clear distinction between amorphous hydration products 697 

and carbonation-derived phases such as amorphous calcite. This limitation highlights a 698 

potential direction for a more detailed investigation in future studies. 699 

Variations in XRD patterns for carbonated forms of the different cement systems can be 700 

attributed to differences in their chemical composition, specifically the levels of calcium oxide 701 
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(CaO), aluminum oxide (Al2O3), and sulfur trioxide (SO3), which influence the formation and 702 

stability of their hydrates (Damidot et al, 2007). For example, while LC3 cement exhibited the 703 

highest C3A activity from isothermal calorimetry, it was the slag cement types which showed 704 

the greatest amorphous transformation of C-S-H in their carbonated forms. This difference 705 

likely results from the distinct chemical makeup of the cements, leading to variations in the C-706 

S-H structure and consequently, its CO2 binding. Another notable observation is that slag 707 

cement types exhibited lower calcite formation in carbonated water mixes, while OPC and LC3 708 

systems showed either marginal increases or consistent calcite peak levels upon carbonation. 709 

A previous study by Kim et al., 2024 on OPC-based fresh-state carbonation reported that while 710 

calcite crystals were formed, they existed in poorly crystalline phases undetectable by XRD. 711 

This suggests that the lower calcite formation observed in slag cement systems may result from 712 

calcite existing in poorly crystalline phases or that calcite is not the primary carbonation 713 

product in these systems. This observation also supports the possibility of simultaneous CO2 714 

binding in C-S-H and portlandite in low-carbon cements with low Ca/Si ratios, suggesting that 715 

decalcified silica gel formation may occur concurrently with, rather than solely following, 716 

portlandite carbonation as generally reported ((Von Greve-Dierfeld et al., 2020). It could also 717 

mean that the pozzolanic reaction in slag-high systems consumed portlandite, reducing the free 718 

calcium available to react with carbonate ions, which also lead to lower amounts of calcite 719 

formation. Thus, CO2 binding in slag cements seems to primarily influence C-S-H 720 

transformations, indicating distinct carbon binding pathways compared to OPC and LC3 721 

cements. 722 

7. CO2 BINDING DRIVERS IN CEMENT SYSTEMS: BEYOND THE 723 

CALCIUM CONTENT 724 

While calcium content remains the fundamental basis for theoretical models estimating CO2 725 

sequestration capacity in cements, it is equally important to understand the factors that govern 726 
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calcium dissolution or its inhibition. This is particularly significant since the introduction of 727 

CO2 can alter solution kinetics, thereby affecting calcium dissolution and ultimately the actual 728 

extent of CO2 binding. 729 

With this perspective, pH and the corresponding H⁺ ion concentration emerges as the most 730 

critical drivers of aqueous carbonation, exerting a twofold effect. At high pH, CO2 exhibits 731 

increased solubility, facilitating its incorporation into the system, whereas lower pH promotes 732 

the dissolution of calcium from cement phases, enhancing CO2 binding through CaCO3 733 

formation. Thus, while high pH supports CO2 dissolution, lower pH accelerates the reaction 734 

between CO2 and calcium, contributing to effective carbonation (Goetz-Neunhoeffer et al., 735 

2006). Cement systems with higher initial pH levels such as OPC showed a more pronounced 736 

decrease in H⁺ ion concentration upon exposure to carbonated water. This suppresses calcium 737 

dissolution and reduces hydration of C3S phases, which is an unfavourable outcome of carbon 738 

sequestration. Conversely, low-carbon cements, with their lower initial pH and free hydroxide 739 

ions, have a reduced ability to neutralise carbonic acid. This leads to greater CO2 availability 740 

for binding and enhanced calcium dissolution, promoting increased hydration in these cement 741 

systems.  742 

This nuanced role of pH and ion concentration aligns with previous findings on gaseous CO2 743 

injection on OPC (Kim et al., 2024), which suggested that combining air mixing with CO2 744 

injection could mitigate pH effects on CO2 uptake. Building on these insights, a pragmatic 745 

phased approach of initially employing normal water mixing to maintain stable pH conditions, 746 

followed by the controlled incremental addition of carbonated water could help mitigate 747 

adverse pH fluctuations and optimise CO2 binding. This approach, however, requires practical 748 

verification at the pilot scale.  749 



44 

 

Additionally, calcium ions in solution further modulate CO2 binding behaviour. While calcium 750 

ion presence can inhibit C3S dissolution (Suraneni, 2015), carbonate ions sequester calcium, 751 

reducing free Ca²⁺ concentration and promoting faster hydration, as seen in low-carbon 752 

cements. In contrast, slower C3A hydration increase in OPC under carbonated water limits CO2 753 

binding with hydration products, leaving more free Ca²⁺ ions available. Together with pH 754 

effects, this may retard further C3S hydration in OPC. Thus, contrary to expectations that 755 

calcium-rich cements would bind CO2 more effectively, high-calcium OPC may experience 756 

greater hydration delays that limit the effectiveness of carbonated water for sequestration. 757 

In addition to pH and C3S dissolution, this study highlights the significant role of C3A in CO2 758 

sequestration. The enhanced hydration of C3A in the presence of carbonated water suggests 759 

that CO2 may become incorporated within its hydration products, such as ettringite or 760 

monosulfate, depending on the gypsum content. However, ettringite can convert to 761 

monosulfoaluminate, a more stable but less CO2 reactive phase (Christensen et al., 2004). 762 

Previous studies, such as those by Kuzel & Pollmann (Kuzel and Pöllmann, 1991), have shown 763 

that the presence of carbonate ions inhibits this conversion. This inhibition is advantageous for 764 

carbon sequestration, as it promotes the retention of more reactive ettringite and thus enhances 765 

CO2 binding. XRD analysis, however, revealed that not all forms of ettringite exhibit enhanced 766 

CO2 binding. Slag-based cement systems displayed the highest levels of amorphous carbonated 767 

C-S-H, whereas carbonated OPC systems showed only a marginal increase in calcite formation 768 

compared to their normal water mixes. These findings underscore the complexity of factors 769 

influencing CO2 binding, and despite significant C3A hydration under carbonated water, the 770 

lack of evidence of carbonated ettringite observed in this study, warrants further investigation. 771 
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8. CONCLUSIONS AND RECOMMENDATIONS 772 

This  study critically re-evaluates the common hypothesis  that effective CO2 sequestration in 773 

cement is governed solely by bulk calcium content, asserting instead that it depends on  774 

maintaining favourable calcium dissolution kinetics through the precise interplay between 775 

early hydration products, pH, and calcium chemistry. Among the cement types tested, low-776 

carbon formulations, specifically LC3 and Slag-50%, optimally balance this chemistry,  777 

resulting in  superior CO2 binding with carbonated water compared to high-calcium OPC 778 

systems.  779 

Crucially, the use of carbonated water in these low-carbon cements offers dual benefits: it 780 

accelerates delayed setting times (particularly in slag-80% blends) and modifies hydration 781 

kinetics, notably increasing C3A hydration in LC3 and slag-80% systems. This synergistic 782 

effect leads to notable compressive strength gains and improved durability, evidenced by 783 

reduced sorptivity and porosity in the low-carbon cements tested. Conversely, conventional 784 

OPC experiences  modest strength losses and increased sorptivity with CO2 binding, 785 

underscoring that CO2 sequestration is not a universal sustainability opportunity but a potential 786 

durability risk for certain cement systems. Therefore, parallel to efforts advancing the technical 787 

potential of cement-based CO2 sequestration, it is imperative that research is directed toward 788 

identifying cementitious systems that reconcile sustainability goals with long-term durability 789 

under CO2 binding. It should be noted, however, that the performance reported herein is 790 

specific to the dosage employed, and the observed trends may vary at higher dosages, where a 791 

greater proportion of the intrinsic hydration phases could be influenced by CO2 binding. 792 

Furthermore, the potential effects of using carbonated water on other deterioration mechanisms 793 

should be investigated to better inform its practical implementation and facilitate broader 794 

adoption. 795 
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The extent of direct CO2 sequestration achieved through the use of carbonated water under the 796 

investigated conditions remains relatively limited on a volumetric basis, estimated at 797 

approximately 1-2 kg/m3. However, this estimate does not include the secondary benefits 798 

associated with strength enhancement and durability improvements, which may contribute to 799 

additional indirect carbon savings through reduced cement consumption over the service life 800 

of the material. Achieving aggressive net-zero targets will require broader mineralisation 801 

strategies, focusing on locking CO2 in inert phases such as aggregates used in large volumes, 802 

and in waste materials that offer avoided emissions reduction co-benefits, to achieve more 803 

substantial sequestration outcomes.   804 
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SUPPLEMENTARY DATA 818 

     819 

Figure S1: (a) Casting of mortar specimens, and (b) sealed water curing set-up  820 

 821 

Figure S2: Flow of mortars in flow table test 822 

 823 

Figure S3: Test procedure for measuring the pH of paste samples 824 
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 825 

Figure S4: Specimens mounted in the isothermal calorimeter 826 

 827 

Figure S5: Sorptivity test setup with one specimen face exposed to water for capillary water 828 

absorption measurement 829 
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Figure S6: Isothermal Calorimetry Plot comparing various dosages of NaHCO₃ with OPC 832 

paste samples 833 
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