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8 

Abstract 9 

Processing waste concrete in recycling facilities inevitably generates by-products such as very fine 10 

particles (<2.36 mm) and powders (<0.15 mm). The resourcing of these low-value recycled concrete 11 

fines (RCFs) has attracted increasing interest from the construction industry. This study attempts to 12 

elucidate the underlying mechanisms of particle size effects on carbonating RCFs via aqueous route. 13 

The results suggested that the relatively coarse particles (0.6-1.18mm and 1.18-2.36 mm) experienced 14 

two positive effects i.e., i) improvement of surface properties by the formation of a reactive shell, and 15 

ii) significant densification of the microstructure. This was due to an initial carbonation mediated in the16 

bulk solution, and then the internal carbonation due to the inward diffusion of carbonate species. 17 

Meanwhile, the finer particles (<0.15 mm) showed significantly different effects i.e., being totally 18 

disintegrated and converted to a calcium carbonate and silica gel composite. Such a difference was 19 

attributed to the long alkalinity maintaining ability and extensive dissolution and leaching associated 20 

with the high fineness. Whereas 0.15-0.6 mm was regarded as a transition particle size where balanced 21 

decomposition and densification were observed. Finally, after carbonating for only 6 h, the carbonated 22 

RCFs was found to enhance the compressive strength of pastes (as cement substitute) and mortars (as 23 

fine aggregate substitute) by an average of 13.2% and 9.0% in comparison with those prepared with 24 

raw RCFs. 25 
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1 Introduction 27 

Recycling waste concrete has been the research target over the last decades, and incorporating recycled 28 

concrete aggregate (RCA) in new concrete as alternative to natural aggregate is a preferential solution 29 

considering its huge accommodation capacity [1]. However, the use of RCA typically results in 30 

deterioration of mechanical and durability properties of the resulting concrete as compared with normal 31 

concrete, which is critically owing to the residue of cement paste on RCA [2, 3]. The residual cement 32 

paste contains microcracks and high porosity as well as creates multiple interfacial transition zones 33 

(ITZ). Therefore, the recycling of the coarse RCA is relatively mature as it contains less residual cement 34 

paste (<20 wt.% [4, 5]) and is closer to the properties of natural aggregate than their finer counterparts 35 

[1]. However, the recycled concrete fines (RCF) including both the fine aggregates and powders 36 

typically have 20-50 wt.% residual cement paste, demonstrating a more detrimental effect on the 37 

properties of new concrete [6]. The drawback of utilizing the fine aggregates was that they contained 38 

more microcracks and higher porosity [1], while that of utilizing the powders was that they already lost 39 

cementing abilities owing to the hydration history, resulting in the dilution of binders [7, 8]. Different 40 

approaches aiming at improving the quality of RCA and RCF were proposed including (i) removing the 41 

residual cement paste by acid dissolution, mechanical grinding etc., and (ii) strengthening the residual 42 

cement paste using polymer emulsion, pozzolan slurry and sodium silicate, etc. [9, 10]. However, these 43 

treatments were either energy- or cost- intensive; thus the accelerated carbonation became preferred 44 

among these methods [11-13]. 45 

Gas-solid accelerated carbonation is one of the effective carbonation routes and it is applied by exposing 46 

the RCA/RCF to CO2-rich gaseous environment. The reaction between calcium phases and CO2 could 47 

induce the precipitation of calcium carbonate (Cc) inside the aggregate and thus reduce its porosity [11, 48 

14]. As such, decrease of water absorption and crushing value by 1.3-29.0% and 7.6-25.9% respectively, 49 

as well as an increase in the density by 0.2-5.6% could be obtained [11, 13, 15, 16]. Moreover, the use 50 

of carbonated aggregate could significantly improve the mechanical and durability properties of the 51 

resulting new concrete [2, 13-17]. Also, gas-solid carbonation was found to be feasible to activate the 52 

reactivity of waste concrete powders [18] for its potential application as supplementary cementitious 53 

materials (SCMs) [19-21]. As exemplified in the work of [18, 19], the carbonated powders were able 54 

to replace 20% cement to attain up to 22% strength increase. Nevertheless, most of the previous studies 55 



reported that both the internal moisture of the materials and the relative humidity (RH) of the 56 

carbonation environment should be carefully regulated during the carbonation to create a favourable 57 

condition for CO2 diffusion. It was because CO2 gas diffusion was the rate-limiting step and depended 58 

heavily on the availability of diffusion paths (i.e., the connected pores) [22-24]. The gradually limited 59 

mass transport of CO2 to the reactive sites of carbonation imposed a critical barrier to achieving high 60 

carbonation degree. 61 

Aqueous carbonation (AC) is a different carbonation route based on liquid-solid reactions [25-27]. It is 62 

conducted by immersing the solid materials in a bulk liquid (i.e., at high liquid to solid ratios) and 63 

injecting CO2. The gaseous CO2 is transformed into aqueous carbonate species (i.e., CO3
2- and HCO3

-) 64 

upon contact with the bulk liquid before its diffusion to reaction sites. Several previous studies have 65 

investigated the differences of AC and gas-solid carbonation based on alkaline wastes [27-29]. It was 66 

highlighted by Kashef-Haghighi et al. [28] and Faraji et al. [30] that the aqueous system didn’t present 67 

interparticle voids and the bulk liquid could saturate the internal pores; thus, a higher surface area could 68 

be exposed to the dissolved CO2. Besides, according to Le Chatelier’s principle, the CO2 dissolution 69 

could be favored in highly alkaline aqueous environment, thus increasing the CO3
2- availability [31], 70 

and in the meantime the CO2 dissolution could cause the enhanced dissolution of calcium because of 71 

the solution neutralization. With the above characteristics, Ghacham et al. [29] and Liu et al. [26] 72 

reported that AC had a higher carbonation efficiency than gas-solid carbonation. However, both the 73 

diffusion and dissolution were particle size dependent [30]; hence different size fractions of RCFs were 74 

believed to have significantly different responses towards AC. Experimental findings from Zajac et al. 75 

[25] and Shen et al. [32] suggested that AC was highly efficient in decomposing RCF powders and76 

converting them to good-quality SCMs. Conversely, Liu et al. [26] obtained a densified RCF 77 

microstructure after subjecting to AC. This decomposition-densification discrepancy and the lack of 78 

knowledge could significantly affect the RCF reclamations. There are no systematic studies identifying 79 

the exact influences of AC on RCFs and particularly its particle size effect. Therefore, finding the 80 

linkage among the microstructural modifications of different particle sizes could promote the 81 

understanding and applications of AC. 82 

This study attempts to systematically evaluate the influences of AC on RCFs with different particle 83 

sizes (i.e., 1.18-2.36mm, 0.6-1.18mm, 0.15-0.6mm and <0.15mm). The changes of the two constituents 84 



in RCFs (i.e., cement paste and inert phases) in terms of phase assemblages, microstructures and surface 85 

morphologies were comprehensively characterized and studied. Meanwhile, the CO2-water-RCFs 86 

interactions in terms of pH, electrical conductivity (EC) and elemental concentrations to reveal the 87 

reaction kinetics were presented and discussed. Moreover, the performance of carbonated RCFs in new 88 

pastes/mortars was demonstrated.  89 

 90 

2 Materials and methods 91 

2.1 Materials 92 

The changes of residual cement paste were investigated based on modelled RCFs derived from 93 

laboratory-prepared cement paste. For the purpose of examining the CO2-water-RCFs interactions, the 94 

same modelled RCFs were used, and then the results were validated using real RCFs obtained from 95 

waste concrete. Subsequently, the influence of AC on inert phases and the applications of RCFs in new 96 

paste/mortar were evaluated only with real RCFs.  97 

Specifically, laboratory-prepared cement paste was made by mixing ordinary Portland cement (CEM I 98 

52.5N as per BS EN197-1:2000) and water at a water to cement ratio of 0.45 and cured in sealed bags 99 

at ambient temperature for over seven months. While the waste concrete was collected from a 100 

demolition site in Hong Kong, in which granite and quartz sand were used as the original natural 101 

aggregate. The chemical and mineralogical compositions of the two materials, as determined by X-ray 102 

fluorescence and X-ray diffraction, are shown in Table 1 and Fig. 1 respectively, indicating that the 103 

waste concrete contained less CaO, more SiO2 and alkali than the pure cement paste due to the 104 

incorporation of natural aggregate (quartz, albite and microcline).  105 

Table 1. Chemical compositions of the waste concrete and cement paste (wt.%). 106 

 CaO SiO2 Al2O3 Fe2O3 Na2O K2O MgO Others 

Waste concrete 27.8 51.8 9.5 2.1 2.0 3.7 0.9 2.2 

Cement paste 66.9 19.8 5.1 3.6 / 0.5 0.9 3.2 

 107 



108 

Fig. 1. Mineralogical compositions of the waste concrete and cement paste. 109 

To obtain different size fractions of RCFs, both the cement paste and the waste concrete were crushed 110 

and sieved to four different fine fractions (i.e., 1.18-2.36mm, 0.6-1.18mm, 0.15-0.6mm, and <0.15mm) 111 

that notated as RCF236, RCF118, RCF060 and RCF015 respectively, as shown in Fig. 2. The residual 112 

cement paste content in the real RCFs was determined using the hydrochloric acid (HCl) dissolution 113 

method. Specifically, the RCFs were soaked in 0.1M HCl solutions at 25°C and stirred for 24h [33, 34]. 114 

Then, the remaining solids were washed with deionized water and dried in oven until constant weight. 115 

The final mass loss in the percentage of initial mass was determined as the residual cement paste content. 116 

The results shown in Table 2 suggested that the real RCFs contained 32.26-50.41 wt.% residual cement 117 

paste and the percentage increased with decreasing particle size. 118 

119 

Fig.2. Physical appearance of the real RCFs and the modelled RCFs. 120 

Table 2. Amount of residual cement paste and inert phases in real RCFs (wt.%). 121 

RCF015 RCF060 RCF118 RCF236 

Residual cement paste 50.41 39.92 36.34 32.26 

Inert phases (i.e., quartz and 

granite) 

49.59 60.08 63.66 66.74 



122 

2.2 Aqueous carbonation 123 

AC was conducted using the laboratory setup shown in Fig. 3. Deionized water was used as the initial 124 

liquid and designated amounts of RCFs were added to keep a water to solid ratio of 10 (see Table 3). 125 

The reaction temperature was controlled constantly at 25 °C by a water bath, and smooth agitation was 126 

applied by magnetic stirring at 500 revolutions per minute. The RCFs were pre-soaked in water for 15 127 

min before the start of carbonation reaction aiming to obtain an initial dissolution equilibrium. 128 

Subsequently, the carbonation experiment was carried out for up to 6h by injecting CO2 gas (99.8 vol.% 129 

purity) into the solution via a diffuser at 10 mL/(g·min) as controlled by a flow meter (MFC 8713, 130 

Burkert). During carbonation, the pH and EC were constantly recorded by a pH meter (HM-30P, DKK-131 

TOA) and an EC meter (DDSJ-318, Rex). Meanwhile, the solution and RCFs were sampled from the 132 

reacting system at different intervals for further analyses until the end of the carbonation (i.e., 6 h). 133 

134 

Fig. 3. Laboratory setup for aqueous carbonation. 135 

136 

Table 3. Experimental groups for AC 137 

No. 
Materials (g) 

Water (mL) 
Gas flow 

rate 
(mL/min) RCF236 RCF118 RCF060 RCF015 

1 40 / / 

400 400 2 / 40 / / 
3 / 40 
4 / / 40 

 138 

2.3 Testing methods 139 



2.3.1 Thermogravimetric analysis (TGA) 140 

TGA was used to determine the amount of portlandite (CH) and calcium carbonate (Cc) formed in 141 

carbonated cement paste. Before the test, the collected samples were soaked in isopropanol for two days 142 

and dried in a vacuum desiccator for another two days to remove the free water. TGA was conducted 143 

using Rigaku 8121 on 13.0 mg ground materials in an argon atmosphere at a heating rate of 10 °C/min 144 

from room temperature to 1000 °C. Quantification of CH and Cc was performed as per the integration 145 

method introduced in [35, 36]. Specifically, the amount of CH/Cc is equivalent to the integration of its 146 

peak area in the derivative thermogravimetric (DTG)  curve as illustrated in the following Fig. 4, and 147 

then the results were normalized either to the clinker phase or to the initial sample mass following Eq. 148 

1.149 

150 

Fig. 4. Illustration for the integration method. 151 

152 

Pp(%)=
m𝑔𝑔 × 𝑀𝑀𝑃𝑃

𝑀𝑀𝑔𝑔×minitial/1000°C
×100=

Ag × 𝑀𝑀𝑃𝑃

𝑀𝑀𝑔𝑔×m
initial/1000°C

×100 (1) 

Where Pp is the weight percentage of the CH/Cc to be determined, mg is the mass of the H2O/CO2 from 153 

CH/Cc decomposition, Mg is the molar mass of H2O/CO2 and MP is the molar mass of CH/Cc, minitial 154 

is the initial dry mass of the sample, m1000°C is the mass of sample at 1000°C from TGA measurement, 155 

Ap is the integration of the peak area of H2O/CO2. 156 

2.3.2 X-ray diffraction (XRD) 157 



XRD was performed on a Rigaku Smartlab 9kW diffractometer using Cu Kα at 45kV and 200mA. The 158 

spectra were obtained with the 2θ of 5-60°, at a step size of 0.02° and 5°/min. 159 

2.3.3 Magic angle spinning nuclear magnetic resonance (MAS NMR) 160 

29Si MAS NMR spectra were collected using a JEOL JNM-ECZ500R/S1 spectrometer, operating at a 161 

Larmor frequency of 98.4 MHz (magnetic field strength= 11.6 T). Dried samples were ground, loaded 162 

and packed into 8mm zirconia rotors and scanned with the spinning frequency of 4 kHz and the 163 

relaxation delay of 30 s.  164 

2.3.4 Scanning electronic microscopy (SEM) 165 

For microstructure investigation, a TESCAN VEGA3 scanning electronic microscope (SEM) equipped 166 

with an energy-dispersive X-ray spectroscope (EDS) was used. Secondary electron (SE) imaging was 167 

performed directly on dried and gold-coated samples to observe the surface morphologies. 168 

Backscattered electron (BSE) imaging was performed on polished epoxy-impregnated samples. For 169 

RCF015, the powder was firstly pre-pressed into a tablet under 30 kN and then the tablet was 170 

impregnated in epoxy resin, followed by grinding with P1200 abrasive paper and polishing with 171 

9um/3um/0.05um diamond/alumina sprays. For RCF060 to RCF236, the particles were solely 172 

impregnated in epoxy and followed by the same grinding and polishing procedures.  173 

2.3.5 Nitrogen adsorption-desorption 174 

Brunauer-Emmett-Teller (BET) Nitrogen adsorption-desorption test was carried out with a 175 

Micromeritics ASAP2020 PLUS to determine the pore volume and pore size distribution of the cement 176 

paste. Prior to the measurements, the samples were degassed at 60 °C for 12 h and Barrett-Joyner-177 

Halenda (BJH) adsorption branch of the isotherm was used for data extraction.  178 

2.3.6 Inductively coupled plasma-optical emission spectrometry (ICP-OES) 179 

ICP – OES was used to determine the concentrations of major elements (e.g., Ca, Si, Al, S, Na and K) 180 

in the solutions collected at different carbonation intervals. Pre-treatments of the solutions included i) 181 

filtration through 0.45 μm membrane filters, ii) digestion in concentrated nitric acid, iii) re-dissolution 182 

of the solid residues after digestion by diluted nitric acid back to the original volume and iv) dilution of 183 

the samples. Standard solutions containing Ca, Si, Al, S, Na and K were prepared which concentrated 184 



at 0.01, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 mg/L. Three measurements were performed for each sample 185 

and quality control was conducted for every 30 samples with 2 mg/L standard. 186 

2.3.7 Water absorption 187 

The water absorption of RCFs was determined as per the procedures prescribed in ASTM C128. Prior 188 

to the test, the RCFs were immersed in water for 24 h. Approximately 500 g RCFs were obtained and 189 

then they were dried at 60 °C in ventilated oven for 2 days. The mass difference between SSD and oven 190 

dried RCFs were divided by the dried mass to obtain the water absorption. 191 

2.3.8 Compressive strength 192 

Mortar samples were prepared with natural river sand and SSD real RCFs (including RCF060, RCF118 193 

and RCF236). The weight ratio of aggregate: cement: water was controlled at 2:1:0.45. The natural sand 194 

was replaced by raw/carbonated RCFs at 20%, 40% and 60% and the slump flow of all the mixes were 195 

210±10 mm. Meanwhile, paste samples were prepared by using RCF015 as the cement replacement at 196 

10%, 30% and 50% and the water to cementitious materials ratio was controlled at 0.5. The mortar and 197 

paste samples were cast into 40 mm and 20 mm cubic molds respectively, and after demolding, they 198 

were cured in saturated lime water for 28 days prior to the compressive strength tests and an average 199 

strength from 5 samples for each group was reported. 200 

201 

3 Results and discussion 202 

3.1 Influence of AC on phase evolution of RCFs 203 

3.1.1 Precipitation of Cc as a function of particle size 204 

Cc is the major product of RCF carbonation. The amount of Cc generated versus the particle size and 205 

carbonation time is presented in Fig. 5. Given that 3.2% Cc was originally contained in the raw RCF 206 

by weight of the clinker phase, it drastically increased to 46.9% for RCF015 after carbonation for just 207 

10 min, and to 62.5% after 30 min. Thereafter, the precipitation rate became much less significant and 208 

reached a plateau at about 1 h. The final amount of Cc was determined as 70.7%. Upon the increase of 209 

particle size as in the cases of RCF060, RCF118 and RCF236, the Cc amounts were increased to 14.6%, 210 

11.1% and 7.4% respectively after 30 min and reached the final values of 21.5%, 14.2% and 9.0% 211 



respectively. This trend indicated that Cc precipitation was very intensive regardless of the particle size, 212 

as 68-88% of the final amount of Cc was formed within 30 min. However, the total amount of Cc 213 

depended heavily on particle size: finer particles obtained much higher amount of Cc than their coarse 214 

counterparts. From the composition perspective, RCF015 was significantly transformed into a Cc 215 

composite [37]. Based on the XRD patterns as shown in Fig. 6, the precipitated Cc was confirmed as 216 

calcite and the presence of other polymorphs such as aragonite and vaterite was not detected. The Cc 217 

content in real RCF060 was also determined for comparison. It was found that 6.7% calcite by weight 218 

of the initial sample mass was included in the raw sample. This was due to the natural weathering 219 

process either in its service life, or in the sample collection, crushing and handling processes. Despite 220 

the high initial Cc amount, the Cc evolution followed a similar trend with the paste RCFs after AC, with 221 

the final Cc accounting for 15.1%. 222 

 223 

Fig. 5. Development of Cc amount as a function of time in different sizes of RCFs. 224 



225 

Fig. 6. XRD patterns of the raw and carbonated RCFs. 226 

Cc generated at the expense of either pure calcium-bearing phases (i.e., CH) or calcium- and silicon-227 

bearing phases (e.g., C-S-H, ettringite, AFm, anhydrous phases). Identifying the source of calcium in 228 

Cc could promote the understanding on the solid dissolution behaviour in the bulk solution. To this end, 229 

the amount of CH consumption and the Cc formation between two different carbonation durations (i.e., 230 

10 min, 30 min, 60 min, 360 min) were calculated based on TG results, with their difference being 231 

assigned to the molar amount of Ca originated from other hydration products (represented by C-S-H 232 

herein). A factor α was designated to measure the molar ratio of calcium from C-S-H to the calcium 233 

from CH. 234 

As shown in Fig. 7, after carbonating for 10 min, the α value for RCF015 was 1.3, indicating that the 235 

Cc originated from both C-S-H and C-H, with the former accounting for more than 50%. Typically 236 

from a thermodynamic viewpoint, decalcification of C-S-H was believed to take place after the 237 

depletion of CH [38]. However, the net CH consumption was still increasing which reflected its 238 

availability at 10 min. Therefore, it is believed that C-S-H phase participated in carbonation earlier than 239 

expected. This might be critically attributed to the presence of the bulk solution that significantly diluted 240 

the elemental concentrations, which resulted in the greater undersaturation and thus the earlier 241 

dissolution of C-S-H phase [39, 40]. After carbonating for 30 min, the calcium consumption from CH 242 

was no longer increased, implying it was locally depleted. Therefore, the formation of Cc relied on 243 

consuming the C-S-H. 244 



With the increase of particle size, it was found that the total molar amount of calcium significantly 245 

decreased and the α value increased. This reflected the reduced Cc formation and its increasing 246 

dependency on C-S-H. This should be explained that the increasing particle size created enlarged 247 

physical barriers, and thus the availability of inner CH was much more difficult. With the constant 248 

injection of CO2, the carbonation became more concentrated on the surface layers, which not only 249 

consumed all local CH but also more significantly decalcified the C-S-H. 250 

 251 

Fig. 7. Sources of the calcium of the precipitated Cc in 100g RCFs where α indicates the molar 252 

ratio of calcium from C-S-H to CH. 253 

3.1.2 Formation of silica gel as a function of particle size 254 

After being decalcified, the silicate in the C-S-H started to polymerize and form silica gel. Therefore, 255 

the evolution of silicate phases was investigated via 29Si NMR. As depicted in Fig. 8, there are five 256 

major resonances and their assignments were given by the annotation in the previous study [41]. The 257 

single peak located at 74ppm corresponded to the Q0 species i.e., the anhydrous silicate minerals. The 258 

second and third peaks, which were identified as the silicate dimers (Q1, 82.6ppm) and chains (Q2, 259 

87.2ppm) in the C-S-H structure, were observed as the major peaks. In the case of RCF015, upon the 260 

initial carbonation within 30 min, the proportion of Q1 was found to be dramatically decreased (from 261 

~26.7% to ~15.5%), suggesting the obvious polymerization of the dimeric silicate units to Q2 and even 262 

Q3 species. While the resonances were markedly shifted from Q2 to Q3 at 101.1ppm and Q4 at 109.6ppm 263 

(condensed SiO4 tetrahedra) until carbonation for 1 h. After carbonating for 6 h, about 69.5% of the 264 



silica-bearing phases were transformed into silica gel. Unlike the intensive formation of Cc within the 265 

30 min, only ~22% of the final amount of silica gel was formed over the same period. Therefore, the 266 

formation of silica gel (Q3 and Q4) was much slower [25]; it was believed that the difference in the 267 

speed of Cc and silica gel formation was mainly due to the availability of calcium and silicon because 268 

the dissolution of calcium phases was quick and it existed as Ca2+ in the solution while silicon was 269 

mostly likely to stay in the chain structure of C-S-H and barely leached into the solution (to be discussed 270 

in section 3.3). Therefore, the carbonate ions could react with the Ca2+ readily dissolved in the solution. 271 

Whereas Si polymerization was only triggered until the complete removal of the interlayer Ca in C-S-272 

H (approx. at a Ca/Si ratio of 1.2) according to [42]. 273 

Besides, it was determined that RCF060 obtained 17.0% silica gel after carbonation for 6 h while 274 

RCF118 and RCF236 obtained only 11.7% and 7.3% respectively, which were significantly lower than 275 

the 69.5% of RCF015. As seen in Fig. 8, despite the less formation of silica gel, the Q4/Q3 ratio of 276 

RCF236 was obviously higher than RCF118, RCF060 and RCF015, suggesting a higher polymerization 277 

degree and thus confirming the more thorough decalcification and polymerization of the C-S-H in the 278 

surface layer, in line with the conclusion obtained from Fig. 7. 279 

Phase evolution implied the changes of reactivity. As discussed above, the RCF015 was totally re-280 

activated via AC into a Cc-silica gel composite, possessing a promising application as SCM. Meanwhile, 281 

the RCF060-RCF236 was activated more on the surface layer, thus assumed to have a reactive surface. 282 

(a) (b) 



Fig. 8. 29Si NMR spectra of (a) raw RCF015 and carbonated RCF015 (for different carbonation 283 

durations) and (b) carbonated RCF060, RCF118 and RCF236 (for 6 h). 284 

 285 

3.2 Influence of AC on microstructure evolution of RCFs 286 

3.2.1 Pore structure and water absorption evolution as a function of particle size 287 

Fig. 9 shows the cumulative pore volume changes for different RCFs upon carbonation. A strong 288 

particle size dependent behaviour was observed. The total pore volume of RCF015 was found to 289 

markedly increase with time, from the initial 0.104 cm3/g to 0.177 cm3/g after 6 h carbonation, 290 

indicating a 70% increment. Meanwhile, for RCF060, despite a slight increase within the first hour, the 291 

pore volume decreased thereafter, showing ~4% overall increment. As a strong contrast, the pore 292 

volume of RCF118 and RCF236 had significantly decreased, from 0.134 cm3/g to 0.092 cm3/g and from 293 

0.117 cm3/g to 0.088 cm3/g respectively after carbonating for the same duration.  294 

 295 

Fig. 9. Cumulative pore volume of RCFs at different carbonation timeslots. 296 

Different from the gas-solid carbonation after which the pore volume was decreased regardless of the 297 

particle sizes [14, 43], the particle-size dependency of AC was due to the dissolution and diffusion 298 

characteristics in the presence of bulk solution. To reflect the pore size change, the pores were divided 299 

into i) gel pores (i.e., diameter=2-10 nm), ii) medium capillary pores (i.e., 10-42 nm) and iii) larger 300 

capillary pores (>42 nm) [44, 45]. The results in Fig. 10a and b indicated that RCF015 formed an 301 

extensive number of new pores upon contact with water and within the first 30 min. These pores were 302 

mostly medium and larger capillary pores that were created due to the massive dissolution of RCF015 303 



through capillary channels. Whereas it was noticed that the increase of capillary pores gradually 304 

suspended after 30 min and the number of gel pores was notably increased instead. This phenomenon 305 

occurred simultaneously with the formation of silica gel (see Fig. 8) and was attributed to the gel pores 306 

embedded in the newly formed silica gel. The overall increase in both the capillary and gel pores caused 307 

the increase in cumulative pore volume. 308 

Comparing the pore size distributions and evolution of RCF118 and RCF236 with RCF015 (see Fig. 10 309 

e-h), the increase of capillary pores was found rather limited, demonstrating a restrained solid310 

dissolution relative to RCF015 due to the increase of particle size. Instead, significant pore reduction 311 

was obtained. This could be explained by the predominance of carbonate diffusion into the solid matrix 312 

over solid dissolution and leaching into the solution. In other words, the carbonation was driven by the 313 

internal diffusion of aqueous carbonate species into the solid matrix, thus precipitating the Cc locally 314 

and densifying the structure. As for RCF060 (see Fig. 10 c-d), an increase in capillary pores was 315 

observed at the initial period which suggested the partial dissolution, but it was reduced afterwards. 316 

This was owing to the coupling effect of the initial dissolution and then the extensive internal 317 

precipitation of Cc, thus leading to an almost unaltered pore structure. In this regard, RCF060 was 318 

considered as the transition particle size below which total decomposition occurred and above which 319 

structure densification took place. 320 

321 



  

  

  

Fig. 10. Pore volumes and pore distributions of the (a)(b) RCF015, (c)(d) RCF060, (e)(f) RCF118 and 322 

(g)(h) RCF236. 323 

The modification of pore structure directly affected the capacity of RCFs to absorb water. Therefore, 324 

the water absorption values of RCF060, RCF118 and RCF236 were determined (Table 4). The moisture 325 

present in the SSD RCF060 was slightly increased by 0.9% after carbonation for 30 min and then it 326 

decreased very slightly after 6 h, consistent with the results of pore structure evolution. Meanwhile, the 327 

water absorption values of RCF118 and RCF236 were decreased by up to 1.3%, in good agreement 328 

with the changes reported for the matrix densification.  329 

Table 4. Water absorption capacity of raw and carbonated RCFs (wt.%). 330 

 Groups raw Carbonated 



30 min 6h 

Water absorption 

value at 24h  

RCF060 23.1±2.1 24.0±1.3 22.5±1.9 

RCF118 15.5 ±0.5 15.1 ±1.0 14.2 ±1.0 

RCF236 13.9 ±0.9 14.0 ±0.7 13.1 ±0.3 

331 

3.2.2 Phase distribution 332 

RCF015 was almost totally disintegrated and converted to a Cc and silica gel composite based on the 333 

TGA, NMR and BET results. Observations from BSE image and the corresponding EDS mapping were 334 

used to corroborate this finding. It can be seen from Fig. 11a that several phases were present, primarily 335 

including i) extensive clusters of small grains, ii) some relatively big particles with rims in higher 336 

brightness, iii) some cohesive agglomerates and iv) some particles in very high brightness. As annotated 337 

in Fig. 11b, the purple, green and yellow colours represented the Si, Al and Ca respectively. It can be 338 

clearly seen that the clusters distributed all over the cross-section were coloured in pure yellow and thus 339 

recognized as Cc. Meanwhile, the agglomerates were coloured in pure purple, indicating itself as 340 

polymerized silica gel. The relatively intact particles and their surrounding rims, coloured in purple and 341 

yellow respectively, were believed as the decalcified hydration products and Cc respectively. Besides, 342 

those phases with very high brightness and contrast were filled with green or a mix of yellow and purple 343 

colours, demonstrating that they were anhydrous calcium aluminates and silicates respectively, 344 

consistent with the NMR result. Overall, it can be concluded that RCF015 underwent significant 345 

decomposition, with calcium significantly extracted and silicate polymerized. An extensive amount of 346 

Cc particles could be observed in the SE image (Fig. 12), and they were distributed everywhere as 347 

isolated particles as well as in clusters. Meanwhile, the other materials with fluffy morphologies were 348 

believed to be silica gel agglomerated with Cc. Generally, it was verified by SEM that the RCF015 was 349 

almost totally decomposed and restructured due to the extensive formation of silica gel and Cc. 350 



(a) (b) 

Fig. 11. (a) the BSE image and (b) EDS mapping of carbonated RCF015 tablet. 351 

352 

Fig. 12. SE image of the carbonated RCF015 powder. 353 

However, RCF060, RCF118 and RCF236 were modified otherwise as shown in Fig. 13 and they were 354 

found to retain their original structures after 6 h carbonation. For the uncarbonated RCF particles (Fig. 355 

13a), the edge was sharp and clean, indicating the homogeneity of the outer and the inner matrix. 356 

However, after AC, all these RCFs formed an outer layer, exhibiting an obvious shell-core structure. 357 

As observed from the SE images (Fig. 14), the surface of carbonated RCF was covered by an extensive 358 

network of well-crystallized rhombohedral calcite. Therefore, the outermost layer was found as a Cc 359 

coating. This was owing to the dissolution of Ca2+ in the bulk solution and the precipitation of Cc on 360 

the surface of RCFs. However, slight differences can be observed among particles with different particle 361 

sizes. Specifically, the coating of RCF060 was relatively thin and loose, with considerable small Cc 362 

grains/clusters distributed outside the matrix, indicating the leaching of calcium and precipitation of Cc 363 

in the solution instead of purely on the surface of RCF. This phenomenon, in another perspective, can 364 

be regarded as the partial decomposition of the surface layers of RCF060. Meanwhile, for RCF118 and 365 



RCF236, the Cc coatings were thicker and denser. This was because the bigger particle size reduced 366 

the contact surface area of the solids with the bulk solution and the dissolution and leaching were 367 

considerably decreased. As inferred from pore structure evolution, after the initial formation of Cc layer, 368 

carbonation proceeded mostly by the inward diffusion of carbonate species into the RCF matrix and the 369 

precipitation occurred gradually inside the solid, thus densifying both the coating and matrix. Moreover, 370 

the TGA and NMR also indicated that decalcification and polymerization on the surface layer were 371 

more thorough; therefore silica gel layer also existed underneath the Cc coating, together of them 372 

forming a reactive shell on the relatively large particles which was previously validated by our previous 373 

study [40]. 374 

375 

Fig. 13. BSE images of (a) raw RCF060, (b) carbonated RCF060, (c) carbonated RCF118 and (d) 376 
carbonated RCF236 particles. 377 

378 



(a)  (b)  

Fig. 14. Surface morphology of the raw RCF and carbonated RCF. 379 

380 

3.3 Solution chemistry of CO2-water-RCFs interactions 381 

The phase and microstructure evolution of RCFs were directly resulted from the characteristic CO2-382 

water-RCFs interactions due to the use of bulk water and injecting CO2. Therefore, the reaction kinetics 383 

as revealed by pH, EC, and elemental concentrations were discussed. 384 

3.3.1 pH and electrical conductivity 385 

RCFs were alkaline materials due to the incorporation of CH and C-S-H [38]. When the solids were 386 

immersed in water, the pH immediately increased. As shown in Fig. 15a, the initial pH for RCF015, 387 

RCF060, RCF118, and RCF236 were 13.26, 13.21, 12.58 and 12.39 respectively, indicating the similar 388 

and high alkaline nature of the four water-RCF systems. As carbonation started by injecting CO2, the 389 

alkalinity decreased due to the consumption of OH- by H+ as speciated after the dissolution of CO2 i.e., 390 

the neutralization process. By comparing the data, a critical difference was observed i.e., the time 391 

reaching neutrality. As can be seen, pH sharply decreased in terms of RCF236, RCF118 and RCF060; 392 

only 2-6 min was required to reach a pH value of 7. However, the pH decrease in the case of RCF015 393 

was significantly buffered and an extensively longer time (~23 min) was needed to reach neutrality. 394 

Subsequently, the bulk solution became acidic (pH<7) and the rate of pH changes was found to 395 

significantly slow down, reaching the minimum values (pH=6.01-6.63) at around 30 min regardless of 396 

the particle sizes and then showing very slow and slight pH rebound afterwards. 397 



Knowing that pH was primarily maintained by the dissolution of CH and C-S-H from RCFs [38], finer 398 

particles clearly showed greater ability in constantly dissolving these two phases to compensate the OH-. 399 

The significance of sustaining alkalinity during carbonation was closely associated with the speciation 400 

of dissolved CO2 and the effect was illustrated in Fig. 16. It suggested that carbonate ions (i.e., CO3
2-) 401 

were the dominant species over bicarbonate ions (HCO3
-) and carbonic acid (H2CO3) at pH>10.5, while 402 

it totally disappeared at pH<7. Formation of the Cc was favourable with abundant CO3
2- while it could 403 

become impossible with the absence of CO3
2-. Therefore, the high pH environment at the starting stage 404 

was one of the critical factors responsible for quick Cc precipitation, and the longer alkalinity duration 405 

of RCF015 system contributed to longer Cc precipitation and thus the highest Cc amount. After the pH 406 

reached <7, carbonation was expected to suspend. However, it was experimentally observed to continue 407 

in the long run based on the Cc amount evolution as seen in Fig. 5. Considering the particle sizes, it was 408 

believed that carbonation in the bulk solution was suspended, but penetration of aqueous carbonate 409 

species (HCO3
- and H2CO3) into the solid matrix became the main driven force for the ongoing 410 

carbonation. 411 

The EC values, as monitored simultaneously with pH, also varied significantly depending on the particle 412 

size, with RCF015 system showing the highest conductivity and RCF236 the lowest (see Fig. 15b). It 413 

indicated that finer particles could release more ions than their coarse counterparts due to an enhanced 414 

dissolution. The trend of EC evolution could be described by a very rapid decrease at the initial stage 415 

and then a very slow increase afterwards. The time reaching the lowest EC values corresponded well 416 

with the time reaching pH=10.5, confirming the intensive reaction with the adequate presence of CO3
2-. 417 

The rapid EC decrease was mainly ascribed to the consumption of Ca2+ to precipitate Cc, indicating the 418 

dissolution rate was much slower than its consumption. While at the later age, EC increase was due to 419 

the decreased carbonation rate, and the consumed ions were compensated by the diffusion of internally 420 

dissolved ions until an equilibrium. 421 



(a) (b) 

Fig. 15. pH and EC evolution over time in the aqueous carbonation. 422 

423 

Fig. 16. Mole fractions of the carbonic acid, bicarbonate ions and carbonate ions as a function of pH 424 

[46]. 425 

3.3.2 Elemental concentrations 426 

As direct indicators of the AC reaction, elemental concentrations in the solution as determined by ICP-427 

OES are presented in Fig. 17. It was found that, prior to carbonation, Ca2+ was the predominant ion 428 

dissolved from RCFs, the initial concentrations of which were 9.0, 11.6, 12.9 and 15.9 mM for RCF236, 429 

RCF118, RCF060 and RCF015 respectively. The high Ca2+ concentration and the continuing 430 

dissolution at the initial stage was the other reason for the intensive Cc precipitation apart from the 431 

abundant CO3
2-. Finer particles released more Ca2+ and thus contributed to higher EC values as 432 

discussed above. Apart from the Ca2+, alkali ions including the Na+ and K+ also showed high 433 



concentrations but were rather varied among different particle sizes. It was observed that Na+ 434 

concentration for RCF236 was only 1.0 mM, while it dramatically increased to about six times (i.e., 6.1 435 

mM) for RCF015 due to the particle size reduction. K+ behaved similarly and its concentration was 2.6 436 

mM for RCF236 and increased to 7.3 mM for RCF015. Ca2+ originated from both the CH and C-S-H, 437 

while alkali ions were only from the C-S-H [47]. Therefore, the higher alkali concentration indicated a 438 

higher degree of C-S-H participating in the dissolution. The alkali concentrations reported in this study 439 

were similar to those in [25], both of which were clearly lower than the alkali concentrations in the 440 

common pore solutions of cement paste samples as reported by Lothenbach [48] and Vollpracht et al. 441 

[49] (typically ranged from 50 to 500mM). This was possibly owing to the dilution caused by the442 

employment of a high liquid to solid ratio as well as the low amount of total alkalis in cement system 443 

as compared with Ca2+, despite a high dissolution level of C-S-H in the late age of RCF015. In addition, 444 

it was observed that Ca2+ concentrations were about one to two orders of magnitude higher than Si, Al 445 

and S. The Si concentrations were found to be extremely low regardless of the particle size owing to 446 

the stable chain structure, while Al and S concentrations were slightly higher due to the dissolution of 447 

hydrated or anhydrous aluminate phases. 448 

Upon the injection of CO2, Ca2+ underwent the most significant consumption, as the concentrations 449 

were decreased by 10-21 times within just 1-2 min for RCF236, RCF118 and RCF060. As a comparison, 450 

the Ca2+ concentration reduction was much slower for RCF015, indicating a higher buffering ability. It 451 

was believed that the consumed Ca2+ could be rapidly compensated by the further dissolution of 452 

calcium-bearing phases in RCF015 on account of the fine particle size. However, after reaching the 453 

lowest point, the Ca2+ concentrations were found to slowly increase over time. This was because 454 

dissolution and reaction mainly occurred inside the RCF solid matrix and thus the concentration 455 

gradients were formed (higher in the solid matrix and lower in the bulk solution). As such, Ca2+ diffused 456 

back to the bulk solution until reaching an equilibrium. 457 

The Na+ and K+ concentrations were relatively stable over time. This might be attributed to the high 458 

solubility of the alkalis and they were not precipitated as sole products. However, a decrease in K+ for 459 

RCF015 and an increase of Na+ and K+ for RCF236 were also observed. The former might be due to 460 

the incorporation of K+ into the carbonation product structure i.e., silica gel to obtain the charge balance, 461 

while the latter was attributed to the ongoing dissolution of C-S-H that released alkali ions. Besides, it 462 



was seen that the S concentration of RCF015 was significantly higher than other RCFs. This was owing 463 

to the higher participation of aluminate phases in the dissolution and carbonation on account of the 464 

higher surface area. The alkali adsorption behavior of the carbonation-induced gel was also confirmed 465 

by  Zajac et al. [50] through dosing external alkali solutions. It was found that higher concentrations of 466 

alkali solutions resulted in higher number of alkalis adsorptions in the gel, which subsequently led to 467 

the decrease in the position of Si–O bond vibration peak as well as the shift of 29Si NMR resonance to 468 

higher frequency. Moreover, the higher alkali concentrations were also accompanied with enhanced 469 

sulphate leaching, which was also consistent with the observations in this study. 470 

Realizing the above data was collected from paste RCFs to avoid huge variation from impurity 471 

contaminations, the behavior of real RCFs in the bulk solution was also determined as shown in Figs. 472 

15 and 17 for comparison. The noticeable difference was the dilution effect caused by the incorporation 473 

of the inert phases (i.e., natural aggregate) since the results followed the same pattern of that of the paste 474 

RCFs. Thus, the behavior of real RCFs was consistent with the paste RCFs, which was reasonable since 475 

cement paste was the only reactive phase towards carbonation.   476 

  
(a) (b) 



  
(c) (d) 

  
(e) (f) 

Fig. 17. Molar concentration evolution of (a) Ca, (b) Na, (c)K, (d)Si, (e) Al and (f) S in the solutions. 477 

 478 

3.4 Influence of AC on inert phases 479 

After validating the behaviour of real RCFs in bulk solution, the influence of AC on the inert phases 480 

originally included in real RCFs was investigated via SEM. This was because the surface of the inert 481 

phases (e.g., quartz or crushed granite) might be improved due to Cc deposition. As can be seen in Fig. 482 

18a, in RCF015, quartz sand was mostly present as isolated particles, and they could be easily 483 

recognized by their smooth surfaces. It was found these pure quartz particles were covered by extensive 484 

amount of smaller grains. Based on the EDS spectra, the particle and the small grains were confirmed 485 

as quartz and Cc respectively, confirming the deposition of Cc on inert phases. Besides, in the case of 486 

RCF060 and RCF118, some quartz exposures could be observed; they were also partially covered by 487 

the rhombohedral Cc. When the particle sizes further increased i.e., RCF236, larger quartz particle 488 



surface could be seen (Fig. 18d). On these quartz surfaces, Cc precipitation could be clearly observed. 489 

Moreover, BSE images of the real RCFs were acquired with the EDS mapping. As shown in Fig. 19, a 490 

clear calcium-rich layer was observed around the quartz particle which was identified as the Cc 491 

deposition, thus suggesting a distinguished ability of AC in modifying the surface morphology of the 492 

inert phases. Cc has a higher affinity for Ca2+ than quartz sand; hence a higher density of C-S-H nuclei 493 

could form on the modified surface via the ionic-covalent bond, therefore improving the bonding when 494 

RCFs were used in new mortars [51]. 495 

 496 

Fig. 18. SEM images of the quartz sand surface RCFs after aqueous carbonation (a) RCF015, (b) 497 

RCF060, (c) RCF118 and (d) RCF236. 498 

 499 

 500 



Fig. 19. Images of the inert quartz sand particle embedded in real RCF (a) BSE image, (b) EDS 501 
layered image, (c) Si Kα image and (d) Ca Kα image. 502 

 503 

3.5 Influence of carbonated RCFs on compressive strength of pastes/mortars 504 

RCF015 was carbonated for 6 h and used as cement replacement in new pastes. As shown in Fig. 20a, 505 

65.7 MPa was attained for the pure OPC paste after hydration for 28 days. The use of 10% raw RCF015 506 

in place of OPC resulted in a slight strength decrease to 62.0 MPa, while increasing dosages were found 507 

to result in up to 55.4% strength reduction, owing to poor reactivity of raw RCF015 and thus the dilution 508 

of OPC. As a comparison, the strength reduction was significantly mitigated with the use of carbonated 509 

RCF015. It was particularly obvious at the replacement level of 30%, which not only showed 13.2% 510 

improvement as compared with the raw RCF paste but also obtained an overall comparable strength to 511 

the pure OPC paste.  512 

Meanwhile, to reflect the real applicability of RCF as fine aggregate, RCF060, RCF118 and RCF236 513 

were mixed as per the grading curve similar to natural sand (Fig. 21) and then carbonated for 6 h. 514 

Subsequently, they were used as partial natural aggregate replacement (i.e., 20%, 40%, 60%) to make 515 

new mortars. The results (Fig. 20b) showed that the reference group with 100% natural sand achieved 516 

a compressive strength of 67.0 MPa at 28 days. While the use of 20% uncarbonated RCF resulted in 517 

10.1% strength decrease to 60.2 MPa. Besides, the strength was found to be further decreased with the 518 

increasing amount of uncarbonated RCF, to a lowest of 54.6 MPa at 60%, suggesting a 18.5% reduction. 519 

This monotonous strength reduction was owing to the high porosity of RCF and the weak interfacial 520 

transition zone in new mortar when compared with natural aggregate as well documented in previous 521 

studies [1, 52]. However, when carbonated RCF was used, strength decrease was also significantly 522 

mitigated. The mortar with 20% carbonated RCF achieved comparable strength to the reference (i.e., 523 

65.7 MPa), and the mortar made with 60% carbonated RCF still attained 58.5 MPa. Therefore, the AC 524 

was found to be an efficient and effective method to treat the RCFs and to improve their performance 525 

as SCM or aggregates. 526 



(a) (b) 

Fig. 20. Compressive strength development of (a) pastes containing RCF015 and (b) mortars 527 

containing RCF060-236. 528 

529 

Fig. 21. Grading curves of the natural quartz sand and the combined real RCFs used in mortar. 530 

531 

4 Summary and discussion 532 



533 

Fig. 22. Illustration of the reaction process of aqueous carbonation on recycled concrete fines (a) 534 
RCF236, (b) RCF118, (c) RCF060 and (d) RCF015. 535 

536 

As presented above, the RCFs subjected to AC were modified differently depending on the particle 537 

sizes. As illustrated in Fig. 22, the largest particle RCF236 formed a dense and reactive shell on its 538 

surface. The shell contained pure Cc coating and thoroughly decalcified silica gel (Q4). In addition to 539 

the shell, RCF236 also underwent significant pore refinement after AC, leading to the densification of 540 

its solid matrix. RCF118, as slightly finer than RCF236, exhibited a similar shell formation and 541 

densification effects. By contrast, RCF060 was reckoned as the transition group because it encountered 542 

partial decomposition firstly and then densification in the long run. Overall, it released Cc from its main 543 

matrix, formed a reactive shell and generated a higher amount of total silica gel (Q3+Q4) and Cc was 544 

also formed away from its main matrix. With the further decrease of particle size (i.e., RCF015), drastic 545 

decomposition occurred, and the powder was almost totally converted to a Cc and silica gel composite, 546 

accompanied by the disintegration of the solid matrix. 547 

The significantly different responses of RCFs upon carbonation were related to the different CO2-water-548 

RCFs interactions. Dissolution and leaching, which naturally took place when the RCFs were immersed 549 

in water, were the very first step of the liquid-solid reaction. It referred to i) the hydrolysis of calcium-550 



bearing phases, and ii) the diffusion of Ca2+ from the solid into the solution, which resulted in the 551 

increase of alkalinity, conductivity and Ca2+ concentrations. The high alkalinity maintained the 552 

carbonate species in the form of CO3
2- when CO2 was ionized. As such, the newly formed CO3

2- upon 553 

injection of gaseous CO2 could immediately react with the readily dissolved Ca2+ in the solution. 554 

Therefore, the solution became quickly oversaturated with respect to Cc [39, 40] and thus it intensively 555 

nucleated and precipitated on the unreacted surface of RCFs, thus forming the Cc coating. However, as 556 

shown in Fig. 15a and 17a, due to the fine particle size, RCF015 dissolved more quickly and thus 557 

showed a higher ability in buffering the alkalinity and Ca2+ concentrations in the solution. Therefore, 558 

the Cc precipitation lasted much longer, causing its total decomposition. On the other hand, the recovery 559 

of pH and Ca2+ from the coarse particles (RCF060, RCF118 and RCF236) was slower and thus the high 560 

alkalinity period was quickly ended. Subsequently, the carbonate species diffused through the pores 561 

into the alkaline solid matrix [30] and reacted with the inner Ca2+ to precipitate Cc, resulting in the 562 

densification of the matrix. 563 

Besides, it was highlighted in Fig. 5 that the formation of Cc was quite intensive, as 68-88% of the final 564 

amount of Cc was formed within 30 min. However, extending carbonation duration was meaningful in 565 

obtaining i) more silica gel for RCF015 and RCF060, and ii) more densified structure for RCF118 and 566 

RCF236. They contributed differently to the development of compressive strength when used in 567 

pastes/mortars. For RCF015, it mainly played the role of SCM where extensive amounts of Cc and 568 

silica gel were present. The micro-sized Cc not only acted as micro-fillers in the blended cement paste, 569 

but also reacted with the aluminate phase and stabilized the ettringite; while the silica gel was reacted 570 

with CH to produce additional C-S-H [53]. For RCF236 and RCF118, they could provide a stronger 571 

framework for the mortar to attain higher strength; meanwhile, as revealed by our previous study, the 572 

reactive shell formed helped to develop a better bonding between the RCFs with the new cement mortar 573 

[40, 53], and thus an enhanced interfacial transition zone [26, 53]. Nevertheless, the RCF060 fraction 574 

in the aggregates could act as a smart aggregate that not only provided more silica gel and Cc coating 575 

to trigger the pozzolanic reaction and enhance bonding, but also some Cc were decomposed from its 576 

main body as micro- or nano-fillers for the mortar (see Fig. 13b). 577 

578 

5 Conclusions 579 



This study investigated the effects of AC on different fractions of RCFs. Characteristic changes in the 580 

cement paste, inert phase, bulk solutions and their influences in compressive strength development of 581 

new paste (as cement substitutes) and mortars (as fine aggregate substitutes) were investigated. By 582 

reviewing the experimental results presented above, the following conclusions can be drawn: 583 

(1) AC was very efficient in carbonating the RCFs, about 68-88% of the final amount of Cc was formed 584 

within 30 min. Nevertheless, the total amount of Cc precipitation was dependent on particle size, with 585 

the fractions RCF015, RCF060, RCF118 and RCF236 possessing 70.7%, 21.5%, 14.2% and 9.0% Cc 586 

respectively after carbonation for 6h.The precipitated Cc was found to be well-crystallized calcite, 587 

showing rhombohedral morphology. No presence of aragonite and vaterite was detected.  588 

(2) Unlike the quick precipitation of Cc, silica gel was progressively formed mainly in the late period 589 

(>1h). Approximately 70% of silicate phases were polymerized into silica gel after 6h with regard to 590 

RCF015. Increasing the particle size significantly decreased the amount of silica gel to 17.1%, 11.7% 591 

and 7.3% for RCF060, RCF118 and RCF236 respectively.  592 

(3) The pore structure of the carbonated RCFs also showed a strong particle size effect. Extensive gel 593 

pores were formed in RCF015 associated with the formation of silica gel, resulting in the increase of 594 

cumulative pore volume by about 70%. As a comparison, the RCF118 and RCF236 had decreased pore 595 

volume by up to 31%, indicative of structural densification. RCF060 was a transition where dissolution-596 

induced pore coarsening occurred in the initial period and densification took place in the later period. 597 

(4) Modification of AC on the microstructure of RCFs was firstly surface-based when the 598 

dissolution/decalcification took place mainly on the surface layers. It was responsible for the formation 599 

of the shell-core structure where the Cc coating and silica gel layer formed the shell. However, it 600 

gradually became diffusion controlled by the internal diffusion of aqueous carbonate species, thus 601 

leading to the densification of RCF matrices, which was referred to as the densified core. While for 602 

decreased particle size e.g., RCF015, Cc not only precipitated on the surface of the particles but also 603 

massively nucleated and grew in the solution space, thus causing its disintegration and decomposition. 604 

(5) From the solution chemistry point of view, the strong alkalinity maintaining and Ca2+ buffering 605 

ability of RCF015 on account of its fine particle size was the primary reason why RCF015 was totally 606 

decomposed. Specifically, the high alkalinity favored CO2 dissolution and CO3
2- availability, while the 607 



consumption of Ca2+ was quickly buffered by the dissolution of calcium-bearing phases. In this manner, 608 

the RCF015 was significantly reacted.  Nevertheless, the carbonation of RCF236 and RCF118 mediated 609 

in the bulk solution was quickly suspended due to the quick lowering of pH and was subsequently 610 

slowly driven by the inward penetration of aqueous carbonate species into the solid matrix where local 611 

environment was alkaline.  612 

(6) Overall, the quality of RCF236 and RCF118 was improved after AC by densifying the solid matrices 613 

and improving the surface properties with a higher bonding ability. Meanwhile, the quality of the 614 

RCF060 was improved due to the partial decomposition, formation of abundant amounts of Cc and 615 

silica gel. In contrast, the quality of RCF015 was improved by significantly modifying its composition 616 

and reactivating its cementing ability. Besides, the inert phases embedded in RCFs were found to have 617 

some Cc depositions due to the characteristic dissolution and precipitation process of AC. Therefore, 618 

when incorporating the carbonated RCFs into mortars as aggregates or into cement paste as a SCM, the 619 

compressive strength was markedly improved.  620 
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