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Abstract
Recycled concrete paste (RCP) can be transformed to the carbonated RCP (cRCP) as supplementary cementitious materials 
(SCM). By blending cRCP with calcined clay prepared from excavated waste, a distinctive limestone calcined clay cement 
(LC3) was produced. The aim of this research was to assess the reactivity of LC3 produced from the cRCP utilizing differ-
ent carbonation procedures, via isothermal calorimetry. The carbonation process occurred at 100% R.H. and 20 vol.% CO2 
concentration. To investigate the effect of pre-wetting treatment on the carbonation degree, the RCP was pre-wetted using 
either deionized water or 0.1 mol L−1 NaOH solution. The carbonation degree and microstructure of cRCP were analyzed 
using thermogravimetric analysis, X-ray diffraction, and solid-state nuclear magnetic resonance. The results revealed that 
pre-wetting methods significantly impact carbonation degree, while the alkali solutions had moderate influence. Notably, 
the pre-wetting procedure aided in decalcifying other hydrates apart from portlandite, leading to compositional variations 
within the cRCP. Nevertheless, these variations did not significantly affect the cRCP’s reactivity in LC3.
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Introduction

The cement industry in China emitted approximately 1.3 bil-
lion tons of CO2 in 2020 [1], about 13% anthropogenic CO2 
emission in China annually, representing a significant obsta-
cle in accomplishing the country’s goal of achieving 'carbon 
peak and carbon neutrality'. The United Nations Environ-
ment Programme (UNEP) highlighted the production of 

composite cements, which contain high blends of supple-
mentary cementitious materials (SCM), as a strategy for 
reducing CO2 emissions in the cement industry in the next 
30 years [2].

Recycled concrete paste (RCP) refers to the fine frac-
tion that results from the recycling of demolished concrete, 
obtained during the production of recycled aggregates. RCP 
mainly comprises hydrated cement paste and the fine frac-
tion of aggregates [3]. CO2 mineralization of RCP into SCM 
has been introduced as a new technique for carbon capture 
and utilization (CCU) [4], which is one of the most common 
treatments to improve RCP’s reactivity [5]. The hydration 
products such as portlandite, calcium silicate hydrate gel, 
and ettringite react with CO2 to form various types of CaCO3 
(calcite, vaterite, aragonite, or amorphous CaCO3) and alu-
mina–silica gel [5]. The cement composite that results from 
the carbonated RCP (cRCP) demonstrates higher strength 
compared to that of limestone, due to the formation of cal-
cium carboaluminate hydrate, suggesting its viability as 
SCM [5, 6].

Various carbonation methods have been suggested, either 
on realistic recycled concrete fines [7] or on simulated recy-
cled concrete paste, to comprehensive understand the car-
bonation mechanism. The RCP was carbonated under mild 
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conditions of 65% R.H., 20°C, and 20% CO2 concentration 
[8]. This is regarded as a typical accelerated carbonation 
setup for investigating the carbonation resistance of con-
crete. After 28 days of carbonation, approximately 17% 
Ca(OH)2 remained in the RCP, indicating a relatively low 
carbonation efficiency. Wet carbonation in an alkaline solu-
tion resulted in a 90% carbonation degree within 2 h. Addi-
tionally, the carbonation products were impervious to the 
initial phase composition of the RCP, suggesting that scaling 
up the wet method to an industrial level is feasible [9]. Alkali 
in the solution facilitated CO2 dissolution, initially expedit-
ing carbonation, but then hampering it due to its adverse 
impact on hydrate dissolution. Increased alkali concentration 
had no bearing on the overall carbonation efficiency for the 
wet method [10]. Increased alkali concentrations resulted 
in larger calcite crystals, whereas alkali concentration had 
only a minor impact on the composition or structure of the 
alumina–silica gel [11]. While the wet method is an effi-
cient carbonation method, it requires energy for agitation 
and more procedures for liquid–solid separation and drying. 
As a result, a semi-dry method was developed by exposing 
the RCP to a humid atmosphere. Research discovered that 
the relative humidity was pivotal to carbonation efficiency, 
where the carbonation degree increased from 31% at 80% 
R.H. to 66% at 100% R.H. in a span of 5 h. The influence of 
CO2 concentration was lighten, as shown in reference [12]. 
The transport of CO2 in water is sluggish, yet liquid water 
is advantageous for transporting of the other reactants. The 
semi-dry method, while disadvantaged by the densification 
effect of carbonation products, still attained a carbonation 
efficiency lower than the wet method. However, it repre-
sented a trade-off between carbonation efficiency and ease 
of processing.

Ternary composite cements comprising Portland cement, 
metakaolin, cRCP, or RCP have recently been investigated 
[13, 14]. In the composite cement with 10% metakaolin and 
30% cRCP, alumina–silica gel facilitated portlandite con-
sumption and calcium carbonate stabilized ettringite content, 
resulting in high reaction degree and compressive strength at 
early ages [13]. It was demonstrated that the alumina–silica 
gel formed by carbonation does not hinder the hydration 
of metakaolin or vice versa. In the composite cement with 
30% metakaolin and RCP, a synergistic effect with respect 
to reaction kinetics and mechanical strength was observed, 
when the mass ratio between metakaolin and RCP was 2:1, 
regardless of the mineralogical composition of the RCPs 
[14]. These findings highlight the importance of the concur-
rent use of reactive alumina–silica and calcium carbonate 
sources.

Limestone calcined clay cement (LC3) comprises cal-
cined clay and limestone powder, which contains both reac-
tive alumina–silica and calcium carbonate as SCM [15]. 
As a low-carbon cement, it is readily available, simple to 

produce, and capable of reducing CO2 emissions by up to 
50% compared to Portland cement [16]. Over 1 billion tons 
of construction and demolition waste (CDW) are produced 
annually in China [17], mainly in the form of excavated 
waste soil (approx. 70%) and inert CDW (approx. 30%) such 
as concrete debris. Therefore, the substitution of cRCP and 
excavated soil for limestone and clay in the manufacturing 
of LC3 is advantageous.

This study aims to understand the collective influence 
of semi-dry and alkaline conditions on RCP carbonation 
degree. Additionally, the potential for cRCP as an alterna-
tive to limestone in LC3 will be assessed. Research indicates 
that calcined clay and limestone yield a synergistic effect 
on the performance of LC3 [18]. Nonetheless, it is uncer-
tain whether employing cRCP instead of limestone would 
adversely affect the performance of LC3. The heat of hydra-
tion is a sensitive indicator of the reactivity of cementitious 
materials [19]. A significant correlation existed between the 
heat of hydration after 3 days and the compressive strength 
of cementitious materials after 28 days [20]. Thus, the heat 
of hydration will be used to evaluate the reactivity of cRCP 
in LC3 in this study.

Materials and methods

Materials

The cement used in this study was a P I 52.5 Portland 
cement (comparable to CEM I 52.5N). Raw clay was made 
from an excavated soil in Shenzhen. Raw clay sources like 
excavated clay can be used as raw materials to produce LC3 
[21] or composite cement [22]. In this study, excavated soil 
was used as clay source by means of wet separation. The 
excavated soil was initially mixed with tap water to create 
a suspension. The suspension underwent filtration through 
a sieve with a pore diameter of 75 μm. Further separation 
was achieved by sedimentation of the filtered suspension. 
The sediment was dried in an oven operating at 105 °C. Fol-
lowing the drying process, the sieved soil was ground and 
subjected to analysis via X-ray diffraction (XRD) and ther-
mogravimetric analysis (TGA). Following the analysis, the 
sieved soil was composed of kaolinite, illite, and quartz. The 
kaolinite content was determined to be 67.8% via TGA using 
the tangential method [23]. To obtain the calcined clay, the 
sieved soil was calcined within a muffle furnace at 800°C 
for a duration of 2 h. The workflow for the preparation of the 
calcined clay presents in Fig. 1a. Based on the BET method, 
the surface area of the calcined clay was found to be 15.8 
m2 g−1.

The chemical compositions of the cement and the cal-
cined clay were determined by means of Thermo Fisher 
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ARL PERFORM'X sequential XRF and quantitatively ana-
lyzed using UniQuant software (Table 1).

Carbonation of the RCP

The RCP was simulated using hydrated and ground cement 
paste. The hydrated cement paste was produced with a water-to-
cement ratio of 0.35 and was cured in a climatic chamber at over 
90% R.H. and 20 ± 2 °C for 28 days, similar with the procedure 
described in the literature but with a shorter curing period [24]. 
The hydrated cement paste was then crushed and mechanically 
ground to pass through a 75-μm pore diameter sieve to serve as 
the starting material for the carbonation experiment. The BET 
surface area of the RCP was 6.3 m2 g−1.

Carbonating the RCP involved varying parameters, as 
stated in Table 2. The RCP was positioned horizontally in a 
tray with an approximate depth of 1 mm. To pre-wet the sam-
ples in the semi-dry method, different solid–liquid ratios of 
deionized water were sprayed on top. In the semi-dry with lye 
method, 0.1 mol L−1 NaOH solution was utilized. The sam-
ple tray was then put into a carbonation chamber for 30–180 
min, where the CO2 concentration was 20%, and the relative 
humidity and temperature were 100% and 20 ± 2 °C, respec-
tively. It is important to acknowledge that the utilization of 
100% R.H. in this study renders the dry method as nominal. 
The workflow for the preparation of the cRCP presents in 
Fig. 1b.

Fig. 1   Workflow for the prepa-
ration of a the calcined clay and 
b the cRCP
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Table 1   The chemical 
composition of the cement and 
calcined clay/%

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O TiO2 LOI

Cement 67.0 18.6 5.4 3.0 1.3 3.1 0.5 0.3 0.4 2.2
Calcined clay 0.2 49.5 43.6 4.4 0.5 N.A 1.1 N.A N.A 1.2
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The theoretical carbonation degree was suggested to be 
calculated based on the mass fractions of all alkaline (earth) 
oxides in cement except CaO in gypsum [25]:

where ω is the mass fraction of the oxides listed in Table 1, 
and M is the molar mass of the oxides.

The carbonation degree can be calculated based on the 
measured CO2 content in the cRCP and the theoretical car-
bonation degree:

(1)
�theoretical,CO2

=
MCO2

MCaO
×
(

�CaO − 0.7 × �SO3

)

+ 0.71 × �Na2O + 0.4675 × �K2O

where w/c is the water-to-cement ratio used in the prepara-
tion of the RCP.

Methods

Characterization of the cRCP

The content of CaCO3 and Ca(OH)2 content in the cRCP 
was determined using TGA by employing the tangential 

(2)�carbonation degree =
(1 + w∕c) × �measured, CO2

(

1 − �measured, CO2

)

× �theoretical, CO2

Table 2   Full-factorial design of 
carbonation experiment

Method Liquid–solid ratio for 
pre-wetting

Lye concentration /
mol L−1

Time/min Number 
of the 
cRCP

Dry 0 0 30, 60, 120, 180 4
Semi-dry 0.01, 0.05, 0.1 0 30, 60, 120, 180 12
Semi-dry with lye 0.01, 0.05, 0.1 0.1 30, 60, 120, 180 12
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Fig. 2   a Determination of the CaCO3 and Ca(OH)2 content in the 
cRCP by TGA using the tangential method; the effect of: b carbona-
tion method; c carbonation time; and d liquid–solid ratio on the min-

eral content in the cRCP (The numbers above the data points are the 
difference between the carbonated and uncarbonated RCP)
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method, which is illustrated in Fig. 2a. Measurements were 
conducted using a Netzsch STA 449 F3 under a N2 atmos-
phere and with a gas flow rate of 30 mL min−1 and a heating 
rate of 10 K min−1.

For XRD analysis, a Bruker D8 Advance X-ray diffrac-
tometer was used, operating at 40 kV and 40 mA, employing 
Cu-Kα radiation (λ = 1.5406 Å) in the θ–2θ configuration 
with an angular scan range from 5 to 70° 2θ. The scan step 
was 0.0190° and lasted for 19.2 s.

The spectra for 29Si- and 27Al NMR spectra were obtained 
using at the JEOL JNM-ECZ 600R NMR spectrometer with 
a magnetic field strength of 14.1 T. The measurements for 
29Si- and 27Al-NMR were taken in 8-mm zircon rotors at a 
spin rate of 6 kHz and 3.2-mm zircon rotors at a spin rate of 
15 kHz, respectively. 90° pulses were used in single-pulse 
mode with a repetition time of 60 s for 29Si-NMR and 5 s 
for 27Al-NMR measurements. Trimethylsilylpropanoic acid 
(TSP) and AlK(SO4)2∙12H2O were used as standard refer-
ence for the chemical shift at 1.459 ppm in the 29Si spectra 
and at -0.21 ppm in the 27Al spectra, respectively. The instru-
ment software JEOL Delta was used to process the acquired 
1D spectra.

Reactivity of the cRCP in LC3

In this study, the LC3 mixed with 53% cement, 30% cal-
cined clay, 15% limestone, and additional 2% gypsum. The 
limestone was substituted with the cRCP to prepare the 
unique LC3 produced from CDW. The BET surface area of 
the limestone was 3.9 m2 g−1. The BET surface area of the 
cRCP treated through the dry method was 6.3 m2 g−1, while 
the surface area of the cRCP treated with semi-dry methods 
spanned between 8 and 8.1 m2 g−1.

The samples’ reactivity was assessed through the quantifi-
cation of the heat of hydration, using isothermal calorimetry. 
The samples were prepared with a water-to-solid ratio of 0.4, 
while 0.2% PCE superplasticizer was added. At 20°C, the 
heat flow was monitored using TA Instruments TAM Air. 
To prepare the test samples, 3 g of powder was mixed with 
1.2-mL water in a 10-mL vial and vortex stirred for 1 min. 
The measurement lasted for 72 h.

Results and discussion

Carbonation of the RCP

Prior to the carbonation experiment, the RCP underwent 
natural carbonation via atmospheric CO2, resulting in 
CaCO3 and Ca(OH)2 contents of 4.4 g per 100-g RCP and 
11.0 g per 100-g RCP, respectively. Following the carbona-
tion experiment, the CaCO3 content of cRCP processed 
using the dry method was considerably lower than that of 

the semi-dry methods, while the semi-dry with lye method 
demonstrated higher carbonation efficiency than the semi-
dry method (refer to Fig. 2b). Equation (2) reveals that the 
cRCP achieved a maximum carbonation degree of 41%, cor-
responding to 30.8-g CaCO3 per 100-g cRCP. Samples pro-
cessed using the three carbonation methods achieved average 
carbonation degrees of 21%, 26%, and 30%, respectively. It 
was reported in the literature [12] that the maximum car-
bonation degree of the semi-dry method was 61% at 100% 
R.H., which utilized vibrating sieves during the carbonation 
process. Nonetheless, the semi-dry and alkaline conditions 
did enhance the carbonation degree in the RCP. The dis-
proportionate increase in CaCO3 content and decrease in 
Ca(OH)2 content in the cRCP indicated that carbonation of 
Ca(OH)2 (portlandite) was not the primary source of CaCO3 
incrementation. Therefore, the pre-wetting treatment was 
advantageous for the carbonation of hydration products such 
as calcium silicate hydrate (C-S-H) gel and ettringite, rather 
than portlandite.

As the carbonation time increases, the CaCO3 content in 
the cRCP increases while the Ca(OH)2 content decreases 
gradually (Fig. 2c). The lengthening of the carbonation 
time appears to have a negligible impact on the carbonation 
of Ca(OH)2, but has a significant effect on other hydration 
products. The dissolution of Ca(OH)2 in the pore solution 
protects C-S-H gel from carbonation [26]. The only explana-
tion for this phenomena is that CO2 diffusion was impeded 
by the carbonation products deposited on the outer shell, 
as carbonation of hardened cement paste caused a compact 
microstructure in the hardened paste [27].

The liquid–solid ratio is a key factor in determining the 
carbonation degree. Although the experimental conditions 
in this study maintained a high humidity, the formation of 
CaCO3 is to some extent influenced by the pre-wetting treat-
ment. As the liquid–solid ratio increased to 0.01, the CaCO3 
content increased significantly, while the higher ratio did 
not largely contribute to the increase in the CaCO3 content. 
A big margin of error on the CaCO3 content was observed, 
indicating the importance of carbonation time and alkali 
environment for the carbonation of the hydration products 
besides portlandite (see Fig. 2d).

Microstructural evolution in the cRCP

In the field of silicate chemistry, Qn species are utilized to 
indicate the polymerization degree of SiO4, with the value 
of n indicating the number of bridging oxygen present in 
a single SiO4 tetrahedron. The 29Si NMR spectrum shows 
peaks found at − 71 ppm, − 79 ppm, and − 84 ppm (Fig. 3a), 
which are recognized as Q0, Q1, and Q2 species, respectively 
[28]. Q0 originates from belite (dicalcium silicate or C2S) 
in the anhydrous cement while Q1 and Q2 are located at the 
pair or corner sites in C-S-H gel. Carbonation facilitated 
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the decalcification of the C-S-H gel and converted it into 
calcium carbonate and alumina–silica gel, as noted in refer-
ence [4]. The proportion of Q0 and Q1 species decreased, 
while the proportion of Q2 species increased in all the cRCP 
after 180 min of carbonation. However, the expected Q3 spe-
cies was absent, pointing to incomplete decalcification of 
the C-S-H gel.

Al with coordination structure of fourfold, fivefold, or 
sixfold can be differentiated based on the chemical shift 
range observed in the 27Al NMR spectrum (see Fig. 3b). 
However, there is some overlap in the range of 20–50 ppm, 
which is due to the presence of distorted fourfold-coordi-
nated Al (Al(IV)) or fivefold-coordinated Al (Al(V)). The 
peaks observed at 13 ppm and 10 ppm in the spectrum can 
be attributed to ettringite and alumino-ferrite-mono (AFm) 
of the hydrocalumite subgroups, respectively [29]. The 

signal at around 5 ppm was less affected by the various car-
bonation methods. Previously assigned to third aluminate 
hydrate (TAH) with an unknown structure, it has recently 
been reported to be the signal of sixfold-coordinated Al 
(Al(VI)) in the calcium aluminum silicate hydrate (C-A-S-
H) gel structure [30]. The findings suggest that C-A-S-H 
gel may exhibit slightly greater carbonation resistance than 
C-S-H gel, in line with a recent study on pure gels [31]. 
Other Al species in the spectra were identified as Al(IV), 
with a range of 20–90 ppm. It is evident that carbonation 
accelerated ettringite decomposition, as evidenced by a 
decrease in the peak at ~ 13 ppm. The existence of the amor-
phous alumina–silica gel was demonstrated by the dispersed 
peak in a range extending from 50 to 90 ppm. According 
to the variances in the 27Al NMR spectra, the cRCP that 
underwent semi-dry techniques exhibited the most effective 
disintegration of ettringite and decalcified C-S-H gel.

The mineralogical composition of the RCP following 
various carbonation methods was investigated using XRD. 
The cRCP contained primarily calcite as well as a small 
quantity of portlandite and belite (see Fig. 4). The poly-
morph of calcite was not detected. The dry and semi-dry 
methods led to an increase in the calcite content in the cRCP. 
Among them, the semi-dry with lye method was identified 
as the most efficient way to convert portlandite into calcite, 
attributable to the effect of alkali [11]. Despite this, the total 
CaCO3 content in the cRCP processed both by the semi-
dry method and the semi-dry method with lye showed only 
marginal difference (Fig. 2b). The findings indicate that the 
alkaline environment in the RCP facilitated the formation of 
calcite, while having a minimal influence on the carbonation 
degree. This process had a lesser effect on portlandite [32]. 
The lack of an ettringite peak in the RCP diffractogram was 
due to mechanical grinding during sample preparation which 
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caused the conversion of ettringite to an XRD amorphous 
phase.

Reactivity of the cRCP in LC3

Hydration kinetics of cementitious materials can be accu-
rately monitored through heat flow. The heat flow can be 
simply divided into alite (tricalcium silicate or C3S) and alu-
minate (tricalcium aluminate or C3A) hydration, as shown in 
Fig. 5a. Initially, C3A is passivated due to the rapid forma-
tion of calcium aluminate hydrate, once sulfate depletion 
occurs in the system (indicated by the onset of aluminate 
peak), desorbed sulfate ions accelerate C3A dissolution and 
ettringite formation [33]. Furthermore, the initiation of the 
alite peak was determined through a two-stage process. First, 
the acceleration period within the heat flow between 1.0 and 
2.0 mW g−1 was subjected to linear regression. Second, the 
hydration time at the intersection of the linear regression and 

the minimum heat flow, which exhibited a strong correlation 
with the initial setting of cementitious materials [34], was 
taken into account. It is justifiable to establish the linear 
regression within the heat flow between 0.5 and 1.0 mW 
g−1 in this research because the heat flow is adjusted to the 
mass of LC3, which possesses a half alite component than 
Portland cement.

The semi-dry method treatment of RCP marginally ampli-
fied the heat of hydration of LC3 after 24 h, when compared 
to limestone and other carbonation methods. Despite this, 
cRCP had a negligible impact on the heat of hydration of 
LC3. The appearance of alite peak remained largely unaf-
fected by the semi-dry method’s treatment of RCP, whereas 
both dry and semi-dry with lye methods slightly delayed 
the onset and appearance of the peak. Similar results were 
observed in the appearance of the aluminate peak.

The impact of carbonation time on reactivity of cRCP was 
minimal, and there was very little discernible difference in 
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heat of hydration between LC3 samples. The only noticeable 
variation was in the cRCP samples processed with 60-min 
carbonation, which released slightly less heat after 72 h, as 
shown in Fig. 6a. Additionally, the hydration kinetics of the 
samples were unaffected by variations in carbonation time 
for cRCP. The findings suggest that carbonation time does 
not significantly impact the reactivity of the cRCP in this 
experimental design. However, it is critical to note that a 
relatively large standard deviation is associated with the data 
from 60-min cRCP samples (Fig. 6a and Fig. 6c), indicating 
that the 60-min carbonation process might introduce signifi-
cant compositional uncertainty to the cRCP.

Although liquid–solid ratio in the experiment design is funda-
mental in determining the CaCO3 content of the cRCP, it barely 
influenced the reactivity. Only the cRCP, pre-wetted with 5% 
liquid (equivalent to a liquid–solid ratio of 0.05), resulted in a 
slight increase in the heat of hydration of the samples (Fig. 6b). 
Moreover, the hydration kinetics of the samples were not 
impacted by the cRCP. However, the samples containing the 
cRCP pre-wetted by 1% liquid display a relatively large standard 

deviation, as shown in Fig. 6d, suggesting that pre-wetting may 
introduce compositional uncertainty to the cRCP. To summa-
rize, the aforementioned findings propose that the reactivity of 
LC3 had only a slight impact from the cRCP. Nonetheless, pre-
wetting, alkaline environment, and carbonation time affected 
the phase assemblage of the cRCP. A potential explanation is 
that a small amount of CaCO3 was involved in the formation 
of calcium carboaluminate hydrates [35], while calcined clay 
supplied enough Al for the reaction and could either be incorpo-
rated into C-A-S-H gel or calcium carboaluminate hydrate [36]. 
Consequently, in this scenario, CaCO3 and alumina–silica gel in 
the cRCP have a limited role in LC3 reaction.

Conclusions

This study demonstrates that cRCP usage does not have any 
negative impact on LC3 hydration, making it a viable sub-
stitute for limestone. LC3 obtained from cRCP can be used 
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to produce a composite cement suitable for urban regions 
where cement consumption and CDW generation occur.

The increase in CaCO3 content did not correspond pro-
portionally with the decrease in Ca(OH)2 content. This 
indicates that carbonation of Ca(OH)2 was not the primary 
source of CaCO3 incrementation in the cRCP. Therefore, 
the carbonation method needs further improvement to elimi-
nate the densification effect of the carbonated products, 
such as utilizing periodic vibration during the carbonation 
process. The carbonation efficiency of the methods, ranked 
in descending order, is semi-dry with lye > semi-dry > dry. 
It was observed that pre-wetting of the RCP is crucial to 
ensure optimal carbonation efficiency as the CaCO3 content 
escalates with the liquid/solid ratio. Both pre-wetting and 
an alkaline environment were advantageous for the decalci-
fication of the hydration products and formation of CaCO3 
in the cRCP. To optimize processing efficiency, the use of 
alkali during pre-wetting is unnecessary. The reactivity of 
the cRCP in LC3 did not demonstrate a significant correla-
tion with either the CaCO3 content or the phase assemblage, 
if sufficient reactive alumina or silica source was present. 
The utilization of cRCP proves beneficial for large-scale 
production of LC3 due to its tolerance to the varying com-
position of cRCP.
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