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1 Introduction 

This deliverable reports the assessment of the quality increase of cements enabled by the RECODE CO2-

derived additives. 

Synthesized CaCO3 from CO2 through the carbonation route was employed to improve mechanical 

properties of cementitious materials due to their physical effect such as filling voids and the nucleation 

effect as well as their chemical reactive. Firstly, the cement content was partially replaced with CaCO3 

nanoparticles. Secondly, CaCO3 was added to the cement matrix. The effect of the three polymorphic 

forms of CaCO3 (calcite, vaterite and aragonite) on the mechanical properties of cement mortars was also 

investigated. The production of CaCO3 through carbonation is a very promising solution to mitigate CO2 

emissions. The application of this approach in the cement industry could allow the development of a 

circular economy that exploits the CO2 generated in the cement manufacturing process. This circular 

economy approach could represent 69% of the emissions saving of the cement industry. [1] 

 

2 CaCO3 as nanofiller in cement 

 

Figure 1. Effect of nano CaCO3 nanofiller on cement hydration 

CaCO3 has a partly chemical and partly physical effect when used as nanofiller in cementitious materials, 

as illustrated in Figure 1. The particle distribution size and morphology provide a suitable environment to 

accelerate cement hydration. Furthermore, these properties make it possible to fill the nano and micro-

voids of the cement paste structure. Thus, they decrease cement matrix porosity and hinder crack 

propagation [2]. This dual effect has a synergistic influence on improving the strength and durability of 

the cementitious materials [3]. The acceleration of hydration is caused by the chemical interaction 

between CaCO3 and clinker. Much research reveals that nanoparticles act as a nucleation site in cement 

hydration, thus accelerating the hydration rate [4]ς[7]. Cement hydration occurs when anhydrous cement 

or one of its constituent phases is mixed with water [8]. Tricalcium silicate (C3S), dicalcium silicate (C2S), 

tricalcium aluminate (C3A) and tetra calcium aluminoferrite (C4AF) react following the mechanism 

represented in Figure 2. The hydration of C3S and C2S produces calcium hydroxide (CH) and amorphous 

calcium silicate hydrate (CSH), which provide strength to cementitious materials [8], [9]. The hydration of 
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C3A produces calcium aluminate hydrate (CAH), while CH/C4AF hydration forms tetra calcium alumino-13-

hydrate (C4AH13) and tetra calcium ferrite-13-hydrate (C4FH13). In blended cement, the generated CH 

reacts with active silica and alumina in the presence of water to make further CSH and calcium aluminate 

hydrate (CAH) during the pozzolanic reaction as follows (eq.(1) and (2): 

 

╒╗ ╢ ╗ᴼ╒╢╗ (1) 

ὅὌ ὃ ὌᴼὅὃὌ (2) 

 

The water/cement ratio or the composition of the cement and aggregates can influence the 

transformation of anhydrous compounds into the corresponding hydrates. Atmospheric conditions are 

also important in this process. CO2 could react with the resulting CSH in the formation of CaCO3 and 

anhydrous silica, which would reduce the strength of the cement composites. Hence, high humidity and 

an atmosphere with free CO2 are favourable conditions for the process [8].  

The CaCO3 performance in cementitious materials depends on several factors, including the CaCO3 

content. Much research focuses on 1-3% of CaCO3 content in different cementitious materials [2], [6], [7], 

[10]ς[12]. Liu et al. [10], [11] obtained the best performance in terms of flexural and compressive strength 

by employing 1% of nano CaCO3 in cement paste. Moreover, they found that by increasing the CaCO3 

content (2% and 3%), there was only an improvement in the hydration, i.e. in the early stage of the cement 

curing. Similarly, Supit et al. [6], [7] and Sun et al. [12] also obtained better results with 1% of CaCO3 in 

high volume fly ash mortars and concretes. Hakamy [2] also studied fracture toughness, and the best 

performance was obtained with 1% of CaCO3. The increase of the CaCO3 content over 1% reduced the 

performance of cementitious materials due to inadequate dispersion and agglomeration of nanoparticles, 

which affect the interaction between the nanoparticles and the cement matrix [2], [10]. In addition, the 

denser matrix due to the addition of nano CaCO3 could be not able to provide available space for the 

formation of the hydration products.  

 

 

Figure 2. The cement hydration mechanism scheme. 
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3 Performance of CaCO3 in cement mortars 

3.1 Characterization of the commercial CaCO3 

 

Figure 3. Commercial CaCO3 particles characterization. a) X-Ray Diffraction; b) PSD; c) FESEM micrographs. 

Figure 3 shows the characterization of the commercial CaCO3 nanoparticles. The XRD spectrum showed 

in Figure 3 a) indicates pure calcite crystals according to the Powder Diffraction File PDF-2 of JCPDS. No 

presence of other crystalline phases, such as metastable aragonite or vaterite, was observed. The DLS 

measurement revealed that these calcite crystals had a narrow PSD with a mean particle size equal to 

200 nm, as shown in Figure 3 b). Figure 3 c) displays a FESEM micrograph of the particles. The sample has 

primary crystals with a rhombohedral structure with a size equal to 60 nm. The FESEM analysis is in good 

agreement with the XRD spectra since they present the classical cubic morphology of calcite [13]ς[16]. On 

the other hand, the size obtained through the DLS analysis (Figure 3 b)) differed from the size observed in 

the FESEM micrograph, probably because the formation of agglomerates by the primary crystals 

influences the DLS measurement.  
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3.2 Preparation of cement mortars 
Ordinary Portland Cement of type II/A-LL and strength class 42.5 R, provided by Buzzi Unicem Group, was 

used. It conforms to the harmonized European standard EN 197-1 and displays the CE marking as required 

by European regulation 305/2011 (CPR). This cement contains 80-94% clinker and 6-20% limestone and a 

maximum of 5% minor constituents is permitted. Its physical and mechanical properties are shown in 

Table 1 and its chemical properties are shown in Table 2. A content of 1350 ± 5 g of standard sand pre-

packed in bag was used in each mixture with particle size distribution in accordance with the European 

Standard EN 196-1 (Table 3). Synthesized CaCO3 through carbonation was investigated in cement mortars. 

In this study, commercial CaCO3 nanoparticles provided by Tec Star S.r.l was also used with chemical and 

physical properties listed in Table 4.  

Table 1. Physical and mechanical properties of OPC 

Parameters   

Blaine specific surface cm2/g 3100-4500 

Initial setting time min  > 130 

Volume stability min Җ мл 

Flow test % > 80 

Compressive strength 
after curing for 2 days 

MPa > 25.0 

Compressive strength 
after curing for 28 days 

MPa > 47.0 

Table 2. Chemical properties of OPC 

Parameters   

Sulfates SO3 % < 3.7 

Chlorides Cl- % < 0.08 

Chromium VI soluble in water ppm Җ н 

Table 3. Particle size distribution of the CEN Reference Sand 

Sieve analysis        

Square mesh size mm < 3.7 2.00 1.60 1.00 0.50 0.16 

Cumulative sieve residue % < 0.08 0 7 ± 5 33± 5 67 ± 5 87 ± 5 

Table 4. Chemical and physical properties of commercial nano CaCO3 

Parameters   

Appearance  - powder; white 

Average particle size  nm 60 

Crystal Phase  - calcite 

Purity  % җ фф 

Tap density  g/cm3 0.777 

 

The experimental campaign consists of two different ways for incorporating CaCO3 nanoparticles into the 

cement mortars. Part of the cement content was replaced with commercial nano CaCO3 in different 

percentages (1% CaCO3, 2% CaCO3, 3% CaCO3, 7% CaCO3 subs.). Moreover, commercial nano CaCO3 was 
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added to cement mortars according to the cement weight (7% CaCO3 add.).  The mixture proportions of 

the cement mortars are visible in Table 5. In addition, the three different polymorphs of synthesized 

CaCO3, i.e calcite, vaterite and aragonite were incorporated into the mixtures in two different substitution 

percentages (1%-2% Calc.; 1%-2% Vater.; 1%-2% Aragon.) with the intention of investigating the effect of 

the polymorphism on the mechanical performance of cement mortars.  

In order to make the cement mortars, CaCO3 slurry samples were prepared by gradually adding a known 

amount of CaCO3 to a beaker containing a known amount of cold distilled water according to the mixture 

composition. The suspension was continuously mixed by means of ultrasonication using a VCX 750 

sonicator & 13mm probe, with an 85% amplitude. The slurry sample and the cement were placed in a 

stainless-steel bowl and cement mortar mixtures were prepared in accordance with the European 

Standard EN 196-1 άMethods of testing cement - tŀǊǘ мΥ 5ŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǎǘǊŜƴƎǘƘέ [17]. Finally, 

specimens were stored in a humid atmosphere for 24 hours, and once they were unpacked, they were 

immersed in water at (20.0 ±1.0) ° C for curing for 7 and 28 days. 

 
Table 5. Cement mortar mixtures proportion 

ID Mixture  OPC (g) Water (g) Standard Sand (g) Nano CaCO3 (g) 

Mortar 450 225 1350 0 

1% CaCO3 445.5 225 1350 4.5 

2% CaCO3 441 225 1350 9.0 

3% CaCO3 436.5 225 1350 13.5 

7% CaCO3 subs. 418.5 225 1350 31.5 

7% CaCO3 add. 450 225 1350 31.5 

1% Calc. 445.5 225 1350 4.5 

2% Calc. 441 225 1350 9.0 

1% Vater. 445.5 225 1350 4.5 

2% Vater. 441 225 1350 9.0 

1% Aragon. 445.5 225 1350 4.5 

2% Aragon. 441 225 1350 9.0 

 

3.3 Mechanical test activity 
Mechanical tests were carried out in accordance with the specifications given by European Standard EN 

196-1 [17]. Specimens were subjected to Three-Point Bending test (TPB) using the Zwick Line-Z050 

machine with a load cell of 50 kN (Figure 4). Compression test was carried out on halves of the specimens 

broken in TPB test using the Zwick Roell SMART PRO testing machine with a load cell of 1000 kN (Figure 

5). Figure 6 a) and b) present results from mechanical testing on the experimental specimens containing 

commercial nano CaCO3. These results show that the mechanical properties of cementitious composites 

mainly depended on nano CaCO3 contents. Results from the mechanical test activity showed that the 

flexural strength increased by 2.4%, 5.3%, 1.4% and 5.8% with the CaCO3 substitution of 1, 2, 3 and 7% 

after 7 days of curing, thus indicating an acceleration in cement hydration employing CaCO3 nanoparticles 

as nanofiller. The flexural strength rose by increasing the CaCO3 substitution up to 2% after 28 days of 

curing. A higher filler content did not provide any further enhancement on the flexural strength of the 

specimens, which indicates that the filler effect of the CaCO3 could be lost due to the aggregation of 
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crystals caused by great concentrations. In the 7% substitution with CaCO3, there was a 5.6% decrease in 

the flexural strength in specimens tested. The results obtained from the compression tests are illustrated 

in Figure 6 b and indicate that the lowest substitution percentages (1%, 2%) with nanoCaCO3 provided 

good improvements in specimens in terms of compression strength after 7 and 28 days of curing. Parallel 

to the flexural tests, the higher substitution percentages of cement with nanoCaCO3 showed poor 

performance in compression tests. The flexural strength reduced with 3% substitution and then increased 

with 7% substitution after 7 days with respect to cement mortar without additive. This suggests that after 

7 days, the CaCO3 effect on the hydration rate was weakened with 3% substitution, probably due to 

agglomeration issues that seriously reduce the specific surface of the filler. Despite the agglomeration 

problem, the compressive strength increased with higher filler contents. The 7% substitution with 

nanoCaCO3 improved compressive strength after 7 days of curing. After 28 days, 3 and 7% substitution 

reduced the compressive strength of the specimens with respect to cement mortar without additive. 

 

 

Figure 4. Three Point Bending test activity 

 

Figure 5. Compression test activity 
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Figure 6. Cement mortars containing commercial nano CaCO3 in substitution of cement. a) Flexural strength (mean value) after 7 
and 28 days of curing; b) Compressive strength (mean value) after 7 and 28 days of curing. 

The substitution with CaCO3 was compared to the addition of CaCO3 in the cement mortar matrix by 

considering 7%. Figure 7 a) and b) show that CaCO3 added to cement mortars provided better mechanical 

strength than cement substitution by CaCO3. CaCO3 used as nanofiller densified the structure of cement 

matrix by decreasing voids and pores, thus improving the strength and durability of the material. The 

cement content can be reasonably replaced with nanomaterials such as calcium carbonate. However, it is 

conceivable that a large amount of cement replacement corresponds to a reduction of strength 

performance of the cementitious materials, derived from the loss of adhesive and cohesive properties of 

the cement binder. The cement hydration was investigated through TGA and XRD analysis. Figure 8 a and 

b present the TGA curves of the cement mortar specimens after curing for 7 and 28 days, respectively.  

 

Figure 7. 7% substitution vs 7% addition of commercial nano CaCO3 in cement mortars. a) Flexural strength (mean value) after 7 
and 28 days of curing; b) Compressive strength (mean value) after 7 and 28 days of curing. 
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Figure 8. Thermogravimetric Analysis of cement mortar specimens: a) after 7 days of curing; b) after 28 days of curing. 

Figure 9. TGA-DTA profiles of CH dehydration and carbonated profiles decomposition of specimens containing: a) 1% nano-
CaCO3; b) 2% nano-CaCO3. 

Several peaks can be appreciated in the differential thermal analysis curve. The first peaks in the 100 °C - 

125 °C interval correspond mainly to a water loss from the cement surface, CSH gel, and dehydration of 

ettringite (AFt). Then, a peak corresponding to monosulfate (AFm) around 145 °C. Calcium hydroxide (CH) 

degrades at 440 °C, while the last mass losses between 550 and 725 °C can be attributed to OH-groups, 

carbonated phases from CSH gel and CaCO3. These curves describe the characteristic shape of the 

hydrated cement [18]. 

Figure 9 illustrates the cement hydration progress. The peak corresponding to CH was broader for 

specimens cured for 7 days than for specimens cured for 28 days. After 28 days, this peak shifted to the 

right because of the transformation of portlandite into more crystallized forms [18]. CH peaks after 28 

days also had a lower area, reflecting CH and C2AF transformation into C4AH13 and C4FH13 according to the 

mechanism shown in Figure 2, and the CH consumption through the pozzolanic reaction in the presence 

of water to make further CSH and CAH (eq. (1) and (2)). Moreover, the peaks of structured OH- and 

carbonated phases after 28 days of curing shifted to higher temperatures than after 7 days of curing for 

both cases, cement mortars containing 1% and 2% of nano CaCO3. These results indicate a further 

improvement of the CSH gel structure due to a longer hydration time and higher crystallization of 

carbonated phases [18].  








































