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1 Introduction

Thisdeliverablereportsthe assessment of the quality increase of cements enabled by the REC@DE CO
derived additives

SynthesizedCaC® from CQ through the carbonationroute was employed to improve mechanical
properties ofcementitiousmaterialsdue to their physical #ect such as filling voids and the nucleation
effect as well as their chemical reactivirstly, he cement content was partially replaced with CgCO
nanoparticles Secondly, CaG@as added to the cement matriXhe effect of the three polymorphic
formsof CaCegXcalcite, vaterite and aragonite) on the mechanical properties of cement mortarals@as
investigated.The production of CaG@hrough carbonation is a very promisisglutionto mitigate CQ
emissions.The application of this approach in tlkement industry could allow the development of a
circular economy that exploits the €@enerated in the cement manufacturing proces#is circular
economy approach could represent 69%laf emissions saving dfie cement industry[1]

2 (CaCQ as nanofiller in cement

Hydration

Hydration

Figurel. Effect of nano CaG@anofiller on cement hydration

CaC®has a partly chemical and partly physical effect when used as nanofiller in cementitious materials
as illustrated irFigurel. Theparticle 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 igororsd hinder crack
propagation[2]. This dual effect has a synergistic influence on improving the strength and durability of
the cementitious material§3]. The acceleration of hydration is caused by the chemical interaction
between CaCgand clinker. Much research reveals that hanopatrticles act as a nucleation site in cement
hydration, thus accelerating the hydration rdtg¢[7]. Cement hydration occurs when anhydrous cement

or one of its constituent phases is mixed with wai@}. Tricalcium silicate ¢6), dicalcium silicate {8),
tricalcium alumiate (GA) and tetra calcium aluminoferrite {&F) react following the mechanism
represented inFigure2. The hydration of £5 and € produces calcium hydroxide (CH) and amorphous
calcium silicate hydrate (CSH), which provide strength to cementitious ma{&iigld]. The hydration of
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GA produces calcium aluminate hydrate (CAH), while ¢ @ydration forms tetra calcium alumui®-

hydrae (GAHs3) and tetra calcium ferritedd3-hydrate (GFHs). 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 foli@ggl) and(2):

Fa 4 7° fd 9 @
508 "00 660 @

The water/cement ratio or the composition of the cement and aggregates can influence the
transformation of anhydrous compounds into the corresponding hydradésiospheric conditions are

also important in this process. €@ould react with the resulting CSH in the formation of Cag®@
anhydrous silica, which would reduce the strength of the cement composites. Hence, high humidity and
an atmosphere with free GQ@re favourable conditions for the procels.

The CaCPperformance in cementitious materials depends on several factors, including the;CaCO
content. Much research focuses o8% of CaC{zontent in different cementitious materialg], [6], [7],
[10]¢[12]. Liu et al[10], [11]obtained the best performance in terms of flexural and compressive strength
by employing 1% fonano CaC&in cement paste. Moreover, they found that by increasing the GaCO
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 46], [7] and Sun et al[12] also obtained better results with 1% of Ca@®

high volume fly ash mortars and concretes. Hakd#jyalso studied fracture toughness, and the best
performance was obtained with 1% of CaCThe increase of the Cagéntent 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 m§iiq10]. In addition, the
denser matrix due to the addition of nano Ca@0uld be not able to provide available space for the
formation of the hydration products
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Figure2. The cement hydration mechanism scheme.
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3 Performance of CaCG0n cement mortars

3.1 Characterization of the commercial Cag€O
a)
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Figure3. CommercialCaCQ particles characterization. a}Ray Diffraction; b) PSD) FESEM micrographs.

Figure3 shows the characterization of the commercial Ca@&hopartices. The XRD spectrum showed

in Figure3 a) indicates pure calcite crystals according to the Powder Diffraction Fil2 BDFCPDS. No
presence of othecrystalline 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
200nm, as shown irigure3 b). Figure3 c) displays a FESEM micrograph of the particles. The sample has
primary crystés with a rhrombohedral 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 ofL2cfii&]. On

the other hand, the size obtained through the DLS anallfgisife3 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 mortes

Ordinary Portland Cement of type IHA. and strength class 42.5 R, provided by Buzzi Unicem Group, was
used. It conforms to the harmonized European standard ENL1&T displays the CE marking as required

by European regulation 305/2011 (CPR). Thiser# contains 804% clinker and-20% limestone and a
maximum of 5% minor constituents is permitted. Its physical and mechanical properties are shown in
Tablel and its chemical properties are shownTable2. A content of 1350 + 5 g of standard sand-pre
packed in bag was used in each mixture with particle size distribution in araadvith the European
Standard EN 196 (Table3). Synthesized Cagthrough carbonation was investigated in cement mortars.

In this study, commercial Cag€@anopartides provided by Tec Star S.r.I was also used with chemical and
physical properties listed ihable4.

Tablel. Physical and mechanical propert@sOPC

Parameters
Blaine specific surface | cn?/g 31004500
Initial setting time min > 130
Volume stability min X mMn
Flow test % >80
Compresswe strength MPa > 950
after curing for 2 days
Compressive strength MPa ~47.0

after curing for 28 days

Table2. Chemical properties of OPC

Parameters

Sulfates S© % <3.7

Chlorides ClI % <0.08
Chromium VI soluble in wate ppm X H

Table3. Particle size distribution of the CEN Reference Sand

Sieveanalysis
Square mesh size mm <37 2.00 1.60 1.00 0.50 0.16
Cumulative sieve residue| % <0.08 0 7+5 335 675 875

Table4. Chemical and physical properties of commercial raaG®@

Parameters
Appearance - powder; white
Average patrticle size nm 60
Crystal Phase - calcite
Purity % X g
Tap density g/cm® 0.777

The experimental campaign consists of two different ways for incorporating e@@particles into the
cement mortars. Brt of the cement content waseplacedwith commercialnano CaCgin different
percentageg1%CaC@ 2%CaC@ 3%CaCq 7%CaC®subs.). Moreover, commercial nano Ca@@s
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added to cement mortars according te cement weight(7%CaC®add.) Themixture proportions of

the cement morars are visiblein Table5. In addition, the three different polymorphs o$ynthesized
CaC@Qi.e calcite, vaterite and aragonite were incorporafatb the mixturesin two different substitution
percentages (192% Calc1%2% Vater.; 192% Aragon.yvith the intention of investigating the effecf

the polymorphism on the mechanical performance of cement mortars.

In order tomakethe cement mortarsCaC®slurry samples were prepared by gradually adding a known
amount of CaC£1o a beaker containing a known amount of cold distilled water accgrttirthe 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
stainlesssteel bowl and cement mortar mixturesere prepared in accordance with the European
StandardEN 1961 éMethods of testing cementt | NI MY 5 S3GSNXYAMT Fikalyy 27F &
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 tmring for7 and 28 days.

Table5. Cement mortar mixtures proportion

ID Mixture OPC (g) Water Q) Standard Sand (g)] Nano CaCglQ)
Mortar 450 225 1350 0

1% CaC®O 445.5 225 1350 4.5
2% CaC®O 441 225 1350 9.0
3% CaCoO 436.5 225 1350 13.5
7% CaCg3ubs. 418.5 225 1350 315
7% CaCgadd. 450 225 1350 315
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 testactivity

Mechanical tests werearriedout in accordance with thepecifications given biuropean Standard EN
196-1 [17]. Specimens were subjected to ThrBeint Bendingtest (TPB)using the Zwick Lir050
machine with a load cell of 50 KNigure4). Compression test was carried out on halves ofghecimens
broken in TPB tésusing the Zwick Roell SMART PRO testing machine with a load cell of 1FOGukél

5). Figure6 a) and b) present results from mechanical testing on the experimental specirnataning
commercial nano CaGOrhese results show that the mechanical properties of cementitious composites
mainly depended on nano Cag&&ntents. Results from the mechanical test activity showed that the
flexural strength increased by 2.4%, 5.3%, la4b 5.8% with the CaG®ubstitution of 1, 2, 3 and 7%
after 7 days of curing, thus indicating an acceleration in cement hydration employing Ga@particles

as nanofiller. The flexural strength rose by increasing the gads3titution up to 2% after 28 days of
curing. A higer filler content did not provide any further enhancement on the flexural strength of the
specimens, which indicates that the filler effect of the CaGnld be lost due to the aggregation of
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crystals caused by great concentrations. In T8& substitutio with CaCg) there was a 5.6% decrease in

the flexural strength in specimens tested. The results obtained from the compression tests are illustrated
in Figure6 b and indicate that the lowest substitution percentag&86,2%) with nanoCaG®rovided

good improvements in specimens in terms of compression strength after 7 and 28 days of curing. Parallel
to the flexural tests, the higher substitution perdages of cement with nanoCag®howed 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 CaCeffect 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 higfider contents. The 7% substitution with
nanoCaCg@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.

Figure5. Compression test activity
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Figure6. Cement mortars containing commercial nano Ga@®ubstitution of cement. a) Flexural stren@theanvalue) after 7
and 28 days of curing; b) Compressive strength (mean value) after Z8atay/s of curing.

The substitution with CaGQvas compared to the addition of Ca€i@ the cement mortar matrix by
considering 7%rigure7 a) and b) show that Cag@dded to cement mortars provided better mechanical
strength than cement substitution by Ca£0OaC®used as nanofiller densified the structure of cement
matrix by decreasing voids and pores, thomproving 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 replacemeorresponds to a reduction of strength
performance of the cementitious materials, derived from the loss of adhesive and cohesive properties of
the cement binderThe cement hydratiowas investigated through TGA and XRD analygjare8 a and

b present the TGA curves of the cement mortar specimens after curing for 7 and 238edgogstively.
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Figure?. 7%substitution vs 7% addition of commercial nano Ga@©ement mortarsa) Flexuraktrength (mean value) after 7
and 28 days of curing; b) Compressive strength (mean value) after Z8attays of curing.
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Figure8. Thermogravimeic Analysis of cement mortar specimens: a) after 7 days of curing; b) after 28 days of curing.

Figure9. TGADTA profiles of CH dehydration and carbonated profiles decomposition of specimens containing: ay 1% nano
CaCO03; b) 2% nat@aCO3.

Severapeaks can be appreciatedthe differential thermal analysis curv&he first peak# the 100 °G

125 °C interval correspond mainly to a water loss from the cement surface, CSiddphydration of
ettringite (AFt). Thera peak corrggonding tomonosulfate (AFmaround 145 °C. Calcium hydroxide (CH)
degrades at 440 °C, while the last mass losses between 550 and 725 °C can be attributegtdopg@H
carbonated phases from CSH gel and GaC@ese curves describe the characteristic shapéhef
hydrated cemen{18].

Figure9 illustrates he cement hydration progressThe peak corresponding to CH was broader for
specimens cured for 7 dayisan for specimens cured for 28 dayAfter 28 days, this peadhifted to the
right because othe transformation of portlandite into more crystallized forrfi8]. CH peaks after 28
days also had a lower are&flecting CH andA&F transformation into £\Hz and GFHzaccording to the
mechanism shown ifigure2, and theCHconsumption throughhe pozzolanic reaction ithe presence

of water to make further CSH and CAH (€g.and (2)). Moreover, the peaks of structured Oahd
carbonatedphases after 28 days of curing shifted to higher temperdihan after 7 days of curing for
both cases, cement mortars containing 1% and 2% of nano £d@6se results indicate a further
improvement of the CSH gel structure due to a longer hydration time and higher crystallization of
carbonated phasef.8].
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