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Upcycling carbon dioxide to improve mechanical strength of Portland cement
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Abstract: To reduce environmental pollution induced by the production of Portland cement and
sequestrate greenhouse gas, a novel approach was developed to manufacture nano-calcium carbonate
(nano-CaC@) suspension by upcycling carbon dioxide. The influence of this nano-CadPension

on basic performances of Portland cement paste was experimentally evaluated and related mechanisms
were demonstrated by isothermal heat conduction calorimeter (TAM Air), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), thermogravimetry-differential thermal analysis
(TG-DTA), mercury intrusion porosimeter (MIP), scanning electron microscope (SEM) and
transmission electron microscope (TEM) measurements. Experimental results showed that the
manufactured CaCQpresented spherical and cubic shapes with size of 20 to 50 nm. This CO
upcycling method can improve compressive strength of cement paste by 5.8~9.9% at ages of 3 to 56
days and significantly reduce the initial and final setting times. The introduction pfnCform of
nano-CaC@ accelerated the early age hydration of Portland cement and refined the pore structure.
Around 0.4~2.4 kg of C©can be recycled by every ton of Portland cement while the usage efficiency

of cement was evidently improved. Therefore, both capture and solidification of carbon dioxide and
carbon footprint reduction of cement industry can be simultaneously achieved by this technology.

Keywords: CO, recycling; Nano-CaCg) Portland cement; Compressive strength; Hydration behavior.
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1. Introduction

It is well known that Portland cements (PC) is one of the most widely used materials for

construction of buildings and other infrastructures (Biernacki et al.,;28tfneider et al., 2011; Shi et

al., 2011). The reported worldwide production of Portland cements reached as high as 4.6 billion tons

in 2016, of which more than 60% was contributed by China (CEMBUREAU, 2016). The PC

production is a typical COrelease and energy consumption process, being responsible for nearly 9%

of anthropogenic COemission and accounts for approximately 3% of the global energy use (Shi et al.,

2011). Generally speaking, around one ton of, @discharged by the production of every ton PC

(Hemalatha and Ramaswamy, 2017) and such éission is attributable to two aspects. On the one

hand, CQ is a by-product from the calcination of limestone to create reactive calcium silicates (Shi et

al., 2011; Vance et al., 2015); on the other hand, the combustion of fossil fuel required for clinkering

raw materials (clay and limestone) at 1460also releases a great deal of JqW@ance et al., 2015).

Therefore, the carbon impact of Portland cement industry has attracted increasing attentions and many

efforts have been carried out to address a lower-carbon or greener production of cements (Bourtsalas et

al., 2018; Benhelal et al., 2018; Carvalho et al., 2017).

The cement concrete industry worked with the International Energy Agency to outline the

ambitious effort to decrease industrial emissions to 50% below levels of 2006 till 2050 (Monkman and

Macdonald, 2017). It is in accordance with the “blue map scenario” (International Energy Agency,

2008). There are four suggested approaches for achieving this target (Monkman and Macdonald, 2017):

to improve the energy efficiency of cement kilns, to increase the usage of low-carbon supplementary

cementitious materials (SCMs) to replace clinker, to utilize alternative raw materials and/or fuels for

manufacture of Portland clinker and to capture or sequestrate TGO first three methods have been
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commonly applied in many countries, but are sometimes restricted by the local availability of

recyclable resources (Scrivener, 2014) and regional technology level (Madlool et al., 2013). Therefore,

the carbon capture and sequestration (CCS) technology is regarded as the greatest potential for the

carbon reduction project. Nevertheless, it is still an undefined measure developed outside the cement

industry (Scrivener et al., 2016). Several researches demonstrated that the lower carbon cement and

concrete products can be prepared using concepts plitti@ation (Ashraf, 2016; Jang et al., 2016;

Zhang et al., 2017) and many efforts focused on maximizing the sequestered amountvwoth®O

useful building products (Monkman and Macdonald, 2017). The carbonation curing was reported as an

effective method to improve strength (Monkman and Shao, 2010; Ahmad et al., 2017) and durability of

cement-based materials (Rostami et al., 2011). Nevertheless, there is still a major obstacle for this

technique that is carbonation speed. The diffusion of B the concrete matrix is very slow which

causes the low carbonation speed. Furthermore, as the main carbonation produgta@aiiQhe

pores in concrete matrix and results in the more difficult diffusion of @shef-Haghighi and

Ghoshal, 2013). In addition, the later age compressive strength of concrete is possibly decreased due to

the water loss during carbonation curing period (El-Hassan and Shao, 2015). Therefore, further studies

should be carried out in the field of carbonation curing.

In latest years, considerable progresses have been achieved in the field of ‘nano-concrete’ (Nazari

and Riahi, 2011; Sanchez and Sobolev, 2010), being related to incorporating different types of active or

inactive fillers with nano-level sizes. As an easily available mineral, nano-Catii@cts more and

more interests in the scientific community. It has been found that a low amount of nang-CaCO

behaves an accelerating effect on the hydration and strength gain of cements and concretes (Sato and

Beaudoin, 2011; Sato and Diallo, 2010). However, the actual obstacle to incorporating nano-CaCO
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into cement-based materials is the difficulty of dispersion due to the high surface energy (Kawashima

et al., 2013). In this case, the potential of nanofillers could not be fully activated or even a negative

effect on mechanical strength of cement concrete occurs (Cai et al., 2017).

In order o address the limitations in the existing methods summarized above, this paper developed

an innovative approach to upcycle £0r manufacturing a homogeneous nano-Caf@3pension as a

mineral additive for Portland cement. The procedure provides a simple and convenient method for

capturing and sequestrating &£Onvolving the injection of C@into a Ca(OH) solution with a

low-cost equipment. On the other hand, the incorporation of this nano-CaG@ension behaved a

significant increasing effect on mechanical strength of Portland cement paste, resulting in the increased

usage efficiency of Portland cement. Both these two aspects are favorable for the cleaner production of

Portland cement. The mechanism of nano-CaGOspension in Portland cement system was

demonstrated by isothermal heat conduction calorimeter (TAM Air), X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR), thermogravimetry-differential thermal analysis (TG-DTA),

mercury intrusion porosimeter (MIP), scanning electron microscope (SEM) and transmission electron

microscope (TEM) measurements.

2. Materials and methods

2.1 Raw materials

The PC used in this study is produced by Dalian Cement Group with strength grade of 42.5 in

accordance with Chinese standard GB 175-2007. The particle size distribution of this cement is

presented in Fig. 1 with D50 value of 18.@. The chemical composition was analyzed by X-ray

fluorescence (XRF) test as shown in Table 1. Hydrated lime with an analytical purity was used to

prepare Ca(OH) solution and a commercially available £@as with 100% concentration was
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94 Fig. 1. Particle size distribution of the used PC.
95 Table 1Chemical composition of PC (wt %).
Component CaO Si0 SO Fe0O; AlLO; MgO KO Loss of ignition
Content 64.60 17.38 452 3.99 3.27 2.62 0.65 2.97
96 2.2 Mixing proportion and specimen preparation
97 Cement pastes with water-binder ratio of 0.4 were prepared as described by the flowchart in Fig.
98 2. Firstly, Ca(OH) was dissolved into deionized water to form Ca(9$t)utions with concentrations
99 0f 0.17% (B1), 0.34% (B2) and 1.02% (B3) by mass. Secondlyvwz® added into Ca(OK$olutions
100 by a mobile gas injection system at a specified flow rate of 20 L/min. This injection operation lasted for
101 150 seconds for every liter of solution (or 30 seconds for every 500 g PC). An additional 30 seconds of
102  high speed mixing followed the injection to obtain a homogeneous suspension. After this operation, the
103

nano-CaC@suspension was prepared by the reaction of @@ Ca(OH,)in solution. Thirdly, PC and

104  CaCQ suspension were added in a pot with the mass ratio of 1:0.4 and then blended for 5 minutes
105 using a planetary cement paste mixer. Finally, three flowable fresh cement pastes were obtained by
106 incorporating nano-CaCG{and the control sample was also prepared by adding deionized water. As
107

shown in Table 2, the equivalent dosageCatOH) are 0%, 0.068%, 0.136% and 0.408% by PC
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weight respectively. As described in a previous study (Mo t al., 2016), specimens with dimensions of

20 mm x 20 mm x 20 mm were prepared for mechanical strength measurement. The casted specimens

were covered with plastic sheets after consolidation and cured at 2048r 24 hours before

demolding. The demolded specimens were then exposed to the standard curing roonC(22 + 3 , RH

90%) till strength measurement.

Table 2 Equivalent dosage of Ca(QiYr introducing nano-CaCQ

No. Control Bl B2 B3
Ca(OH) (wt%) 0 0.068 0.136 0.408

Fig. 2. Manufacture flowchart of PC specimens.

2.3 Test methods

The fluidity of cement paste was measured using a truncated cone with upper diameter of 36 mm,
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base diameter of 60 mm and height of 60 mm in accordance with Chinese standard GB/T8077-2000.
Setting time of cement pastes was determined by a Vicat apparatus in accordance with Chinese
standard GB/T1346-2011. Compressive strength for every mixture was measured after 3, 7, 28 days
and 56 days of curing, with a loading rate of 1.0 kN/s according to GB/T17671-1999. Six cubic
specimens were tested for each group and the average value was recorded as the compressive strength.
To evaluate the influence of nano-Cal@h hydration process of Portland cement, the hydration
heat was determined on every mixture at[2Qusing an isothermal calorimetry (TAM Air) with a
sensitivity of 0.41J and a baseline stability of +0.08//h (Wads6, 2005). The pH value of
nano-CaC@suspension was tested by a PHS-2C pH meter. To characterize the phase composition and
microstructure of the prepared nano-CaCfDspensions or cement paste, the following tests were
carried out. XRD patterns were performed by an X’Pert PRO diffractometer withuGaekation § =
0.15419 nm) over ab2range from 5° to 70°. The FTIR patterns were collected by a Fourier transform
infrared spectrometer (FTIR-650) under the following conditions: 4252-250 remge, 2 cm’
resolution. For FTIR measurement, KBr discs were prepared by pressing pellets containing 1 mg
of tested sample and 100 mg of KBG-DTA measurement was carried out by a thermal analyzer
(NETZSCH, TG 449F3 Jupiter) with a resolution of 0.01 mg. Around 20 mg of dried powder sample
were tested when the temperature increased from 20 to TOQGGith a speed of 10C/min. Pore size
distribution of hardened cement pastes were tested using a IV 9510 mercury Intrusion porosimetry
(MIP) with a pressure range from 0 to 60000 psi (414 MPa). The microstructure observation was
performed on selected cement paste samples using a JEOL SX-4 scanning electron microscope (SEM)
with an energy dispersive spectrometer (EDS) which was operated at an accelerating voltage of 30kV.

The morphologies of the manufactured nano-CaG@mples were investigated using a JEOL
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JEM-2011 transmission electron microscope (TEM) with an acceleration voltage up to 120 kV, a

magnification power up to 600 k and a resolving power down to 0.2 nm. Nano;@a@ders were

collected by suction filtration using a Hirsch funnel and then immersed in pure ethanol and dispersed

using an ultrasonic bath before TEM observation.

3. Results and discussion

3.1 Characterization of the manufactured nano-GACO

Fig. 3 presents visual appearances of the manufactured nano-Gasp@nsions. It looks like a

white milky suspension and the turbidity was strengthened with the higher concentration of L£a(OH)

The pH values of these suspensions reached around 6.5 as shown in Table 3, conforming to the

requirements for mixing water of concrete (higher than 4.0) specified by Chinese standard JGJ

63-2006.

Fig. 3. Appearance of manufactured nano-Caf@pensions.

Table 3 pH values of manufactured nano-Ca€@pension.

Group B1 B2 B3
pH 6.57 6.46 6.45

Fig. 4 presents the XRD patterns of these manufactured nano;GaS@ension samples. It is

evidently found that the mineral composition for every sample is Ga@G€ing induced by the

chemical reaction of Ca(Okland CQ (Xi et al., 2015). And no evidence can be detected for the



158 existence of Ca(OH)for every sample. The FTIR spectrum for every sample is presented in Fig. 5, in
159  which the absorption bands corresponding to C-O and O-H can be easily identified. The peak at 3420
160 cm'is associated with the O-H stretching band due to the existence of wgBr((in et al., 2018a,

161  2018b). Peaks at 713, 875 and 1430ame assigned to the C-O bending and stretching bands and are
162  attributable to the existence §O(Shao et al., 2014). This can be confirmed by the formation of

163 CaCQas presented in XRD patterns.
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165 Fig. 4. XRD patterns of manufactured nano-Ca&@spensions.
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167 Fig. 5. FTIR spectra of manufactured nano-Ca&@pensions.

168 From DTA-TG curves as indicated in Fig. 6, it can be found that every sample exhibited an



169 obvious endothermal peak at temperature around ‘8QQcorresponding to the decomposition of

170 CaCQ (Mo et al., 2016; Rostami et al., 2012). At the same time, an obvious weight loss was induced
171 by the decarbonation of CaG@Shao et al., 2014). It is also supported that no visible Ca(OH)
172 remained in every sample. Combined with the XRD results, it can be concluded that the substance
173  Ca(OH) in every solution was totally converted into CaQDystals after the COnjection treatment.

174  According to the mix proportion of cement paste, ,G@as captured by 0.0404%, 0.0809% and

175 0.2426% of the PC weight for sample B1, B2 and B3 respectively.
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177 Fig. 6. DTA-TG curves of B1~B3 specimens.
178 TEM morphology observations for Ca(O+8§nd manufactured nano-Cagé@re presented in Fig.

179 7. There were individual tetrahedral crystals with particle size of 138~200 nm and some larger
180 agglomerated cube-like particles with size of 200-500 nm in the untreated Ga@ittjon sample.

181 These findings are in accordance with other studies (Asikin-Mijan et al., 2015; Du et al., Rar16).
182 sample B1, nano-CaGarticles with a spherical morphology can be found and these particles had
183 similar sizes of 20~50 nm. With the increasing concentration of Ca(OHg manufactured

184 nano-CaC@ exhibited variable morphologies. For sample B2 and B3, there are many cubic particles

185 with an average size of 35 nm and size range of 20 to 50 nm, indicating that the manufactured
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nano-CaC@ behaved in the form of typical calcite crystals (Xi et al., 2015). The nano-Chl(e®

with this type of cubic morphology was reported by other researchers (Sato and Beaudoin, 2011). It is

indicated that this CQupcycling process provides a substitutable manufacture method of nang-CaCO

filler being applicable for cements. Nano-CaJarticles behaved a higher tendency of agglomeration

for the higher concentration sample. This variable morphology and particle size is related to the

precipitation process (El-Sheikh et al., 2013), being attributed to many factors such as the initial

concentration of Ca(OH) stirring effect due to the injection of G@nd sampling preparation

(ElI-Sheikh et al., 2013; Reddy and Nancollas, 1976). Therefore, further studies should be carried out in

the manufacture process to obtain a highly dispersed nano-GaSgaension.
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Fig. 7. TEM morphology observation of Ca(Qtnd manufactured nano-CagO

3.2 Fresh properties of cement paste

The fluidity and setting time of fresh cement pastes are shown in Fig. 8 and Fig. 9 respectively. As

observed from Fig. 8, the fluidity of fresh cement paste was decreased by 3.95%~15.79% with the

incorporation of nano-CaGOsuspensions and the higher dosage of nano-ga&Dto the lower

flowability. It was also reported that the addition of nang@Alreduced the mortar fluidity by 45%

when the mixing amount was only 0.25 wt% (Liu et al., 2015). This is attributed to a layer of free water

adsorbed by these nano-particles with large specific surface area. Therefore, more chemical admixture

is needed or an additional amount of mixing water is required to fill the remaining voids among

granular particles (Quercia et al., 2012). Several researchers found that there is a direct relationship
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between water requirement and specific surface area of micro powders and a water layer with constant

thickness of 25 nm formed for several tested micro powders (Brouwers, 2008; Brouwers and Radix,

2005).

As for the setting time, it can be found that nano-Ca€@pensions had an evident shortening

effect on the setting times of cement pastes. The initial and final setting time were decreased by

8.89%~30.22% and 7.89%~19.08% respectively. It is well known that the set of Portland cement is

attributed to the formation of calcium silicate hydrate (C-S-H) from the hydration reaction of tricalcium

silicate (Alite, GS) (Madani et al., 2012). The initial set coincides with the end of induction period of

cement hydration (Double and Hellawell, 1978). Therefore, the decreased initial setting time of cement

pastes, being observed in the presence of nano-particles (Kawashima et al., 2013; Senff et al., 2009),

reflected the reduction of induction period. The final set of cement occurs around the middle point of

the acceleration period of cement hydration (Double and Hellawell, 1978). Nano;Cesated

additional surfaces for precipitation of hydrate products and accelerated the early age hydration of

cement. The influence of these nano-Ca@GUspensions on the cement hydration will be fully

described in Part 3.4.

\\\\o\\\\\\\g\\\\\\i\\\\i\; :

Fig. 8. Fluidity of cement pastes. Fig. 9. Setting time of cement pastes.
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3.3 Compressive strength of cement paste

Compressive strength of PC pastes containing nano-gCa¥pensions are indicated in Fig. 10. It
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can be found that the compressive strength was generally improved after various curing days. When

being compared with those of the control sample, the 3d, 7d, 28d and 56d compressive strength of

specimens with nano-CaGGuspensions were increased by 2.8~5.8%, 2.0~9.9%, 3.4~7.2% and

3.5~7.6% respectively. At the same curing age, mixture B3 behaved the best improvement effect due to

the highest nano-CaGQ@ontent (Bentz et al., 2012).
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Fig. 10. Compressive strength of cement pastes.

It was reported that compressive strength of cement paste was increased by 20%~25% with
0.5%~2% addition of nanosilica by cement weight (Singh et al., 2013). Nevertheless, it was also
observed that the 28-day compressive strength of cement paste was decreased by 8.57% with 3.8%
addition of nanosilica (Berra et al., 2012). As for the carbonation curing of cement concretes, it was
found that the 28-day compressive strength of carbonated concrete was decreased by 9.22% due to the
water loss during carbonation curing (El-Hassan and Shao, 2015). Moreover, mixtures with fly ash
behaved a lower 90-day strength as the pozzolanic reaction was probably hindered by the decreased
Ca(OH) content induced by carbonation curing (Zhang et al., 2016). Excessive carbonation sometimes

caused adverse effects on early age strength of carbonated cement specimens (Junior et al., 2015). Even
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though the compressive strength improvement induced by the addition of nang-&&pénsions in

this study is not so significant as that of 0.5%~2% addition of nanosilica. This method of capturing

CO, addresses the limitations of carbonation curing and provides an innovative approach, being

beneficial to both environmental protection and performance improvement of Portland cement. The

increasing incorporation of nano-Cag€an be achieved by the application Ca(@stlution with a

higher concentration and adjustable injection of, Gihd then the better improvement on mechanical

strength of Portland cement paste is possibly obtained. These trials will be further investigated in

future.

3.4 Hydration heat of cement paste

The influence of nano-CaG@uspension on hydration heat of cement paste is presented in Fig. 11.

There are three peaks for every hydration heat flow curve. The first peak is located at around 0~2 h,

being attributed to the ettringite (AFt) formation from tricalcium aluminateAYCGand the fast

dissolution of GS immediately after cement and water were in contact (Rupasinghe et al., 2017). The

second peak (at around 10~13 h) is induced by the accelerating consumptie® @nd the

corresponding formation of C-S-H and Ca(®@f$aodt et al., 2013). The third peak with a shoulder

like shape located at around 13~17 h, being commonly attributed to the renewed hydratién of C

(Hesse et al., 2011; Sao(t et al., 2013). During the accelerating period (prior to the second peak), the

more incorporation of nano-CaG@d to the higher hydration heat rate. Therefore, the second peak

presented a higher value for samples containing B1 and B2 and it occurred earlier for sample

containing B3 than for the control sample. According to Fig. 11 (b), the total hydration heat was

increased by 1.4%, 1.6% and 4.9% respectively for mixtures containing B1, B2 and B3 when being

compared with the control sample. This accelerated hydration of cement paste accords with the
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shortened setting time and improved strength as described in Part 3.2 and 3.3.
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Fig. 11. Hydration heat of cement pastes.

The accelerating effect of nano-Cag£@h cement hydration is commonly explained by the
seeding effect (Rupasinghe et al., 2017). The existence of Nano;GaCzles near £S5 surfaces
affects the induction period as indicated in Fig. 12. A protective layer of hydration products formed
around GS patrticle leads to the low reaction rate during the induction period as shown in Fig. 12 (a).
However, weakened spots are induced in this protective layer by nanoz@afi€es as shown in Fig.
12 (b) (Sato and Diallo, 2010). The pore solution with a high €ancentration gets access tgSC
particle surface via these weakened and broken spots and subsequently rapid growth of C-S-H gel
occurs (Glasser, 1979). In addition, the formation of calcium carboaluminate due to the chemical
reaction between CaG@nd GA is another reason for the increased hydration rate and better early age

strength (Moon et al., 2017).

Fig. 12. Accelerating effect of nano-Cagah GS hydration.
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3.5 XRD patterns of cement paste

To identify mineral composition of hydrated cement pastes containing different levels of

nano-CaC@ XRD measurements were carried out on samples after 3d, 7d, 28d and 56d ages as shown

in Fig. 13. Crystal substances for hardened PC samples are primarily composed of {&)jtal¢€

(CsS), Ca(OH) and AFt (Rupasinghe et al., 2017). C-S-H is the expected primary hydration product.

But no characteristic peaks in XRD patterns can be attributable to C-S-H due to its amorphousness (Hu,

2017). No visible peaks are attributable to carboaluminate, possibly due to the small dose of CaCO

incorporated in these cement pastes. The occurrence of Ga@fributed to both the carbonation of

the specimen surface (Ho et al., 2018) and the added nanos;GaGfension. The intensities of

CsS/G,S peaks were decreased by the addition of nano-gaG€pension (especially at early ages),

indicating that the existence of nano-CaGOcelerated the hydration of&and GS as verified by the

above hydration heat results (Cao et al.,, 2014). With the increase of curing ages, the intensities of

CsS/G,S peaks become weaker due to the ongoing hydration process of Portland cement throughout the

entire curing ages (Land and Stephan, 2018). What's more, the content of the hydration product

Ca(OH) in B1~B3 specimens is more than that in the control sample, providing another evidence for

the hydration accelerating effect.
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290 Fig. 13. XRD patterns of cement pastes at various ages.

291 3.6 FTIR spectrum of cement paste

292 The FTIR spectrum was acquired for every hardened cement paste with different curing ages as
293  shown in Fig. 14. The vibrational band at 3420 'os originated from the O-H bond in,8. The

294  bands observed at 875 and 1430 care assigned to C-O band in the form of ;E(Besides, the

295 vibrational band at 3640 chis originated from the O-H bond in the form of O&hd the weak

296  absorption peak at 1640 ¢nis also assigned to the bending band of O-H groups in water (Qin et al.,
297  2018). The peaks located at 4505875 cnt indicate the presence of Si-O bending band attributed to
298 C-S-H gel (Li and Liu, 2018). Generally, different level of nano-Ca@&d little influence on FTIR

299  spectrum, indicating that no formation of new chemical groups was induced.
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Fig. 14. FTIR spectra of cement pastes at various ages.

3.7 TG-DTA analysis of cement paste

Fig. 15 illustrates TG-DTA curves for hardened pastes containing different nano;CaCO

suspensions after various ages of curing. It is evidently observed that every sample exhibited two

obvious endothermal peaks at temperatures of Z50and 700 °C, being attributed to the

decomposition of Ca(OH)and CaC@ respectively (Mo et al., 2016; Rostami et al., 2012). Based on

the induced weight losses at the temperature range of 420€54Md 540~950C, the amount of

Ca(OH) and CaC@ can be roughly calculated. The calculated content of Cg(@®H@ach cement

paste sample at dry state is presented in Fig. 16. Being compared with the control sample, the Ca(OH)

content was increased by 11.90%~46.43% with the incorporation of nanos;8asp@nsions. Among

these three samples, B3 had the best improvement effect. It is well known that the amount of Ca(OH)

in a hydrated cement paste reflects the hydration degree of cement system (Sato and Diallo, 2010).

Therefore, the increasing trend of Ca(@ldinount is related to the accelerated hydration reaction of

cement as proved by the hydration heat flow in Part. 3.3. With the increasing curing age, a higher

content of Ca(OH) formed in every sample due to the continued hydration reaction but the

improvement effect of nano-CaG8uspensions slightly decreased.
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316 Fig. 15. TG-DTA curves of PC pastes at various ages.
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318 Fig. 16. Ca(OH)content in cement pastes at various ages.
319 3.8 Pore structure of cement paste
320 The pore structures for selected samples were measured by the MIP method in this study. The

321 differential curves are presented in Fig. 17 and typical pore parameters are indicated in Table 4. It can

322  be found that B1~B3 specimens had a less content of coarse pores with diameter bigger than 100 nm
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than the control sample. And the total porosity was also decreased by the incorporation of nanpo-CaCO

This is due to the higher hydration degree and contributes significantly to the improved mechanical

strength. Specifically, the porosity of cement paste after 3d, 7d, 28d and 56d was decreased by

4.6~5.6%, 5.7~7.4%, 7.1~8.7% and 9.8~13.5% respectively due to the incorporation of nano-CaCO

suspensions. Besides, the porosity of all specimens decreased with the increase of curing age as

expected and the compactness growth developed very slowly at later ages (Mo et al.,, 2016; Mo and

Panesar, 2012).
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Fig. 17. Pore size distribution of PC pastes at various ages.

Table 4 Pore structure parameters of PC pastes.

Curing days Group

Pore size distributior{ %)

Porosity%)

<20nm

50~100nm >100nm

3d Control

30.2

19.0

153 50.3



Bl 30.8 18.5 175 154 48.6

B2 28.8 18.6 16.9 16.7 47.8
B3 28.5 19.0 20.7 13.5 46.8
Control 28.2 18.1 14.4 15.7 51.8
d Bl 28.0 19.1 15.8 16.2 48.9
7
B2 26.6 18.1 15.6 17.4 48.9
B3 26.1 20.0 19.3 13.4 47.3
Control 25.4 13.4 13.4 16.2 57.0
B1 25.3 16.1 15.3 15.2 53.4
28d
B2 23.2 14.6 17.1 17.0 51.3
B3 23.6 15.0 17.6 17.5 49.9
Control 24.4 9.7 16.6 16.4 57.3
B1 24.5 15.2 16.8 14.9 53.1
56d
B2 22.0 12.8 17.2 18.3 51.7
B3 21.1 13.3 18.2 19.8 48.7

332 3.9 SEM observation of cement paste

333 SEM observations were carried out on selected samples as shown in Fig. 18. The mineral

334  compositions in labelled regions were confirmed by EDS analysis. There are some unhy$ated C

335 a trace of Ca(OH)crystals existing in the control specimen after 3 days curing. For B3 specimen,

336 many hexagonal plate-like Ca(OHyith size of about &m can be observed, being attributed to the

337 accelerated effect of nano-Cag@nh hydration of cement as described in Part 3.7. Witptb®nging

338 age, some needle-like ettringite (AFt) crystals were observed in both the control and B3 specimens.

339  Furthermore, the microstructure of nano-Ca@@ded specimen looks denser than that of the control

340 sample, resulting in the higher compressive strength as described above.
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(c) Control 28d (x5000) (d) B3 28d (x5000)

Fig. 18. SEM observation for selected hardened cement pastes.

3.10 Environmental benefit analysis

From the above experimental results, the absorption amount.afe@thed 0.0404%~0.2426% of

Portland cement by weight with this upcycling method and the 28 days strength of cement paste was

increased by 3.4~7.2%. This means that an estimated 1.86~11.2 million tonsad#rCia2 recycled by

the annual production of cement all over the world (4.6 billion tons) without any negative effects, being

a great contribution to reduce the greenhouse gas release. This contribution maybe greater when a

higher dosage of the manufactured nano-CaiSGncorporated in further studies. On the other hand,

the increase of mechanical strength has a great potential to reduce the cement amount or reuse a higher
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level of industrial wastes as mineral admixtures such as fly ash and ground granulated blast furnace

slag (Monkman and Macdonald, 2017). It is reported that every ton of Portland cement has an emission

of 1040 kg CQ (Portland Cement Association, 2016). Therefore, the cement producer can in situ

upcycle the released GJdor manufacturing the nano-CagQ@uspension as a mineral agent for

concrete, being accordance with the roles of circular economy and environmental protection.

4, Conclusions

Based on the above experimental results, the following conclusions can be obtained.

(1) A novel method was developed to upcycle,@® manufacturing nano-CaG@uspension by

injecting CQ into Ca(OH) solution. The produced CaG@resented spherical and cubic particles with

size of 20 to 50 nm.

(2) The manufactured nano-Cag8uspension increased the 3d, 7d, 28d and 56d compressive

strength by 2.8~5.8%, 2.0~9.9%, 3.4~7.2% and 3.5~7.6% respectively. The initial and final setting

times were reduced by 8.89%~30.22% and 7.89%~19.08% respectively.

(3) The early age hydration of Portland cement was accelerated by the nangsTa@énsion,

resulting in the increased hydration heat release and more formation of GatQtdydened cement

paste.

(4) With introduction of the nano-CaGQuspension, the porosity was reduced and the pore

structure was refined for the hardened cement pastes.

(5) Each ton of Portland cement absorbed around 0.4~2.4 kg.ofvAi@ the usage efficiency of

cement was improved by around 3.4~7.2%. Therefore, this upcycling method has a great

environmental potential being attributed to both the capture and solidification of carbon dioxide and

the carbon footprint reduction of cement industry.
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(6) This technology has a potential for capturing variable industrial emissidmshigh

concentration of COwhich needs more studies. On the other handC#{®H) solution can be

replaced by calcium-rickvastes such asaked lime slurryand calcium carbide slag to achieve a

better environmental effect.
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Highlights

Nano-CaCO; suspension was manufactured by upcycling CO..

Compressive strength of Portland cement was increased by Nano-CaCO; suspension.

Early age hydration was accel erated and pore structure was refined.

Around 0.4~2.4 kg of CO, can be recycled by every ton of Portland cement.



