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PREFACE

The International Congress on the Chemistry of Cement (ICCC) is the renowned global
platform that summarizes the state of the art of cement chemistry as well as major trends in
cement application. Since the first International Congress on the Chemistry of Cement started
in London in 1918, it has provided a strong and fruitful link between the academic world and
the cement industry. It has always stimulated scientific exchanges and discussions between
researchers, students, and those who have already gained working experience in many fields
of chemistry relevant to cement production and its use in concrete and mortar. The ICCC is
the venue to present cement and environmental development together with meeting worldwide
and renowned experts from all over the world who come to present their works at the congress.

This proceeding collects the papers submitted to the 16™ International Congress on the
Chemistry of Cement (ICCC 2023), which was held in Bangkok, Thailand between September
18-22, 2023, and organized by Thailand Concrete Association on the theme of “further
reduction of CO2-emission and circularity in the cement and concrete industry”. The ICCC
2023 attracted more than 565 papers and more than 800 delegates and students from 49
countries.

The scientific program covers the topics of the newest and the most important research
and development describing the new dimensions in clinker production, advances in hydration
chemistry, enhancing clinker substitution and supplementary cementitious materials, advances
in characterization methods and modelling, new low carbon cement and carbonatable binders,
new findings in admixture & rheology, new technology for quality concrete, durability &
reactive transport, sustainability, circular economy, waste processing and recycling, and
standardization of cement and concrete.

The Organizing Committee and the Scientific Committee believe that our participants
will be most satisfied with the congress and will gain the knowledge to improve their
professional works in the future.

Prof.Thanakorn Pheeraphan Prof.Somnuk Tangtermsirikul
Chairman of the Organizing Committee Chairman of the Scientific Committee
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The 16 International Congress on the Chemistry of Cement 2023 (ICCC2023)
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Effects of Magnesium Ion on Retardation Mechanism of Non-
calcium Metakaolin Geopolymer
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ABSTRACT

Seawater-based geopolymers exhibit potential to substantially reduce water usage and carbon emissions.
While many seawater-bearing ions (e.g., Ca®’, Na, and CI) have been widely investigated in the
geopolymer system, the study on magnesium (Mg) ion-induced changes in properties/structures has so far
been very limited. The present study aims to understand the effects of Mg?" on the setting of non-calcium
geopolymers. It was confirmed that magnesium chloride could retard the setting of sodium silicate-
activated metakaolin through the Vicat penetration, as also evidenced by the delayed dissolution of
metakaolin via chemical extractions. Through FTIR and composition analyses, it was found that such
retardation was mainly due to the Mg?*-caused consumption of OH- in the activating solution, and thus
decelerated the process of dissolution and condensation during geopolymerization. All these findings well
verify the tailorability of setting by Mg** and therefore pave the way to develop the low-carbon
geopolymers using marine resources.

KEYWORDS: magnesium, geopolymer, setting, retardation
1. Introduction

While geopolymer is being developed as a low-carbon alternative to the ordinary Portland cement, the use
of seawater for mixing shows promise to address water shortages (Shi and Yao (2019)). To develop
seawater-based geopolymers, the magnesium ions (Mg**) could react with the alkali-activating solutions
and thus potentially affect the hardening process of geopolymers (Shi and Yao (2019), Ren and Sun
(2021)). In this study, the hardening process of Mg?*-dosed geopolymers was monitored using Vicat
penetration. To understand the effects of Mg?', the alkali-activating solution was measured via Fourier
transform infrared spectroscopy (FTIR), and the corresponding metakaolin geopolymers were examined
via FTIR aided with chemical extractions to examine the structure evolution.

2. Materials and methods

2.1 Materials and sample preparation

Geopolymer mixtures were synthesized using metakaolin as the precursor. Sodium hydroxide (NaOH)
and fumed silica powder were used to prepare the sodium silicate-activating solution. Anhydrous
magnesium chloride (MgCl,) was used to study the effects of Mg?* on the geopolymer setting. The molar
ratio (expressed as MgCly:Na,0:Al,03:510,:H,0) was 0.05:1:1:4:11 for the MgCl, mixture (named as
“GP_Mg”) and was 0:1:1:4:11 for the non-MgCl, mixture (“GP_control”), the latter of which was also
used in our previous study (Chen and Sutrisno (2017)). MgCl, was added to the sodium silicate solution
and kept stirring for 24h before further mixing with metakaolin. During the synthesis, 1 min of manual
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mixing was followed by a mechanical mixing at 800 rpm for 4 min. Immediately after mixing, the
mixtures were wrapped by plastic films to prevent water evaporation and then placed in a curing box (20
+ 1°C) until further testing.

2.2 Testing procedure

The setting time was measured in accordance with ASTM C191 (ASTM (2019)) using a Vicat needle
apparatus. Each measurement was repeated three times to ensure the accuracy. Meanwhile, according to
the Chinese standard of GB/T 17671 (GB/T 17671 (2021)), each six specimens (40 mm cube) were tested
at different ages (3, 5 and 28 days) for each mixture. The effects of Mg?* on the silicate polymerization of
the activating solutions were examined using an attenuated total reflectance (ATR) Fourier transform
infrared (FTIR, Vertex 70, Bruker, Germany) instrument. The spectra were recorded in the range of 4000
- 600 cm™! with a resolution of 2 cm™!. Furthermore, the degree of reaction at various ages was estimated
by removing the geopolymer gel (or sodium aluminosilicate hydrate, abbreviated as N-A-S-H) from the
geopolymer mixture via hydrochloric acid (HCI) extractions (Chen and Sutrisno (2017)). The residue
before and after the extraction was weighed and measured via FTIR with the same manner as described
above.

3. Results and discussion

3.1 Effects of Mg?*on the hardening behavior

As shown in Figure 1(a), the curves of penetration depth for “GP_Mg” obviously shifted to the right
compared with the “GP_control”, indicating the setting of geopolymer was considerably prolonged when
Mg?" was present. According to the ASTM C191 (ASTM (2019)), the initial setting time for “GP_Mg”
was about 18 hours, being delayed by 4 hours compared to “GP_control”. Meanwhile, as shown in
Figurel(b), the “GP_Mg” exhibited a significantly lower compressive strength than “GP_control” when
cured for 3 days. Such a difference however gradually disappeared as curing days increased. The 28-day
compressive strength of the two mixtures (i.e., with and without Mg*") did not exhibit much difference
(about 55 MPa). Such an early-age retardation combined with a slight difference at the later age indicates
the feasibility of Mg?" to tailor the setting of geopolymers while keeping their longer-term performance.
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Figure 1 Effects of Mg? on the hardening process: (a) Vicat penetration curves (b) compressive strength
development with curing time
3.2 Mechanism of the retardation
Normally, a main chemical reaction of Mg?" with the activating solution would be the consupmtion of the
hydroxyl groups as depicted below:
MgCl, + 2NaOH — Mg(OH), + 2NaCl (D
The resulting reduction in alkalinity could (a) alter the silicate polymerization of the activating solutions
and (b) reduce the metakaolin dissolution, as examined in the following sections.
3.2.1 Extent of silicate polymerization in the activating solution
The sodium silicate solution with and without Mg?" was prepared and characterized to study the effects of
Mg?*". While the pH value decreased from 13.65 to 13.41 as the Mg?" was introduced, the silicate species
became more polymerized (Figure 2). Specifically, the main band (Q' and Q* dimer and trimer) shifted
from 973 to 976 cm’!, while the peak intensity at 1100 cm™ (Q?: tetrameric silicate anions) increased as
the peak intensity at 875 cm™ (Q% monomer) decreased. Though these changes are not substantial, such
change torwards a higher extent of polymierzation is generally seen to retard the condensation reaction
between the silicate and aluminate species at early ages (Gharzouni and Joussein (2015)), thus likely
having caused the retardation effects (see Fig. 1).
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Figure 2 Effects of Mg?* on the silicate polymerization of sodium silicate solutions

3.2.2 Dissolution rate of metakaolin

Besides the condensation process, the change in alkalinity caused by Mg*" could also influence the
dissolution rate of metakaolin. As shown in Figure 3, the proportion of the unreacted metakaolin at the
various ages for “GP_control” and “GP_Mg” was determined via HCI extraction. While the amount of
unreacted metakaolin for all the mixtures exhibited a decreasing trend with time, the amount of unreacted
metakaolin for “GP_Mg” at each early age clearly increased compared with “GP_control”, indicating that
the introduction of Mg*" reduced the dissolution rate of metakaolin. Notably, the proportion of unreacted
metakaolin at 28 days was comparable to each other, again supporting the introduction of Mg?" has little

influence on the later-age performance.
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Figure 3 Effects of Mg?on dissolved percentages of metakaolin at 1 to 28 days

Such Mg?*-induced hinderance in dissolution could also be seen from the direct characterization of the
geopolymer mixtures via FTIR (Figure 4). With the addition of Mg?*, the main peak shifted to a higher
wavenumber from the “GP_control” to the “GP_Mg”, specifically, from 1024 to 1048 cm™ at 1 day, from
998 to 1017 cm™! at 3 days, and from 987 to 999 cm™ at 5 days (Figure 4(a-c)). Generally, a higher FTIR
wavenumber is correlated with either a higher percent of metakaolin (Chen and Meawad (2014)) or a
higher Si/Al ratio of the gel (Zhang and Wang (2012)). While the higher percent metakaolin is in line
with the Mg**-induced hindrance of dissolution (Figure 3), the higher Si/Al ratio also indicates a less
percent of Al was converted from the metakaolin particle to the three-dimensional structure of
geopolymer gel. Similarly, no obvious difference were observed in peak positions and intensities at 28
days (Figure 4d), which was consistent with the HCI extraction results.
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Figure 4 FTIR spectra of metakaolin geopolymers with and without Mg?* at 1 to 28 days
4. Conclusions

In this study, the mechansim by which Mg®" retards the reaction of metakaolin-based geopolymers was
elucidated. The main conclusions are as follows:

(1) A significant delay in the initial setting of the metakaolin geopolymer occurred when the Mg?* was
present, specifically, by a 4-hour delay with the introduction of Mg?" at 5 mol% relative to the NayO.
Notably, the addition of Mg?* exhibited negligible effects on the long-term strength (i.e., at 1-month age).
(2) To understand this retardation, the polymerization degree of the sodium silicate solutions and the
reaction extent of the metakaolin were investigated via FTIR and HCI extraction. The decreased alkalinity
caused by the interaction of Mg?>" and OH™ in the activating solution was found to promote the
polymerization of silicates in the solution and to hinder the dissolution of metakaolin, thus decelerating
the reaction of geopolymerization.
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ABSTRACT

Reactive MgO cement (RMC) has attracted much attention because of its ability to gain strength through
permanently sequestrating CO,. However, there are risks of delayed expansion caused by further
hydration of residue MgO. Meanwhile, the water stability of carbonation products in RMC is still unclear.
In this study, carbonated RMCs with different carbonation degrees were prepared by changing the water-
to-cement ratio and curing duration. Then, their performance development under further water curing was
investigated. The compressive strength, dimensional changes and phase evolutions were characterized
before and after water immersion. The results showed that strength increased after long-term soaking
degradation of carbonated RMC was only found in specimens with high carbonation degree at early
immersion stage due to the dissolution of nesquehonite. By contrast, carbonated RMC with low
carbonation degree exhibited continuous strength development but large expansion above 0.12% caused
by residue MgO hydration. The reaction of nesquehonite with MgO results in the formation of amorphous
hydrated magnesium carbonate with a network structure, resulting in densified microstructure, reduced
shrinkage, improved strength and an almost unchanged CO, absorption rate. An appropriate amount of
MgO residue is beneficial to the water stability of carbonated RMC.

KEYWORDS: Reactive MgO cement, Water stability, Strength development, Expansion

1. Introduction

Reactive MgO cement (RMC) is being investigated due to its lower calcination temperature
compared with PC (700~1000 °C vs. 1450 °C), and ability to gain strength through CO, mineralization
(Unluer and Al-Tabbaa (2013)). The strength development of RMC depends on two mechanisms: a)
hydration; and b) carbonation. The hydration product Mg(OH), reacts with CO, and H»O to form a series
of hydrated magnesium carbonates (HMCs) such as nesquehonite (MgCO3-3H>0), hydromagnesite
(4MgCO;3;-Mg(OH),-5H,0), dypingite (4MgCO3;-Mg(OH),-4H>0) and artinite (MgCO3-Mg(OH),'3H>0)
(Dung et al (2019)). The hydration and carbonation reactions together determine the amount of HMCs
and further strength development of RMC (Gardeh et al (2022)).

The hydration of MgO is a dissolution-precipitation process and is controlled by the dissolution of
MgO. The formation and coating of HMCs and Mg(OH), on the surface of MgO particles inhibit its
further hydration, and there is usually 25~60% residual MgO present in hardened RMC (Wang et al
(2020), Dung and Unluer (2019)). Under air condition, the residual MgO would not hydrate due to the
coating of Mg(OH), and HMCs. Unfortunately, the HMCs are not all water stable. It is reported that only
hydromagnesite is the most stable product at room temperature, while nesquehonite is unstable, slowly
releasing CO, and water at room temperature and pressure (Xiong et al (2008)). More importantly, the
solubility of HMCs is much greater than that of Mg(OH),. The water solubility of nesquehonite,
hydromagnesite and Mg(OH), is 0.295, 0.038 and 0.007 g/L at 25 °C, respectively, calculated from
solubility product constant (Winnefeld et al (2019)). Once these HMCs dissolves in water, a deterioration
on the performance of the hardened RMC might occurred. Moreover, the dissolution of HMCs brings the
internal residual MgO into contact with water and further hydrates, which may lead to volume stability


mailto:690490526@qq.com
mailto:qianjueshi@163.com

problems. However, at present, few researches has focused on the properties changes of RMC cured in
water.

The objective of this work is to investigate the properties of carbonated RMC further cured in water.
The effect of w/b ratio and carbonation curing time on compressive strength and dimensional changes
were investigated. Furthermore, the phase evolution of the carbonated RMC was examined before and
after soaking.

2. Materials and methods
2.1 Raw materials and sample preparation

Magnesia used in this study is obtained from calcining magnesite (Taida magnesium, China) at
900 °C for 4 h, and the MgO content measured from X-ray fluorescence is above 92%.

The RMC pastes were prepared using w/b ratios of 0.5, 0.6 and 0.7. All specimens were demoulded
1 d after casting and then placed in an accelerated carbonation environment: 20 °C, 70% RH and 20%
CO;. The carbonated reactive MgO cement (CRMC) with different carbonation degree was obtained after
accelerated carbonation for 1 d, 3 d, 7 d or 28 d. Then, the CRMC specimens were immersed in deionized
water for another 90 days.

For convenience of description, the specimen was abbreviated as x-ACy, where x is the w/b ratio
and y is the curing ages of specimen under accelerated carbonation. For example, 0.5-AC1 is the
specimens with a w/b ratio of 0.5 after 1 day of carbonation curing.

2.2 Testing methods

The compressive strength was measured using a universal testing machine (TYE-300B, Wuxi Jianyi
Instrument and Machinery Co. LTD, China) at a loading rate of 0.5 kN/s. Each strength data was the
average value of 6 specimens (25 mm % 25 mm X 25 mm). The dimensional changes of CRMC in water
at different ages was studied by measuring the length of specimens (20 mm x 20 mm % 170 mm).

The fragments after strength test were soaked in ethanol for 48 h to terminate hydration, and vacuum
dried for another 48 h. Then the fragments were ground to pass through a 75 pm sieve for XRD test. XRD
was tested using a powder X-ray diffractometer (Panalytical X pert, Netherlands) with Cu-Ko X-ray tube
with a step size of 0.026 ° 20 at a scanning angle of 5-65 ° 20.

3. Results and discussion

3.1 Compressive strength

The compressive strength development of CRMC with different curing ages and w/c ratios under
further water curing is shown in Fig. 1. Before soaking in water, the strength of all specimens increased
with the increasing CO; curing age, and decreased with the increasing w/b ratio. However, these
specimens showed different strength development after are soaking in water. The strength of 0.5-AClI,
0.6-AC1 and 0.7-AC1 specimens continued to increase up to 90 d. For specimens with longer carbonation
curing times, their strength first decreased and then increased after soaking in water, and the 90 d strength
was still far higher than that of specimens before soaking. For 0.5-AC28 specimen, the strength was 50.8
MPa before soaking in water, and the value decreased 17.7% to 41.8 MPa after 3 d of soaking. Then the
90 d strength increased 24.8% to 63.4 MPa. Generally, the strength of hardened cement depends on the
amounts of cementing products, and the decrease in strength in water could be attributed to the decrease
amounts of reaction products. The strength increase of CRMC in water indicating the continuous
formation of new reaction products.
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Fig. 1. Compressive strength of CRMCs subjected to further water curing: (a) w/b=0.5, (b) w/b=0.6 and (c) w/b=0.7.
3.2 Dimensional changes

The dimensional changes of CRMC under further water curing are shown in Fig. 2. It is observed
that almost all specimens expanded after soaking in water, which was caused by the continuous hydration
of MgO. The expansion value of 0.5-AC1, 0.6-AC1 and 0.7-AC1 even reached above 1200 pm/m after
being soaking in water for 90 days, and the value increased with the increasing w/b ratio. This is
attributed to relatively high carbonation degree of low w/b ratio specimens at early stage, and the
formation of carbonation products prevents the further hydration of MgO, thus reducing the expansion.
Moreover, the expansion of specimens decreased with the increasing carbonation curing time, indicating
that the formation of carbonation products is helpful to reduce the expansion of CRMC in water. All
specimens carbonated for 3 days or longer time exhibited expansion values less than 600 pm/m at 90 d
after soaking, which is a relatively low level. This could be partially attributed to less amount of residue
MgO in high carbonated specimens. On the other hand, the formation and coating of the carbonation
products on surface of the MgO particles prevent further hydration.

It is worth noting that partial CRMC specimen with longer carbonation curing time (i.e. 3 d, 7 d and
28 d) first expanded rapidly in early age of soaking due to the swelling. Then, the specimens showed
obvious shrinkage, which might be attributed to the reaction of HMCs and MgO. Finally, the sepcimens
showed continuous expansion up to 90 d.
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Fig. 2. Dimensional changes of CRMC subjected to further water curing: (a) w/b=0.5, (b) w/b=0.6 and (c) w/b=0.7.
3.3 XRD

XRD was used to identify the phase changes of CRMC with a w/b ratio of 0.5 further cured in water
(Fig. 3). As shown in Fig. 3(a), the prominent peaks are brucite at 18.5 © and 39.0 ° and periclase at 42.9 °
for all specimens. The peaks corresponding to nesquehonite could also be found in specimens after 3 d, 7
d, and 28 d carbonation curing. Meanwhile, the peak intensities of periclase decreased after soaking,
indicating continuous reaction of MgO in water. It is also observed from Fig. 3b and ¢ that the peak
intensity of nesquehonite decreased or even disappeared after 90 days of soaking, indicating a decrease of
nesquehonite in water. It is worth noting that the AC3 samples showed weak peak at about 20 ° and
broadening peak at 35~40 ° after 90 d of soaking, indicating formation of amorphous products. Combined
with the results of dimensional changes results (Fig. 2), the shrinkage of CRMC in water could be
attributed to the reaction of MgO and nesquehonite to form amorphous products.
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Fig. 3. XRD patterns of the CRMC with a w/b ratio of 0.5: (a) full scans of 0.5-ACl1, 0.5-AC3, 0.5-AC7 and 0.5-
AC28 samples at water curing for 3d, 7d and 28d; (b) comparison of AC3 samples after 3 and 90 days of water
curing; (c) comparison of AC28 samples after 3 and 90 days of water curing (P-Periclase; B-Brucite; N-
Nesquehonite; Q-Quartz; M-Magnesite; C-Calcite).

3. Conclusions

RMC is a promising cementitious material due to its ability to gain strength through permanently
sequestrating CO,. However, the performance changes of RMC in water are rarely reported, which is
likely to be encountered in its application. In this study, the properties of CRMC with different
carbonation degree further soaking in water were studied. The results showed that the strength of CRMC
pastes after long-term soaking is higher than that before soaking. The strength reduction caused by
dissolution of nesquehonite only occurred in specimens with high carbonation degree at early stage of
soaking, and then the strength developed due to the reaction between residue MgO and nesquehonite. The
strength of CRMC with low carbonation degree increased continuously but showed high expansion value
of above 1200 um/m. The reaction of MgO with nesquehonite results in the formation of new amorphous
phase, leading to shrinkage and inhibiting further hydration of MgO.
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ABSTRACT

The hydrates of reactive magnesia cement (RMC) are carbonated to sequestrate massive COa;
theoretically, 1 kg RMC could sequestrate approximately 1 kg CO,. However, in real buildings, the majority
of its CO, capacity would not be utilized for two reasons. First, a considerable fraction of RMC cannot
hydrate because of the low solubility of Mg(OH),; second, CO; can only penetrate in by a few millimeters
because of the dense microstructure of hydrates. Biochar is a group of highly porous material that is
recycled from pyrolyzed bio-waste (Sper=20-545 m?*/g). It can physically adsorb CO, with its ultra-large
surface area. In this study, we present the effect of mixing these two ingredients to make concrete — the
biochar particles introduce connected pores that have a larger size than the mean free path of CO; (45 nm),
so the sequestrated CO; and carbonation degree in RMC matrix is enlarged; the biochar embedded in cured
RMC matrix provide a larger specific surface area for CO, adsorption, so the CO; regulation ability has
been improved. Specifically, the chemical compositions of the CO»-cured RMC-biochar matrix of different
biochar-RMC mix design are examined with acid digestion method to determine its CO, sequestration
capacity; the porosity and pore size distribution after CO, curing are analyzed by Brunauer—-Emmett—
Teller(BET) method; the CO, adsorption capacity under ambient CO; level and relatively humidity is
measured in a customized testing chamber, where the ambient conditions can be controlled.
KEYWORDS: Reactive magnesia cement, biochar, carbonation, adsorption, porous microstructure

1. Introduction

RMC has widely attracted research attentions as a promising green binder due to its low calcination
temperature (700-900°C vs 1450°C for Portland cement) and potential to significantly absorb CO, during
its service life (Walling and Provis (2016), Mehta and Monteiro (2014)). However, the insufficient
carbonation degree of RMC is still a concern. Since the dense microstructure of surface hydrated
magnesium carbonates (several millimetres) delays the CO- diffusion and decrease the carbonation degree
inside the RMC matrix. Hollow natural fiber (HNF) had been successfully proven to provide CO, with gas
pathway to enhance the carbonation degree of matrix (Wu and Qiu (2022a), Wu and Qiu (2022b)). Despite
the rarity of related research, the potential for biochar to create connected pores in the RMC matrix and
increase the carbonation degree by allowing deeper CO; penetration is compelling, highlighting the urgent
need for further investigation.

Biochar can also physically adsorb CO; on its ultra-large non-polar surface area, and desorb when
heating, degassing, or dehumidifying etc. In such case, specific surface area (Sger) and porosity volume
(V,) of biochar are two main factors to affect its adsorption ability (Leng et al (2021), Zhao et al (2013)).

Chen et al (2022) and Wang et al (2021) aim to increase hydration/and carbonation degree of matrix
by internal curing effect with limited biochar dosage. Kua and Choo (2019) used biochar-coated plaster for
indoor carbon dioxide sequestration. However, present work reported the mixing of large quantity of
biochar and RMC to enhance CO- sequestration ability of RMC matrix as well as maintain CO- adsorption
ability of embedded biochar in RMC matrix at the same time. This combination of materials provides
insight to fabricate the lightweight masonry wall material for indoor air regulation in the future.

2. Materials and methods
2.1 Raw materials, mix design, and specimen preparation

RMC was used as binder and sodium hexametaphosphate (Na(PO3)s) was used as dispersion agent for
the fresh RMC paste. Silica sands with a mean diameter of 150pum were used as fine aggregates. Biochar
particles with particle size less than Imm were used as a lightweight CO;-adsorbing aggregate. Shale
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particles (Sger=0.025 m?*/g) with particle size less than 0.2mm were used as a lightweight aggregate with
ignorable CO»-adsorbing capability.

Table 1 summarizes the mix proportions and the testing plan of this work. From B0 to B160, the
biochar-to-RMC ratio increased from 0 to 1.6; the group S had the same RMC content as B100 and was
used as a control group. All the groups had a free water-to-cement ratio of 0.79.

Table 1 Mix proportions and testing plan in this work

Mix proportions (kg/m®) Testing method
Biochar/  Silica  Absorbed  F f.(MPa)  Drydensity ~ Cabonation,
Group MgO iochar ilica sorbe ree Na(POs)s  Total - (MPa) ry en§1ty ' adsor
shale sand water Water (kg/m’) porosity ption
BO 815 0 326 0 644 322 1817  55.9%2.63 1591.949.3 N
B60 541 325 216 237 427 214 1767  11.88+0.55  1263.5+8.1 \
B100 442 442 177 323 349 26.6 1760 8.8+0.3 1140.1+6.3 v v
B160 347 555 139 405 274 48.6 1769  5.48%0.14 1046.6+8.4 y
S 442 1349 117 337 349 17.5 2612 \

The lightweight composites listed above were mixed and cast according to Wu and Qiu (2022b), and
the fresh mixture was cast into 40x40x40 mm?® cubes for dry density measurement and compressive test;
it was cast into R50xH100 mm?® cylinders for carbonation degree measurement and subsequent porosity
characterization; it was cast into 15x250x250 mm? thin plates for in-situ CO, adsorption test. After 48
hours curing in ambient air, the specimens were demolded. After demolding, the side and bottom of
cylindrical specimens were sealed with paraffin, while the upper face left open to allow one-way CO»
diffusion. Then all the cube, cylinder and plate specimens were cured in an CO; environmental chamber
(30°C, 85% relative humidity,10 vol.% CO; concentration) for RMC carbonation.

2.2 Testing procedures

Unconfined uniaxial compressive tests were conducted to the 28-day CO; cured cubes with the loading
rate of 0.05 mm/s; The oven-dry density was calculated by oven-dried mass of specimen divided by the
sample volume obtained by Archimedes method.

The porosity and pore size distribution of samples were characterized by surface area and pore size
distribution analyzer (Microtrac BEL, Belsorp Mini X). Powder samples were degassed at 180°C for 6
hours before N> adsorption-desorption process. Sger of samples were analyzed by BET theory, the pore size
and pore distribution of samples were analyzed by Barrett-Joyner-Halenda (BJH) method.

Acid digestion method was applied to quantitatively detect carbonation degree of composites. After
14-day CO; curing, the specimens were cut accordingly from surface, middle and bottom, each layer has
thickness of 10mm. The slices from same depth were collected and crushed into powder. Diluted 600ml 5
vol.% sulfuric acid solution with excess H>SO4 (30ml, 95-97%) were prepared for testing. The procedure
for acid digestion is as follows: 1) weight the beaker with mixture Wo; 2) mix the solution gently with
magnetic stirrer for 2 minutes; 3) add about 30g power (W) into mixture then stirring for about 5 minutes
at a speed of 850 rpm; 4) weight the resultant mixture with breaker W»; the control group without adding
samples was also carried out to calculate the weight loss due to water evaporation (AWc). So, the decreased
mass(AW) of samples and digestion ratio(a) can be calculated.

Aw =wi +w- — wy — Aws (D
a =2%&x 100% 2)

The carbonation degree(p) could be approximately calculated by amount of sequestrated carbon
dioxide(mol) divided by amount of magnesium ion(mol) in the samples. If the biochar to RMC ratio is x,
then the derived carbonation degree can be expressed as follow:

(x*Ix ("*-)
B =" A3)

The chemical reaction of CO, and hydrated RMC can largely sequestrate CO», but it takes much longer
time than physically adsorption process by biochar, which dominated by CO; diffusion rate. In-situ CO»
adsorption test set up is shown in figure 1, CO; level in chamber is controlled as between 500-1500 ppm
(mean value is 1000ppm, which is the upper limit of indoor CO- level in Hong Kong). The chamber size is
600mmx600mmx>600mm. In this set up, a gas valve connected with an environmental controller were used
to control the CO; level in the chamber. The test was conducted at about 25°C, and saturated potassium
bromide solution was used to maintain about 75% R.H. in chamber. The chamber was tightly sealed. Real-
time CO; concentration, R.H. and temperature were recorded simultaneously by datalogger every 3 minutes
and lasting for 48 hours for each test.
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Fig. 1 Schematic diagram of self-designed chamber
3. Results and discussions

3.1 Compressive strength and oven-dry density

The compressive strength and over-dry density are shown in the table 1 above, the mean value with
standard deviation of triplicate samples for each group was reported.
3.2 SgeT, porosity and pore size distribution

Fig. 2 below indicates the pore size distribution of biochar and biochar-based RMC composites after
28-day COs curing. For pristine biochar, most of pores were distributed within 10 nm, there are two peaks
located at 1.1903 and 1.4952 nm respectively. Besides, Sger, Vjp and peak aperture (dp,peak) of biochar and
biochar-incorporated RMC composites were listed in the table 3. For biochar-incorporated RMC
composites, the pores within the matrix were introduced by both the biochar and RMC composites after
hydration and carbonation. Despite the relatively low Sger (only 6.224 m*/g) of hydrated and carbonated
RMC matrix after 28-d CO; curing, Table 3 demonstrates that the incorporation of biochar increases the
Sger of the composites from 20.543m?/g, 29.351m?/g to 39.902m?*/g, depending on the biochar dosage. This
increase in Sggr indicates that the available adsorption sites on the surface of biochar were not largely
occupied by hydrates and carbonates, thereby preserving the CO, adsorption potential of embedded biochar
in the 28-day cured RMC matrix.
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Fig.2 Pore size distribution of biochar and 28-day cured biochar-based RMC composites
Table 3 Sger and Vj of 28-day cured biochar-based RMC composites

Groups Seer(m?7/g) Vp(cm/g) dp peak(nNm)
biochar 64.225 0.037 1.1903
BO 6.224 0.0472 1.1903
B60 20.543 0.0643 1.0454
B100 29.351 0.0867 1.3261
B160 39.902 0.0671 1.1903

3.2 Acid digestion ratio and carbonation degree
Table 4 Acid digestion ratio and carbonation degree of 14-day cured biochar-based RMC composites

Groups Acid digestion ratio (%) Carbonation degree (%)
BO 5.84 7.43
B60 8.54 15.33
B100 8.07 17.59
B160 7.41 20.21

The acid digestion ratio and carbonation degree of the 14-day cured samples are presented in Table 4.
The B0 group exhibited the lowest acid digestion ratio (only 5.84%), indicating that it produced the least
hydrated magnesium carbonates after 14-day CO, curing. Nevertheless, all three biochar-incorporated
RMC composites demonstrated enhanced CO, sequestration ability of composites, as evidenced by an
increasing amount of digestion ratio compared to BO.
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Observably, the carbonation degree of the biochar-incorporated group increased significantly, when
compared to that of the BO group, which also indicated by Table 4. Furthermore, the carbonation degree of
all biochar-incorporated groups increased proportionately to the biochar to RMC mass ratio, ranging from
15.33% (B60) and 17.59% (B100) to 20.21% (B160). This suggests that the diffusion path of CO, is no
longer hindered by dense matrix on the surface, and the connected pores within biochar provide an
additional pathway for CO; to penetrate deeper into the matrix, resulting in a higher amount of sequestrated
CO; inside compared with BO group. As the dosage of biochar increases, so does the penetration of CO,
resulting in a higher amount of sequestered CO; during curing.

3.3 In-situ CO; adsorption capacity

Fig. 3 displays the CO, concentration changes in a self-designed chamber for 0-day and 28-day cured
B100 and S groups. 0-day CO; curing revealed that B100 and S group have a significant CO, reducing
ability, as shown by the approximately 25 and 24 cycles, respectively, in Fig. 3a. After 28 days of CO,
curing, the cycles reduced to only 4 and 3 for B100 and S groups, respectively, indicating a slower CO»
reducing ability of the RMC matrix compared to the uncured groups. This is primarily due to the RMC
matrix’s reduced chemical absorption ability. In Fig. 3b, the slope of the curve in the first few cycles is
significantly steeper for B100 compared to S group. As the cycle time increases, ti in B100 group also
increases, while this trend is not as pronounced for S group. This suggests that C; in the first few cycles is
due to both biochar adsorption and RMC matrix absorption effects, with the adsorption ability of biochar
becoming exhausted after the first 1-3 cycles, leaving only chemical absorption of RMC to reduce CO,,
thereby S and B100 groups show similar CO»-reducing trend during the later cycles.
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Fig. 3 the CO:2 concentration changes in a self-designed chamber
for 0-day (a) and 28-day (b) CO2 cured B100 and S plates

The total C; was calculated by adding up all the individual C; values for 48 hours. In Fig. 3a, the
difference in total C; between B100 and S groups was 2124 ppm, indicating a biochar adsorption ability of
1.03 mg (CO,)/g within 48 hours. In Fig. 3b, the adsorption ability of embedded biochar was 0.76 mg
(CO»)/g, which might be attributed to the formation of a denser microstructure on the surface. This denser
microstructure slows down the diffusion rate of CO, into the embedded biochar and prolongs the CO»
adsorption process.

4. Conclusion
This work presents the combined effects of large biochar dosage and RMC mixing for the first time to
create lightweight composites. The combination of biochar and RMC enhances the sequestered CO, amount
while maintaining the CO, adsorption ability of embedded biochar in the RMC matrix. The conclusions
can be summarized as follows:
1) With biochar dosage increases from 0% to 160% of cement quantity, 28-d compressive strength of
biochar-incorporated composites dropped from 55.9, 11.88, 8.8 to 5.48 MPa;
2) Hydrates and carbonates do not significantly occupy the surface of the embedded biochar in RMC
matrix after 28 days of CO, curing;
3) The incorporation of biochar results in a maximum carbonation degree that is over 270% higher than
that of the group without biochar;
4) CO; adsorption ability of embedded biochar in RMC matrix slightly decreased after 28-d CO; curing.
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ABSTRACT

Belite-rich limestone calcined clay cements, BR-LC?, could be an alternative for low carbon binders with
potentially very good durability properties, given the high amount of C-S-H gel from the cement
hydration with additional C-(A)-S-H from the pozzolanic reaction. Nevertheless, BR-LC? phase hydration
rates at early ages are slow and they must be enhanced, for instance by using C-S-H nucleation seeding
admixtures. In this work, a BR-LC? binder was prepared using a clinker-activated Belite-rich cement, BC
(58 wt%), kaolinitic calcined clay (26 wt%), limestone (13 wt%) and gypsum (3 wt%). Pastes were
prepared with a water-to-binder (w/b) ratio of 0.40 and superplasticizer. Mortars were prepared with the
w/b=0.40 and having a target slump self-flow of 210+20 mm. Paste hydration characterization was
carried out by thermal analysis, Rietveld quantitative phase analysis and mercury intrusion porosimetry.
The compressive strengths of the mortars were also determined. Remarkable compressive strength
improvements at 7 and 28 days are shown by using a C-S-H seeding admixture. The improvement of
mechanical strengths is not related to belite phase hydration acceleration but mainly to lower porosity.

KEYWORDS: low-carbon cement, calcined clay, chemical admixture, pozzolanic reaction
1. Introduction

Clinker replacement by the combination of limestone and kaolinite-containing calcined clays is one of the
foremost approaches for minimizing cement CO, emissions because of its wide availability and the
resulting mechanical strength performances at 3 days or later, Scrivener et al (2019). These materials
benefit from the pozzolanic reaction, i.e. the chemical reaction of metakaolin, and related amorphous
alumina-silicate(s), with portlandite (CH) to yield calcium silicate aluminate hydrate (C-A-S-H) gel
which has very good cementing and pore-refining properties. Moreover, lower limestone demand
cements, such as BCs, present advantages for developing low-carbon binders and possibly extending
infrastructure service lives, Cuesta et al (2021). However, BCs have slow strength development at early
ages that can be enhanced with admixtures.

One possibility, which does not compromise durability performances, is the use of C-S-H nucleation
seeding admixtures. These admixtures behave according to two principal mechanisms in cement
hydration: i) modifying the pore solution ion contents, and ii) supplying additional nucleation sites. These
features lead to an enhancement of the hydration of Belite-rich cements, Morales-Cantero et al (2022a,
2022b). Moreover, two BR-LC? binders have been prepared very recently and accelerated with a C-S-H
seeding admixture, Redondo-Soto et al (2023). The aim of the present project is to complement that
previous work by employing a different admixture, Master X-Seed STES3, which is tailored for strength
enhancement of low-carbon cements. BR-LC? mortars have been prepared with similar self-flow slump
values and hence very similar rheological features.

2. Materials and Methods

2.1 Materials. The employed BC was a CEM 1 42.5 N-like, provided by Buzzi Unicem SpA with the
following mineralogical composition: 28.4wt% of CsS, 50.6wt% of r-C2S, 11.6wt% of C4AF, 2.3wt% of

14


mailto:cinthyars@uma.es
mailto:noe.fernandez98@uma.es
mailto:a_cuesta@uma.es
mailto:isantacruz@uma.es
mailto:g_aranda@uma.es
mailto:dgastaldi@buzziunicem.it
mailto:fcanonico@buzziunicem.it

GCsA, 2.2wt% of C4A;3S, 1.6wt% of MgO, 1.5wt% of CC and 1.8wt% of CS. The key textural features are:
Dy 50=12.8 um and a Blaine value of 502 m*kg. The remaining materials were: i) a 80 wt% kaolinitic clay
from Caolines de Vimianzo; ii) an 96 wt% limestone (LS) by Omya; and iii) a 96 wt% gypsum (Gy) by
Fébrica de yesos y escayolas La Maruxifia. The raw clay was calcined at 860°C to yield the calcined clay
(CC). Additionally, a polycarboxylate superplasticizer based on poly(ethylene glycol) polyacrylate ether
sodium salt (PCE) from Master Builders Solutions was employed to obtain the slump target for mortars.
The C-S-H seeding admixture was Master X-Seed STE-53 (STES53) provided by Master Builders
Solutions. Further information and characterization of these materials have been previously reported,
Redondo-Soto et al (2023) and Morales-Cantero et al (2022b).

2.2 Pastes and mortars preparation. BR-LC>-42 binder was prepared using 58 wt% of BC, 26 wt% of
CC, 13 wt% of LS and 3 wt% of Gy. Mortars were prepared using sand-to-binder (s/b) ratio of 1.78 and
w/b ratio of 0.40. The steps were as follows: 1) homogenization of the binder with sand, in a plastic bag,
and addition of the 80 wt% of the water mixing at 140 rpm for 60 s; ii) addition of the PCE with a syringe
and of the residual 20 wt% of the water; and iii) stirring at 285 rpm for 180 s. When using STES3, the
water is added in three stages: a) addition of SP and 80 wt% of the water followed by stirring at 140 rpm
for 60 s; b) addition of the PCE with a syringe and 10 wt% of the water and then mixing at 285 rpm
during 60 s; and finally, c) addition of STES3 with a syringe and 10 wt% of the water, stirring at 285 rpm
for 120 s. The amount of PCE for each sample was optimized to yield a free-flow value of 210+20 mm. 2
wt% of STES3 was added, when required. The amounts of both admixtures are referred to the binder
amount, correspond to the as-received products, and their water contents were considered for w/b
calculations. The same mixing procedure was carried out for the cement pastes.

2.3 Analytical techniques. Hydrated pastes characterization was carried out at 2, 7 and 28 days by
thermal analysis (TA) and laboratory X-ray powder diffraction (LXRPD) with Rietveld quantitative phase
analysis (RQPA). Moreover, some microstructural features were characterized by mercury intrusion
porosimetry (MIP). Resulting mortars properties were studied by compressive strength measurements.
More details related to the employed analytical techniques are given in Redondo-Soto et al (2023). Slump
free-flow measurements were performed pouring the mortar in the cone, UNE-EN 1015-3 standard,
previously moistened, in two steps: 1) filling it up to 80 % of its volume and removing the air bubbles
with a glass rod: 15 vertical punctures and then, ii) filling the cone completely and making another 15
vertical punctures. Once the cone was leveled using a spatula, it was gently lifted, and the diameter of the
mortar after flowing was measured in two perpendicular directions. The free-flow values were obtained
for BC-ref, BR-LC?-42, and BR-LC3-42-STE53 by adding 0.27, 0.76 and 0.81 wt% of PCE, respectively.
The weight percentage of PCE used for each sample will not be detailed next for sake of simplification.

3. Results and discussion

3.1. Calorimetry study of the pastes. The heat development of the pastes is shown in Figure 1. The BC
is used as reference, and it develops a cumulative heat of hydration of 208 J/g at 7 d. This value is much
smaller than those of typical PC 42.5 at that age, about 300 J/g. The maximum of the heat flow trace for
BC, see Fig. 1, is located at ~24 h. As it can be seen, and as expected, BR-LC3-42 develops less heat, 172
J/g-of-binder at 7 d. This lower heat is undoubtedly due to the dilution of the belite cement by the mixture
of limestone and calcined clay. However, it must be noted that the induction period is largely reduced for
the BR-LC® binder, see Fig. 1. This is likely due to the filler effect because the fine particle sizes of the
employed calcined clay and limestone. As the developed heat was low, binder activation was carried out
with STES3 as previously reported for neat PC and BC by Morales-Cantero et al (2022b). The heat of
hydration for BR-LC3-42-STE53 was 181 J/g-of-binder at 7 d. The admixture addition moved the
maximum of the aluminate peak from 25 to 19 h, it becomes more intense and sharper. The maximum of
alite peak, located at ~10 h, was not influenced by the STES3 addition, see Fig. 1. Hence, the
acceleration/activation of the hydration of this BR-LC? binder is demonstrated and it mainly involved the
aluminate-rich phase(s).

3.2. Phase evolution with hydration for the studied pastes. Paste hydration characterization was
carried out by RQPA to obtain the degree of hydration (DoH) of the main cement phases. Additionally,
TA was performed to follow the pozzolanic reactivity by measuring the portlandite contents. Table 1
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shows the most important results from both techniques. From the inspection of Table 1, the following
conclusions concerning the DoHs can be drawn. i) Alite hydration rates are very high and similar for the
three samples. ii) Belite phase, which was activated at the clinkering stage, reacts faster than in PC but its
hydration rate does not increase when STES3 admixture is employed. iii) The DoH of C4AF is larger and
it clearly increases with C-S-H seeding. Focusing on TA result, the Portlandite (CH) content increases
with time for BC-ref, but it is very small and it decreases in BR-LC3-42 seeded and unseeded pastes.
These results are a proof of the pozzolanic reaction and they are in full agreement with our previous
report for related samples, Redondo-Soto et al (2023).
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Figure 1. Calorimetric study for BR-LC3-42 pastes, w/b=0.40. Left: Heat flow curves shown up to 3 days for
better visualization. Right: Cumulative heat traces. Both plots contain the data for neat BC as reference.

Table 1. DoH (%) of the most important cement phases as determined by Rietveld quantitative phase
analyses. The CH contents (wt% referred to 100 g of paste) determined by TA are also shown.

Degree of hydration (%) from LXRPD-RQPA CH (wt%) from
TA
CsS-M3 r-CoS C4AF
2 -7-28/d 2 -7 -28/ 2 -7-28/d 2 -7 -28/d

BC-ref 89-94-94 3-37-46 44 — 86 — 86 41-47-54

BR-LC*-42-ref 92 -94-95 22 -37-42 76 — 86 — 88 1.0-0.8-0.0

BR-LC3*-42-STE53 91-95-96 23-27-43 96 — 96 — 98 1.3-0.8-0.0
407 3.3 Microstructural evolution from MIP. MIP traces are
35 — 2 days given in Figure 2. At early ages, i.c. 2 d, the overall porosity
301 --- 28 days of BR-LC3-42 is slightly larger than that of BC-ref reflecting
T 257 the lower amount of cement and the reduced rate of
'é-; N BC-ref pozzolanic reaction. Interestingly, BR-LC3-42-STE53 paste

Z o “ BR-LC3-42-ref :

g 4 BR-LC3-42-STE53 at 2 d showed smaller pore entry size threshold value and
8" L lower overall porosities. This clearly shows the benefits of
107 \‘\\ C-S-H nucleation seeding by refining the porosities. At later
51 R ages, i.e. 28 days, the overall porosities of BC-ref and BR-
o+ - = — ™ LC3-42 are similar but the pore entry threshold value for BR-

Pore entry radius (nm) LC3-42 is smaller, which is a signature of the pozzolanic
Figure 2. Mercury intrusion porosimetry reaction. BR-LC3-42-STE53 showed the lowest overall
results for the pastes at 2 and 28 days.  Porosities showing the benefits of C-S-H seeding.

3.4 Mechanical strength investigation for the mortars. To compare the mechanical strength
performances, mortars with very similar viscosity have been prepared. The workability is also an
important parameter. Therefore, these values were determined here. The free-flow values for BC were
224(3), 169(2) and 164(1) mm at mixing time (to), 30 and 60 min, respectively. For BR-LC?-42, these
values were 202(1), 172(1) and 162(1) mm at to, 30 and 60 min, respectively. The corresponding results
for BR-LC3-42-STE53 were 210(2), 191(1) and 178(1) mm, respectively. These values reflect a small
slump retention loss but much less severe than those observed in Portland-based LC? using the same type
of PCE. The values in parenthesis are the standard deviation of the slump measurements.
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Compressive strength results are shown in Figure 3. For the BR-LC?-42 binder, the compressive strength
at 2 d was low, 14 MPa, reflecting the slow hydration rate of belite and that the contribution of pozzolanic
reaction is not important at this age. This is a 46 % decrease respect to BC-ref, a consequence of the 42
wt% cement replacement. At 7 d, the compressive strength was 28 MPa, 26 % lower than the value for
BC-ref. At this age, the pozzolanic reaction is contributing. Finally, at 28 d, the corresponding value for
BR-LC3-42 was 53 MPa, just 12 % less than that of BC-ref. Thus, the contribution of the pozzolanic
reaction at this age is relatively more important. In any case, the compressive strengths for BR-LC?-42
were low and therefore, strength enhancement by C-S-H nucleation seeding was attempted as described
above. For BR-L(C3-42-STE53, the compressive strength value at 2 d was the same than that of the
unseeded LC? mortar within the variability of the measurements. Therefore, it is concluded that if a
hydration acceleration has taken place, its effect on the mechanical strength is only shown at ages earlier
than 2 days.

80 Conversely, the consequences of C-S-H nucleation seeding is
70 [ J28d remarkable at 7 d. This C-S-H seeded low-carbon binder

g;g develops 53 MPa at 7 d, a 39 % increase over BC-ref despite
01 61(2) containing 42 wt% less cement. Moreover, the compressive
s0 | soq1) strength increase compared to the unseeded binder, BR-LC3-

42, was 89 %. Clearly, the pozzolanic reaction is already

0 33(1) significantly contributing at this age, and C-S-H seeding is

Compressive strength (MPa)

30| 38 e enhancing it, likely through a more homogenous distribution
20 o of the hydrates in agreement with MIP results. However,
spatially resolved techniques is required to firmly establish this

10 1 key point. The mechanical strength for BR-LC3-42-STE53 at
o] 28 d was 61 MPa, presenting the same value as BC-ref, within
BCref  BRLC-42 BRICML2 the variability of the measurements. BR-LC3-42-STE53

Figure 3. Compressive strength data for performs better than the unseeded binder by 8 MPa, which
the studied mortars at 2, 7 and 28 days. indicates the long-term benefits of C-S-H seeding.

3. Conclusions

Belite-rich limestone calcined clay cement binders have been prepared with similar fresh properties. The
compressive strengths were measured at 2, 7 and 28 days of hydration. The use of STE53, a C-S-H
nucleation seeding admixture, highly improves the compressive strength at 7 days. An 89% enhancement
respect to the unseeded binder was measured. An improvement, relatively lower, is also measured at 28
days. Thermal and Rietveld analyses have been employed to determine the degree of reactions. This study
indicates that the improvement in the performances, when using STES3, does no relate to belite phase
hydration acceleration but partly due to accelerated CsAF hydration and likely to a more homogenous
hydration product arrangement within the matrix. Mercury intrusion porosimetry clearly shows lower
porosities for the C-S-H seeded pastes.
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ABSTRACT

Understanding of carbonation reactions is necessary to accurately assess the uptake of carbon dioxide in
cementitious structures. In this paper, we investigated the effect of varying relative humidity (RH) from
23% to 95% on the progress of carbonation reactions in cement pastes ground under 75 pum. The
experiment was done under atmospheric CO; concentration. Calcium carbonate (CC) formation and
calcium hydroxide (CH) dissolution as well as the precipitated CC phases were quantitatively examined
by TGA and XRD. Additionally, C-S-H decalcification and decomposition were measured qualitatively
by ATR-FTIR. The results showed more CC was produced with increasing RH. CH kept dissolving at RH
75% or above but stopped dissolving midway at RH 58% or below. C-S-H decalcification was detected at
RH45% or above, especially at RH 75% or above its decomposition to silica gel was clearly seen from
FTIR spectra. It was also proven that precipitated CC phases depended on RH, which were only calcite at
RH75% or above, while all three polymorphs coexisted at RH 33%, 45% and 58%.

KEYWORDS: Atmospheric carbonation, relative humidity, reaction rate, C-S-H, CC polymorphs
1. Introduction

Cement clinker inevitably emits CO; due to the calcination of limestone in its manufacturing process, but
cementitious structures also have the ability to immobilize CO; in their lifetime, which is known as
carbonation. So far, the assessment of CO» uptake has a large predictive range (Hyodo et al. (2020)), thus
it is necessary to understand the mechanism of carbonation to evaluate the environmental load correctly.
In this paper, the carbonation reaction was focused and the effect of relative humidity (RH) was
investigated. To minimize the CO; diffusion effect, finely ground hardened cement paste (hcp) was used.
Similar experiments have been already done, but those data were taken per single ingredient (Steiner et al
(2020), Boumaaza et al. (2020)) or for shorter experimental duration (Zajac et al. (2020)). Additionally,
they were conducted in higher CO» concentration than atmospheric to shorten the duration, which may be
different from real situation. Therefore, the reaction at atmospheric CO; concentration was investigated.

2. Experiment

The hcp was prepared by mixing Ordinary Portland Cement (OPC) with tap water at w/c = 0.5. The
composition of the OPC used is shown in Table 1 and Table 2. A Hobart mixer was used for mixing.
After mixing at low speed for 60 seconds, the mixture was paused for 30 seconds, and then mixed again
at high speed for 90 seconds. Then it was periodically mixed to minimize the segregation, cast into
cylindrical moulds (5 x 10 cm) in two layers and cured in water at 20°C for 38 weeks. After curing,
samples were dried at 105 °C for 7 days. The dried samples were coarsely crushed to under 300 um by a
jaw crusher, and then ground to under 75 um by a planetary ball mill in a nitrogen atmosphere. After
grinding, they were stored in a vacuum desiccator.
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Table 1 Chemical Composition of OPC
CaO SiO2 ALO; Fe:O3 SO; MgO TiO: KO NaxO SUM
Chemical Composition [mass %] 64.7 20.7 5.0 2.7 2.6 1.2 0.3 0.3 0.2 97.7
Table 2 Mineral Composition of OPC
C3S C2S C(C3A C4AF Calcite Bassanite Periclase Gypsum SUM

Mineral Composition [mass %] 51.3 227 9.1 79 5.8 23 0.5 04 99.9

Carbonation experiment was conducted in desiccators into which ambient air constantly pumped at 4
L/min by the air pump. The ambient air was constantly monitored, and confirmed the temperature was at
20 = 1 °C and CO, concentration was 500 ~ 1000ppm. The air was bubbled through saturated solution to
reach the target RH. The salts used were CH3COOK (Theoretical RH 23% at 20 °C), MgCl, (33%),
K»CO; (45%), NaBr (58%), NaCl (75%), KCI1 (85%) and KNO; (95%). About 500 mg of the sample was
prepared in each 20 ml plastic container, and subjected to carbonation for 1, 3, 7, 14 days. After target
carbonation periods, the sample was stored to vacuum desiccator to prevent further carbonation.
Thermogravimetric Analysis (TGA) was performed with Netszch STA-449 under N, flow for 70 ml/min.
The heating rate was 10 K/min. The amount of calcium hydroxide (CH) and calcium carbonate (CC) were
determined by tangential method (Scrivener et al. (2017)). Powder X-ray Diffraction (XRD) was carried
out using PANalytical EMPEREAN with the follwing settings: Cu-Ka X-ray source, 45 kV tube voltage,
40 mA tube current, 20 = 5 to 70° scanning range, 0.026¢ step width and total scanning time of 51 min.
Rietveld analysis was also done with TOPAS 6.0 to quantify the amount of calcium carbonate
polymorphs. i.e., calcite, aragonite and vaterite. Here, total amount of CC was calculated by TGA, then it
was distributed based on the ratio of CC polymorphs. FTIR was performed with ATR method with
Bruker ALPHA 1I. Specta from 400 to 4000 cm™ were taken with resolution of 2 cm!, and the average of
128 scans were used.

3. Results and Discussion

TGA result is shown in Fig. 1. The precipitated CC increased more at higher RH. This is contrary to the
reaction rate of the real structures that RH 60 to 80% is the optimal, where the whole reaction rate is
governed by CO, transport and too high RH slows down the rate. However, required time for CO»
transport is almost negligible when discussing tens of micrometer order like the present research (Georget
et al. (2020)). The maximum CC amount when all CaO turns to CC is about 1.16 g/g cement in this
cement composition, thus all the samples did not reach the theoretical maximum at 14 days of
carbonation.

CH dissolution proceeded continuously at RH 75% or above, and it completely disappeared at RH 95%.
At RH 58% or below, however, its dissolution stopped midway. At 14 days at those RHs, about 0.12
g/g cement of CH remained in the samples. This was presumably due to the formation of CC on the
surface of the CH, which protected CH inside and hindered its dissolution (Steiner et al (2020)). Although
CH dissolution stopped midway, the amount of CC increased at the same period at RH 45% and 58%,
meaning this CC was not derived from CH. Considering that other calcium hydrate products were
relatively scarce, the CC increase after 3 days came from carbonation of C-S-H. At RH 33% or below,
especially at RH 23%, the CC increase slowed down with the end of the CH dissolution, meaning that C-

—e—RH95% —e—RH85% —e—RH75% —e—RH58% —e—RH95% —e—RH85% —e—RH75% —e—RH58%
RH45% RH33% —e—RH23% RH45% RH33% —@—RH23%
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O
0 o
0.1 1 10 0 ] 10
Carbonation Period [day] Carbonation Period [day]

Fig. 1 The amount of calcium carbonate (CC, left) and calcium hydroxide (CH, right) from TGA.
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Fig. 2 Evolution of the amount of calcium carbonate polymorphs at RH 75%, 58% and 23%.

S-H at those RHs did not convert to CC, which will be discussed later with FTIR data.

Rietveld analysis results based on XRD spectra are shown in Fig.2. Due to the limitations of the page,
only characteristic results are present in this paper. Only calcite was the precipitated product at RH 75%
or above. At RH 58%, calcite increased after 1 day of carbonation, later however, the increase in calcite
stalled and aragonite and vaterite started to increase at the same time. Considering that the amount of CH
did not change significantly at that time (Fig. 1), those precipitated aragonite and vaterite were derived
from C-S-H carbonation. At RH45% and 33% (not shown) also had the same CC polymorph trends. The
precipitated phase was consistent with the report by Black et al (2007) who observed aragonite and
vaterite formation from C-S-H condition in ambient condition. At RH 23%, only calcite was detected.
FTIR spectra of the samples with carbonation duration of 14 days and uncarbonated hcp are shown in
Fig.3. ATR method depends on how the sample covers the diamond crystal, thus the result cannot be
discussed quantitatively. Wavenumber range of 800 to 1200 cm™! indicates the stretching vibrations of Si-
O bonds (Yu et al (1999)). The peak at around 960 to 970 cm™ corresponds to Q? peak in the C-S-H, and
this peak position is known to shift to higher wavenumber with the decrease of Ca/Si ratio. Fig.3 shows
that uncarbonated hcp had the peak at 957 cm!, whilst that peak shifted to ~970 cm™ at RH45% or above.
At RH33% or below, however, the peak position was lower than 970 cm™!, which suggested C/S ratio of
these samples were higher than those above RH45% due to less severe carbonation. Additionally, new Si-
O stretching peak appeared at range above 1050cm™ at higher RHs. The hump around 1060 ¢cm™ was
from the Q* and Q* peak, i.e., amorphous silica gel (Wu and Ye (2016)). The humps around 1080 c¢cm'!
and 1130 cm! were also considered to be Q* and Q*, respectively (Garcia Lodeiro et al (2009)). At RH
75% or above these humps can be clearly recognized. They can be seen slightly at RH 58% and 45%, but
not detected at RH 33% or below.

When amorphous silica was detected (i.e., at RH45% or above), the Q? peak shifted to ~970 cm'. It was
reported by Sevelsted and Skibsted (2015) that C-S-H carbonation progressed in two steps; first Ca ion in
interlayer dissolves and Ca/Si in C-S-H drops to ~0.67 (decalcification), then Ca in main layer dissolves
and silica gel generates (decomposition). Steiner et al (2020) also observed the Q? peak shift first and C/S
lowered to 0.7, then amorphous silica gel peak emerged later. Taking these into consideration, the
followings can be guessed; 1) At RH75% or above, decomposition as well as decalcification occurred. 2)
At RH 58% and 45%, C-S-H decalcified but not decomposed heavily (Q* and Q* peaks were very small).
3) At RH 33% and 23%, decalcification was not finished completely. These speculations should be
confirmed by measuring Ca/Si ratio or the ratio among Q' to Q* in future experiments.

FTIR spectra also give information about CC polymorphs in their v2 (out-of-plane bending, ~850 cm™),
v3 (asymmetric stretching, 700 to 750 cm™) and v4 (in-plane bending, 1300 to 1600 cm™) region. Only
calcite was detected at RH 75% or above, while at RH 33 to 58% aragonite and vaterite were also
detected. The peak of hydroxy group in CH was seen in the region of ~3640 cm!, which gradually
decreased at higher RH and completely disappeared at RH 75% or above. These match XRD results.

4. Conclusions

Effect of RH on carbonation reaction was investigated. Data at wide range of RH (from 23% to 95%)
under atmospheric CO, concentration has not been thoroughly investigated so far. We were able to
minimize the effect of CO, transport and focus on the reaction itself using the finely ground cement paste.
The samples were measured with TGA, XRD and FTIR, and conclusions obtained were as follows.

20



hcp ——RH23% RH33% RH45% RH58% RH75% RH85% RH95%
v3 Si - O bonds 2
amorphous v4

silica

Q2

OH-in CH

Intsnsity [a.u.]

3700 3500 1600 1400 1200 1000 800 600 400
wave number [cm!]

Fig.3 FTIR spectra after 14 days of carbonation. C = Calcite, A = Aragonite, V = Vaterite.

m Higher RH condition promoted more CC precipitation, because CO, transport was not rate-
controlling step due to the small particle size.

m At RH 75% or above, CH continued to dissolve through the experiment and C-S-H experienced both
decalcification and decomposition. Produced CC phase was only calcite.

m At RH 58% and 45%, CC amount kept increasing, while CH dissolution stopped midway possibly
due to the formation of CC on its surface. The peak shift in FTIR spectra showed decalcification of
C-S-H, but it did not decompose severely. All calcite, aragonite and vaterite were detected.

m At RH 33% and 23%, CH dissolved similar amount to RH 58% and 45%, but CC did not increase
compared to those RHs. C-S-H did not decalcify completely.

It would be possible to link the reaction rate obtained to the local RH state inside the materials when

considering carbonation degree of cementitious structures.
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ABSTRACT

Clay minerals are gaining attention as geopolymer precursors due to their aluminosilicate composition and
global availability. This study focuses on optimizing calcined clay geopolymer production, aiming for
acceptable setting and compressive strength, as well as evaluating its practical feasibility in the construction
industry. This work compares an identical high-grade metakaolin geopolymer mix synthesized by two
methods: 1) an alkali activator is added as a liquid (two-part mix) and 2) as a solid powder (one-part mix).
The results show that one-part metakaolin geopolymers require a high-water demand (water-to-solids ratio
of 0.69), have a slower setting time than two-part mix and the 28-day compressive strength was 17.2 MPa
for the one-part mix, and 21.1 MPa for the two-part mix. In addition, since metakaolin is already widely
used in the paper, ceramics, and paint industry, this study also evaluates the suitability of other abundant
calcined clays (e.g. halloysite and montmorillonite) besides metakaolin as two-part geopolymer precursors.
Calcined halloysite two-part mix had a fast setting and reached a 28-day compressive strength of 17 MPa,
whereas the calcined montmorillonite two-part mix had a slow final setting and reached 13 MPa. From
these results, it is recommended that other pre-treatments beyond calcination are explored as an attempt to
increase the 28-day compressive strength (>32.5 MPa).

KEYWORDS: Geopolymers, calcined clays, one-part mix, two-part mix
1. Introduction

The cement industry needs to reduce its CO, emissions while satisfying the increasing cement demand from
the global economy. Alternative binders such as geopolymers are a plausible solution to reduce carbon
emissions. Nevertheless, geopolymers have limitations that constrain their widespread use. This includes
high prices of some raw materials, handling of hazardous alkaline components in the production process,
and uncertainties on which mix designs lead to acceptable settings and strengths by cement standards and
regulations. In addition, mineral clays are typical geopolymer precursors, rich in silica and alumina, and
constitute 2/3’s of the Earth crust. Generally, they need to be calcined to enhance their reactivity (Dewi et
al (2018)).

Most current research and applications of geopolymers are based on a two-part mix, which results from the
reaction of a concentrated alkali aqueous solution and a solid precursor (Provis et al. (2014)). Their large-
scale utilization is probably limited by the handling of hazardous alkaline solutions, especially for in-situ
applications. Meanwhile, one-part mix is formed by mixing dry-form alkali activators with the solid
precursor and water, quite similarly to how Portland cement paste is produced. Though there is significant
amount of research published on the mechanical properties and mix design options of one-part synthesis
(Ma et al (2019)), there is a lack of documentation on the differences between one- and two-part geopolymer
using identical mix designs. Thus, this work investigates how the setting time and compressive strength of
metakaolin geopolymers are influenced by the production method. Furthermore, since metakaolin is rather
expensive and with low availability, the potential of using other calcined clays (halloysite and
montmorillonite) in a two-part mix geopolymer production is also going to be investigated in this study.
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2. Materials and methods

The used clay-based precursors and their elemental compositions measured by X-ray Fluorescence (XRF)
are shown in Table 1. As commercial alkali activators, sodium hydroxide (NaOH) powder was obtained
from Sigma Aldrich (97% purity), and solid sodium silicate (Na,SiOs3) was purchased from VWR with a
chemical composition of 50.4% Na>O and 46.15% SiO..

Table 1. Chemical oxide composition (wt.%) of each clay precursor measured by XRF.
Clay SiO2 | ARO3 | Na2O | K2O | TiO2 | Fe203 | CaO | MgO | P20s | SO3 | LOI
Metakaolin 53.0 438 0.23 0.19 1.70 0.43 0.02 | 003 | 0.03 | 0.03 | 046
Kaolinite 49.27 | 3698 | 0.03 1.82 0.57 0.77 0.07 | 028 | 0.07 | 0.03 | 10.11

Halloysite 44.77 | 3791 | 0.01 0.04 0.04 0.58 0.10 | 0.05 1.15 | 0.18 | 15.03
Montmorillonite | 74.21 | 13.39 | 0.34 1.69 0.56 2.40 034 | 1.13 | 0.04 | 0.03 54

Two different approaches have been considered to optimize the production of calcined clay geopolymers:

1. Comparison of one-part and two-part mix production using metakaolin as the precursor and identical
mix designs. The selected mix formulation (Table 2) is based on previously reported ratios (Liew et al
(2017)), except that the water-to-solids (w/s) ratio was set quite higher than that from optimal values
(w/s~0.5) due to the poor workability of one-part metakaolin at lower w/s ratios.

Table 2. Mix design of one-part and two-part metakaolin geopolymer.

Metakaolin (g) NaOH (g) Solid-NaxSiOs (g) | Water (g) w/s (-)
400 22 46 325 0.69

2. Use of other clay types as two-part geopolymer precursors. Kaolinite and halloysite were calcined at
750°C for 0.5h, whereas montmorillonite was calcined at 850°C for 0.5h. Commercial metakaolin was
used as the calcined clay reference (REF). All calcinations were performed in a lab-scale muffle
furnace. Thereafter, two-part geopolymers were synthesized with a w/s ratio set at 0.52 and the mix
proportions shown in Table 3.

Table 3. Mix design of two-part calcined clay geopolymers.
Clay (g) NaOH (g) Solid-Na,SiOs (g) Water (g) w/s (-)
400 53 181 329 0.52

The sample preparation for one-part geopolymers consisted in mixing the dry activators (NaOH and
Na»Si03) with the solid precursor for 2 min at low speed. Then, water was added to the bowl and mixing
continued for another 4 min. Whereas the two-part geopolymers were prepared by dissolving NaOH in half
the total amount of water and the Na,SiOs in the other half. Each solution was then left to cool down to
room temperature for 2 h, while continuous stirring. Thereafter, the solid precursor and the solutions of
NaOH and Na,SiOs; were mixed for 4 min.

The setting time was tested using an automatic Vicat apparatus with continuous penetration at ambient
conditions (E044-03N), following EN196-3 standard. The fresh homogenous mixtures were cast into 50
mm cubes and vibrated for 30 seconds to remove any trapped air bubbles. The samples were then cured at
21°C £ 2 °C and 80% relative humidity (RH). They were demolded after 24 hours and left in the curing
chamber until testing. Compressive strength tests were carried out using a Digitec E160-01D testing
machine with a constant loading rate set at 0.75 MPa/s. Tests were performed after 3, 7, and 28 days. The
reported values correspond to the average of three measurements.

3. Results and discussion

3.1 Comparison of one-part and two-part metakaolin geopolymers

Despite having the same mix design and complying with the setting EN196-3 requirement (initial setting >
45 min, and final setting < 600min), a clear difference between the setting times of each mixing method

can be observed (Table 4). The one-part mixture has a slower initial and final setting time with respect to
the two-part mixture. The final set of one-part metakaolin has a delay of 15% when compared to two-part.
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This is likely due to the mixing of alkali activator powder with the dry precursor before dissolved in water,
which can delay the dissolution of the precursors as well as the following gelation and condensation
reactions.

Table 4. Initial and final setting time of one- and two-part metakaolin (MK) geopolymers.

Geopolymer Initial setting (min) Final setting (min)
MK two-part 47+1 105+2
MK one-part 7445 121+4

Figure 1 shows that both mixes present a rapid strength development up to 3 days, and then the two-part
mix reaches higher compressive strengths. Specifically, at 28 days, the one-part metakaolin reaches 17.2
MPa, and two-part metakaolin reaches 21.1 MPa. This strength difference could be explained by the
delayed dissolution of the precursors in the alkali solution in one-part mix (Zhang et al (2021)). Both mixes
are below the required strength at 28 days by the EN197-1 standard (=32.5 MPa). This is probably due to
the high w/s ratio used, which was given from the high-water demand in the metakaolin one-part mix.
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Figure 1. Compressive strength development of two-part and one-part metakaolin (MK) geopolymer.
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3.2 Other calcined clays as two-part geopolymer precursors

Table 5 shows that metakaolin, calcined kaolinite, and calcined montmorillonite lead to geopolymers that
set within the EN196-3 requirements. In contrast, calcined halloysite geopolymer sets extremely fast, not
complying with the standards.

The setting time of the pastes is directly related to the composition and structure of the clays. In particular,
halloysite has the lowest content of soluble SiO, (see Table 1), and this tends to accelerate setting times
since there is a low amount of silica for the reaction, and the geopolymerization takes less time to complete
its major portion of the reaction. Moreover, the nano-tubular structures characteristic of halloysite clay
might require a higher water demand than the one used in the present mix design, and the water might be
consumed in the reaction and evaporated faster. In addition, it has been previously observed that calcined
halloysite geopolymers set faster than metakaolin geopolymers (Kaze et al (2021)).

Finally, at Si0./Al,O3 ratios above 4, there is probably a lack of soluble aluminum that can stabilize the
aluminosilicate gel (Chindaprasirt et al (2012)), and there is an excess of silica dissolution; delaying the
setting time and decreasing the rate of polymerization. This is likely the case for montmorillonite, in which
the longest initial and final setting time are observed.

Table S. Initial and final setting time of two-part calcined geopolymers

Geopolymer Initial setting (min) Final setting (min)
Commercial Metakaolin (REF) 95+1 129+4
Calcined 750 °C Kaolin 12242 169+3
Calcined 750 °C Halloysite 30+1 4842
Calcined 850 °C Montmorillonite 144+5 508+6

Similarly to the setting time trends, the compressive strength is directly influenced by the soluble content
of Si0», AlO; and Na;O. As shown in Figure 2, it is very likely that montmorillonite-based geopolymer
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was not properly activated, as there is no early-strength gain, and after 28 days only an average of 13 MPa
has been reached. Calcined kaolin in a muffle furnace at 750°C for 0.5h does not seem to be as reactive as
commercial metakaolin, leading to 24 and 36 MPa compressive strength, respectively. Nonetheless, from
the tested clays, those having a 1:1 layer structure (kaolinite and halloysite) could become potential
aluminosilicate precursors. This is because they are rich in SiO, and AlOs, require lower calcination
temperatures than montmorillonite, and can achieve 28-day compressive strengths =17 MPa, which is
sufficient for non-structural applications (>15MPa) in developing countries (Rodsin et al (2020)). Further
calcination conditions or pre-treatments (e.g. mechanical, chemical or a combination) should be explored
to increase the clays reactivity and optimize the compressive strength of the clay-based geopolymers.
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Figure 2. Compressive strength development of two-part calcined clay geopolymers.

4. Conclusions

Two-part metakaolin geopolymers have shown to reach higher compressive strength and faster setting time
than when produced as one-part geopolymer. This is probably due to the delayed dissolution of the
precursors in one-part mix. Two-part mixes are suitable for pre-cast applications, where high-volume
hazardous solutions can be handled in a controlled environment. However, one-part mixes would be a more
convenient manufacturing method since it would be an easier and safer approach for in-situ casting. Thus,
further investigations on optimizing the water demand in one-part mixes are recommended. In addition,
since metakaolin has a low availability and high price, other calcined clays such as halloysite and
montmorillonite have been considered as geopolymer precursors. For the tested samples, their average 28-
day compressive strength was below 20MPa. Thus, further activation methods (e.g. mechanical or
chemical) beyond calcination shall be explored to enhance especially non-kaolinite mineral clays.
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ABSTRACT

In this study, we immobilized 335 kg/t-cem of CO; in cement slurry and mixed them properly in concrete
to immobilize the CO,. Fine calcite and hydrate were formed in the cement slurry after the carbonation
reaction, and their morphology varied depending on the temperature conditions and the fluidity of the
cement paste. Concrete tests using carbonated cement slurry were conducted at a ready-mixed concrete
plant. The results showed that the amount of water-reducing agent added to obtain the target slump and
the slump loss with elapsed time were smaller in the 10°C environment than in the 20°C environment.
This phenomenon was considered to be related to the morphology of calcite formed in the carbonated
slurry, although the difference in environmental temperature was also a factor. Concrete with carbonated
cement slurry had shorter setting time and much less bleeding than that without carbonated cement slurry.
The compressive strength of the concrete with the carbonated slurry was higher than that without.
Furthermore, an increase in strength from 28 to 91 days of age was also observed.

KEYWORDS: Carbonated cement slurry, Calcium Carbonate, Compressive strength, CO: fixation, CCU
1. Introduction

In recent years, the reduction of greenhouse gases such as CO; is a pressing issue from the viewpoint of
global warming control, and various efforts are being made. Concrete, which is mainly composed of
cement, has the property of absorbing and fixing CO,. Monkman et al (2016) investigated the use of dry
ice as an admixture to accelerate setting of concrete. However, much of the dry ice is easily dissipated
into the atmosphere by sublimation. On the other hand, Monkman and Meyer (2022) reported that carbon
dioxide treatment of wash water generated as a by-product of the ready-mixed concrete production
process can mineralize 28 mass% of CO; in the treated solids, and that using them as mixing water
improves compressive strength more than using untreated wash water. In this study, we investigated the
efficient addition and mixing of carbonated cement slurry (hereafter referred to as carbonated slurry) to
fresh concrete and evaluated the basic performance and CO, fixation of the concrete.

2. Study of conditions for production of carbonated slurry

A schematic of the equipment used to produce the carbonated slurry we studied is shown in figure 1.
Cement slurry with a water-cement ratio of 300% was circulated in a reaction tank filled with CO, and
reacted with CO,. The relationship among the amount of CO; injected during the CO, injection process,
the pH of the cement slurry, and the amount of CO, fixed is shown in figure 2. The amount of CO»
immobilized in the carbonation slurry was determined by calculating the amount of calcination of solids
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at 550-800°C. The amount of CO, immobilized was 335 kg/t-cem at a CO, injection rate of 360 kg/t-cem.
In other words, this method was capable of immobilizing 93% of the injected CO; in cement slurry. The
specific surface area of the solids was 13810 cm?/g, approximately four times that of ordinary Portland
cement (3360 cm?/g). The particle size distribution of the solids is shown in figure 3. The solids have a
peak at approximately 7 um, indicating that a large amount of fine calcium carbonate particles were
produced.
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Figure 1. Carbonated slurry equipment Figure 2. Amount of COz fixation Figure 3. Particle distribution of solids

Subsequently, we investigated the morphology of calcium carbonate and cement hydrates formed when
CO; is blown into cement slurries at different temperatures. Reflected electron images of solids dried
after blowing CO; into cement slurry at 10°C and 30°C are shown in figure 4. CO, was blown into the
cement slurry until the amount fixed in the cement slurry was 270 kg/t-cem. Flow test results for a paste
with 15% replacement of solids with cement are shown in figure 5. Fine calcite and hydrates were formed
in the solids, and their morphology depended on the temperature conditions: at 10°C, independent cubic
calcite crystals were dispersed mostly outside the cement clinker particles; at 20°C and 30°C, spindle-
shaped calcite crystals were formed covering the clinker particles. The solids at 20 and 30°C showed a
significant decrease in the calcium-silica ratio of the clinker particles, indicating that they may have been
transformed into silica gel. Flow tests of cement paste mixed with these solids showed that the solids with

CO; blown in at 10°C had better flowability than those at 20°C and 30°C.
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Figure 5. Cement paste flow
3. Evaluation of concrete mixed with carbonated slurry

Carbonated slurry production and concrete tests were conducted at a ready-mixed concrete plant under
the average (approx. 20°C) and cold (approx. 10°C) temperature seasons.

3.1 Concrete mix design and mixing methods

Regarding the materials used, the carbonation slurry fixed approximately 20 mass% of CO- in the solids
was prepared in this experiment. Assuming that the total amount was fixed as calcium carbonate, that
amount corresponds to about 46 mass% of the carbonation slurry solids. The secondary electron image of
the solid is shown in figure 6. The solids were agglomerated rhombohedral calcium carbonate, forming
particles of 5 to 10 um in size. Figure 7 shows a conceptual diagram of mix design for concrete using
carbonated slurry. Ws and Cs were calculated by measuring the liquid-solid ratio using an infrared
moisture meter. The standard product without carbonation slurry was designated PL-C, and the concrete
mixed with carbonation slurry was designated CO,-C. Table 1 shows the concrete mixes used in the
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concrete tests. The cement was ordinary Portland cement, the fine aggregate (S1-S3) was crushed sand,
and the coarse aggregate was crushed limestone. The target slump was set at 18 £ 2.5 cm and the target
air content at 4.5 = 1.5%, and the admixture type and its addition rate were selected. In addition, a two-
step mixing method was adopted for CO»-C to ensure fluidity.Table 2 shows the concrete mixing method.

PL-C W C Aggregate

Carbonated slurry

COy-C W . (= Aggregale
1 L Ws Cs
Figure.6. Secondary election image of solids Figure 7. Concept of carbonated slurry in concrete
Table 1. Mix proportion of concrete
Unit weight (kg/m’)
Type of w/C s/a W C Ad SP
] 0, 0, 0, 0,
specimen (%) (%) Ws | W Cs | C S1 S2 S3 G | €Cx%) | (Cx%)
PL-C 183 334 1.0 —
COC 54.8 48.2 75 | 108 3 | 201 294 | 126 | 421 | 948 — 10
Table 2. Method of concrete mixture
PL-C (W+C+S+G+Ad) — Mixing [Imin]— Discharging
CO>-C (C+S+G+Carbonated slurry) — Mixing [ Imin]— (W+SP) — Mixing[ Imin]— Discharging

3.2 Test result

The slump and air content of CO»-C were within the target range by utilizing a superplasticizer and the
two-step mixing method. Figure 8 shows the slump of the concrete. The temperature behavior of the
specimens is shown in figure 9, and the results of bleeding tests conducted at 20°C are shown in figure
10. Slump loss was lower at 10°C than at 20°C. This could be due to the effect of differences in ambient
and concrete temperatures on the hydration reaction rate. On the other hand, an effect due to the
morphology of solids formed in the carbonation slurry at different temperatures was also considered. The
specimen temperature of CO--C showed an earlier appearance of the second peak than that of PL-C in
both the 10°C and 20°C environments, and the maximum temperature was about 2 to 3°C higher. In
addition, the amount of bleeding was significantly reduced in CO:-C compared to PL-C, and the setting
time was also shortened by 2 to 3 hours. Japan Cement Association (2001) stated that the substitution of
calcium carbonate powder with a specific surface area exceeding 7100 cm?/g in cement increases the rate
of hydration exothermicity. Tokumitsu et al (2001) also stated that the presence of anions, which can
increase the solubility of calcium, is effective in improving the hydration reaction rate. In the present
study, CO,-C is considered to have promoted hydration of cement by fine calcium carbonate particles of
less than 1 pum dispersed in the carbonation slurry and carbonate ions in the liquid phase. Bleeding is also
thought to have been reduced by the increase in bound water due to the calcium carbonate particles.
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Figure 8. Slump test results Figure 9. Temperature of specimen Figure 10. Bleeding test results

The results of compressive strength tests are shown in figure 11. The compressive strength of CO.-C was
equal to or greater than that of PL-C at all ages. In addition, the strength increase from 28 to 91 days of
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age was slightly greater than that of PL-C. Lagerblad (2005) reported that during the carbonation process
of the cement hydrate phase, calcium carbonate and silica gel containing a certain amount of CaO are
formed. It is also possible that these may have undergone the pozzolanic reaction, but further study is
needed to clarify the detailed mechanism. Table 3 shows the measurement results of CO2 immobilized in
concrete. The amount of CO; fixed in concrete by CO»-C-10°C was 7.7 kg/m>. Secondary electron images
of the split surface of the CO>-C-10°C specimen are shown in figure 12. As a result of the observation,
cubic calcite of several hundred nm in size was observed. These are calcite formed in the carbonation
slurry, and some of them may have been formed by the reaction of carbonate ions in the carbonation
slurry with calcium ions in the concrete.
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Figure 11. Compressive strength Figure 12. Secondary election image (CO2-C-10°C)
Table 3. COz fixation amount of concrete
Ratio of CO;, (mass7) Decarbonization per m’ of concrete(kg) CO; tixation per m’ of concrete(kg)
PL-C-10°C 3.26 443 -
CO.-C-I0°C 3.83 52.0 7.7

4. Conclusions

We evaluated the fundamental properties and CO; fixation of concrete produced using carbonated slurry.

* The amount of CO; fixed in the carbonation slurry was 335 kg/t-cem, and the fixation ratio was 93%.

* The solids in the carbonation slurry were cubic calcite dispersed outside the cement clinker at 10°C and
spindle-shaped calcite covering the cement clinker at 20°C and 30°C.

- The flowability of concrete mixed with carbonated slurry differed between 10°C and 20°C
environments, suggesting a relationship with the morphology of solids in the carbonated slurry as well as
differences in the hydration reaction due to temperature.

= Concrete mixed with carbonated slurry showed slightly greater initial heat of hydration, shorter setting
time, and less bleeding than that without.

= Concrete mixed with carbonated slurry was equal to or better than that without, with a slightly greater
strength gain from 28 to 91 days of age.

= The amount of CO; fixed in concrete mixed with carbonated slurry was about 7.7 kg/m°.

= The concrete mixed with the carbonated cement slurry prepared under appropriate temperature e
even immobilize CO», and also ensure the fluidity and the strength development.
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ABSTRACT

Carbonation curing endows calcium silicate pastes with accelerated strength increase and substantial
carbon dioxide sequestration. The carbonation products, including calcium carbonate and silica-rich gel,
are quite different from the hydration products of calcium silicate, which might lead to the different heat
resistance properties between carbonated and hydrated paste. This study investigates the mechanical
strength, phase composition and microstructure evolution of the carbonated belite pastes subjected to
elevated temperatures of heating treatment. The results indicate that the compressive strength of the
carbonated pastes increases with the heating temperature rising to 400 °C. The compressive strength after
heating at 400 °C is 50% higher than that without heating. However, heating at 500 °C leads to 20% of
decrease of compressive strength of the pastes, compared to the un-heated pastes. Then the strength
continues to decline with the temperature increase to 600 °C and 700 °C, and heating at temperature
higher than 800 °C causes the loss of strength of the pastes. The XRD result indicates that the metastable
aragonite would gradually convert to stable calcite. Moreover, the heating at temperature lower than 500

°C facilitates the growth of crystallinity of calcite which favors the strength enhancement, but heating at

500 °C and above gradually decomposes the carbonation products and deteriorates the mechanical
property of the pastes. As a result, the highest compressive strength occurs at the heating temperature of
400 °C.

KEYWORDS: Belite; Carbonation, Heating temperature;, Compressive strength; Crystallinity

1. Introduction

Concrete is one of the most successful building materials in the world, which has made great
contributions to the development and progress of the human society. However, the manufacturing of huge
amount of cement and concrete is accompanied with emission of massive carbon dioxide (CO,). Global
warming caused by CO; and other greenhouse gases has believed as one of the most crucial problems that
threaten the living of mankind. Therefore, reducing the CO; emission during the production of cement
and concrete is drawing much research attention in the recent decades (Hasanbeigi, Price et al. 2012).
Among the several approaches of reducing CO, emission, carbonatable binder is regarded as one of the
potential low-carbon building material, since it produces binding capability with an extra advantage of
CO, absorption (Ashraf 2016). Carbonatable binder is usually composed of calcium silicate minerals
which could react with CO, at the presence of water film (Gartner and Sui 2018). The carbonation
reaction products include various crystal forms of calcium carbonates and silica-rich gel. The structural
analysis indicates that the silica-rich gel covers the unreacted calcium silicate particles and the calcium
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carbonate assembles the network skeleton, which is much different from the structure of Portland cement
stone (Mu, Liu et al. 2019).

The discrepancy in the components and structures of carbonated binder and hydrated binder would
definitely lead to dissimilar service performances. As one of the service performances, heat resistance
evaluates the property deterioration degree of the concrete of subjected to fire. Related researches have
demonstrated that the hydration products of Portland cement gradually decompose with the heating
temperature rising, including the disintegration of ettringite at about 80 °C, the calcium-silicate-hydrate
gel between 100 °C and 450 °C, and calcium hydroxide from 400 °C to 500 °C (Memon, Shah et al.
2019). However, there is still lack of study on the effect of elevated heating temperature on the phase
transformation and property evolution of carbonatable calcium silicate binders.

Our previous research indicated different calcium silicate minerals show different carbonation characters
and properties. For instance, y-dicalcium silicate (y-C,S) is non-hydraulic but it could absorb CO; in a
relatively high rate; monocalcium silicate (CS) has the lowest Ca/Si ratio and poor carbonation reactivity;
B-dicalcium silicate (B-C,S, belite) has a moderate carbonation reactivity but gains the highest
compressive strength (Mu, Liu et al. 2019). This paper investigates the influence of heating on the phase
conversion and strength development of carbonated belite, to evaluate the fire resistance of carbonatable
calcium silicate cement.

2. Materials and methods

Chemically pure calcium hydroxide (Ca(OH);) and silica (SiO) agents were respectively chosen as the
calcium source and silicon source of belite, and boracic acid (H3BOs) agent was employed as the crystal
form stabilizer. Stoichiometric ratio of Ca(OH), and SiO, together with 0.5 wt.% of H3:BO; was mixed
and pressed into tablets. Then the tablets were fired at 1450 °C for 3 h and cooled down fast by forced air.
The belite clinkers were ground to powders with particle size less than 75 pm. 10 g of belite powder and
1.5 g of deionized water were mixed and pressed into cylindric compacts with diameter of 20 mm and
height of 20 mm. The compacts were placed in the chamber full of CO, with partial pressure of 0.3 MPa
for 24 h carbonation curing. The carbonated samples were then heated at various target temperatures (300,
400, 500, 600, 700 and 800 °C) for 1 h and cooled down to the ambient temperature.

The thermal gravity analysis of the carbonated belite sample was conducted using TA Q600 analyser with
heating rate of 20 °C/min from 50 to 1000 °C to detect the thermal decomposition of the carbonation
products. The compressive strength of the heated samples was tested via using an electronic testing
machine (CMT6103) with loading rate of 0.5 mm/min. The final strength result was the average value of
5 samples. The phase components of the heated and unheated samples were detected by X-ray diffraction
(XRD, Rigaku SmartLab SE), with scanning rate of 2 °/min from 20 to 50 °. Specifically, 10 wt.% of
well-crystallized corundum was dosed into the powders as the internal standard, so that the exact phases
proportion could be calculated.

3. Results and discussions
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Fig. 1. Compressive strength of the carbonated belite Fig. 2. TG-DTG curves of carbonated belite sample
samples subjected to different heating temperatures.

The compressive strength of the carbonated belite samples subjected to different heating temperatures
was illustrated in Fig. 1. It can be seen that after carbonation curing for 24 h, the belite sample could
achieve the compressive strength of 96 MPa, indicating that carbonation endows belite binder with
extremely high early strength. After heating at 300 °C for 1 h, the compressive strength of the carbonated
sample reaches 108 MPa, which is a bit higher than that of the unheated sample. As the temperature rises
to 400 °C, the compressive strength increases to 151 MPa, which is almost 57 % higher than the unheated
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group. However, there is a sharp decrease of compressive strength when the heating temperature is further
elevated to 500 °C, at which the strength is 71 MPa, less than half of the strength at 400 °C. And the
strength keeps decrease with the increasing of heating temperature. After heating at 800 °C for 1 h, the
residual strength is only 6 MPa, indicating the failure of the carbonate structure.

The development of the compressive strength of carbonated belite paste sample subjected to thermal
treatment is similar to findings in some researches on hydrated cement paste (Heikal, El-Didamony et al.
2013). There is also a strength increase at around 400 °C of Portland cement which is believed to be
attributed to the internal autoclaving effect that the hydration reaction is further enhanced (Memon, Shah
et al. 2019). However, the water content in the compacted paste is much lower, thus the porosity of the
paste is much higher than the normal cement paste. Therefore, the autoclaving effect should be weak in
the heating of carbonated sample. Additionally, the strength increase is much sharper than ordinary
cement paste, there should be some other factors that influencing the compressive strength of the heated
carbonated belite samples.

The mass loss during the heating process is evaluated to characterize the decomposition of the carbonated
belite paste sample, as shown in Fig. 2. From the TG curve it can be observed that the weight of the
sample is keeping decreasing during heating before 750 °C, and the sample weight is almost constant
after heating at temperature higher than 750 °C. The DTG curve indicates that there are three typical
decomposition points located at around 88 °C, 613 °C and 740 °C. The decomposition at 88 °C
corresponds to the release of free water. The mass loss at 613 °C and 740 °C should be caused by the
decomposition of poorly crystallized carbonate and decomposition of crystal calcium carbonate,
respectively. Combining the TG and DTG results, it can be estimated that the percentage of free water in
the sample is about 1 wt.%, and 13 wt.% of the sample equals to the absorbed CO.. It should be noted that
the decomposition of calcium carbonate begins from heating temperature of 500 °C which is in
accordance with the temperature where the compressive strength begins to decrease. Therefore, it can be
deduced that the declination of the compressive strength of carbonated belite paste samples owes to the
gradual decomposition of calcium carbonate, as the carbonates formed the skeleton of the structure.
However, there is still no explanation for the compressive strength increase after heating at 400 °C.
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Fig. 3. XRD patterns of the carbonated belite samples Fig. 4. Phase proportion evolution of carbonated
subjected to different heating temperatures. belite sample after heating at different temperatures.

Although the TG-DTG result demonstrates the decomposition of calcium carbonates, it is still uncertain
whether there are conversions between the different crystal forms of calcium carbonate, i.e. calcite,
aragonite, vaterite and poorly crystallized calcium carbonate. Therefore, the mineral phases of the
carbonated belite after heating at different temperatures were detected via XRD. As the XRD patterns
illustrate in Fig. 3, the carbonation curing of belite paste samples induces the generation of two forms of
calcium carbonate: calcite as the major product and aragonite as the minor product. When the samples
were heated at 500 °C, the peaks of aragonite vanish. As the heating temperature rises to 600 °C and
above, the peak height of calcite begins to decline. And the peaks of calcite disappear when the heating
temperature increases to 800 °C, which agrees with the results of TG-DTG.

In order to exhibit the evolution of phases assemblage of the carbonated belite paste during the heating
treatment, the weight percentage of each phase was calculated based on Rietveld method with the help of
10 wt. % corundum as the internal standard, which is illustrated in Fig. 4. The loss on ignition (LOI)
corresponds to the TG result. The amorphous phase in Fig. 4 includes not only the silica-rich gel but also
the poorly crystallized belite and calcium carbonate. With the heating temperature rising to 500 °C, the
content of aragonite gradually decreases. The vanish of aragonite does not indicate that aragonite is
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decomposed, because of the slight increase of calcite content at 500 °C. Actually, aragonite is a
metastable calcium carbonate mineral which would convert to stable calcite during heating. From the
phase content analysis, it is speculated that the compressive strength increase might related to the
transformation from aragonite to calcite. As reported in the literature (Silva, Bucea et al. 2006), the
crystallinity also has significant influence on the structure’s mechanical property. Therefore, the
crystalline degree of calcite, which is the principal support of the structure of the carbonated belite, was
evaluated by the full width at half maximum (FWHM) of the top peak of calcite in the XRD patterns.
Table 1 FWHM of the top peak of calcite in XRD patterns.

Heating temperature FWHM | Heating temperature FWHM
No heating 0.217 600 °C 0.219
300 °C 0.221 700 °C 0.224
400 °C 0.213 800 °C 0.218
500 °C 0.211

As shown in Table 1, the FWHM of the top peak of calcite exhibits a slight decrease when the heating
temperature increases to 500 °C, indicating that the crystallinity of calcite is improved. It has been
demonstrated that the higher crystallinity is conducive to the higher mechanical property. The low
FWHM value at 400 °C and 500 °C reveals the high crystal degree of calcite, suggesting that the calcite
skeleton in carbonated belite samples is stronger than the others. However, as proved in the TG results, a
small proportion of calcium carbonate was decomposed during the heating at 500 °C, which damages the
carbonated structure. Therefore, although the FWHM of 500 °C is slightly lower than that of 400 °C, the
compressive strength of 400 °C is much higher than that of 500 °C.

4. Conclusion

The influence of thermal treatment on the performance of carbonated belite paste samples was evaluated
by investigating the compressive strength and phase component development of the samples subjected to
various heating temperatures.

It is concluded that heating at 400 °C significantly enhances the compressive strength of the carbonated
belite pastes. However, when heated at 500 °C and above, the compressive strength of the carbonated
paste decreases sharply. Calcining at 800 °C would lead to the structure failure of the carbonated paste.
The phase analysis indicates that the metastable aragonite would gradually convert to stable calcite with
the heating temperature increases to 500 °C. Meanwhile, the crystallinity of calcite, which assembles the
skeleton of the carbonated structure, increases with the temperature elevated to 500 °C according to the
FWHM calculation, which should account for the strength improvement of the carbonated belite paste.
However, as firing at 500 °C is proved to partially disintegrate the calcium carbonate products which
would deteriorate the structure of carbonated belite paste, the highest compressive strength is achieved
after heating at 400 °C. Additionally, the calcium carbonate products have been thoroughly decomposed
before 800 °C, thus the compressive strength of the carbonated paste after firing at 800 °C is negligible.
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ABSTRACT

The purpose of this study is to analyze fresh properties of alkali activated mortar using primarily
industrial by-product materials as fly-ash (FA), ground granulated blast-furnace slag (BFS) and silica
fume (SF) without including OPC. Calcium hydroxide (CH) was used as an activator. In order to find out
the effect of combination and blend ratio of these powders on flowability and strength of mortar, a series
of tests were done by varying the following parameters one at a time; Partial replacement of silica fume,
ratio variation of BFS to fly ash ratio and usage of BFS with different Blaine fineness. Flowability of the
fresh mortar was measured. To simulate the actual curing condition in the production of precast concrete
members, steam curing method was used at a maximum temperature of 65°C. Compressive strength of the
specimen was tested at the age of 14 days. The optimum blend ratio of the powders to obtain good
flowability and strength was determined from these experimental results.

KEYWORDS: Steam curing, Alkali activated binder, Viscosity, Compressive Strength
1.0  Introduction

Ordinary Portland cement-based mortar and concrete is the most widely used construction material in the
world. Production of ordinary portland cement is associated with significant CO» emissions making up
approximately 2.4% of global CO, emissions Marland and Dennis (2021). Gradual decrease in human
labour force and increased demand for high quality, durable and construction effecient concrete works has
led to increased demand for precast concrete. Effective solutions to this problem include reductions in the
amount of cement used and the use of industrial by-products materials as binders in mortar and concrete
mixes. The concept of alkali activated material as an alternative to OPC has been studied by many
researchers since at least 1908 Provis and Jannie (2014). Previous research indicate that concrete products
from alkali activated materials have demonstrated sufficient durability comparable to conventional
concrete. It is also reported that steam curing method generally applied to coventional precast concrete
products is also effective in early strength development of alkali-activated concrete product materials
Hata et al (2022). Based on this background, the study focuses to analyze the fresh properties of alkali-
activated mortar materials using user friendly powder combination that can be used by simply adding
water and mixing.

2.0 Experiment
2.1 Materials properties

In this study, powder materials used are mainly industrial by products materials (IBPM) without any
ordinary Portland cement (OPC). These powders were composed of fly-ash (FA), ground granulated blast
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furnace slag (BFS) with different Blaine fineness (4,550 & 6530 c¢cm?/g), silica fume (SF) and calcium
hydroxide (CH) as an activator. Standard sand with density (2.64g/cm?), absorption rate (0.42%) and
fineness modulus (2.83) according to JIS A 5005 was used as fine aggregates. The chemical composition
and physical properties of powder materials used are shown in Table 1 & Table 2.

Table 1: Chemical composition of each powder used

IBPM Ig. Loss Chemical composition (%)

Material (%) SiO: ALOs FeOs CaO MgO SOs Na:03 K20 TiO: P20:s
FA 2.63 52.78  29.05 4.12 3.79 1.90 0.26 1.09 1.59 041
BFS 0.08 34.03 14.69 041 42.90 6.01 34 0.32 0.55 0.01
SF 371 92.97 - - - 0.37 0.65 - - -
CH 24.76 0.19 0.11 0.12 73.82 0.77 0.07 0.01 0.02 0.03
Table 2: Physical properties of each powder used

IBPM Density  Blaine fineness  Activity index  Polycarboxylate type high range water
Material  (g/cm®) (cm?¥g) at 28 days (%) reducing admixture (SP) commonly used in
FA 2.20 3,480 81 pre-cast concrete works and de-airing agent
glljs ;g(l) ‘1‘;515800 ??O (DA) was used to improve on workability and
CH o 150,000 ) reduce entrained air respectively. The range of

2.2 Mix proportion of Mortar

air content was 0.7 - 2.9%.

Each mix series was developed based on BFS and FA ratios which are the major components of the
powder mix. The dosage of SF in each mix was varied from 0% to 10%. To enable easy comparison, a
constant water binder ratio (W/B) ratio of 21.0% sufficient for adequate 14-day compressive strength was
used Hata et al (2022), sand to paste volume ratio and chemical admixture dosage were kept constant at
48.0% and 1.15% SP respectively. The content of calcium hydroxide (CH) in IBPM was maintained at

4% by weight in all mixes. Experiment mix proportions are shown in Table 3.

Table 3: Mix proportions of Mortar

Series W/B  BFS:FA  SF Unit Content (kg/m?) Admix
(%) (%) (%) Water IBPM Sand (o)
s BFS FA SF CH S SP
I 210 2575 00 1714 195.9 587.8 00 327
50 1713 185.6 556.8 408 326
100 1712 175.3 5259 815 326
11 210 50:50 00  178.9 408.9 408.9 00 341
50 1784 386.5 386.5 425 340
100 177.9 364.2 364.2 847 339
il 210 7525 00  187.1 641.4 213.8 00 356 14072 L1
50  186.1 604.7 201.6 443 354
100  185.1 568.4 189.5 88.1 352
v 210 1000 00  196.0 896.0 0.0 00 373
50 1944 842.4 0.0 463 370
100 192.8 789.8 0.0 918 367

2.3 Experimental methods

For each mix proportion, flow table test according to ASTM C 1437-07 and air content test according to
ASTM C 185 — 02 was done. To analyze viscosity and yield value properties assuming a Bingham body,
Mortar flow rate through a J-shaped circular plastic pipe was measured under varying pressure and depths
versus corresponding time recorded using an automatic laser (KEYENCE LK-G500A) tool kit. See Fig. 1



for the experiment set-up according to Yamamoto et al (1996). Assuming a Bingham fluid model, shear
stress (P) and shear rate (V) relationship is given by equation (1). Shear stress (P) and shear rate (V) is
calculated from the experimental data using equations (2) and (3) respectively.

P o Lol g oo eeee e e et s ettt (1)
P =(APR)/(2L) = [{p (hit +1)/2}/ {CL (Mt F1)/23] *R/2] eoooeoveeeeeoeeeeeeeeoseeeeeeeeseeessseeeseesessseeseseeeees @)
N 10 R S N L TN WAL ) 3)

Where: AP is pressure difference, L is length of the U portion of the J — shaped plastic pipe (24.3cm), p is
the density of mortar (g/cm?®), R is the radius of the plastic pipe (2.5cm), Q is mortar flow rate / discharge
(liters/sec), Cy. is the total length of the J — shaped plastic pipe (400+ L) in cm and h; mortar depth (cm) at
time t (sec). The reciprocal of the trendline slope given by relationship in equation (1) gives the viscosity
(I) while the horizontal X — axis intercept gives the yield value (g). To simulate the actual curing
condition in the production of precast concrete members, steam curing method was

used. After casting, specimens were sealed and placed in the chamber at 20°C for 250
precuring time of 24hr+2hrs. According to research by (Hata et.al), the effect of
precuring time under 6hrs on compressive strength is adverse therefore this
experiment adopted 24hrs to minimize these effects. Chamber temperature was then & /<
raised steadily to 65°C at a rate of 20°C/hr. for 2hr 15min. The temperature was then

kept constant at 65°C for 4hrs and then decreased at a rate of -3.75°C/hr. for 12hrs to

20°C. The relative humidity of the chamber was kept constant at 80%. Specimens ' B

were then stored in a room at 20 °C and 60% relative humidity. Compressive @

strength of the specimens was tested at the age of 14 days. Leo]
Figure -1: J-Flow

3.0 Results and discussions experiment set-up

3.1 J-Flow Experiment and Flow Value

From the graph in Fig. 2, it can be seen that the mortar mixtures can be analyzed as a Bingham body
fluid. Therefore, viscosity and yield values can be computed according to Eqn. (1) — (3). Proportions with
BES:FA ratio of 75:25 and 100:0 indicates zero yield value and low viscosity compared with BFS:FA
ratio of 50:50 which has high yield value and viscosity. Graph in Fig. 3 indicates that increasing the ratio
of BFS drastically reduces the yield value while flow value increases making mortar highly flowable.

5.0 200 3 350
1 BFS4_50% SF(5%) W BFS4_50% SF(10%)
a5 ©  BFS6_S0% SF(5%) ® BFS6_50% SF(10%)

O DBIS4_75% ST(5%) ® DBIS4_75% ST(10%) 300
4.0 A BI'S4 100% SL'(5%) A BI'S4 100% SI'(10%) 7 3 ; ’;‘-
o 10 250 &

©
- & H
< P 20 5
g 2 10 d
2 - \D., ] . 150 &
E T 0. -0~ Yield V(SF 5%) )
z = R 0 Yield VSF10%)| | 1o £
50 —o—Flow V (SF 5%) g
—0—Flow V(SF10%)| | 50
& ! 0 g o 0
o 20 40 e s 100 10 10 160 BFS4 25%  BFS4 50%  BFS4 75%  BFS4_100%
Shcar stress - P (Pa) BFS Replacement ratio
Figure -2: Shear rate and shear stress relationship Figure -3: Yield and Flow value relationship with
of the different mix proportions BFS replacement ratios

Mortar flow results in Fig. 4 indicate that for each ratio of BFS:FA, good flow is achieved at 5% SF
dosage. It was observed that mortar without FA (BFS: FA is 100:0) was very sticky yet highly flowable —
high dilatancy Maruoka et al. (2016). Even without any tapping, the flow was over 300mm. Despite good
flow, slight dilatancy was observed with BFS4 75%. When dosage of silica fume is increased to 10%,
BFS6_50% & BFS4 75% still exhibited good flow while BF4 50% flow value decreases. Yield value of
BFS4 75% & BFS4 100% at 5% SF dosage is almost 0. When SF is increased to 10% the yield value
does not change significantly while BFS4 50% has considerably high yield value 72.45Pa at SF 5% and
increases to 90.76Pa when SF is increased to 10%. Graph in Fig.5 shows a relationship of mortar
viscosity with BFS replacement ratio. When BFS ratio is increased from 50% to 75%, there is a drastic
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decrease in viscosity for both 5% & 10% SF dosage. However, when BFS replacement ratio is increased
to 100% (No FA), viscosity increases for SF 10% dosage and almost constant for SF 5% dosage.

350

2 " 3 200 80
300
I 150 ~ 70
@
250 <
E} H & =]
< 200 e 100 € £
2 : 2 = g%
g 150 = =
e WE L B0
= s
100 s
_100% — Lo 30
50 || —e—Braisose N | —0-Visc. SF(5%) —O-Visc. SF(10%)
—&—BFS4_75% (Yield V). 20
o [L=S=BES4 100% (Yield V) 50 BFS4_50% BFS4_75% BFS4_100%
0.0% 5.0% 10.0% BFS : FA Replacement Ratio
SF Replacement ratio (%)

Figure -4: Flow value of mortar after 25 tapping & Figure -5: Mortar Viscosity relationship with BFS
Yield value relationship with SF dosage Replacement Ratio

3.2  Compressive strength of steam cured mortar

As shown in Fig. 6, Steam curing method as generally applied to conventional precast concrete products
is also effective in early strength development of alkali-activated concrete product materials Hata et al
(2022). High temperature catalyzes C-H-S reaction to quickly harden which would have otherwise taken
long. The results in Fig. 7 indicates that increasing the proportion of BFS and the dosage of SF increases

compressive strength. This is due to increased availability of high calcium which plays an important role
in C-H-S hydration reaction.
35
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Figure -6: 1-day Compressive strength Figure -7: 14 days Compressive strength

4.0 Conclusions

1) Silica fume dosage of 5% exhibits good workability for 50% BFS replacement ratio.
2) Yield value decreases with an increase in BFS replacemnent ratio.

3) Increased proportions of SF (0-10%) and BFS (25-100%) increases 14-day compressive strength.
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ABSTRACT

The effect of carbonate on the magnesium silicate hydrate (M-S-H) formation was studied at high Mg/Si
molar ratio of 1.5. M-S-H pastes were synthesized from silica fume and MgO or MgO plus
hydromagnesite in a Na,CO; containing solution. X-ray diffraction data and thermogravimetric analysis
indicated that brucite is destabilized and M-S-H phases formed much faster in the presence of carbonates.
Additionally, in the system containing hydromagnesite, the hydromagnesite reacted to form M-S-H. In a
third experiment, the carbonation of M-S-H with Mg/Si=1.5 in a suspension was investigated. While a
reference suspension of M-S-H with Mg/Si=1.5 kept under inert atmosphere still contained brucite and a
pH about 10.1, the forced carbonation of M-S-H decreased the pH to 7.3 and destabilized the brucite. No
evidence of the formation of crystalline or amorphous hydrated magnesium (hydroxy)carbonate phases
was observed.

KEYWORDS: Magnesium silicate hydrate, hydrated magnesium carbonates, low-CO; cement,
thermodynamic modelling

1. Introduction

Binders based on Mg chemistries are one option to substitute Portland cement, because they can have a
low or even negative carbon footprint when the MgO source comes from non-carbonate Mg-based
minerals. The hydration of MgO in the presence of carbonates results in brucite potentially together with
hydrated magnesium carbonate (HMC) phases, which provide relatively good mechanical properties (20
MPa to 50 MPa after 28 days). The hydration of reactive MgO-SiO, cements in the absence of carbonates
results in precipitation of a magnesium silicate hydrate phase (M-S-H) as the primary reaction product,
which can generate high compressive strength up to 50-80 MPa after 28 days. Thus, the combination of
HMC and M-S-H in the hydrate assemblage seems promising to obtain a binder with both very low
carbon footprint and optimized performance. However, the stability of M-S-H versus the stability of
HMC is not yet understood. In this study three different experiments to tackle this issue are presented: i)
the potential co-precipitation of M-S-H and HMC, ii) the formation of M-S-H in the presence of
hydromagnesite and, iii) the carbonation of M-S-H.

2. Materials and methods
The co-precipitation of M-S-H and HMC was carried out using reactive SiO,, MgO, and Na,COs as the

source of carbonate as reported in Bernard et al (2022). The amount of MgO was chosen corresponding to
an atomic ratio Mg/Si of 1.5. In literature generally M-S-H with a lower Mg/Si (1.2 to 1.3) has been
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reported in Bernard et al (2017) such that hydration of the remaining MgO should therefore result in
brucite (Mg(OH).), and the added carbonate could lead to the additional formation of HMC.

In a similar second experiment, half of the MgO was replaced by reactive as hydromagnesite has been
proven to help in the formation of a poorly crystalline amorphous hydrate or other HMC phases (details
can be found in Winnefeld et al (2019) and Dung et al (2017)).

In a third experiment, 100% CO> (flow of 100 cm?*/min) was bubbled through a suspension of an 8-year-
old M-S-H with Mg/Si = 1.5 prepared as in Bernard et al (2017)for 2 days.

After the experiments, the samples were analysed by X-ray diffraction (XRD) and thermogravimetry
(TGA), after 28 days for the co-precipitation samples of the first two experiments, and after 2 days for the
carbonation of the M-S-H suspension. pH values of the samples were either measured when in suspension
as in Bernard et al (2017) or measured by a leaching experiment. For the latter, more details can be found
in Bernard et al (2022).

XRD data were collected using a PANalytical X'Pert Pro MPD diffractometer operating at 45 mV and 40
mA applying CuKo radiation (\=1.54 A), and equipped with a rotating sample stage, a fixed divergence
slit and an anti-scattering slit on the incident beam side of 0.5° and 1°, respectively. The samples were
scanned between 10° and 75° 20 with an X'Celerator detector. TGA measurements were carried out
using a Netzsch STA 449 F3 Jupiter TGA apparatus coupled with a Bruker Fourier-transform infrared
(FT-IR) spectrometer for the analysis of the exhaust gases. Approximately 40 mg of each sample was
heated from 30 to 980 °C with a heating rate of 10 or 20 K/min in 150 uL alumina crucibles.

3. Results

Figure 1 displays the XRD and the TGA data of the pastes and suspensions. M-S-H is the main product in
all samples. While the MS paste contains still a large amount of brucite after 28 days, the MS paste
synthesised with Na,COj3; shows only traces of brucite (< 1 mass-%). M-S-H forms faster when sodium
carbonate is present as Mg and carbonate ions form complexes which destabilizes brucite as detailed in

Bernard et al (2022). However, the formation of crystalline or amorphous hydrated magnesium phases is
not observed by XRD and TGA.
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Figure 1: a) XRD data of magnesium silicate pastes without (MS) and with Na;CO; (MS with NC),

magnesium silicate paste with hydromagnesite and Na;CO3; (MS-HY with NC) after 28 days, and M-S-H

suspension before (MSH) and after 2 days of interaction with 100% CQO: (CO2 MSH); TGA data of b) of MS,
MS with Na:COs3, MS-HY with Na:COs pastes after 28 days, and of ¢c) MSH and CO: MSH suspensions.

XRD and TGA data of the MS-HY paste synthesised with Na,CO; indicates the presence of unreacted
hydromagnesite in addition to M-S-H. Figure 2a shows the phase contents observed in the experiments
after 6 months and the thermodynamically predicted phase assemblage, consisting simply of M-S-H and
unreacted hydromagnesite. However, experimentally the amount of hydromagnesite strongly decreased as
detailed Bernard et al (2022), indicating an apparent contradiction between thermodynamic prediction and
experiments as detailed in Bernard et al (2022), pointing either towards an incomplete thermodynamic
dataset and/or the presence of an additional not identified solid phase.
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Figure 2: a) Phase assemblages estimated from the experimental results and thermodynamic modelling for
the MS with Na:COs3, MS-HY with Na:CQs pastes, adapted from Bernard et al (2022) and b) pH of the
different samples measured at room temperature.

The suspension of M-S-H with Mg/Si=1.5 kept in inert atmosphere still contains brucite after 8 years
(XRD and TGA data in Figure 1). The pH value has slightly decreased from 10.4 after 2 years (Bernard et
al. 2017) to 10.1 after 8 years (Figure 2b), probably due to carbonation of the solution over time by CO,
from the atmosphere. While the formation of M-S-H with Mg/Si=1.5 in the presence of carbonates was
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fast (brucite had completely reacted within 1 month as shown in Figure 1), the presence of silicate seems
to kinetically hinder the dissolution of the brucite in the absence of carbonates.

The forced carbonation of a M-S-H suspension, aged for 8 years, significantly decreases the pH from 10.1
to 7.3 (Figure 2b) and destabilizes the brucite (XRD and TGA data in Figure 1). Carbonation, however,
does not decrease the amount of M-S-H present, indicating in agreement with the studies above, a high
resistance of M-S-H towards carbonation. The magnesium originally presence in brucite seems to be in
solution and/or used to form additional M-S-H, as there is no clear evidence for the formation of
crystalline or amorphous hydrated magnesium (hydroxy)carbonate phases.

4. Conclusions

Na»COs; accelerates the formation of M-S-H with a Mg/Si = 1.5 as the presence of carbonates destabilizes
the brucite initially formed. However, the presence of crystalline or amorphous Mg-carbonate phases
could not be confirmed. The hydration of a blend of MgO-SiO, and hydromagnesite (one of the HMC
phases) results mainly in M-S-H, as also the hydromagnesite partially reacts to M-S-H. The bubbling of
100% CO, through a suspension of an 8-year-old M-S-H with Mg/Si= 1.5, presenting a pH value of 10.1,
leads to a lower pH and the release Mg ions from brucite. Even under these harsh carbonation conditions,
no Mg-carbonate phases could be observed, indicating that the formation of HMC from the carbonation
of M-S-H is unlikely. In the three investigated cases, i.e. i) the co-precipitation of M-S-H and HMC, ii)
the formation of M-S-H in presence of hydromagnesite and iii) the carbonation of M-S-H, M-S-H seems
to be more stable than hydromagnesite, while crystalline HMC did not form or even were destabilized to
form M-S-H. These observations are in contradiction with thermodynamic modeling results using the

Wheh': ﬁ%%iv%%‘aclf??-‘/\ﬁ% f?S%%Vs}éhct}ﬁ redict ihe Reecipiation of S phasR it addiion fo fdSsth
experiments and thermodynamic modelling needs further investigations. Nevertheless, the high stability

of the strength-forming M-S-H phase in the presence of CO»/carbonates seems promising regarding the
future application of such cements.
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ABSTRACT

Fast setting and high viscosity are the two main obstacles to obtain better the rheological properties of
alkali-activated materials (AAMs). This works aims to remove these obstacles by introducing different
ultra fines. In slag-waste ceramic powder-ultra fines systems, the mechanism behind the modification
effect of various ultra fines on rheological properties is studied. Results show that the introduction of ultra
fine fly ash (UFFA) is beneficial to maintain good rheological properties and control setting, while adding
silica fume (SF) harms fresh performance due to the low liquid film thickness and high reactivity. By 'H
NMR analysis, no obvious increase in mobile water appears in SF systems in the first 2 h of reaction, as
compared to UFFA systems. It indicates that abundant free water is consumed continuously in SF-
systems at this stage. Furthermore, the incorporation of 10% UFFA provides superior fresh performance
and hardened properties. This study is essential towards better development of excellent formula of high-
performance AAMs.

KEYWORDS: Ultra fines, Alkali-activated ternary paste, Rheology, 'H NMR analysis, Water states
1. Introduction

Alkali-activated materials (AAMs) are a kind of cementitious material manufactured by alkaline
activators and solid aluminosilicate, such as slag, fly ash, metakaolin and other Al-Si containing
precursors (Shi, Krivenko and Roy, 2005). In addition to environmental benefits, properly designed
AAMs show better mechanical properties, high-temperature stability and durability in aggressive
environment compared with Portland cement-based materials (Zhang, Yao and Wang, 2012).

However, the application of AAMs in large-scale projects is still limited, especially the cast-in-situ
construction. High viscosity and the regulation of setting time and are the two main obstacles to obtain
good rheological properties of AAMs, which is mainly attributed to the complexity of raw materials and
activators. AAMs cover a wide variety of aluminosilicates whose different physicochemical properties
substantially influence their rheological behavior. Some studies have tried to apply ultra fines to modify
the rheological properties of AAMs (Yang et al., 2018; Liu ef al., 2020). These studies suggests that the
rheological modification of ultra fines is closely related to the water to binder ratio (w/b) and their
physicochemical properties (morphology, specific surface area and reactivity).

To better develop high-performance AAMs, this work compared and analyzed the effects of SF and
UFFA on the time-dependent rheological behavior and mechanical properties of alkali-activated slag-
ceramic powder systems. Furthermore, the mechanism behind the modification effect of various ultra
fines on rheological properties is studied by '"H NMR analysis.

2. Experimental methods
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Blast furnace slag (SL), waste ceramics powder (CP), SF, and UFFA were used as precursors, which
physical properties and XRD patterns are shown in Table 1 and Fig. 1 respectively. A ternary activator
consisting of Na,O-2Si0,, NaOH and Na;CO; (n(Si0.)/n(NaO) = 2/3, 2% NayO per constituent) was
applied to control setting time based on our previous work. To eliminate the potential influence of large
amount of dissolution heat from NaOH, alkaline solution was prepared 1 d in advance. The w/b ratio and
Na,0% are constant at 0.4 and 6%, respectively. The SL to CP ratio is 1 in all systems where 0%, 5% and
10% SF/UFFA are introduced.

Table 1 Physical properties of SL, CP, SF and UFFA

Precursors dso (um) Density (kg/cm®) Geometric specific surface area (m*kg)
Slag 10.59 2843.60 964.17
Ceramic powder 20.95 2566.36 603.34
Silica fume 0.52 2211.67 23139.70
Ultra fine fly ash 2.10 2440.33 3715.17

[Q:Quartz R:Cristobalite low|
C:Calcite M:Mullite A:Albite|

o 10 20 30 40 50 60 70
2-Theta (°)

Fig. 1. XRD patterns of SL, CP, SF and UFFA.

The setting time and Mini-slump are measured in compliance with the China standard GB/T 1346-2011
and of GB/T 8077-2012. Liquid film thickness (Ti) is determined based on the published literature (Yang
et al., 2018). Anton Paar MCR302 rheometer was applied to measure static yield stress. After 1 min of
100 s! pre-shearing, the pastes were exposed to a very low shear rate with 0.005 s for 1 min to
determine the static yield stress, and the test was performed every 10 min during 1 h. Water migration in
pastes was monitored by low-field '"H NMR. The transverse relaxation time (T>) of paste was measured
by CPMG pulse sequence in a MAG-MED PM-1030 Analyzer operating at 10 MHz at 20 °C. The sealed
sample was tested in specific time-intervals during 2 h without disturbance.

3. Results and discussions
3.1 Flowability, liquid film thickness and setting

The Mini-slump values and Tir are shown in Fig. 2 and setting times are shown in Fig. 3. Obviously,
more mixing water is required for wetting when the SF with high specific surface area is introduced,
resulting in a significant reduction of Tir and Mini-slump values. In contrast, the UFFA particles with
sufficient stiffness well exhibit the ‘ball bearing’ effect. Furthermore, UFFA is beneficial to prolong the
setting times due to its lower reactivity.
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Fig. 2. Liquid film thickness and Mini-slum values of ternary systems.

44



140 4 Initial setting
/B Final setting

120 4
100
80

60 1

Setting time (min)

404

20+

0
Ctrl SF-5 SF-10 FA-5 FA-10

Fig. 3. Initial setting and final setting times of ternary systems.
3.2 Growth of static yield stress

Fig. 4 plots the static yield stress (15) growth of different ternary systems. The 10% SF-system exhibits
higher 15 as compared to the control sample, which is due to the extremely high SSA of SF. Moreover,
introducing SF increases the solids fraction and the inter-particle friction, and thereby pastes are more
reluctant to flow (Yahia and Khayat, 2001). With time going on, partial dissolution of SF provides
additional colloidal HO-Si-OM complexes that enhance the attraction between particles and contribute to
form percolate network. During the first 0.5 h of reaction, the UFFA-systems show a comparable or lower
15 level to that of the control sample, which suggests that UFFA particles play a role as fillers (Yang et al.,
2018). After initial mixing, these ‘balls’ fill the voids and release trapped water, improving the particle
packing, and thereby the real liquid-solid ratio in the paste is higher. However, the low reactivity of
UFFA is responsible for the low t; at later stage.
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Fig. 4. Static yield stress growth of alkali-activated ternary systems.
3.4 'TH NMR analysis

To well understand the water migration during setting process, the water content in specified T
interval can be calculated according to previous literature (Lu et al., 2022). Fig. 5 plots the water content
in different states of alkali-activated ternary systems. Immovable water in all samples gradually increases,
which indicates a ‘more solid” behavior and higher ts of pastes. The influence of adding different ultra
fines on mobile water is different. An increasing trend of mobile water (a small hump) at the first hour is
observed in the UFFA systems and the control sample, which may be attributed to the release of a small
amount of free water during the polymerization reaction (Cao et al., 2022). However, no obvious increase
of mobile water is found in SF-systems. On the one hand, the introduction of SF severely weakens the
dissolution of SL and the subsequent polymerization reaction. On the other hand, partial high reactivity-
SF is dissolved with time going on, and accompanied with the release of some HSiO*. However, the
dissolution degree of SF needs to be further determined.
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3.5 Compressive strength

It can be found from Fig. 6 that adding SF seriously damages compressive strength, while UFFA is
beneficial to maintain good mechanical properties. On the whole, compared with SF, the introduction of
UFFA is more suitable for the preparation of high-performance AAMs, and the optimal replacement
content of UFFA is 10%.
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Fig. 6. The 28 d-compressive strength of different ternary systems.
4. Conclusions

The incorporation of SF slightly shortens the setting time and seriously damages rheological and
hardened properties, whereas UFFA is beneficial to maintaining good fresh properties. Shorter
interparticle spacing in SF-systems means that it is more prone to form a percolate network and to induce
higher ts. The water migration in pastes are greatly dependent on the characteristics of these ultra fines.
By 'H NMR, no obvious increase in mobile water appears in SF-systems in the first 2 h of reaction
compared with other systems, which indicates that abundant free water is consumed continuously at this
stage. However, the dissolution behavior of ultra fines in the ternary system needs further study to
determine their influence on water distribution.
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ABSTRACT

In recent years, there has been a growing interest in carbonation curing with the main purpose of CO,
sequestration to cementitious materials from the viewpoint of reducing environmental impact. In this
study, mortar specimens were prepared by adding fine blast furnace slag powder and y-C,S, and
carbonation curing was carried out, and examined the strength development, the change of pore structure,
and the amount of CO, sequestered by carbonation curing. It was confirmed that the strength of water
curing specimens decreased as the amount of added y-C,S increased, while that of carbonation curing
specimens increased. It was also found by mercury intrusion porosimetry that the sample subjected to
carbonation curing at an early age had many voids around 100 to1000 nm, and the void distribution was
significantly different from that of the water curing sample. Analysis of TG-DTA, XRD, and TC, showed
that vaterite was produced in addition to calcite, and that the CO, sequestration increased with the
addition of y-C,S.

KEYWORDS: y-C,S, Carbonation curing, CO; sequestration, Mercury intrusion porosimetry, TG-DTA
1. Introduction

Attempts to improve the performance of concrete by actively carbonizing it have long been considered.
Klemm and Berger (1972) reported that the initial strength of concrete is enhanced when it is cured under
a high concentration of CO, from a young age just after it is demolded, compared with that of concrete
without carbonation. In recent years, due to the social trend of decarbonization, studies have been
conducted aiming at carbon neutrality of concrete by sequestering CO; in concrete. y-C,S is known as a
mineral with low hydraulic properties and high carbonation reactivity, and its application as a carbonation
source in CO; sequestration by adding it to concrete has been examined (Higuchi et al (2014) and Wang
et al (2022)). In this study, mortar specimens containing blast furnace slag fine powder and carbonation
curing mixture (CA) mainly composed of y-C,S were prepared in ordinary Portland cement, and
carbonation curing was carried out. Strength development, pore structure and amount of CO;
sequestration by carbonation curing were investigated.

2. Experimental Program
2.1 Mortar Mixture Composition
The cement was used with ordinary Portland cement (C, 3.16g/cm?), and blast furnace slag fine powder

(BFS, 2.91g/cm?®) and carbonation admixture mainly composed of y-C,S (CA, 3.04g/cm’) were added.
Silica sand (S, 2.63g/cm’) was used as fine aggregate. A polycarboxylic acid-based high performance
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water reducing agent and antifoaming agent were used to adjust the air volume and the mortar flow.The
mortar formulation is shown in Table 1. CA were added at 0, 15, and 30%, and water binder ratios of 40,
50, and 60% were compared.

Table 1: Mixture proportions of mortar

W/B S/B Air Binder ratio (%) Unit weight (kg/m?)
No. | Notation

(%) (%) (%) C BFS CA Y% C BFS | CA S
1 W/B50-0 50 2.5 43 57 0 266 | 229 | 303 0 1334
2 | W/B50-15 50 2.5 5o 37 48 15 266 | 197 | 255 80 1331
3 W/B50-30 50 2.5 +'1 0 30 40 30 266 160 213 160 1326
4 W/B40-30 40 2.0 o 30 40 30 254 191 254 191 1267
5 W/B60-30 60 2.5 30 40 30 302 151 201 151 1257

2.2 Specimens and Curing Conditions

Specimens with 50 x 100 mm and 40 x 40 x 160 mm were prepared and sealed at 20°C for two days,
followed by demolding and curing. Carbonation curing was carried out in an accelerated carbonation
chamber with a CO, concentration of 20%, a temperature of 50°C and a relative humidity of 40%. As a
comparison, air curing at the same temperature and humidity (50°C and 40%RH) and water curing at
20°C were also performed.

2.3 Measurement Details

Compressive strength test were performed on @50 x 100 mm specimens at the time of demolding (2days)
and at the ages of 3, 7 and 28 days for each curing. For the carbonated specimens, the depth of
carbonation was measured by splitting a 40 x 40 x 160 mm specimen and spraying phenolphthalein
solution.

The surface 10 mm of the carbonation exposure surface of the 40 x 40 x 160 mm specimen was split and
used for the test. After splitting and collecting the surface layer, the specimen was crushed to 5 mm or
less with a hammer, and hydration was stopped by immersion in acetone. After stopping hydration, 2 ~ 5
mm fragments were collected and subjected to vacuum drying for 24 hours as pre-drying, followed by
void measurement with a mercury intrusion porosimeter. In addition, the samples after stopping the
hydration were pulverized to less than 150pum and subjected to TG-DTA, XRD, and TC. The TC
equipment used heats the samples in a radiofrequency furnace and measures the total carbon content of
the generated gas with an infrared detector.

3. Experimental Results and Discussion
3.1 Compressive Strength

The results of the compressive strength test are shown in Figure 1 Although the strength (2 days) at the
time of demolding decreased as the content of CA increased, carbonation curing enhanced the strength,
and the 28days strength was 37N/mm? at No.3. On the other hand, the strength decreased as the content of
CA increased in air curing and water curing specimens. In air curing specimens, the increase in strength
after 3 days of age was small, suggesting that the hydration stagnated due to drying.
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Figure 1: Compressive strength
3.2 Depth of Carbonation and CO: Sequestration

Figure 2 shows the depth of carbonation. No.3 and 5 were fully carbonated at 7 days, and at 28 days, all
specimens were fully carbonated.
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Figure 2: Depth of carbonation

TG curve of No. 3 are shown in the Figure 3. The sample after carbonation curing showed a greater
weight loss after 450 °C, which may be due to the formation of calcium carbonate. It has been reported
that vaterite in hardening cement decomposes at lower temperatures than calcite, and in this experiment, it
is inferred that the weight loss from the lower temperature is caused by the presence of vaterite. Figure 4
shows the peak of calcium carbonates by XRD. Calcite and vaterite peaks are observed, and the higher
the content of CA, the higher the calcium carbonate production.
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Figure 3: TG curve of carbonated sample (No.3) Figure 4: XRD peak of carbonated sample (28d)

CO; uptake measured by TC is shown in the Figure 5. All samples were taken from a surface layer 10
mm from the carbonation exposure surface. Compared with the same water-binder ratio, the one with the
CA added had higher CO, uptake. The decrease in CO; uptake at No. 1 and No. 2 is probably due to the
higher percentage of BFS and lower amount of CaO compared to No. 3.
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3.3 Microstructure Change

Figure 6 and Figure 7 show the results of mercury intrusion porosimetry. Comparing the pore volume
around 100 to 1000 nm at 2 and 28 days, it increased slightly for air curing, whereas it decreased for
carbonation curing. The carbonation curing specimens had the same total porosity as that of water curing
at 28 days, but the porosity distribution was significantly different. The porosity distribution of
carbonation cured specimens showed that the maximum peak remained around 500 nm, while in water
curing, the 500 nm peak disappeared, and the pore size shifted to a smaller diameter overall.
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Figure 6: Pore distribution (No.3) Figure 7: Cumulative intrusion pore volume (No.3)

4. Conclusions

Carbonation curing of mortar with addition of blast furnace slag fine powder and carbonation curing
mixture (CA) was carried out, and it was shown that carbonation strength was enhanced by CA and the

amount of CO, sequestration was increased. It was also found that carbonation curing at an early age
resulted in a different pore structure from water curing.
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ABSTRACT

Magnesium (alumino)silicate hydrate (M-(A)-S-H) based binders are low-carbon alternatives to Portland
cement, but their microstructure remains poorly understood. This study investigates the compressive
strength and microstructure of paste samples with a fixed Mg/Si molar ratio of 1.5 and Al/Si molar ratios
of 0 and 1.0 prepared using silica fume (MS) and metakaolin (MK), respectively. The results show that
the MK system consistently achieved higher compressive strengths than the MS system. The addition of
Na,COs increased the compressive strength of the MS system but decreased that of the MK system in the
presence of excess phosphate. These results are supported by backscattered electron microscopy (BSE)
and mercury intrusion porosimetry (MIP) analyses, which revealed increased pore volumes and sizes in
the MS system than in the MK system. When Na,CO; was added, the pore volumes and sizes of the MS
system decreased, but no consistent changes were observed for the MK system.

KEYWORDS: M-(A4)-S-H, microstructure, pore structure, materials characterisation, low-CO, cement
1. Introduction

Magnesium silicate binders are low-carbon alternatives to Portland cement since the raw material MgO
can be derived from Mg-silicate minerals such as olivine without releasing chemically bound CO,
through, for example, acid digestion combined with electrolysis (Scott et al., 2021). When reactive MgO
is mixed with a silicate source (e.g., silica fume) and water, a binding magnesium-silicate-hydrate (M-S-
H) phase is formed. M-S-H binders demonstrate high compressive strength (50 to 80 MPa), low pH,
excellent fire resistance and potentially high durability (Bernard, 2022).

Due to the limited availability of silica fume, researchers have started investigating the replacement of
silica fume with more widely available aluminosilicate sources such as calcined clays. It has been found
that the use of metakaolin improves the mechanical properties through the formation of hydrotalcite and
M-A-S-H (Shah et al., 2021). The addition of Na,COs has been found to enhance the mechanical
properties further by promoting M-A-S-H formation (Bernard et al., 2023). However, the microstructure
of both M-S-H and M-A-S-H binders has not yet been adequately studied, despite their importance to
mechanical properties and durability. Therefore, this study investigated the compressive strength and
microstructure of M-S-H and M-A-S-H binders, produced with MgO, silica fume (Al/Si = 0) or
metakaolin (Al/Si = 1.0), sodium hexametaphosphate as a superplasticizer, and with and without Na,CO:s,
cured from 3 to 91 days. The microstructure was characterised using BSE, MIP and N, adsorption.

2. Methodology

Four pastes with a set Mg/Si molar ratio of 1.5 and Al/Si molar ratios of 0 (using MS) and 1.0 (using
MK), with and without Na>CO3, were prepared according to the mix proportions in Table 1. Reactive
MgO (CalMag 92/200, RBH), microsilica (920D, Elkem) and metakaolin (Argical M1200S, Imerys) were
used as raw materials. Na,CO; (anhydrous, > 98% purity, VWR) was added at a concentration of 2.5
wt.% binder to all mixes. The water/binder ratio (w/b) was set to 0.68. Sodium hexametaphosphate
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(NaHMP) (general purpose grade, Fisher Scientific) was added at varying concentrations to ensure
comparable workability across all mixes (Jia et al., 2016). Before wet mixing, the raw materials were
homogenised using a powder mixer. NaHMP and Na,CO; were pre-dissolved in the mixing water.
Mixing was then performed in a 30 L Hobart mixer for 3 min. All mixes were subsequently compacted in
three layers in steel moulds of 50x50x50 mm?® and then covered with a plastic sheet. After 24 h, the
samples were demoulded and cured in a fog room (21 °C, 98% RH) for 3, 7, 28 and 91 days. For each
mix and curing age, four cubes were prepared, three for compressive strength testing and one for BSE,
MIP and N, adsorption. For BSE observation, a prism of 40x20x8 mm® was extracted from the cube
while the remaining offcuts were crushed into granules of a few mm for MIP and N, adsorption.
Hydration was stopped by immersing the samples in isopropanol for 15 min followed by diethyl ether for
5 min. The prism for BSE imaging was epoxy-impregnated and then polished to 0.25 um. BSE imaging
was performed using a Zeiss Sigma 500VP scanning electron microscope at 15 kV accelerating voltage
and 8.5 mm working distance. MIP was performed on ~1 g of granules using a Quantachrome Poremaster
60 up to a pressure of 414 MPa to detect pore sizes of down to 3.6 nm. N, adsorption was performed on
~1 g of granules, pre-degassed under vacuum at 40 °C for 24 h, using a Micromeritics 3Flex analyser to
determine the BET pore specific surface area (SSA) and mean pore diameter (d). Compressive strength
testing was performed using a Controls cube crusher at a loading rate of 0.3 MPa/s.

Table 1: Mix proportions of the binders investigated. MS: silica fume; MK: metakaolin, NaC: sodium
carbonate; NaHMP: sodium hexametaphosphate.

Sample Materials (wt.%) w/b Mg/Si Al/Si
ID MgO MS MK Na,CO; Water NaHMP  (W/w) (mol/mol) (mol/mol)
MS 0 294 294 - - 41.1 0.1 0.70 1.5 -
MS NaC 28,6 28.6 -- 1.4 40.1 1.2 0.68 1.5 -
MK 0 20.1 - 371 - 40.0 2.9 0.70 1.5 1.0
MK NaC 198 - 365 1.4 394 2.8 0.68 1.5 1.0

3. Results and Discussion

Figure 1 presents the compressive strengths of all the systems investigated as a function of curing time.
Irrespective of the binder, the compressive strength increased up to 28 days and then plateaued thereafter.
MK 0 consistently had higher compressive strengths than MS 0, attributable to the formation of M-A-S-
H and hydrotalcite (Shah and Scott, 2021). The addition of Na,COj increased the compressive strength in
MS NaC but reduced that in MK NaC. Na,COs has been shown to accelerate the formation of M-S-H
and M-A-S-H through destabilizing brucite (Bernard et al., 2023). However, in the case of MK NaC, the
formation of M-A-S-H might have been retarded by the presence of excess phosphate, as has been
observed with M-S-H (Walling et al., 2015).

Figure 2 shows the BSE images of all systems at 91 days of curing. MS 0 is considerably more porous
than MK 0. However, the spaces between MgO and silica fume or metakaolin particles appear to be
occupied by M-S-H or M-A-S-H with no definite form. Platelet-like structures, likely to be hydrotalcite,
are also observed in MK 0. The incorporation of Na,COs led to a densification of the microstructure in
MS NaC relative to MS_0, evident by the increased formation of M-S-H (and possibly brucite) in the
pore space. This is supported by the presence of MgO particles with a dark rim, indicating an increased
reaction of MgO. The effect of Na,COs in increasing porosity in MK NaC relative to MK 0 is evident in
the BSE images.

Figure 3 shows the cumulative pore size distributions measured by MIP at 7 and 91 days of curing.
Overall, the results corroborate the BSE observations (Figure 2). The intruded pore volumes and pore
sizes reduced with curing age and were larger in MS_0 than in MK 0. The addition of Na,COs; reduced
the pore volumes and pore sizes in MS NaC, but no consistent effect was observed in MK NaC,
although the pore sizes seemed to increase.

Figure 4 shows the BET pore SSA and mean pore diameters measured by N, adsorption. Irrespective of
the system, the pore SSA generally increased with curing age up to 28 days, presumably due to the
increased formation of M-S-H or M-A-S-H, and their gel pores, similar to C-S-H in Portland cement
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systems. However, the pore SSA decreased after 28 days of curing. The reason for this is unclear from the
results obtained, but a similar observation has been reported with M-S-H synthesised at a high water/solid
ratio of 45 between 1 and 3 years of curing (Bernard et al., 2019). The pore SSA was larger in MS_0 than
in MK 0 after 28 days of curing, indicating that a larger amount of M-S-H had formed in MS_0 than M-
A-S-H in MK 0. This result also suggests that the higher compressive strengths of MK 0 could be more
of a result of physical pore filling by unreacted metakaolin particles. The incorporation of Na,CO;
increased the pore SSA in MS NaC but decreased that in MK NaC. A general opposite trend was
observed with the mean pore diameters, such that the higher the SSA, the smaller the mean pore diameter,
confirming the densification of microstructure by M-S-H or M-A-S-H gels.

25

]
]

15
—MS_0
O MS_NaC
10 —+— MK 0
- <~ MK_NaC

Loy

Compressive strength (MPa)

a T T T T
a 20 40 60 a0 100

Time (d)

Figure 1: Compressive strength of all systems with curing age. Error bars represent + standard error.

Figure 2: BSE images of all systems at 91 days of curing. Arrows indicate hydrotalcite-like structures.
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Figure 3: Pore size distribution of all systems at (a) 7 and (b) 91 days of curing measured by MIP.
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4. Conclusions

The compressive strength and microstructure of M-S-H and M-A-S-H pastes with an Mg/Si molar ratio of
1.5 and Al/Si molar ratios of 0 (MS) and 1.0 (MK), with and without Na,COs, were investigated. The MK
system achieved higher compressive strengths than the MS system at all curing ages. Na,COs increased
the compressive strength of the MS system but reduced that of the MK system, likely due to the presence
of excess phosphate. BSE and MIP results showed higher pore volumes and larger pore sizes in the MS
system than in the MK system, corroborating the compressive strength results. Na,COs reduced the pore
volume and size distribution of the MS system but no consistent effects were observed for the MK
system. However, the pore specific surface areas and mean pore diameters measured by N>-BET suggest
that a larger amount of M-S-H had formed in the MS system than in the MK system, with or without
Na,COs, indicating that the higher compressive strength of the MK system could be largely due to pore
filling by metakaolin. Work is ongoing to correlate the microstructure and phase assemblages measured
by XRD, TGA and NMR, and to understand the effect of phosphate on the formation of M-A-S-H.
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ABSTRACT

A low-carbon cement characterized by strength development during carbonation curing and reduced CO,
emissions during manufacturing was developed in this report, with an aim of developing a carbon dioxide
capture and utilization (CCU) technology utilizing cementitious materials. Using the low-carbon cement,
the authors also developed interlocking (IL) blocks into which CO, was fixed through the carbonation
curing, as an example of application to precast concrete products. The IL blocks developed were found to
satisfy the requirements specified in the Japanese Industrial Standards (JIS). Furthermore, a life cycle
assessment (LCA) was performed with a whole series of processes required for the manufacturing of the
IL blocks included in the system boundary, which showed that substituting the IL blocks developed in
this report for conventional ones could result in avoided CO, emissions of 69.1 kg per ton of product.
These results indicated that the IL block developed would be an effective CCU technology.

KEYWORDS: Low-carbon cement, Carbonation curing, Interlocking block, Avoided CO; emissions, CCU

1. Introduction

In the global trend toward carbon neutrality, reducing carbon dioxide (CO;) emissions is one of the most
important issues for the cement industry. The authors had been working on Development of Carbon
Circulation Technology for the Cement Industry which was a project funded by the New Energy and
Industrial Technology Development Organization (NEDO) of Japan (Taiheiyo Cement Corporation
(2022)). In the project, a CO, capture facility based on the amine absorption method has been installed at
a cement plant to capture CO,, and development is underway for technologies to utilize the captured CO»
with the use of cementitious materials and waste including waste concrete and concrete sludge. Among
the carbon dioxide capture and utilization (CCU) technologies under development, sequestration of CO,
in precast concrete products is one of the technologies to utilize CO; using cementitious materials. A new
cement developed in that study has a lowered CaO content for reduced CO, emissions and is
characterized by the ability to develop strength during carbonation curing. This cement fixes CO, by
generating calcium carbonate through the reaction of CO, with cement minerals during carbonation
curing. Both the reduction of CO; emissions from the cement manufacturing process and CO; fixation
during curing provide a reduction of CO, emissions compared to conventional Portland cement. In the
aforementioned project, using the low-carbon cement, interlocking (IL) blocks (hereinafter referred to as
the carbonation-cured low-carbon IL blocks) were also developed as an example of application to precast
concrete products. In this study, manufacturing of the carbonation-cured low-carbon IL blocks was
carried out as a CCU technology using cementitious materials, using an actual production line at a precast
concrete factory, and the performance of the products was investigated. Furthermore, evaluation was
made on avoided CO; emissions to be achieved by substituting the carbonation-cured low-carbon IL
blocks for conventional ones, thereby verifying the effectiveness as a CCU technology.

2. Carbonation-cured Low-carbon IL Block Manufacturing Test
2.1 Test method
The low-carbon cement for the test was manufactured by using a small test kiln with a production
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capacity of about 1 ton per hour. Table 1 shows the Table 1 Moduli of the low-carbon cement
moduli of the low-carbon cement and also those of a HM | SM | IM
typical ordinary Portland cement (OPC) in Japan for Low-carbon cement 139 | 299 | 1.66
reference. The low-carbon cement for the test has a | OPC (example for reference) | 2.24 | 2.46 | 1.80
lower hydraulic modulus (HM) and therefore a lower
CaO content as compared to OPC, to reduce the CO»
emissions related to limestone and thus to raw
materials. The low-carbon cement is burned at low
temperatures, which also reduces the energy-related
CO, emissions from the cement manufacturing
process. With these two effects combined, CO;
emissions of cement are reduced. The new design of
the low-carbon cement, with the moduli or chemical
composition adjusted, enables CO, fixation and
strength  development  simultaneously  during
carbonation curing.

The low-carbon cement was used to manufacture the
carbonation-cured low-carbon IL blocks. The IL blocks
were prepared in two different types, the ordinary type

and the water permeable type. Fig. 1 outlines the Ly e
manufacturing process of the carbonation-cured low-  (b) Carbonation curing (c) Carbonation-cured low-
carbon IL blocks. Actual manufacturing equipment at a chamber carbon IL blocks
precast concrete factory was used. Concrete was mixed ~ Fig. 1 Outline of the carbonation-cured low-

in a mixer and molded into blocks by using a carbon IL block manufacturing process
pressurized vibration molding machine (Fig. 1(a)), and

the blocks after the mold removal were cured in a [ [ Bending strength
carbonation curing chamber (Fig. 1(b)). The IL blocks 8 , : A I,)ermeablhty, 15
had dimensions of 98 mm x 198 mm and a thickness of  ~

80 mm (Fig. 1(c)). Carbonation curing was performed é 6| . g
in the curing chamber at an ambient temperature of Z 05
30°C in a relative humidity of 80% with a CO; gn 4 2
concentration of 80% for six consecutive days. The test & | * g‘
was performed in two batches for each of the ordinary 2 ls 8
and water permeable types, producing 336 IL blocksin & §
each batch, or 672 IL blocks of each type. %0 .
Three IL blocks were sampled from each batch after

carbonation curing, and the bending strength and Istbatch 2nd batch | stbatch 2nd batch
permeability were measured in accordance with Ordinary type | Water permeable type

Japanese Industrial Standards (JIS) A 5371, Precast  Yig- 2 Bending strength and permeability of the
Unreinforced Concrete Products. The permeability lc\arbonatlon-cured low-carbon IL blocks
measurement was made only on the water permeable (Averages of three arbitrarily sampled blocks)
blocks. The amount of fixed CO, was determined by

measuring the total carbon amount with a carbon/sulfur analyzer, using the IL blocks roughly crushed and
then pulverized in a vibratory disk mill.

2.2 Test result

Fig. 2 shows the results of bending strength and permeability of the carbonation-cured low-carbon IL
blocks. The ordinary type from the first and second batches had an average bending strength of 5.8
N/mm? and 6.3 N/mm?, respectively, satisfying the specified strength of 5 N/mm? or above for roadway
IL blocks in JIS A 5371. The average bending strength of the water permeable type was 3.4 N/mm? for
the first batch and 3.9 N/mm? for the second batch, which meets the specified strength of 3 N/mm? or
above for sidewalk IL blocks. The permeability coefficient of the water permeable blocks was 11.4x10
m/s for the first batch and 6.6x10* m/s for the second batch, satisfying the JIS requirement of 1.0x10*
m/s or above. Consequently, it was shown that the carbonation-cured low-carbon IL blocks of the
ordinary and water permeable types had satisfactory performance for practical use, meeting the JIS
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requirements specified for roadway IL blocks and permeable sidewalk IL blocks, respectively.
Furthermore, it was found that CO, was fixed at a rate of 243 kg/t in the ordinary type and 236 kg/t in the
water permeable type, respectively, per unit cement content. Meanwhile, the CO, emissions during
manufacturing of the low-carbon cement were lower by 265 kg/t compared to OPC. With the amount of
reduction in CO. emissions by the low-carbon cement added to the amount of CO, fixed by the
carbonation curing, the CO, reduction effect of the carbonation-cured low-carbon IL blocks was
calculated to be 508 kg/t-cement for the ordinary type and 501 kg/t-cement for the water permeable type,
respectively, as compared to the OPC-based IL blocks.

3 Evaluation of Avoided CO; Emissions of Carbonation-cured Low-carbon IL Blocks

3.1 Evaluation method

Fig. 3 shows the system boundary in life cycle assessment (LCA) of CO emissions. The evaluation of the
CO; emissions described in this section is not limited to the range of materials and products, but also
takes into account a series of processes required for practical application, including transport of materials
and products, CO; capture and manufacturing of precast concrete products. The evaluation was made on
the CO, emissions per ton of production of the IL blocks. The following steps were included in the scope
of evaluation for the process of the carbonation-cured low-carbon IL blocks to which the CCU
technologies were applied (hereinafter referred to as the CCU-applied process): 1) CO; capture from
cement plant exhaust gas / 2) liquefaction of the captured CO, / 3) transport of the liquefied CO; to a
precast concrete factory / 4) transport of the low-carbon cement from a cement plant to the precast
concrete factory / 5) manufacturing of the carbonation-cured low-carbon IL blocks / 6) transport of the
manufactured IL blocks to a site of use.

A process of general IL blocks was used as the reference in the evaluation, with the following steps
included in the scope of evaluation: 1) transport of cement (ordinary Portland cement assumed) from a
cement plant to a precast concrete factory / 2) manufacturing of IL blocks / 3) transport of the
manufactured IL blocks to a site of use.

Inventory data such as electric power, thermal energy, CO, emissions by materials and transport, and CO,
fixation in each item were set up, and CO, emissions of CCU-applied process and reference processes
were calculated. In addition, the avoided CO, emissions was obtained from the difference between the
two processes.

3.2 Evaluation results on avoided CO; emissions

Fig. 4 shows the evaluation results on the CO, emissions and the avoided CO, emissions per ton of
carbonation-cured low-carbon IL blocks. For the reference process with general IL blocks, the CO;
emissions were estimated to be 215.9 kg/t as a sum of cement plant exhaust gas, emissions related to
cement and other materials as well as those related to energy in IL block manufacturing, and emissions
from transport. The total CO, emissions from the CCU-applied process were estimated to be 146.8 kg/t,
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the decreased emissions related to
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4. Conclusions Fig. 5 Evaluation results on the avoided CO: emissions assuming
Carbonation-cured low-carbon future carbon-free electricity and transport

IL blocks were manufactured by carbonation curing in CO» gas, and their properties were evaluated as
part of development of CCU technologies using cementitious materials. The IL blocks developed were
found to satisfy the requirements specified in the Japanese Industrial Standards. A life cycle assessment
was performed with a whole series of processes required for the manufacturing of the IL blocks included
in the system boundary, which showed that substituting the IL blocks developed in this report for
conventional ones could result in avoided CO, emissions of 69.1 kg per ton of product. These results
indicated that the IL block developed would be an effective CCU technology.
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ABSTRACT

A unique synergy between CO; mineralized steel slag and carbonation-cured cement paste was proposed.
In this study, steel slag was mineralized in a CO, chamber for different duration and then added to cement
as substitute by the dosage of 20% and 40%. Steel slag-cement paste went through carbonation curing for
up to 12 h in the same CO; chamber. The barrier layer on CO, mineralized steel slag impeded its pozzolanic
activity in the early hydration process. As the barrier layer eroded by secondary hydration on the later stage,
steel slag was activated and showed better pozzolanic behavior than the unmineralized one. Synergistic
carbonation treatment increased the CO, sequestration of 20% steel slag-cement paste from 2.4% to 7.1%,
nearly doubling that of CO, mineralization or carbonation curing. Besides, with synergistic carbonation
treatment, the strength of cement mixed with 20% steel slag was increased by 11.6% on 28 d. Several
characterization techniques were used to analyze the mechanism of synergistic carbonation treatment. This
paper takes a new direction for lowering CO, emissions and boosting the carbon sink capacity in ecosystem.

KEYWORDS: Carbonation curing, steel slag, cement, CO; sequestration.
1. Introduction

As the rising temperature gets more and more attention around the world, countries have announced their
goals to be carbon neutral in the future. As an advanced technology for precuring, carbonation curing has
attracted many scientists' attention (Zhang et al (2022)). In addition to cement, industrial waste residues are
considered as the most promising materials for carbon capture and storage (Chen et al (2022)). Among
them, previous experiments proved that steel slag (SS) has unparalleled carbon-capture potential among
the wastes (Suescum-Morales et al (2021), Pan et al (2016)). Yet the most common phenomenon is that the
dense carbonation layer is confined to the sample surface. How to make CO» penetrate into the specimen
interior and increase CO, sequesration has become a worth discussing topic. A synergistic carbonation
treatment was conducted, the pozzolanic activity of CO, mineralized SS and the performance of
carbonation-cured SS-cement paste were determined.

2. Materials and Methods

Basic oxygen furnace slag was selected as representative of SS for its huge output, provided by Wuhan
Weishen technology Co., Ltd (China), and its specific surface is 408 m?/Kg. SS was prepared with water-
to-slag ratio of 0.1, then put into the CO, chamber for up to 24 h. After that, CO, mineralized SS was ground
in to powders with particle size less than 80 pum. SS mineralized for 2 h and 24 h were selected as the objects
for subsequent experiments, named PCS (partially CO,-mineralized SS) and FCS (almost fully CO,-
mineralized SS), respectively. UCS (uncarbonated SS) was selected as the control group. UCS, PCS, and
FCS were used as substitute for cement at 20% and 40% dosage. SS-cement paste was prepared with water-
to-binder ratio of 0.35, then formed into cubes with 20 mm side and pre-curing in standard condition for 24
h. After demolding, specimens were induced to carbonation curing in CO, chamber for up to 12 h. All
specimens were cured in standard condition until 28 d. CO, concentration was 20% in CO, chamber,
temperature was 20°C, and relative humidity was kept at 70%. To differentiate, the treatment of SS is
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known as CO, mineralization, and the treatment of cement paste is known as carbonation curing. Specimens
were named by the mixed SS and carbonation curing duration of the paste. Thermal analysis method, acid-
alkali dissolution method, and hydration heat evolution method were selected to verify the pozzolanic
behavior of UCS, PCS, and FCS. The compressive strength of SS-cement paste was tested on 3 d, 7 d, and

28 d. DTG, Si NMR, and SEM were used to characterize the microstructure and micromorphology of the
samples.

3. Results and discussion
3.1 Pozzolanic activity of CO, mineralized SS

Fig.1, Fig.2, and Fig.3 correspond to the test results of thermal analysis method, acid-alkali dissolution
method, and hydration heat evolution method, respectively. These three methods are widely used to
evaluate the pozzolanic activity of materials, and basically with the same principle. The active chemicals
(SiO; and AlyO;) in SS react with Ca(OH), in the system, The more active constituent engage in the
reaction, the higher the pozzolanic activity of the sample. Fig.1 shows the residual Ca(OH), content in
samples, it decreases with the increasing CO, mineralization time. In Fig.2, the concentration of Si ion and
Al ion decreases as the CO, mineralization time increases. As shown in Fig.3, CO, mineralized SS also
affects the heat flow of SS-cement system. Generally, CO, mineralization reduces the pozzolanic activity

of SS in early stage. But as the hydration proceeds, the activity of CO, mineralized SS gradually increases
and even exceeds that of UCS.
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3.2 CO; sequestration

CO; sequestration of SS-cement paste was measured by weight loss due to the CaCO3; decomposition, as
shown in Fig.4. With synergistic carbonation treatment, CO, sequestration has significantly improved.
When CO, mineralization and carbonation curing act separately, the CO, sequestration of cement
containing 20% SS increases by 2.5% (20%FCS-0h) and 3.0% (20%UCS-12h), respectively, as compared
to 20%UCS-0h. When containing 40% SS, the corresponding values are 5.5% (40%FCS-0h) and 2.1%
(40%UCS-12h) as compared to 40%UCS-0h. Surprisingly, under the synergistic action between CO»
mineralization and carbonation curing, the CO» sequestration of SS-cement paste rises by 4.7% (20%SS)
and 8.1% (40%SS). Synergistic carbonation treatment has a far better CO, sequestration efficiency than
traditional single carbonation curing.

CO, sequestration (Wt%)
IS EN e 3
T

»

PC  20%UCS 20%PCS 20%FCS 40%UCS 40%PCS 40%FCS
Samples

Fig.4 CO: sequestration of SS-cement paste
3.3 Compressive strength
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Fig.5 and Fig.6 show the compressive strength of SS-cement paste with synergistic carbonation treatment.
The addition of SS considerably reduces the early strength, although the strength gap narrows later on. This
is because SS promotes secondary hydration. When just the influence of CO, mineralization time is
considered, it has little effect on cement strength. However, due to the nucleation effect provided by
carbonates, appropriate carbonation curing duration can improve strength. On 28 d, synergistic carbonation
treatment increased the strength of cement containing 20%SS by 11.6% (20%PCS-2h) compared to the
control group (20%UCS-0h). However, at the same age, 40% PCS and 40% FCS were disadvantageous to
cement strength. Specimens with higher SS content require a longer period of hydration latency to present
the pozzolanic behavior of SS, and the long-term strength (90 d and 180 d) of SS-cement specimens with
synergistic carbonation treatment will be proven in the following study.
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3.4 ¥Si MAS NMR

Fig.7 shows the deconvolution results of 2Si NMR spectra on SS-cement pastes with synergistic
carbonation treatment. Q denotes C-S-H silicate tetrahedra, while n denotes the number of oxygen atoms
bridging to the neighboring silicate tetrahedra, ranging from 0 to 4. The intensity of Qo, Q1, and Q: fluctuates
to varied degrees as a result of the synergy between CO, mineralization and carbonation curing. Qo becomes
narrower and sharper, indicating a decrease in C,S and CsS. The chemical environment of silicon atoms in
C-S-H gel is reflected in Q; and Q.. Q; weakens slightly while Q, increases, indicating that C-S-H gel is
more likely to be arranged in chain-like conformation. Qs and Q4 represent the hydroxylated surface sites
and completely condensed network of the silicate tetrahedrons, respectively, larger peaks imply more
amorphous silica in the sample. Synergistic carbonaion results in longer chain and greater degree of
polymerization in C-S-H gel.
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Fig.7 NMR results of SS-cement paste
3.5SEM

Fig.8 shows the micromorphology of UCS and FCS powders. The UCS surface is visibly smooth with few
irregular particles, but the FCS surface is clearly rougher and totally coated with spherical and irregular
particles. Apparently CO, minaralization forms a barrier layer on the SS surface composed of carbonation
and hydration products such as CaCQOjs, Ca(OH)., SiO,, and C,S. The pozzolanic behavior of the active
constituents and the nucleation action of calcium carbonates become more pronounced when the barrier
layer dissolves, accelerating cement hydration.

Fig.8 SEM images of SS before and after CO:2 mineralization
4. Conclusions

This paper discusses the synergy between CO, mineralized steel slag and carbonation-cured steel slag-
cement paste. The barrier layer limits the pozzolanic activity of steel slag in the early hydration stage. As
the barrier layer disintegrates, CO, mineralized SS accelerates cement hydration with the released active
constituents and nucleation effects. Therefore, the strength of cement mixed with CO, mineralized SS
performs better in later stage. Synergistic carbonation treatment improves the strength of steel slag-cement
paste by up to 11.6% on 28 d. Moreover, CO, sequestration has almost doubled. However, other
performance of steel slag-cement paste with synergistic carbonation treatment, particularly long-term
performance, should be investigated further. In summary, synergistic carbonation treatment provides a new
possibility for the development of carbon capture, utilization and storage, as well as contributing to the
sustainable development of society.
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ABSTRACT

Cementitious binders based on MgO exhibit a low CO, footprint or can even be CO,-negative, if the MgO
is generated from carbonate-free raw materials. One class of such binders are blends of MgO with
hydromagnesite. In this study, the hydration products formed in this system were investigated at
temperatures between 7 and 60°C. A poorly-crystalline brucite containing some carbonate is the main
hydration product. Furthermore, a kind of "gel-water" is observed, which is lost at temperatures above 40-
60°C.

KEYWORDS: Low-CO; cement, hydrated magnesium carbonate, magnesium oxide, hydromagnesite,
brucite

1. Introduction

MgO can be used to make a variety of hydraulic binders as well as binders that harden by carbonation
(Gartner and Hirao (2018)). Potential raw materials for MgO production are magnesium silicates or Mg-
containing brines, which can be carbonated and subsequently partially calcined. The mixture of MgO and
basic magnesium carbonates obtained by this process is able to set and harden when mixed with water
(Vlasopoulos and Cheseman (2009)). Similar compressive strengths values as for systems based on
Portland cement can be reached. If the MgO source originates from carbonate-free raw materials, such
cements exhibit a low carbon footprint or could even be carbon-negative.

Recent investigations on the hydration mechanisms of binders based on blends of magnesium oxide and
hydromagnesite (Mgs(COs3)4(OH),-4H>0) revealed the presence of an unknown magnesium carbonate
hydrate phase, while artinite (Mg>(CO3)(OH),-3H,0) is predicted by thermodynamic calculations, but not
identified in the experiments (Kuenzel et al. (2018), Winnefeld et al. (2019)). The current study, see
German et al. (2023) and German (2023) for more details, aims at a detailed investigation of the hydrates
formed at temperatures between 7 and 60°C in such binders.

2. Materials and methods

Blends of 70 mass-% MgO (calcined from reagent-grade brucite at 900°C for 6 h) and 30 mass-%
reagent-grade hydromagnesite (HY) were used to prepare suspensions with ultrapure water and a water-
to-solid ratio of 20. The samples were cured in sealed vessels for 12 months at 7, 20, 40, and 60°C. At the
age of testing, the samples were filtered. The further reaction of the solid residue was stopped by solvent
exchange (Snellings et al. (2018)). The material was then ground by hand using an agate mortar to a
particle size below 63 pum and investigated by X-ray diffraction analyses (XRD), thermogravimetry
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coupled with infrared spectroscopy (TGA-IR), Raman spectroscopy and solid state '*C nuclear magnetic
resonance spectroscopy (*C CP-MAS NMR). The liquid phase was analysed using a pH meter, ion
chromatography and a TOC/TC analyser to determine pH, ion concentrations and inorganic carbon.
Further details of the experimental procedures are given in German et al. (2023) and German (2023).
Thermodynamic calculations were performed using GEMS (Wagner et al. (2012), Kulik et al. (2013))
coupled with the Nagra/PSI thermodynamic database (Hummel et al. (2002)) and additional data related
to magnesium carbonates (Winnefeld et al. (2019), Bernard et al. (2022)).

3. Results

XRD (Fig. 1a) shows that MgO is almost consumed after 12 months, while HY is still present. A low-
crystalline brucite forms, which shows broadened and shifted reflections compared to the reagent-grade
brucite, which serves as reference. This refers especially to the (001) reflection, which is shifted to higher
20-values. A small hump occurs at 16.1-16.8° 26 CuKa for the sample cured at 20°C, which had
previously been tentatively assigned to an unknown phase (Kuenzel et al. (2018), Winnefeld et al.
(2019)). The hump shifts to higher 20-values for the 40°C sample and vanishes for the 60°C sample.
Temperature influences as well the position of the (001) reflection of brucite. At 40°C it is shifted to
lower 26 values compared to the sample cured at 20°C, and at 60°C the reflection is at the same position
as for the brucite reference.

TGA-IR (Fig. 1b) of the sample cured at 20°C shows mass losses, which can be mainly assigned to
brucite and HY. Mass balance calculations obtained from TGA-IR and verified by *C CP-MAS NMR
revealed that about 50-75% of the HY has reacted, rather independently from the curing temperature. At
the decomposition temperature of brucite, not only H»O, but also CO; is released between 300 and 480°C.
This CO; release cannot be solely explained by the decomposition of HY, suggesting that either an
unknown carbonate phase is decomposed, or that the brucite contains carbonate. In addition, at 30-160°C
a mass loss is observed for the 20°C sample, which cannot be assigned to brucite or any known
magnesium carbonate and indicates the presence of loosely bound water. For the samples cured at 60°C,
this mass loss is not clearly evident.

At least three Raman bands of unknown origin occur in the region of 1025-1080 cm™! regardless of curing
temperature (Fig. 2a). The position of the bands is typical for hydrated magnesium carbonates (Edwards
et al. (2005)).

3C CP-MAS NMR (Fig. 2b) of the 20°C sample shows two signals for HY (163.4 ppm and 165.6 ppm)
and a signal at 167-168 ppm, which was tentatively assigned to sorbed HCO; (Bernard et al. (2022)).
Two further resonances at 159.4-160.0 ppm and at 173 ppm could not be assigned to any known
magnesium carbonate phase so far. The signals of the 60°C sample are very similar to those at 20°C.

Mg and inorganic carbon concentrations of the liquid phase increase with curing temperature, while the
pH decreases (Figure 3a).

Effective saturation indices (SI) for brucite and hydrated magnesium carbonates were calculated by
GEMS (Figure 3b). Magnesite is highly oversaturated at all investigated temperatures, but it does not
form at the temperatures studied due to kinetic reasons. Artinite, brucite and hydromagnesite are
oversaturated as well, and dypingite (Mgs(CO3)4(OH),-5H>O) is near saturation. Despite being
(over)saturated with respect to the pore solution, neither artinite nor dypingite can be identified, in
agreement with Kuenzel et al. (2018) and Winnefeld et al. (2019), indicating a kinetic hindrance in
formation. Lansfordite (MgCOj3-5H,0) and nesquehonite (MgCO;-3H,0) are undersaturated and are not
identified as well. Based on the solution chemistry, the ion activity products of various hypothetical
hydrated magnesium carbonates, whose compositions were derived from mass balance calculations, were
calculated using GEMS. However, the calculations revealed that these hypothetical phases were unstable
compared to a mix of brucite and HY of the same bulk composition.
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4. Conclusions

The hydration products of blends of MgO and hydromagnesite were investigated at temperatures between
7 and 60°C. The main hydration product is brucite with a low crystallinity. The dissolution of a part of the
hydromagnesite during hydration provides carbonate ions; however, no known hydrated magnesium
carbonate phase could be identified. Thermodynamic properties of hypothetical hydrated magnesium
carbonate phases were estimated, but all phases proved to be thermodynamically unstable. Based on these
results, it is therefore suggested that the brucite formed in such systems contains some carbonate.
Furthermore, thermogravimetric data shows a significant mass loss in the region of approximately 30-
160°C, which is associated with the loss of loosely bound water. Tentatively this water is assigned as a
kind of "gel-water" within the low-crystalline brucite. This "gel-water" cannot be identified at 60°C,
while the carbonate associated with brucite is still present.
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ABSTRACT

There is growing interest in the positive use of CO2 in cementitious systems, with focus generally on the
carbonation of materials rich in calcium (Ca)- or magnesium (Mg)-oxides and silicates. However, little
research has been dedicated to understanding the carbonation of iron (Fe) containing phases and the
carbonation potential of widely available Fe-rich resources.

Establishing the carbonation potential of Fe-rich materials, particularly Fe-rich industrial waste, would help
to expand the range of viable materials for CO; sequestration and assist efforts to valorise industrial waste.
FeCOs is gaining interest as an alternative cementitious carbonate binder and as Fe-rich resources often
have high Ca and Mg content, mixed carbonate binder systems could also be realized. Also of interest is
the durability of Fe-rich carbonated cement and its direct or indirect interactions with concrete rebar. In this
paper, the state-of-the-art of carbonating Fe-rich materials is outlined, and future research avenues are
proposed.

KEYWORDS: Carbonation, Cement, Fe-rich, Iron, Industrial waste

1. Introduction

The concept of capturing and sequestering CO, was first proposed in 1977 (Figure 1) in response to the
growing awareness of the negative impact of CO, emissions on the climate (Marchetti (1977)). Since then,
interest grew gradually and the mineral carbonation (MC) methods we are now familiar with were
introduced properly in the 1990’s as a permanent and safe method for disposing of CO, (Lackner et al
(1995)). Until recently MC has been almost exclusively restricted to alkaline materials containing calcium
(Ca) and magnesium (Mg), as they form insoluble carbonates (Huijgen et al (2005)). Alkali elements and
other divalent metals also react with CO,, but alkali bicarbonates are soluble and many divalent metals such
as nickel, cobalt and copper are considered too valuable to use as feedstock for carbon sequestration (Pan
et al (2012)).

FeCOs- Binders from

First studies of FeCOs3 CaCo;4 \ljvzsrlzz
Febifgimol Ferrock  binder binder (2022 -
and gas (2019) (2021)

s present)
pipelines

1970 ‘ 1980 1990 ‘ 2000 2010 2020
i o Interest in
Iné:r?j:;nbzariﬁ:n Reactions between  Introduction Stabilising ., p 0010 Interest in
4 = calcium silicates of mineral slag using binders  CO2 sequestration
and CO, studied carbonation  CO» in PC based

processes building products

Figure 1: Timeline for the carbonation of Fe-rich resources

Iron (Fe) is sometimes categorised with these valuable metals, however there is an abundance of Fe-rich
industrial residues and by-products which are often left untreated, sent to landfill, or used in low-value
applications (Srivastava et al (2020)). In the cement industry, iron is almost exclusively used to lower
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clinkering temperatures and therefore Fe-rich resources are underexploited. Due to their widespread
availability, the utilisation of these resources in combination with CO; sequestration would not only widen
the pool of resources available for carbon capture, but also presents the opportunity to combine industrial
waste management and CO; sequestration with the production of useful products for the construction
industry.

2. Mineral Carbonation of Fe-rich Materials

Mineral carbonation can be applied in the construction industry in a few key ways: the production of
aggregates, supplementary cementitious materials, carbonated binders, and carbonation cured monoliths.
Whilst initially studied in the context of geological in situ CO; sequestration (Lackner et al (1995)), MC is
now performed using various techniques on a wide range of materials.

Fe is commonly present in a range of resources in the form of oxides and/or silicates. Ferrous materials
containing Fe(I) are the most desirable for reactions with CO, as the iron present is already divalent
(allowing formation of FeCOs). However, ferric materials, which contain Fe(IIl), are more common at the
earth’s surface. For ferric materials to be of use in CO; sequestration an additional reduction step is usually
required to reduce Fe(Ill) to Fe(Il) (Palandri et al (2005)).

Blast oxygen furnace (BOF) and electric arc furnace (EAF) slags are often Fe-rich (Luo and He (2021)) but
the carbonation of their Fe-containing phases is rarely the focus of research. Non-ferrous metallurgical slags
(NEFMS) such as those from the copper and lead industry can also be Fe-rich but their lower reactivities
mean they have been less well studied in the field of MC (Srivastava et al (2022a)). NFMS have been shown
to exhibit dissolution behaviour similar to that of natural materials, so applying knowledge obtained from
research into natural Fe-rich minerals may be beneficial (Srivastava et al (2022a)).

Other Fe-rich industrial waste streams such as mine tailings and siltation pond waste have been investigated,
as has the treatment of dusts and ashes. A summary of some studies can be seen in Table 1 below.

Table 1: Summary of maximum CQO: uptake obtained in various Fe-rich waste residues. *mass % element not

oxides (determined by ICP-OES).

wt% Other Major Constituents
Material Maximum CO: uptake Source
Fe:03/FeO (oxide wt%)
Ca0 40.2, MgO 4.96,
EAF Bag House Dust 42.8 1 +0.04 gCO»/gBHD (Ibrahim et al (2019))
SiO2 4.49
Ca0 40.2, MgO 4.96
EAF Bag House Dust 42.8 0.657 gCO»/gBHD (El-Naas et al (2015))
Si02 4.49
0.139
Siltation Pond Waste 18.8%* Al3.21,Ca 1.5,Mg9.67, Si 19.1* (Razote et al (2021))
gCOy/gwaste
Mineral residue from Si0241.9, ALO; 12.3, MgO 9.30,
. . 229 . 0.11 gCO»/gResidue (Reynes et al (2021))
apatite extraction TiO2 8.17
Ca0 36.4, MgO 8.57 0.075
EAF — Filter Dust 27.66 Si02 6.25, Cr203 11.91, MnO 5.14 (Hollen et al (2018))
gCO2/gDust

MoO:s, 4.47

In most studies the oxidation state of Fe is not specified, so it is difficult to state the direct influence of this
on CO; uptake. As shown in Table 1 materials with high Ca and Fe content identified through XRF appear
to demonstrate the best CO, uptake capacity, but it is important to note that CO, uptake is heavily influenced
by reaction conditions which differ between the studies.

2.3 Influence of Reaction Parameters

As MC studies vary significantly in materials, conditions, and methodologies, direct comparison is
challenging and can be misleading. This is not only due to differences in the methods used to calculate CO,
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uptake but also because carbonation reactions of steel slags and other MC materials are dependent on a
variety of factors, including temperature, pH, CO. pressure, particle size, stirring, liquid/solid ratio and
duration. Within these factors there are conflicts in both the temperature and pH requirements that must be
optimized. For example, raising the temperature is associated with an increase in reaction rates, but only
up to a given limit (Bobicki et al (2012), Luo and He (2021), Pan et al (2012)). This limitation occurs
because a higher temperature decreases CO; solubility, so at higher temperatures less CO, can enter the
solution and therefore less COs is able to participate in reactions. The conflict in pH requirements arises as
a low pH benefits the dissolution of CO, and other reactive ions, however a higher pH benefits the
precipitation of carbonates (Luo and He (2021)). Other factors such as increasing CO, pressure will assist
carbonation, but only if the mass transfer of COs is the rate limiting step (Bobicki et al (2012), Luo and He
(2021), Pan et al (2012)). There is also some consensus that smaller particle size in slags is beneficial for
carbonation due to an increase in specific surface, shorter diffusion pathways, and because smaller particles
tend to have higher Ca and Mg ion content (Luo and He (2021)).

3. Carbonated Fe-Rich Binders

Carbonated binders are an active area of research in the field of low-carbon cement, with research covering
carbonation cured PC, magnesium carbonate binders, carbonation of calcium silicates and clinker-free
carbonate binders produced from wastes such as metallurgical slags (Shi et al (2019)).

Although carbonate binders have historically relied on the formation of calcium or magnesium carbonate,
the chemistry of iron carbonation has recently been utilised to synthesise structural binders. The first
example of this is the binder used in “Ferrock™, a carbonated structural material produced from waste iron
powder (60-69% by weight), fly ash, metakaolin, oxalic acid and limestone powder (Das et al (2014)).
Reported reaction products include FeCOs, CaCOs and carbonate-oxalate cancrinite group materials.
However, the binder’s strength development is dependent on porosity reduction rather than the formation
of specific carbonates. Compressive strength in the range of 30-35 MPa (Figure 2) was achieved after 4
days of carbonation, with a longer carbonation duration seen to increase strength as it is associated with a
decrease in average pore size (Das et al (2014)).

Iron carbonate (FeCOs) is known to form an adhesive, passivating layer on the internal surface of carbon
steel pipework in the oil and gas industry (Barker et al (2018)) and the principles of this scale formation
have been used to investigate the cementing properties of FeCOs (Srivastava et al (2019), (2020), (2022b)).
An FeCOs binder can be produced by subjecting a fine, compacted iron powder to aqueous carbonation
(Srivastava et al (2019)). Siderite forms as a scale on
the iron surface and, depending on carbonation
conditions, dendritic oxides can form further away
from the iron particles (Srivastava et al (2019),
(2020)). In contrast to Ferrock and other
conventional cementitious binders, the compressive
strength of a high purity FeCOs3 binder is controlled
by the intergrowth of the siderite scales between
neighbouring Fe particles, rather than the pore
filling of reaction products (Srivastava et al (2019),
(2020)).

As many Fe-rich resources contain a range of
elements, with Ca often present in large quantities,
work is being done to transfer knowledge from a
purely FeCOs; binder to mixed binder systems
(Srivastava et al (2021)). For example siderite-
calcite (FeCO;-CaCOs3) binders have been
prqduced through the accelerated carbonation of Ferrock (Das et al (2014)). B to G: FeCOs-CaCOx
various COZ({%)THzo'F e—Ca.(OH).z systems under binders produced at 60°C under various CO2
different conditions, producing binders with a range  pressures, B:1 bar, C:5 bar, D and F: 10 bar, E and G:
of compressive strengths (Figure 2) (Srivastava et 20 bar (Srivastava et al (2021)).

al (2021)).
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Figure 2: Compressive strengths of Fe-rich binders. A:
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Whilst these studies are limited to using Fe(0) to produce an FeCOs-based binder, they are not only
applicable to the valorisation of wastes containing Fe(0), but also present an opportunity to transfer
knowledge into other Fe-rich systems (Srivastava et al (2020)) and general concrete durability.

It will be important to establish the durability of Fe-rich carbonated binders prior to their use in practical
applications. FeCOs is stable in low redox conditions and a pH range of roughly 6 to 10 (Langmuir et al.
2005), so the survival of FeCOs-containing binders under various environmental conditions will need to be
evaluated. In aqueous conditions dissolved Fe(Il) oxidises easily with O, which may impact the bound CO»
in the material and consequently affect the strength and integrity of the binders (Morgan and Lahav 2007).

4. Reinforced Carbonate-based Materials

The relationship between carbonation and concrete rebar is usually discussed in terms of corrosion and
property degradation, as carbonation is one of the main degradation processes of reinforced concrete
(Fuhaid and Niaz (2022)). The highly alkaline (>pH 12.5) environment surrounding concrete rebar allows
a passive oxide layer film to form (Fuhaid and Niaz (2022), Liu et al (2018)) but carbonation of the
surrounding area will lower the pH of the pore solution below 9 and consequently destroys the passivating
layer (Pu et al (2012)). This destruction of the passivating layer has meant that there has been little research
dedicated to investigating the use of rebar in concretes made using carbonate-based or carbonation cured
binder systems (Zhang and Shao (2016)). However, here research into the passivating nature of the FeCO3
scale in the oil and gas industry could be of value. If an FeCOs scale could be produced on rebar, this could
act as an alternative passivation method for steel rebar in carbonate-based binder systems. In an FeCOs-
based binder system, it is possible that rebar may be naturally passivated and in mixed or other carbonate-
based systems it may be of value to investigate if an FeCO; layer forms naturally, or if rebar can be pre-
treated to produce a carbonate layer which survives within the system.

5. Closing Remarks and Recommendations

Research shows that mineral carbonation of Fe-rich materials is viable and could be used to create useful
products for the construction industry. The recent development of FeCO; binders opens an interesting
opportunity for research in the field of alternative binder systems and the interactions of FeCOs containing
binders with steel rebar could be a valuable area for new research. A lack of understanding of the dissolution
and carbonation mechanisms of iron rich materials/phases limits the development of Fe-rich carbonated
binders or other products for use in the construction industry. There has also been little investigation into
the formation of FeCOj3 binders in more complex systems such as those found in Fe-rich waste streams and
systems without Fe(0) present.

Consequently, future work should assess the carbonation potential and mechanisms of Fe-rich materials
through dissolution and mineral carbonation experiments to identify which resource streams will be most
useful. The formation of FeCOs-containing binders from these resource streams can then be investigated
by integrating the knowledge gained from the dissolution and carbonation studies with cementation
experiments to understand how FeCOs-containing binders may form in more complex systems (Figure 3).
The interactions of rebar with FeCOs in cementitious systems has not been investigated but could be
integrated within the research into FeCOs-containing
binders, as little is known about the stability of FeCO; [

4 I

Investigate possibility

of FeCO4 passivation
on rebar

as a binder or passivating scale. The key aim of this
should be to establish whether FeCOs could form a
stable, alternative passivation layer on the rebar towards ~ Suitable
the production of reinforced carbonate-binder products.  ‘arttios v ¥

Finally, it is important to note that there are further areas [ (Compatibility of rebar)

Dissolution and
carbonation studies

AN

of consideration which have not been detailed in this [~~~ ° " " F----1 in carbonate binder
report. For example, there are issues surrounding the systems
treatment of wastewater from MC processes (Chen et al

(2021)) as well as the costs of pre-processing materials

and using additional chemicals to enhance carbonation ~ Figure 3: Proposed work program for investigating
reactions. These are areas which must be considered FeCOs based cementitious products.

for the successful upscaling of all MC projects.

Cementation studies
in complex systems
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ABSTRACT

This study aimed to improve the mechanical properties of recycled concrete aggregates (RCAs) by
enhancing their hydration and carbonation under different mediums involving tap water, river water, and
seawater. Samples subjected to these wet carbonation conditions were compared with those cured under
conventional dry carbonation conditions. The mechanical performance of RCAs and recycled aggregate
concrete (RAC) prepared with the carbonated RCAs was evaluated. Results indicated that the
performance of RAC was improved via the involvement of both wet carbonated and dry carbonated
RCAs. After being subjected to wet carbonation conditions, the performance of RCAs was enhanced in 1
hour due to the formation of calcium carbonate and ettringite. The associated reduction in total porosity
and densification of the microstructure were more efficient when compared to dry carbonation. These
improvements were reflected in the compressive strength of RAC samples involving seawater carbonated
RCAs, which increased by 88% in comparison to those samples with uncarbonated RCAs. Investigation
of the reaction kinetics and microstructural analysis highlighted that the use of seawater as a medium for
wet carbonation demonstrated several advantages, including its abundant availability, enhanced CO»
capture capacity, and rapid improvement on the performance of RCAs’ and associated RAC samples.
Overall, this study revealed the use of seawater carbonation as a feasible and cost-effective approach to
enhance the properties of RCAs and resulting concrete formulations.

KEYWORDS: Recycled concrete aggregates, wet carbonation, seawater, recycled aggregate concrete,
performance

1. Introduction

Due to an increase in building construction and demolition activities, more than 3 billion tons of recycled
concrete aggregates (RCAs) are produced annually (Akhtar and Sarmah, 2018). However, the use of
RCAs is relatively low due to their inferior performance in comparison to normal aggregates (NAs) (De
Brito and Saikia, 2012). The adhesion of old porous mortar to the surface layer of RCAs results in water
absorption and crushing values that are significantly greater than those of NAs. Carbonation not only
effectively improves the quality of RCAs, but also permanently sequesters CO, (Li et al., 2022). After
fully carbonated with 99.9% CO,, the water absorption of 5-10 mm RCAs could be reduced by 30% and
apparent density could be increased by 4.8% (Lu et al., 2019). Pressurized carbonation techniques and
flow-through CO» curing methods have been developed to improve the carbonation efficiency of RCAs,
albeit these processes typically require specialised equipment and a lengthy carbonation time.

Previous studies reported that liquid-solid (wet) carbonation treatment of RCAs presented a higher
carbonation efficiency within a few hours than gas-solid (dry) carbonation (Liu et al., 2021; Zajac et al.,

75


mailto:ning.li-3@manchester.ac.uk
mailto:cise.unluer@manchester.ac.uk

2020). Liu et al. (Liu et al., 2021) reported that the compressive strength of RCAs subjected to wet
carbonation (i.e. pure CO, was injected into the water at a flow rate of 0.2 L/min/100g RCA) for 6 hours
was 7.2% higher than that of concrete samples cured under pressurized dry carbonation (i.e. pure CO,
pressure of 1 bar and RH of 54+5% at 25°C) for 24 hours. Seawater is rich in Ca*" and Mg?*, which can
react directly with CO;, to form carbonate precipitates and achieve CO, fixation. Therefore, using
seawater as a medium for the wet carbonation of RCAs could present a feasible and cost-effective method
that can make full use of the adsorption potential of seawater. This study focused on enhancing the
properties of RCAs by improving their carbonation efficiency and reducing their processing time.
Seawater was investigated as a wet carbonation medium and compared with tap water and river water, as
well as conventional dry carbonation method. The performance of RCAs and resulting RAC prepared by
different carbonation methods was evaluated.

2. Materials and Methodology
2.1 Materials

A Hanson general purpose cement CEM II 42.5N was used to prepare the RCAs. Recycled aggregate
concrete (RAC) was prepared with Portland cement (PC) CEM 1 52.5R. The chemical compositions of
these binders were determined by X-ray fluorescence (XRF) and the results are provided in Table 1. River
sand with a maximum size of 2.36 mm and with a specific gravity of 2.63 was used as fine aggregate to
prepare the mortar and RAC mixes. Tap, river and sea water were used in wet carbonation and collected
locally from Glasgow City, River Kelvin and Port Glasgow, respectively.

Table 1. Chemical compositions (wt.%) of the binders used in this study
SiO, ALO; Fe,O; CaO MgO SO; KO Na,O LOI
CEM1II425N 1624 401 208 6071 1.11 275 039 056 11.5
CEMI525R 1938 494 287 6289 34 329 035 035 099

2.2 Preparation and carbonation of RCAs

Cement mortars with a water-to-cement (w/c) ratio of 0.5 and a cement-to-sand (c/s) ratio of 1:3 were
prepared, and cured at a temperature of 40°C and a relative humidity (RH) of 95% for at least 3 months.
The hardened cement mortar was then crushed and sieved to produce 5-10 mm particles as RCAs. The
prepared RCAs were first placed in a wire mesh and submerged into respective liquid mediums (tap, river
and seawater) by an elevator. Using the liquid-to-RCA ratio of 10:1 by mass, an industrial-grade CO»
with a concentration of 99.9% was injected for 60 min, resulting in samples T60, R60 and S60,
respectively. The magnetically stirred at a stirring speed of 200 rpm at 25°C. The CO, gas flow rate was
kept constant at 0.02 L/min/100g RCAs. Another set of samples (C7d) was subjected to dry carbonation
conditions under a CO; concentration of 20%, RH of 65+5% and temperature of 25°C for 7 days.

2.3 Preparation of RAC

The aggregate content of the RAC mixtures consisted of 712 kg/m? of sand and 1078 kg/m’® of RCA, with
a w/c of 0.8, which was higher than that of ordinary concrete mixes to avoid a loss in the workability due
to the high-water absorption of RCAs. The effective w/c ratio (excluding water absorbed by RCA) was
between 0.4 and 0.45. Fresh concrete mixes were cast in 50x50x50 mm steel moulds and compacted by a
vibrating table. After curing under ambient conditions for 24 h, all concrete specimens were demoulded
and further cured in an environmental chamber set at 20°C and 95% RH for 28 days.

2.4 Experimental Methodology

The compressive strength of RAC was measured using a compression machine with a loading rate of
0.5+0.1 MPa/s. Three specimens were tested for each mix and the average values were reported. XRD
was performed using an X-ray diffractometer with Cu-Ka radiation. The samples were step-scanned from
5 to 65° (20) at a rate of 2°min at a step of 0.02°. A scanning electron microscope was used to trace the
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morphological changes in the microstructure of the RCAs. The dried samples were coated with gold
before the SEM observation.

3. Results and Discussion
3.1 XRD analysis of RCAs

Fig. 1 shows the crystalline phases of uncarbonated (Ref.) and carbonated RCAs by different carbonation
methods. The main crystalline phases in RCAs were portlandite (P) and calcite (C), along with minor
amounts of ettringite (E). Anhydrous phases such as C,S could also be observed. In samples subjected to
dry carbonation, P and E peaks disappeared, while C peaks were enhanced, indicating the complete
conversation of hydrate phases into carbonates after 7 days of dry carbonation. In samples subjected to
wet carbonation, P, E and C peaks increased compared to the Ref sample. The co-existence of these
phases in wet carbonation conditions revealed that hydration reaction accompanied carbonation. Samples
carbonated in seawater demonstrated lower P peaks than other samples subjected to wet carbonation,
while E peaks were significantly higher. These variations could be an indication of different hydration
reactions, in line with the different liquid mediums.
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(a) XRD patterns of RCA samples (b) Ettringite (c) Portlandite (d) Calcite

Fig. 1. XRD patterns of RCA samples subjected to different carbonation methods

3.2 Compressive strength

Fig. 2 shows the compressive strength of all hardened RAC samples involving carbonated RCAs at 28
days. The control sample revealed a compressive strength of 21.9 MPa. Compared with the control
sample, all the other RAC samples containing wet and dry carbonated RCAs experienced enhancements
in their mechanical performance. Accordingly, the compressive strength of the C7d, T60, R60 and S60
samples was improved by 42.2%, 62.8%, 66% and 88%, respectively. Sample S60 achieved the highest
compressive strength. Previous studies reported that in addition to the physical properties of RCAs, the
chemical reaction between the carbonated paste and the fresh cement paste and the surface morphology of
RCAs contribute to the strength enhancement of RAC (Liu et al., 2021).
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Fig. 2. Compressive strength of RAC samples involving carbonated RCAs at 28 days

3.3 SEM observation
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The microstructures of ITZ of RAC samples subjected to different carbonation treatment are presented in
Fig. 3. In Ref sample, the ITZ in RAC showed the presence of E and P, which weakened the performance
of ITZ, in line with the findings of previous studies (Scrivener et al., 2004). Alternatively, carbonated
samples revealed the formation of C with good crystallinity in their ITZ. The precipitation of C
contributed to the establishment of a bond with the surrounding paste, thereby improving ITZ
performance. In particular, for wet carbonated samples, a large amount of C (i.e. with a particle size of
100-200 nm) accumulated on the surface of RCAs, which agglomerated and was bound tightly to the
freshly mixed cement paste, thus increasing the strength of the resulting concrete. In addition, although
there are E on the surface of RCA, they are interwoven and covered by C crystals, which significantly
reduces the amount of E in ITZ.

se2

T (byC7d
Fig. 3. Microstructures of ITZ of RAC samples subjected to different carbonation treatments

4. Conclusions

This study investigated the effects of carbonation under different liquid mediums and dry carbonation on
the properties of RCAs and the performance of resulting RAC samples. After being subjected to wet
carbonation for only 60 min, the performance of RCAs was enhanced due to the formation of ettringite
and calcium carbonate, which increased the solid volume and densified the microstructure. The
performance of RAC samples was subsequently improved via the involvement of both wet and dry
carbonated RCAs. The use of seawater as a medium for wet carbonation increased compressive strength
by 88% and 32.2% compared to those not carbonated and dry carbonation, thereby increasing the
efficiency of the carbonation process.
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ABSTRACT

This study investigates the reaction kinetics and mechanical properties of alkali-activated metakaolin-
limestone (MKLS) geopolymer cements. The production of metakaolin requires moderate calcination of
natural clays. Thus, replacement of metakaolin with limestone could reduce the emissions associated with
the production of geopolymer cements. The hypothesis of this work was that limestone, which is
predominately calcium carbonate (CaCO3), could serve as a functional filler and a source of small
quantities of elemental calcium, improving the mechanical properties of MKLS-based geopolymer
cements. This study investigated the effects of limestone content (10% to 50% by mass ratio) on the
kinetics of alkali-activation, mineralogy, and compressive strength of MKLS-based geopolymers
synthesized using a constant Si/Al ratio = 1.5 and Na/Al ratio = 1.0. The results demonstrate that the
limestone content has a significant impact on the aforementioned characteristics. While limestone delayed
the acceleration stage of alkali-activation, 10% limestone led to a higher degree of reaction. Geopolymer
cements with 50% limestone resulted in a much lower compressive strength compared to other mixes.
Samples with 30% limestone exhibited low amorphous content as measured via XRD but obtained a
similar compressive strength as that of the control (0% limestone), which might be due to the filler effect
of limestone, formation of crystalline phases, and calcium participation in the geopolymerization process.

KEYWORDS: Metakaolin, Limestone, Geopolymers, Reaction Kinetics, Mechanical Properties

1. Introduction

Recently, there has been a high degree of interest in alkali-activated metakaolin-limestone (MKLS)
geopolymer cements, which are considered as a sustainable alternative to portland cement. Kaolinitic
clays, from which metakaolin is obtained, and limestone (LS) are more abundant and readily available
worldwide compared to other common raw materials for geopolymers (i.e., fly ash and slag) (Perez and
Escalante (2020)).

There are multiple benefits of supplementing MK with LS. LS replacement lowers the quantity of
alkaline activator that is required for alkali-activation on a per-volume basis. LS replacement also reduces
the carbon footprint of resultant cement pastes. In addition, it was reported that the workability and early
strength of MK-based geopolymer cements could be improved with addition of LS, due to (1) the larger
particle size of LS compared to MK and (2) the filler effect (Qian and Song (2015)). Meanwhile, trace
quantities of elemental Ca** could be released from LS during alkali-activation. Liberated Ca*" could
incorporate into sodium aluminosilicate hydrate (N-A-S-H) gel, forming Ca-containing N-A-S-H (N-(C)-
A-S-H) gel with a 3D network structure . Despite previous research, limited data exist on the effects of
LS on the reaction kinetics and mechanical properties of MKLS-based geopolymers at high replacement
levels (>30%).
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This study investigates the effect of LS content (0%-50%) on the reaction kinetics, mineralogy, and
compressive strength of MKLS-based geopolymer pastes (Si/Al ratio = 1.5, Na/Al ratio = 1.0). First, the
reaction kinetics of MKLS geopolymer pastes were measured using isothermal conduction calorimetry
(ICC). Next, the mineralogy of the pastes was characterized using X-ray diffraction (XRD). Finally, the
compressive strengths of the pastes were measured using mechanical testing.

2. Materials and methods
2.1 Materials

MK was provided by BASF Chemical Corporation (Georgia USA) with a specific density of 2.50.
Reagent-grade LS powder (>99.0%) with a density of 2.93 g/cm® was supplied by Sigma Aldrich (CAS
No. 471-34-1). The Dso of the MK and LS, as measured by laser diffraction, was 4.76 and 19.68 um,
respectively. Anhydrous sodium metasilicate pellets (SiO2:Na,O molar ratio = 1:1) purchased from Sigma
Aldrich (CAS No. 6834-92-0) were used to prepare the alkaline activator solution. Table 1 shows the
chemical composition of the MK and LS. XRD analysis revealed that LS mainly contains calcite and
trace quantities of dolomite, whereas MK exhibited a characteristic amorphous hump ranging between
15-30° (20) with traces of quartz (SiO:) and anatase (Ti0.), as expected (data not shown).

Table 1. Chemical compositions of the MK and LS determined by X-ray fluorescence (XRF).

Oxide (wt%) LOI

Precursors . .
SiO, AlLO3 CaO Fex03 Na,O K20 TiO, SO3 MgO P>0s (%)
MK 51.9 44.1 0.02 0.37 0.20 0.156 1.54 0.11 0.02 0.078 1.00
LS <0.07 0.21 54.9 <0.01 <0.04 0.006 0.01 0.07 0.06 0.015 41.6

2.2 Preparation of specimens

To prepare the alkaline activator solution, anhydrous sodium metasilicate pellets were massed, mixed
with predetermined amount of tap water, and stirred in a beaker using a magnetic stirrer until all pellets
were dissolved. Then, the alkaline activator was allowed to cool for 24 h. Next, dry powders were
weighed and mixed together by hand. The alkaline activator was added and the slurry was mixed for 3
min using a high shear-rate mixer. The slurry was cast into 31.75-mm cubic molds and vibrated for 15 s
to eliminate entrapped air. The molds were then covered by a plastic film. After one day, samples were
demolded and sealed tightly in plastic bags with a controlled curing condition (T = 20 + 2 °C, RH = 80-
90%) and stored until further testing. The water-to-binder, Si/Al, and Na/Al ratios were held constant at
0.9, 1.5, and 1.0, respectively. Detailed mixture proportions are summarized in Table 2.

Table 2. Nomenclature and mixture formulations of the geopolymer-limestone pastes.

Sample name MK LS Sodium metasilicate w/b Oxide-molar ratios
(Wt%)  (Wt.%) (Wt.%) ratio Si/Al Na/Al
100MK (Control) 100 0 52.71 0.9 1.5 1.0
90MK 10LS 90 10 47.44 0.9 1.5 1.0
70MK_30LS 70 30 36.90 0.9 1.5 1.0
50MK_50LS 50 50 26.36 0.9 1.5 1.0
2.3 Methods
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The reaction kinetics of the geopolymer pastes were measured using ICC at ambient temperature (21 °C).
Compressive strength testing was conducted on three samples for each mix after 28 days of curing using
an universal testing machine (INSTRON) with a displacement rate at 0.1lmm/s. Fragments of samples
after the compressive strength test were grinded into powders with particle size less than 75 um (passing
through No.200 sieve) and used for XRD test using Bruker D8 ADVANCE diffractometer (Cu-Ka
radiation). The current and acceleration voltage was 40 mA and 40 kV, respectively. The scanning range
was 5-70° (20) with a scanning rate of 1.2°/min.

3. Results and discussion

The normalized heat flow and cumulative heat released per unit of MK by mass during the first five days
of reaction are presented in Fig. 1(a) and Fig. 1(b), respectively. As shown in Fig. 1(a), the acceleration
peak (1) exhibited by 100MK shifted from approximately 230 min to approximately 500 min (2) for all
samples containing LS, indicating a delay in geopolymerization. As shown in Fig. 1(b), 10% LS
replacement yielded a higher cumulative heat release compared to the control 100MK after approximately
1420 min. This finding suggests that 10% LS led to a higher degree of reaction and promoted the
formation of additional reaction products. One explanation is that the LS induced a nucleation effect akin
to those observed in portland cement pastes and/or led to the formation of C-S-H due to the interaction
between trace quantities of calcium (Ca?") that could have been liberated by the LS during alkali-
activation and the silicates provided by the alkaline activator solution (Puligilla et al (2019)). Another
possible explanation is that trace quantities of dissolved Ca** participated in the reaction process with the
formation of N-(C)-A-S-H, since more heat would be released when some Ca*" is involved in the
geopolymerization process (Ren et al (2022)), or the formation of carboaluminates. In comparison, 30%
and 50% replacement levels of LS hindered the overall reaction process, as evidenced by less cumulative
heat than that of the other two mixes. Specifically, given the same water-to-binder ratio, a lower amount
of sodium metasilicate pellets used for these two mixtures introduced a lower alkalinity (Na,O content).
As a result, the dissolution and reaction kinetics of MK in the interstitial solution of the binding matrix
were reduced.
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Fig. 1. (a) Normalized heat flow and (b) cumulative heat released during the early reaction process.

The compressive strength of all mixes after 28 days of curing is shown in Fig. 2(a). I00MK, 90MK_10LS
and 70MK 30LS samples exhibited similar compressive strengths, while SOMK SOLS exhibited a much
lower compressive strength. These data support the heat release data as presented in Fig. 1(b). The
reduced strength of S0OMK 50LS is likely due to an insufficient paste fraction considering the low
alkalinity of the binding system. Nucleation effects were evident in the 90MK 10LS samples and likely
occurred also in the 70MK_ 30LS and SOMK_50LS samples. However, the benefits of nucleation, if any,
were outweighed by the high-volume replacements, especially for the SOMK_ 50LS samples, yielding a
reduction in the 28-day compressive strength.
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Fig. 2. (a) Compressive strength and (b) mineralogy of all mixes after 28 days of curing.

Based on the XRD patterns in Fig. 2(b), an amorphous hump is evident between 26-29° (20) for 100MK
and 90MK 10LS, indicating the formation of amorphous reaction products with a different nature
compared to that of MK (centered at around 23° 26, not shown in the study). According to the literature,
the main reaction product is sodium aluminosilicate hydrate gel (N-A-S-H) for 100MK and N-A-S-H
containing Ca (N-(C)-A-S-H) (Perez and Escalante (2020)). For 70MK 30LS and 50MK_S5S0LS, this
hump is not significant in comparison to the peaks associated with LS (i.e., calcite, dolomite). These
results concur well with the lower compressive strength results of the SOMK 50LS specimen. The
relatively high compressive strength exhibited by the 90MK 10LS sample can be explained by
considering the nucleation effect of LS and possible formation of other calcium carboaluminates phases
(Cwirzen et al (2014)), which may have also led to increased strength of the 70MK 30LS samples.
Continued XRD quantitative analysis will determine if these phases are present in these samples.

4. Conclusion

MKLS-based geopolymer cements are attracting attention from both academia and industry as a
sustainable binder alternative to portland cement. In this study, MKLS-based geopolymer pastes (Si/Al =
1.5, Na/Al = 1.0) using different contents of reagent-grade LS were prepared. The reaction kinetics,
compressive strength, and phase assemblages were characterized. The results showed that, in general, LS
delayed the alkali-activation process. However, 10% LS promoted the overall degree of reaction, thereby
increasing cumulative heat above that of the control formulation. A 30% LS replacement led to similar
compressive strengths as the samples with 0% or 10% of LS. Samples with 50% LS decreased the
compressive strength considerably, suggesting a significant dilution effect. Further microstructural
analyses are required to fully understand the mechanisms behind these results.
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ABSTRACT

In this study, the impact of superabsorbent polymers (SAPs) on the development of pore structure,
internal relative humidity, and moisture migration in alkali-activated slag (AAS) pastes was investigated.
The results showed that the addition of SAPs not only created voids in the hardened paste, as indicated by
the mercury intrusion porosimetry (MIP) results, but also increased the microscopic pore volume of the
paste. The increased differential thermogravimetry (DTG) peak corresponding to the primary hydration
product, C(-A)-S-H gel, at 28 days suggests that SAPs resulted in more chemically bound water in the C(-
A)-S-H gel structure or enhanced the hydration reaction to generate more C(-A)-S-H gel. The increase in
chemically bound water in AAS pastes containing SAPs, along with the changes in the transverse
relaxation time (T») peak area corresponding to SAPs in the 'H low-field NMR results, is likely due to the
gradual release of water during internal curing by SAPs.

KEYWORDS: superabsorbent polymers, alkali-activated slag, chemically bound water, moisture
migration

1. Introduction

In recent years, superabsorbent polymers (SAPs), a widely-used internal curing material for Portland
cement systems (Mechtcherine et al., 2021; Schrofl et al., 2022), have been introduced into AAS systems
as well (Li et al., 2020; Oh & Choi, 2018). When the paste hardens, the SAPs release the liquid they
absorbed during the mixing process to supplement the water consumption caused by the hydration
reaction of AAS and reduce capillary pressure, thus reducing autogenous shrinkage.

The effectiveness of SAPs in reducing autogenous shrinkage in AAS systems has been widely
demonstrated, but their impact on the microstructural development of these systems is not yet fully
understood. In this paper, the effects of SAPs on the properties, reaction products, pore structure, and
internal relative humidity development of water glass-activated slag systems were studied.

2. Materials and methods
2.1 Materials and paste preparation

The chemical composition of the slag is presented in Table 1. A water glass solution was used as an alkali
activator, and its modulus was 2.0. The dsp of commercially available sodium polyacrylate SAP1 and
SAP2 were 422 um and 246 um, respectively, and their equilibrium water absorption rates in deionized
water, measured using the tea-bag method recommended by RILEM (Snoeck et al., 2018), were
approximately 480 g/g and 500 g/g.
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The dosage of SAPs was 0.30 (% of the mass of slag), the alkali content (Wxa20/W (slag)) Was 5%, and the
water-binder ratio was kept constant at 0.40. The fresh paste was poured into a 40 x 40 x 40 mm?® cube
mould, cured for 1 day at room temperature, demoulded to obtain the AAS paste specimens, and finally
stored in a curing room with a temperature of 20 & 2 °C and relative humidity of >95%.

Table 1 Chemical composition of the slag /wt.%
Ca0O SiO; ALO; FeOs MgO SO;  NaO KO TiO; MnO SrO  Others
391 311 143 0.46 8.5 206 040 038 0.69 033 007 261

2.2 Test Methods

The hardened paste was crushed and soaked in ethanol for 24 h, and then dried to a constant weight in a
vacuum oven at 40 °C. The dried samples were then powdered and sieved through a 74 um sieve to
obtain a sample for microscopic testing. Thermogravimetric testing of the powdered samples was
performed using a SC-TGA Q600 thermal analyzer, with a N, protective atmosphere, a temperature range
of room temperature to 800 °C, and a heating rate of 10 °C/min. The pore structure of the hardened bulk
AAS paste sample was determined using an AutoPore IV 9510 mercury porosimeter. The internal relative
humidity in AAS paste was tested using a Collihigh JWSK humidity sensor. Specific test methods on the
internal relative humidity can be found in our previous paper (Yang et al., 2021). The continuous
collection mode was selected for the first 7 days after mixing, with the data collection system
automatically recording a measurement every 5 minutes. At the end of the 7" day, the sensor was placed
in the hole for 10 minutes and the humidity value was recorded every day. The sensor was then removed
and the upper end of the PVC tube was closed again. A Niumag PQOO01 instrument was used for 'H low-
field NMR tests. Further information on the '"H low-field NMR tests can be found in our previous paper
(Yang et al., 2021).

3. Results and discussion
3.1 Development of pore structure

Fig. 1 shows the pore size distribution of the three hardened AAS pastes obtained by MIP at 3 d and 28 d.
The pores of AAS paste are predominantly distributed below 20-30 nm. At 3 d, when compared to the
reference sample, the pore distribution of the samples containing SAPs shifted slightly to the right, but the
main pore size still remained below 20-30 nm, with a larger pore volume, indicating that the addition of
SAPs altered the pore structure of the hardened AAS paste. As the curing time increased to 28 d, the pore
volume in the hardened paste further decreased, resulting in a denser structure, but the pore volume of the
samples containing SAPs remained larger than that of the reference sample.
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Fig.1 Differential pore size distribution of AAS paste
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3.2 Internal relative humidity

Fig.2 shows the change in internal relative humidity of the three AAS pastes within 14 days. From about
1 d after mixing, the internal relative humidity of the AAS paste started to decrease, particularly in the
reference sample. Its humidity was approximately 97% at 1 d and then declined rapidly. By 7 d, the
humidity had fallen to approximately 85%. After 7 d, the rate of decrease in humidity slowed, reaching
approximately 82% by 14 d. When SAPs were added, the decrease in internal relative humidity was
significantly reduced, with humidity remaining above 95% at 7 d. The rate of decrease in humidity after 7
d was slightly higher than that seen between 0 and 7 d, which could be due to moisture exchange between
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the internal paste and the external environment when the humidity sensor was placed in the PVC tube and
some water escaped. Nevertheless, the humidity values for the two samples containing SAPs at 14 d
remained above 93%, which was higher than that of the reference sample. Furthermore, the internal
relative humidity for the sample containing SAP2 was slightly higher than that for SAP1, which could be
due to the fact that SAP2 released more water and had a smaller particle size, leading to a larger surface
area in contact with the hardened paste when the dosages were the same.
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Fig.2 The internal relative humidity of AAS paste
3.3 Moisture migration

Fig. 3 shows the TG and DTG curves of the AAS paste powders at 3 d and 28 d. Due to the low SAP
concentration (up to 0.3 wt.%), its impact on the TG and DTG results was neglected, and only the AAS
paste matrix was analyzed. All samples exhibit a noticeable DTG peak between 50 °C and 250 °C, which
is attributed to the dehydration of the C(-A)-S-H gel during heating (Liu et al., 2020). At 3 days, the DTG
peak of the samples with SAPs was smaller than that of the reference sample, which may be because most
of the water absorbed by the SAPs had not yet been released. When the total water-binder ratio was kept
constant, the remaining free water in the AAS paste matrix for hydration was reduced compared to the
reference sample, leading to a decrease in the DTG peak of the C(-A)-S-H gel. However, at 28 days, the
DTG peaks of the samples with SAPs were larger than that of the reference sample, with SAP2 showing a
larger peak than SAP1. When considering the internal relative humidity results, it can be inferred that
despite having the same total water-binder ratio, the water released by the SAPs during curing not only
sustained the internal relative humidity of the AAS paste but also converted a portion of it into chemically
bound water in the C(-A)-S-H gel.

100

98

2 7 1 L
9% ——Ref3d - 96
- - -SAP1-3d
---- SAP2-3d

(- Ref-28d
94 (- - - -SAP1-28d
N\ [ - -+ SAP2-28d

e 92
3

90 4

Weight (%)
DTG (%/C)
Weight (%)

88

86

84 -

82+ 82

T T T T T T T R T T T T T T T R
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature ('C) Temperature ('C)

Fig. 3 Thermo-gravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves for AAS
paste

Fig.4 illustrates the transverse relaxation time (T») distribution of AAS pastes at 3 d and 28 d, as
determined through "H low-field NMR results. In the samples containing SAPs, two T, relaxation peaks
can be observed. The broad peak is associated with the water in the pores of the AAS paste matrix, which
is mainly distributed in T, values of less than 1 ms, while the relaxation peak with T, values of about 10-
100 ms is related to the free water present in the SAPs (Snoeck et al., 2017; Yang et al., 2021). The
relaxation peak area reflects the content of free water, with the number below the peak indicating the peak
area. The broad peak area and the peak areas corresponding to the SAPs decreased from 3 d to 28 d. The
free water in the pores of the hardened paste matrix participated in the hydration of AAS and was
consumed and transformed into chemical-bound water in the products, resulting in a decrease in the broad
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peak area. The SAPs released the free water absorbed during mixing, resulting in a decrease in their peaks
as well.

Compared to the peak area at 3 d, the area of the broad relaxation peaks of the reference sample, SAPI,
and SAP2 at 28 d was reduced by 10.8%, 10.3%, and 10.5% respectively, and these results were similar.
However, the DTG peaks corresponding to the C(-A)-S-H gel in the samples containing SAPs were larger
than those of the reference sample at 28 d, indicating that more chemically bound water was generated
from 3 d to 28 d. Hence, it can be inferred that the increase in chemically bound water in the samples
containing SAPs compared to the reference samples from 3 d to 28 d may be directly or indirectly
converted from the water released by the SAPs.
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3 Conclusions

(1) The addition of SAPs not only created voids in the hardened paste, as indicated by the MIP results, but
also increased its pore volume.

(2) The addition of SAPs resulted in an increase in DTG peak of the C(-A)-S-H gel at 28 d, indicating that
it led to more chemically bound water in the gel structure or enhanced the hydration reaction to produce a
greater amount of C(-A)-S-H gel.

(3) Since the free water in the pores of the AAS paste was consumed during hydration, and the SAPs
gradually released water, the broad relaxation peak area and the relaxation peak area corresponding to the
SAPs both decreased from 3 d to 28 d. The decrease in the primary relaxation peak area for all three
samples was similar during this period. However, at 28 d, the amount of chemical binding water related to
the C(-A)-S-H gel was greater in the samples containing SAPs compared to the reference sample. This
increase in chemical binding water may be due to the water released by the SAPs.
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ABSTRACT

Steel slag is produced in large quantities as a by-product of primary steel-making, which is mainly
landfilled or used as an aggregate. The high reactivity of steel slag with CO, makes it an ideal material for
CO; capture, resulting in the formation of calcite, even at ambient temperatures and pressures. In this
study, the direct carbonation of steel slag under 10% CO», 25°C, and ambient pressure was investigated.
The carbonated steel slag was then used in the preparation of cement paste samples, where 20% (by mass)
of cement was replaced by carbonated steel slag. The prepared samples were cured under ambient
conditions for up to 28 days. Results revealed that the carbonation of steel slag mainly occurred in the
first 6 hours, enabling an increased CO» uptake by 5.2%. Carbonation reaction reduced the content of free
calcium oxide in steel slag, resulting in the formation of calcite composed of non-uniform particles.
Compared with cement paste samples containing uncarbonated steel slag, those involving steel slag
carbonated for 3 hours achieved 22% higher 28-day compressive strengths. However, a decline in
strength was observed with an increase in the carbonation duration, which was linked with the
carbonation of the silicate phase in steel slag. Overall, this study highlighted the carbon sequestration
capacity of steel slag and the potential benefits of this process in enhancing the mechanical and
microstructural properties of resulting cement formulations.

KEYWORDS: Steel slag, carbonation, compressive strength, microstructure, calcite

1. Introduction

Cement manufacture is responsible for around 8% of global carbon dioxide (CO,) emissions. A solution
to address the reduction of the carbon footprint of construction materials involves the reduction of the
cement content by substituting it with a more sustainable alternative (Mahasenan et al., 2003). Over 400
million tonnes of steel slag are produced globally each year from steel and iron production, according to
the World Steel Association (Pan et al., 2017). The disposal of industrial wastes to landfill is a waste of
resources and can cause significant pollution to farmland and freshwater due to the leaching of heavy
metals.

Steel slag is abundant in highly CO,-reactive minerals, such as a-C,S, B-C.S, and free MgO/CaO (Song et
al., 2021). The CO, uptake capacity of steel slag could range from 200 to 400 g CO»/kg, depending on
carbonation conditions (Humbert and Castro-Gomes, 2019). However, the treatment of steel slag under
low CO; concentrations and ambient temperature and pressure has not been widely investigated due to the
slow carbonation kinetics (Li et al., 2022). The aim of this paper is to develop carbonated steel slag
powder (SSP) as a supplementary cementitious material (SCM) in cement pastes. The carbonation
kinetics and products of SSP at 10% CO, concentrations were investigated via gas-solid carbonation. The
carbonated SSP was incorporated into the cement paste at a content of 20% (by mass of binder), followed
by an evaluation of the mechanical and microstructural properties of the developed mixes.

2. Materials and Methodology
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2.1 Materials

The steel slag was ground in a ball mill grinder to produce a fine powder with particles passing through a
sieve size of 125 um. A high strength Portland cement (PC) CEM 1 52.5R with density and specific
surface area of 3.15 g/cm® and 4200 cm?/g, respectively, was used to prepare cement paste. The cement
and steel slag had the same fineness, thereby the latter could be used as a direct replacement in the
prepared mixes. The chemical compositions of the cement and steel slag, determined by X-ray
fluorescence (XRF), are provided in Table 1.

Table 1. Chemical composition of cement and steel slag (wt.%)
510, ALO; FeO; CaO MgO 50; KO Na,O LOI
Cement 1938 494 287 6289 34 329 035 035 099
Steelslag 1388 866 2215 3595 983 028 0.06 031 3.13

2.2 Carbonation of SSP and sample preparation

The dried SSP was placed in a carbonation incubator under 20°C, 60% RH and 10% CO- concentration
for 1, 3, 6, 24, 72, 168, 480 and 672 hours (Clh, C3h, C6h, C1d, C3d, C7d, C20d and C28d). Then 20%
carbonated SSP by mass of cement was mixed with cement to produce cement paste with a water-to-
binder (cement + steel slag) ratio of 0.5. The SSP and cement were added in mixing pot, and then mixed
for 90 s until uniform. Then the solution was added, and stirred for the next 3 min. The paste mixes were
cast into 20 x 20 x 20 mm?® cubic moulds and compacted by a vibrating table. After being cured in the
laboratory for 24 hours, the specimens were cured under 20°C and 95% RH for 3 and 28 days.

2.3 Experimental methods

The compressive strength of samples was measured using a compression machine, with a loading rate of
0.5 £ 0.1 MPa/s. The tests were carried out on three specimens for each mix and average strengths were
taken as results. Thermogravimetric analysis (TGA) was conducted to evaluate the weight loss and
corresponding peaks within each sample. 10 mg of each sample in powder form was heated from 30°C to
1000°C under a nitrogen atmosphere at rate of 10 °C/min in a TGA instrument (TGA8000, PerkinElmer).
The TGA data was used to estimate the CO, uptake during the curing process of each sample, following

Eq. (1).
CO,Uptakew% = mass loss between 500 and 950°C/mass at 1000°C x 100% (D

Scanning electron microscopy (SEM) imaging was carried out by a Carl Zeiss Sigma for the
microstructural analysis of the hydrate and carbonate phases in each sample. The dried samples were
coated with gold before the SEM observation.

3. Results and Discussion
3.1 Carbonation of SSP

Fig. 1 shows the TGA curves and CO, uptake development of SSP with different carbonation duration.
The mass loss occurred in the range of 30-200°C represent the water loss during the dehydration of
reaction products (main C-S-H gel phases), which implies that the SSP presents in the samples
experienced some form of hydration reaction. The mass loss occurred in the range of 400-500°C
corresponding to dehydration of uncarbonated Ca(OH), (Dung and Unluer, 2018), which suggests that
uncarbonated calcium and magnesium was still present in the samples following carbonation. The mass
loss occurred in the range of 500-800°C represent the decarbonation of magnesium and calcium
carbonates (Li et al., 2017). As the carbonation duration increased, the mass loss in this interval gradually
increased, indicating that more carbonate was generated. Steel slag has a low hydration reactivity,
possessing highly CO,-reactive minerals such as a-C.S, B-C.S, and free MgO/CaO. At a 10% CO;
concentration, the carbonation of the SSP occurred predominantly within the first 6 hours, when the CO,
uptake increased from 2.1% to 5.2%. Increasing the carbonation duration to 672 hours resulted in only a
7.7% CO, uptake. This is due to the available calcium content of the SSP, and the carbonation was further
constrained by the produced calcium carbonate adhering to the surface of the SSP particles. At such a low
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CO; concentration and atmospheric pressure, it was challenging for CO, to penetrate the dense
carbonation layer on the particle surface and continue to react with the slag.
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Fig. 1. (a) TGA curves and (b) CO; uptake development of SSP with different carbonation duration

3.2 Compressive strength

Compressive strength of cement paste samples involving 20% carbonated SSP at 28 days is shown in Fig.
2. The addition of 20% uncarbonated and carbonated SSP significantly reduced the compressive strength
of the cement paste. As an example of the 28-day strength, the addition of 20% uncarbonated SSP, C3h,
C1d, C7d and C28d SSP reduced the strength of the cement paste by 27.3%, 11.6%, 21.3%, 27.8% and
34.1% respectively. This suggests that shorter carbonation treatment duration (within 3 hours) of the SSP
improved the compressive strength of the specimens, whereas longer carbonation treatment durations of
the SSP decreased the compressive strength. The prolonged carbonation duration could have, on the one
hand, reduced the hydraulic mineral phases in the SSP and, on the other, promoted the transformation of
calcium carbonate to the more stable crystalline form of calcite. Shen et al. (Shen et al., 2022)
demonstrated that the needle-like whiskers characteristic of aragonite could strengthen cement and
significantly improve its mechanical properties. It is worth noting that a longer carbonation duration was
more beneficial for early strength. As shown in the Fig. 2, a maximum 3-day compressive strength of 59.2
MPa was achieved with the addition of 20% C7d SSP. The mechanism behind needs to be further
explored.
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Fig. 2. Compressive strength of cement paste samples involving 20% carbonated SSP at 28 days

3.3 SEM observation

The SEM images of SSP after 3 hours and 28 days of carbonation are presented in Fig. 3. After 3 hours of
carbonation, aragonite whisker-rich materials were generated with a length of approximately 200 nm and
a diameter of approximately 20 nm. These whiskers acted as microfibres within the cement paste and

contributed to the mechanical properties of sample (Shen et al., 2022). After 28 days of carbonation, the
SSP consisted primarily of granular calcite crystals with particle sizes between 30 and 50 nm.
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Fig. 3. SEM pictures of SSP with (a) 3 hours and (b) 28 days carbonation

4. Conclusions

This study investigated the carbonation kinetics and microstructure of SSP under 10% CO,, 25°C, and
ambient pressure. The use of carbonated SSP in cement pastes at 20% by mass of cement was evaluated
via the assessment of mechanical and microstructural properties. Carbonation of SSP occurred mainly in
the first 6 hours, with a CO, uptake of 5.2%. The rate of CO» uptake reduced over carbonation duration.
The carbonated products were mainly aragonite whisker and granular calcite. The formation of aragonite
and calcite contributed to the strength of the cement pastes, resulting in a 22% increase in the strength of
the samples when compared to samples with uncarbonated SSP.
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ABSTRACT

Carbonation is generally considered to enhance calcium leaching resistance of cement-based materials.
However, many researches demonstrated that carbonation curing may also adversely affect calcium
leaching resistance of cement paste. In this paper, calcium leaching behavior of early-carbonated cement
paste was investigated in detail. The results show that 8~16-h carbonation curing mitigated the reduction
in compressive strength caused by calcium leaching, but further prolongation of carbonation curing caused
an increased decline in strength at later leaching stage. The specimens carbonated for less than 16 h
possesses improved pore structure by decreasing porosity and volume fraction of larger capillary pores, as
well as reduces the negative impact of calcium leaching. Different from calcium leaching results on
powdered samples, the decalcification level of C-S-H in cubic specimens was similar or even higher than
early-carbonated ones along leaching test. Nonetheless, considering its risk of rapid degradation, excessive
carbonation-cured cement-based materials should still be avoided in aqueous environments.

KEYWORDS: Carbonation curing; Calcium leaching; Cement paste, C-S-H
1. Introduction

Carbonation curing of cement-based materials is considered as one of promising methods to approach
carbon neutral in manufacture of cement and concrete products. In most cases, carbonation curing of
cement-based materials is implemented through early accelerated carbonation. It is estimated that precast
concrete products can store CO, equivalent up to 20 wt% of the binder (El-Hassan, 2013). It is commonly
believed that carbonation improves calcium leaching resistance of cement-based materials: the conversion
from CH to CaCO; prevents dissolution of calcium; the denser microstructure hinders the outward diffusion
of calcium ions. However, this opinion might be valid for natural carbonation, but things are different for
early-carbonated cement paste. Exposing to CO, at early age, large amount of C-S-H gel with Ca/Si ratio
lower than 1.0 generates in the carbonation reaction, which is more prone to decalcify (Chen, 2019).
Besides, it has been experimentally verified that early accelerated carbonation does not necessarily reduce
the permeability of cement paste (Schwotzer, 2010). In this research, the strength loss of carbonation-cured
cement paste with various accelerated carbonation duration is determined. The change of pore structure,
stoichiometric and structural characteristics of C-S-H, and nano-mechanical properties are investigated as
well.

2. Experimental methods
2.1 Raw materials and specimen preparation

Portland cement, tap water, and polycarboxylate-based superplasticizer were used to prepare cement paste
specimens. After completion of mixing, the fresh mixtures were poured in 50-mm cubic steel molds. These
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specimens would be in-mold pre-cured for 6 h and followed by de-mold pre-curing for another 6 h. Then,
these specimens were stored in a carbonation chamber for CO, exposure at a normal atmospheric pressure
with CO; concentration of 20%. When CO2 exposure was finished, all the specimens would be stored in a
standard curing chamber. Besides, some specimens were placed in the standard curing chamber without
carbonation as a standard-cured control group.

2.2 Testing methods

Calcium leaching test was performed on specimens after 3 months of standard curing. 6mol/L NH4NO;
solution was used to accelerate calcium leaching test. Carbonation depth was measured on the cross section
of specimens using phenolphthalein reagent. The CO; uptake percentage was determined by TG-DSC using
a simultaneous thermal analyzer. Compressive strength test was performed on three 50-mm cubic
specimens with the loading rate of 1.6 kN/s. The information of pore structure was determined applying an
AutoPore IV 9510 mercury intrusion porosimetry (MIP) with the pressure range of 0~60000 psi. Energy
dispersion X-ray spectra analysis were observed using a scanning electron microscope.

3. Results and discussion
The TG and DTG curves of standard-cured and 24 h carbonation-cured samples were shown in Fig. (a) as

an example. The CO, uptake percentage is introduced to evaluate carbonation degree of cement mortar as
follow (Jang, 2016):

CO, uptake= m330mI0 5 100% (1)

mo

where msso and moso are the mass of samples at 550°C and 950°C, respectively; my is the initial mass of
samples. The carbonation depth measured by phenolphthalein indicator and calculated CO, uptake in
different depth intervals are presented in Fig. 1 (b). For the samples taken from 0~5 mm, CO, uptake
increases rapidly in first 4 hours and then gradually slows down. While as for samples from 5~10 mm
depth, the increase in CO, uptake is minor in first 4 hours, after which the carbonation rate accelerates
apparently and then slows down again. This is due to the slow diffusion rate of CO; in cement paste
specimens, resulting in a lower local CO, concentration at 5~10 mm depth in the first 4 hours. The range
of fully carbonated zone measured by phenolphthalein is within 7 mm in 24 h carbonation.

Fig. 2 displays the compressive strength of specimens subjected to different calcium leaching duration.
Before leaching test, the compressive strength of standard-cured specimen is 61.5 MPa, and the highest is

66.3 MPa, occurring at 8 h carbonation curing. As the carbonation duration exceeds 8 hours, the strength
decreases slightly, reducing to 58.4 MPa through 24 h carbonation curing. After 56 d calcium leaching test,
the strength of standard-cured specimens reduces to 35.7 MPa. The residual strength of 8 h and 12 h
carbonation-cured specimens are highest, corresponding to 44.6 MPa and 45.9 MPa, respectively. Further
prolonged carbonation curing reduces the residual strength as well, while it is still higher than standard-
curing.
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The porosity and pore volume fraction of cement paste samples are exhibited in Fig. 3. Early accelerated
carbonation within 16 hours modifies the pore structure of cement paste by reducing the porosity and the
volume fraction of large capillary pores, which is contributed by CaCOj; precipitation. When carbonation
duration exceeds to 16 hours, the porosity begins to increase, resulting from the shrinkage of decalcified C-
S-H and lack of moisture. After calcium leaching test, the porosity of all specimens is increased greatly
caused by dissolution of CH and C-S-H, as it can be expected. Compared with standard-cured specimens,
early accelerated carbonation effectively retards the degradation of pore structure during calcium leaching,
especially the samples carbonated for 12 hours.

BSE-EDX analysis is performed to study the change of Ca/Si ratio, and a typical BSE image is presented
in Fig. 4, in which the C-S-H loop surrounding the cement clinker can be observed. The detecting spots of
EDX were selected within this rim zone of C-S-H.
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Fig. 3 Information of pore structure Fig. 4 An example of BSE image

For each sample, more than 100 EDX analysis spots contained atomic percentage of Ca, Si, and Al were
collected. Fig. 5 shows the EDX analysis results of the samples obtained by plotting atomic ratio of Si/Ca
versus Al/Ca. The coordinates on the y-axis with Al/Caratio of 0.5, 0.33, and 0 are corresponding to phases
of AFm, Aft, and CH (or CaCO:3), respectively (Liu, 2022). Tie lines are drawn in Fig. 5 (a) from the cloud
of C-S-H points and different known composition (Shah, 2018). It can be found in Fig. 5 (a)~(c) that
carbonation curing and calcium leaching lead to a higher Si/Ca (or lower Ca/Si), implying decalcification
of C-S-H.
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Fig. 5 Results of EDX point analysis by plotting Si/Ca against Al/Ca

The decreasing trend of Ca/Si before and after leaching test is put into Fig. 6. The outliers are mainly
distributed outside the upper limit with a very high Ca/Si ratio, corresponding to AFt, AFm, CH/CaCQOs3, or
their mixtures with C-S-H gel. The box bodies are corresponding to the most data-dense areas in the scatter
plots in Fig. 5 (a)~(c), which can be approximatively considered as C-S-H. In the leaching process, the
mean value of Ca/Si of standard-cured sample decreases apparently, while that of 12 h and 24 h
carbonation-cured samples is inconspicuous due to the presence of insoluble CaCOs;. Moreover, the Ca/Si
ratio of C-S-H for standard-cured sample presents a larger reduction compared with 12 h and 24 h
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carbonation-cured samples. The final Ca/Si ratio of C-S-H in standard-cured sample and 12 h carbonation-
cured is similar, while that of 24 h carbonation-cured sample is somewhat lower.
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Fig. 6 Decrease in Ca/Si range caused by calcium leaching test
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4. Conclusions

In this paper, the impact of carbonation curing on calcium leaching behavior of cement paste was
investigated. Based on the results, the following conclusions can be drawn: 1) Appropriate carbonation
curing improves calcium leaching resistance of cement paste. The loss in compressive strength of
specimens carbonated for 8~16 h is smaller and the residual strength is higher than others. The strength of
specimens with longer carbonation duration decreases more slowly in the early stage of calcium leaching
and faster in the later stage. 2) The specimens carbonated for less than 16 h possesses improved pore
structure by decreasing porosity and volume fraction of larger capillary pores, while longer carbonation
duration can adversely affect the pore structure. On the other hand, the increase in porosity induced by
calcium leaching is smaller for all the carbonation-cured specimens than standard-cured ones. 3) Both early
accelerated carbonation and calcium leaching decrease the Ca/Si ratio of C-S-H, while the latter is more
significant. The decalcification of C-S-H for standard-cured samples during calcium leaching is similar to
or even more serious than carbonated ones.
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ABSTRACT

Carbon dioxide emissions to the atmosphere are the leading cause of climate change and pose a serious
risk to the environment. CO; can be captured by amines, which are derivatives of ammonia and undergo
reversible reactions with CO, and form carbamate/bicarbonate. The feasibility for applying amines to
concrete have not investigated adequately. Therefore, the purpose of this research is to investigate
mechanical properties of hardened cement paste containing amines. To accomplish this, methyl
diethanolamine (MDEA) and p-Phenylenediamine (HEPZ) were applied. The weight fraction of each
amine mixed with cement paste(water to cement ratio:0.5) was designed to be 5 % respectively. The
specimens were sealed and cured at 20 °C. After curing for 7, 14, 28 , 56 and 91 days, compression
test and splitting tensile test were carried out to acquire the compressive strength, tensile strength, and
elastic modulus. The effects of types of amines on mechanical properties to hardened cement paste were
systematically investigated. The results indicated that influences on mechanical properties of hardened
cement paste were found depending on types of the amines. It was found that MDEA additive effectively
improved the early strength of cement paste. On the contrary, PPD additive greatly reduced the early
compressive strength of cement paste. After curing for 28 , 56 and 91 days, both MDEA and HEPZ
reduced the compressive strength of cement paste. However, tensile strength and elastic modulus were
not significantly influenced by MDEA and HEPZ.

KEYWORDS: CO:absorption, MDEA, HEPZ, mechanical properties
1. Introduction

There are several promising technologies for capturing CO,, but the use of amines for CO» capture remains
the most mature and commercially available representative chemical process for reducing CO, emissions
at present according to Mofarahi (2008)

CO; is captured by amines through reversible reactions, forming carbamates or bicarbonate ions. Research
by Aaron and Tsouris (2005) shows the basic mechanism of the amine-based CO, separation and recovery
technology is to release CO, fixed in a solution containing an amine at a certain temperature by temperature
or pressure changes.

The purpose of this study is to evaluate the mechanical properties of hardened cement with two types of
added amines, specifically the compressive strength and Young's modulus at each age, as well as the
absolute dry density and water absorption rate.

2. Materials
2.1 Preparation of hardened cement paste
The cement paste was prepared with a water-cement ratio of 0.5. A 5% by weight addition of amine was

added to the external crack and the mixture was poured into plastic mold of 50 mm x 100 mm dia. Ordinary
Portland cement was used for the cement paste.
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2.2 Amines to be added

In this study, methyl diethanolamine (MDEA) and 1-(2-hydroxyethyl) piperazine (HEPZ) were selected as
the amines to be added. Figure 1 shows the chemical formulas of MDEA and HEPZ.

H

N

CHs E j

N N
AR AN TN )

L) Qs CH2CH>0H

Fig. 1 chemical formulas of MDEA (left) and HEPZ (right)
3. Curing and measurement
3.1 Curing conditions
Two types of curing conditions, A and B, were prepared to conduct the measurements. In curing condition
A, cement paste was casted into a plastic mold, and measurement was performed after sealing and curing
at 20°C. In curing condition B, after the cement paste was poured into the mold, the specimens were sealed
and cured at 20°C for 28 days, and then the specimens were removed from the plastic mold, sealed at the
top and bottom ends with aluminium tape with butyl rubber, and placed in an accelerated carbonation
chamber at 20°C, 60% RH and 5% CO2 concentration.
3.2 Measurement items
Compressive strength and modulus of elasticity were determined 7, 14, 28, 56 and 91 days after casting for
curing condition A and 28, 56 and 91 days for curing condition B. The Archimedes method was used to
determine the dry density and water absorption. In each case, three samples were taken for each
measurement and the average was calculated.
4. Test results
4.1 Specimens without accelerated carbonation

4.1.1 Compressive strength

The results of compressive strength are shown in Figure 2. In all of the figures in this paper, X represent
samples with no diitives, M represent samples with MDEA, H represent samples with HEPZ.

Tdays
14days I
2Bdays e —
56day s
9 ldays e — |
0 20 40 60

Compressive strength (MPa)
XA =MA mHA
Fig. 2 Compressive strength by age
Compared to cement paste without additives, the compressive strength of cement pastes with 5% MDEA
added showed an increase of about 10% at the age of 7 days, but the rate of strength improvement gradually
decreased with age, and at the age of 91 days, it remained at 84% of the strength of specimens without
additives. Preliminary experiments with MDEA have shown that MDEA accelerates setting. As a result,
while the initial strength tends to be relatively high, the hydration reaction at the early age of the material
may have some influence on the long-term strength enhancement. On the other hand, the compressive
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strength of cement pastes with HEPZ added tended to be smaller than that of the specimen without additives
throughout all ages. The specimen with HEPZ added had lower strength than MDEA, and from 7 to 91
days of age, it remained around 79-81% compared to specimens without additives.

4.1.2 Elastic modulus

The results of elastic modulus are shown in Figure 3.

Tdays
14days
28days
56days

91days

8 10 12 14 16
Elastic Modulus (GPa)
XA sMA mHA

Fig. 3 Elastic Modulus by age
The elastic modulus of cement pastes with 5% MDEA remained around 81%+8% compared to specimens
without additives. On the other hand, the elastic modulus of cement pastes with HEPZ tended to be smaller

than that of specimens without additives from 7 to 56 days of age and be bigger than that of specimens
without additives at 91 days of age.

4.1.3 Dry density and water absorption

Figure 4 shows the dry density of specimens and Figure 5 shows the water absorption of specimens.

Tdays Tdays
14days 14days
28days 28days
56days S6days
91days 91days
0 05 1 15 2 25 0 1020 30 40
Dry density (g/ml) Water absorption (Wt%)
XA sMA mHA XA sMA mHA
Fig. 4 Dry density by age. Fig. 5 Water absorption by age

The dry density of cement pastes with a water-cement ratio of 0.5 and the addition of amine solution as an
external fraction was generally appropriate according to Burgh and Foster (2017). The dry density of HEPZ
was slightly smaller than that of MDEA up to 14 days of age. On the other hand, after 28 days of age, the
values were almost the same regardless of the type of amine added. The water absorption tended to decrease
with the age of the lumber, regardless of the amine added.

4.2 Specimens with accelerated carbonation
4.2.1 Compressive strength

The results are shown in Figure 6.
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Fig. 6 Compressive strength by age and curing condition
The compressive strength of the specimens with amine added is not expected to decrease significantly when
they are subjected to accelerated carbonation for 28 days. Compressive strength of specimens with MDEA
under curing condition B was slightly higher than that of specimens under condition A for 56 days of age,
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and lower than that of specimens under condition A for 91 days of age. On the other hand, compressive
strength of specimens with MDEA under curing condition B was higher than that of specimens under
condition A for the whole 91 days of age.

4.2.2 Elastic modulus

The results are shown in Figure 7.

Elastic Modulus (GPa)
Y

28 days S56days 91 days
XA sooons XB MA

MB HA HB

Fig. 7 Elastic Modulus by age and curing condition
Accelerated carbonation significantly increases the elastic modulus of all kinds of the specimens. While the
elastic modulus of the specimens with and without accelerated carbonation increased, the behavior of the
elastic modulus of the specimens with amine addition varied depending on the type of amine.

4.2.3 Dry density and water absorption

The results of dry density and water absorption are shown in Figures 8 and Figures 9.

22 35
= g
E 215 2 33
2 51 <
2 21 T - /_—
g 229 Tas
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227
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25
28 days  56days 91 days 28days S6days 91 days
XA cecnne XB MA XA sesnns XB MA
MB HA HB MB HA HB
Fig. 8 Dry density by age and curing condition. Fig. 9 Water absorption by age and curing condition

No significant changes were observed with or without the addition of amine and with or without accelerated
carbonation, but the addition of amine resulted in a slight decrease in the dry density and a slight increase
in water absorption. Accelerated carbonation resulted in a slight increase in dry density and a slight decrease
in water absorption.

5. Conclusion

In this study, the addition of two types of amines to hardened cement pastes showed the effect of amines
on the mechanical properties of cement pastes. In addition to this, it was found that the MDEA additive
effectively improved the initial strength of the cement paste, while having the effect of slightly reducing
the long-term strength. HEPZ also slightly reduced the compressive strength of the cement paste. No
significant changes of compressive strength by accelerated carbonation were observed in cement paste with
MDEA, while cement paste with HEPZ had a slight decrease in the compressive strength due to accelerated
carbonation.
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ABSTRACT

Mineral carbonation from concrete waste is a promising technology to mitigate CO, emissions. This study
investigated the wet carbonation of concrete waste fines, which have been partly carbonated by another
process, such as gas-solid (semi-dry) carbonation under atmospheric air or high-concentration CO, gas. The
concrete waste fines experienced two stages of carbonation, including semi-dry carbonation and wet
carbonation. One of the key advantages of this approach is that excess CO; can be efficiently absorbed into
the concrete waste fines via wet carbonation, even if the concrete has undergone prior carbonation through
another process. X-ray diffraction (XRD) and thermogravimetric analysis (TG-DSC) revealed the
decomposition evolution of carbonated concrete waste fines (CWF) by wet carbonation. The results showed
that although portlandite was depleted during the gas-solid carbonation process, the carbonation degree of
hydrated phases like C-S-H remained low. Wet carbonation accelerated the decalcification process of the
hydrated phases and captured more CO; into the CWF. The evolution of carbonated phases in concrete
fines indicated that metastable polymorphs of calcium carbonate like aragonite still increased through two
steps of carbonation (including semi-dry and wet carbonation), while solely the wet carbonation process
mainly generates calcite.

KEYWORDS: concrete waste, wet carbonation, gas-solid carbonation, CO: capture, cement paste
1. Introduction

The 26th Conference of the Parties, the annual global gathering of nations under the United Nations
Framework Convention on Climate Change (UNFCCC), is a highly anticipated event in the fight against
climate change. With the pressing urgency to address the effects of global warming, many countries have
made significant commitments to reducing their carbon dioxide (CO,) emissions to net zero by 2050.
However, estimations indicate that by 2050, CO, emissions are expected to increase by 130 % annually.
Notably, cement production generates 8 % of anthropogenic CO, emissions globally Andrew (2018). Such
increasing concentrations of CO; in the atmosphere are responsible for climate change Ghacham et al.
(2015). To mitigate these issues, several CO, storage methodologies have been proposed in previous
studies; these include geological, ocean, biological, and mineral sequestration Hepburn et al. (2019).
Among the foregoing methodologies, mineral storage is the most reliable method as it offers a high
sequestration capacity to mitigate future emissions and ensure permanent CO; storage Schneider (2019).
Recent efforts to mitigate CO, emissions include carbon capture by minerals extracted from concrete
Sanjuan et al. (2020). Mineral carbonation from concrete waste (CW) is a CO, capture storage
methodology. Notably, metal oxides present in various minerals react with CO, and form stable carbonate
minerals such as calcite, dolomite, and magnesite Sanna et al. (2014). However, the natural CO, absorption
of concrete structures is still inadequate, and the associated reaction occurs at a slow rate over geological
timescales; hence, accelerated carbonation methods have been used to assess carbonation under natural
conditions Auroy et al. (2018). One such method is the novel CO, sequestration process accomplished by
extracting minerals from CW through wet carbonation. Recent studies reported that the wet carbonation
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process could aid in the fast carbonation of concrete fines lizuka et al. (2004), and it has several advantages,
such as lower costs and lower chemical consumption rates compared to indirect carbonation Fernandez
Bertos et al. (2004). Capturing CO; from the air using concrete presents a significant challenge due to the
protracted process involved. However, there is promising potential to accelerate the CO, capture efficiency
of concrete that is exposed to the ambient weather environment for a long period through an enforced
carbonation process. Most research in the field has focused on the examination of the wet carbonation of
fresh concrete fines that have not undergone any carbonation process. There is a growing interest in
understanding the effects of wet carbonation on concrete waste fines (CWF) that have undergone long-term
natural air carbonation or accelerated CO, semi-dry carbonation. Additionally, it is interesting to explore
the potential for increased CO, capture through the secondary stage of wet carbonation, following a
specified level of CO, absorption by the CWF subjected to semi-dry carbonation in the first step. Therefore,
this research investigates phase assemblages, reaction kinetics, as well as the CO, capture ability of CWF
under a two-stage carbonation process, beginning with natural air or high CO, semi-dry carbonation
followed by wet carbonation.

2. Materials and Methods
2.1 Materials

Ordinary Portland cement was used to make hydrated cement paste (HCP) to simulate recycled CWF.
The chemical composition of cement is shown in Table 1. The water-to-cement ratio for the HCP was 0.50,
and deionized water was used. The HCP specimens were cured for 38 weeks and dried for 7 days at 105 °C
before crushing into <1.18 mm diameter particles to make CWF powder. The powder’s particle size
distribution, which is determined by the Laser diffraction Microtrac MT3000I1, is shown in Fig. 1.

Table 1 Compositions of cement (%)

COl’npOSitiOIl (%) SiOz A1203 F6203 CaO MgO SO3 NaZO Kzo TiOz P205 MnO

Cement 20.68 495 2.73 64.71 1.17 2.56 0.24 0.32 0.27 0.21 0.07
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Fig. 1 Particle size distribution of HCP Fig. 2 Carbonation degree of HCP through two-stage
carbonation (Note: subplot enlarged red dashed line area)

2.2 Methods

The carbonation process of CWF was conducted in a two-stage approach. In the first stage, CWF was
carbonated under the gas-solid carbonation method, also known as semi-dry carbonation, either under air
conditions at 20 £ 1 °C and the 530 = 5 ppm CO; concentration (semi-dry air carbonation) for a period of
250 days or in an accelerated environment (semi-dry CO, carbonation) characterized by a temperature of
20 °C, 60 % RH, and a CO; concentration of 5% for 70 days. Upon completion of the semi-dry carbonation
process, CWF was subjected to wet carbonation in the second stage for 120 hours. The wet carbonation
process of CWF was performed using a mixture of CWF powder and water with a solid-to-liquid ratio of
1:20. The mixture was placed into a tank and agitated with a stirrer operating at 1400 rpm to ensure a
homogeneous dispersion of powder in water. Subsequently, CO, gas was introduced into the tank under
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ambient conditions. The CO, gas with a purity >99.5 % was used. The flow rate of the CO, gas was fed
and controlled by the regulator at 0.1 ml/min. CO, bubbling was provided for 120 hours during the test
period of wet carbonation. After the carbonation process, periodic samples of HCP were obtained for testing
its properties, including Thermogravimetric-Differential Scanning Calorimetry (TG-DSC), X-ray Powder
Diffraction (XRD), and Rietveld analyses (by TOPAS (Ver. 6.0, Bruker). XRD was conducted using a
Malvern Panalytical-Empyrean S3 diffractometer to quantify the carbonated HCP powder's crystalline
phases and amorphous content. Thermogravimetry analysis TG-DSC (STA449F5 Jupiter, NETZSCH) was
conducted to quantify the calcium carbonate and portlandite present in the carbonated materials. The
characterizations were performed at a heating rate of 10 °C /min and a temperature range of 30-900 °C
with nitrogen gas at a 50 mL/min flow rate.

3. Results and discussion

3.1 Reaction kinetics
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Fig. 3 Reaction kinetics of calcium carbonate (CC) and portlandite (CH) in samples after two-stage of carbonation,
including semi-dry and wet carbonation (Note: subplot enlarged red dashed line area).

The carbonation degree of HCP and the evolution of CC and CH content in HCP after two-stage carbonation
is shown in Fig. 2 and Fig. 3, respectively. The results reveal that at the second-stage carbonation (wet
carbonation), the carbonation degree increments 10-20 % over 120 hours, although in the first-stage
carbonation (semi-dry carbonation), the carbonation degree reached approximately 60 %. This suggests that
the decalcification of C-S-H primarily occurred during the wet carbonation process. Furthermore, the results
indicate that conducting carbonation in a two-stage approach increases the carbonation degree of HCP by
up to 10-20 %, while conducting it solely in semi-dry carbonation leads to an increase of only 0.2-0.7 % in
the same period of carbonation. This is due to the fact that semi-dry carbonation partially decalcifies C-S-
H, and initial carbonation in the outer layer of particles hinders CO, diffusion into the core, leading to
challenges in achieving continuous carbonation. Zajac et al. (2022). The semi-dry carbonation process
gradually generated CC and depleted CH, in which the carbonation rate of semi-dry air carbonation is much
lower than that of semi-dry CO, carbonation; it is due to low CO, concentration in the air. It is worth noting
that during the first stage of carbonation, the carbonation degree of HCP is 65.2 % after 70 days and 58.4
% after 250 days of semi-dry CO» and air carbonation, respectively. However, after only 120 hours of wet
carbonation in the second stage, the carbonation degrees are almost equal, reaching around 75 %. This
indicates that the carbonation rate in the second stage is regardless of the carbonation degree of the first
stage or the environment of carbonation.

3.2 Evolution of calcium carbonate polymorphs in CWF through two-stage carbonation

Calcium carbonate polymorph evolution during the two-stage carbonation of HCP is shown in Fig. 4. Under
semi-dry carbonation conditions in the air or high CO, concentration, the carbonation of HCP produces
three types of calcium carbonate polymorphs: calcite, aragonite, and vaterite. Aragonite is the dominant
form during semi-dry CO; carbonation, comprising 40.4 % after 70 days, whereas calcite and vaterite
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represent only 8.0 % and 3.1 %, respectively. Conversely, semi-dry air carbonation produces primarily
calcite (44.1 %), with aragonite and vaterite making up only 0.5 % and 1.6 %, respectively, after 250 days.
It is noteworthy that during the first stage, semi-dry CO; carbonation, aragonite dominates, and its presence
continues to increase in the subsequent wet carbonation stage, a phenomenon rarely observed in wet
carbonation where calcite is typically the dominant form of calcium carbonate Zajac et al. (2020). This
phenomenon can be attributed to the generation of the aragonite precursor within HCP particles during
semi-dry CO; carbonation, which subsequently results in the increased formation of aragonite during the
wet carbonation process. During wet carbonation, CO, diffuses inside the HCP particles, continuously
facilitating carbonation and resulting in the formation of aragonite within the particles. However, in the
outer parts of the HCP particles, the formation of calcite and the transformation of vaterite to calcite still
occur, leading to a slight increase in the amount of calcite during the wet carbonation process. Besides,
calcite is the predominant polymorph during semi-dry air carbonation. In the subsequent wet carbonation
stage, calcite significantly increases while the amount of aragonite remains relatively low. This
phenomenon is likely attributable to the small amount of aragonite precursor generated during the initial
stage of semi-dry air carbonation.

60 60 = = 2nd wet
1st of semi-dry CO2 carbona2on 2nd wet carbona2on 1st of semi-dry air carbona2on carbona.on
. Ara zonite wet carb ona.on il N
@50 —&— Vaterite semi-dry (02 carbona.on (_ N 50 | |
g‘ —— Calcte semi-dry CC2 carbona.on -8 | g— | |
© ér? grtJnite tsemlij—dry co2 carbona.on | " | 5 » = r —a |
2040 alcite wet carbona .on |\ I 40 ~—
=] —&— Vaterite wet carbo na.on. == 8 53
g g
&30 30
N X
2 43 2 8
g g Aragonite wet carbona.on
:,’20 39 :’20 —A&— Vaterite semi-dry air carbona.o —"
g GCJ —— Calcite se mi-dry air c arbona.on 43
g 10 0 60 120 g Aragonite semi-dry air carbona.on 0 120 240
© e g10 Calcite wet carbona.on
'tgftig——_—:g—-—————___ , —&— Vaterite wet carbona.on
0« 0 Gike—b—b— —— =" o)
0 500 1000 1500 2000 2500 0 1000 2000 3000 4000 5000 6000 7000
Time (hours) Time (hours)
(a) Semi-dry CO2 carbonation and wet carbonation (b) Semi-dry air carbonation and wet carbonation

Fig. 4 Calcium carbonate polymorph formation during semi-dry carbonation and wet carbonation
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Fig. 5 COz uptake in HCP through two-stage carbonation (Note: subplot enlarged red dashed line area).

The amount of CO, captured by HCP through two stage carbonation is shown in Fig. 5. In the first stage of
carbonation, which involves semi-dry carbonation and exposure to natural air conditions for 250 days, HCP
absorbed 30.2 g of CO; per 100 g of cement. When this process was extended for 12 more days, this amount
increased slightly to 30.4 g per 100 g of cement. During the second stage of carbonation, which involved
wet carbonation for only 120 hours, HCP absorbed a significantly higher amount of CO», reaching up to

38.2 g per 100 g of cement. Similarly, during semi-dry CO. carbonation that lasted for 70 days, HCP
captured 34.7 g of CO; per 100 g of cement. In the second stage of wet carbonation, the amount of CO,
absorbed increased to 38.4 g per 100 g of cement. The results demonstrate that wet carbonation significantly
accelerated the CO, capture process in concrete waste, even if it was previously carbonated to a certain
degree. In the wet carbonation stage, the ongoing decalcification and decomposition of C-S-H and other
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hydrated phases create favorable conditions for the precipitation of calcium carbonate, allowing for the
storage of CO, within the CWF particles.

4. Conclusions

Herein, the CWF underwent carbonation through a two-stage approach, comprising a semi-dry (gas-solid)
carbonation and a wet carbonation process. Based on the experimental outcomes, the following conclusions
can be drawn:

- The carbonation conditions strongly influence the degree of carbonation, and wet carbonation has been
found to significantly accelerate the process, even for CWF that have been previously carbonated up to
60 % using semi-dry methods. In comparison, semi-dry air carbonation progresses at a much slower rate
than semi-dry CO, carbonation under similar humidity conditions.

- During semi-dry CO; carbonation, aragonite is the main precipitated polymorph, which acts as a precursor
for further increases during the subsequent wet carbonation process. In contrast, semi-dry air carbonation
primarily leads to the formation of calcite, which still increases significantly in the wet carbonation stage.

- The rapid decalcification of C-S-H and other hydrated phases during wet carbonation creates favorable
conditions for the precipitation of calcium carbonate and the storage of CO, inside the CWF particles,
leading to an accelerated CO, uptake procedure in a relatively short period of time.

In summary, the results indicate that wet carbonation continuously accelerates the absorption of CO, into

the CWF samples, regardless of whether they were previously exposed to natural air conditions for an

extended period or carbonated in an artificial high CO; concentration environment in semi-dry carbonation.
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ABSTRACT

While it has been reported that the in-situ polymerization of organic polymers during cement hydration can
greatly improve the strength of cementitious composites, the fracture processes and properties have not
been thoroughly documented in the literature. In this work, cementitious composites with in-situ
polymerized sodium acrylate (iPSA) in the dosages of 0%, 4% and 8% were fabricated using a constant
water-to-cement ratio of 0.4. Three-point bending (TPB) test was used to record the load-displacement
curves of notched iPSA-modified cement paste beams. The characteristics of the stress-strain curves were
analyzed to demonstrate the strengthening effect of iPSA on the cement pastes. Digital image correlation
(DIC) technique was employed to characterize the fracture process of the specimens, which allowed us to
track the cracking traces through image analysis. Classic linear elastic fracture mechanical (LEFM) theory
was adopted to quantify the fracture toughness and fracture energy of the iPSA cement pastes. Microscopic
tests were conducted to understand the crosslinked organic-inorganic composite structures in the iPSA
cement matrix. Mechanisms of toughening enhancement of iPSA on cementitious materials were proposed
and discussed. This work would deepen the understanding of fracture behavior of polymer-modified
cementitious composites with high potentials of broad engineering applications.

KEYWORDS: Composites, In-situ polymerization, Fracture, LEFM, Microstructure
1. Introduction

Ordinary cement-based materials (CBM) are universally used in buildings and infrastructures, owing to the
advantages of low cost, ease of fabrication and flexible control on workability. However, low tensile
strength and brittleness of the cement matrix restrain its extensive applications and cause cracking and
durability problems of existing buildings (Scrivener et al. 2018).

Organic-inorganic hybrids can comprehensively complement the superiority of organic and inorganic
phases to improve the properties of composite materials. Organic-inorganic synergistic reinforcement
systems in natural and artificial materials are widely used in different industries (Wang et al. 2020). In the
field of CBM, macromolecular organic polymers are typically incorporated with CBM as admixtures (Peng
et al. 2020). However, this direct addition may lead to an incompatible status between polymer and cement
hydrates, resulting in degradation in the strengths and long-term performance of CBM. To overcome this
problem, in-situ polymerization has been investigated in CBM. This process could guarantee that the
polymerization of organic monomers (e.g. sodium acrylic, acrylamide, etc.) and hydration of cement
clinkers proceed synchronously. In this way, the strength, deformability and anti-permeability of CBM can
be greatly enhanced without sacrificing other properties (Xu et al. 2022, Liang et al. 2022). The mechanical
properties and microscopic characteristics of in-situ polymerization modified cement composites (iPMCCs)
have been reported, but the fracture properties have not been systematically studied. Typically, initial flaws
such as microcracks and voids inevitably exist in cement matrix due to temperature changes and loadings
during or after construction (Zhang et al. 2023). The propagation of these flaws could cause local or total
structural failures. Therefore, it is necessary to study the fracture process and parameters of iPMCCs to
expand the engineering applications of such composites.

In this work, iPMCCs with sodium acrylic (iPSA) were fabricated. DIC technique was employed to monitor
the fracture process of iPSA, and the LEFM theory was applied to calculate and evaluate its fracture
toughness and fracture energy. Scaning electron microscopy (SEM) was used to observe the microscopic
morphology and the reinforced mechanisms of the polymerized SA in iPMCCs.
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2. Materials and methods

2.1 Materials and sample preparation

A Portland cement P-142.5 (identical to ASTM type I) was used as the main binder. Main minerals of the
cement include: 57.34% CsS, 18.90% CsS, 11.25% C4AF and 6.47% C;A. Acrylic acid (AA) particles
were used as monomers in a sodium hydroxide (NaOH) solution. While ammonium persulfate (APS) and
sodium bisulfite (SBS) were used initiators for the in-situ polymerization process. The purity of N, N’-
methylene bisacrylamide (MBA) was 99%. Specimens with sodium acrylic (SA) monomer-to-cement
ratios of 0%, 4% and 8% were fabricated and labeled as MC0O, MC4 and MCS8, respectively (Table 1). A
constant water-to-cement (w/c) ratio was set to 0.4.

Table 1. Mixing proportions of iPSA

Cement (g)  Water (g) AA(g) NaOH (g) APS (g) SBS (g) MBA (g)
MCO 1000 400 0 0 0 0 0
MC4 1000 400 17.0 30.6 1 1 0.04
MC8 1000 400 34.0 61.3 2 2 0.08

NaOH, AA and initiators were blended in water successively until complete dissolves. A cooling bath
environment (around 0 °C) was used to consume heats generated by the chemical reactions. The in-situ
polymerization solution of SA and initiators was prepared, mixed with cement, and stirred to form cement
slurries. These fresh iPSA slurries were cast to attain prismatic specimens (180 mmx40 mmx»40 mm) with
a precast notch of 15 mm in the middle. After curing at room temperature for 24 hours, the specimens were
demoulded and further cured under standard conditions until testing ages. Before mechanical testing, white
and black paints were used to prepare speckles on the middle part (6 cm % 4 cm) of the surfaces of the iPSA
specimens.

2.2 Test methods

Three-point bending (TPB) tests were conducted using Instron hydraulic testing machine. The displacement
contol mode with 0.2 mm/min was used for the bending test. To capture surface images of specimens during
loading, a high-resolution camera was positioned alongside the Instron device. GOM Correlate computer
software was employed to analyze the 2D surface images and extract the information of strain and
deformation of the tested specimens.

A FEI QUANTA FEG 650 scaning electron microscopy (SEM) with the accelerating voltage of 20 keV
and spot size of 4.0 was applied to perform SEM tests. Small iPSA pieces were collected from the damaged
specimens after TPB tests and prepared for SEM observations.

3. Results and discussion

3.1 Fracture process

Fig. 1a demonstrates the loading-displacment curves of all three iPSA groups. From TPB tests, similar
linear rises and sudden falls in the load-displacement curves of all iPSA specimens were observed. Slopes
of the rising stage of curves decreased as the dosage of SA increased, suggesting that the reduced stiffness
of the iPSA specimens was positively correlated with the amount of SA. DIC technology were used to track
the position of a series of feature points in a targeted area to analyze the displacement and strain of the
target area. The middle area of each specimen was selected as the designated DIC analysis region, with
emphasis on a smaller zone located between the pre-notch and the top loading point. Fig. 1b, ¢, and d show
the the change of strain neghogram of all three iPSA groups at different loading times (50%, 80%, 90% and
100% Fmax). When the applied load increased to about 50% Fnax, the strains were small and relatively
uniform in all groups. However, as the applied load increased to about 80% Faxand 90% Fax, differences
started to occurr among the three groups. No strain concentrations ahead of the prenotch tips were observed
in MCO, which may be attributed to the fact that tensile strain of pure cement specimens was too small to
be detected by DIC. As for MC4 and MCS, a gradually enlarged area of strain concentrations occured on
the tip of the prenotch, especially when the load reached 90% Fpmax. These phenomena suggest that the
incorporation of SA can soften the crack tips, and subsquently enhance the deformation capacity and energy
consumption of iPSA. This could also explain the raised peak loads and the corresponding displacements
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compared with MCO (Fig. 1a). Finally, penetrating strain concentration regions extending to the loading
point appeared, indicating that specimens had fractured.
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Fig. 1. Load-Displacement curves of TPB tests (a) and strain nephograms of MCO (b), MC4 (c) and MC8 (d): (1),
(2), (3) and (4) represent different loading times, which are 50%, 80%, 90% and 100% of Fmax, respectively.

3.2 Fracture parameters

The fracture toughness and fracture energy are two important fracture mechanic parameters, which
represent the ability to resist crack propagation and the energy required for crack propagation, respectively.
According to the LEFM, the fracture toughness (Kic) can be cg}gulated as (Xu and Reinhardt, 1998):

X

O, =" /10X %.234x %25

K4 = = 8 X f(a) (1)
__ %.AABC(%BC)(D.9% BEAEC-D.FC34
fa) = (%-DC)(%BC)5/3 @

where F/7u is the maximum loading (KN), s, t, h and m are the span (m), thickness (m), height (m) and
mass (kg) of the specimen within the span, g is the gravitational acceleration (m/sP) and ap is the effective
crack length.

The fracture energy Gr is calculated by:

ST-%/Dx/0UT
Gr="""0 ©)
where W _is the area under load-deflection curve (N-m?), m is the weight of the specimen (kg), d. is the
displacement of failure point and Ao is the area of ligament (m?).

The results of fracture toughness and fracture energy are shown in Fig. 2. Substantial increases of both
parameters were observed when SA was added to the cement pastes. As SA dosage increased from 0% to
4%, and to 8%, fracture toughness increased from 0.25 MPa-m'? to 0.42 MPa-m'? (by 68%, MC4), and
further to 0.53 MPa-m'? (by 112%, MC8). While fracture energy rose from 44 N/m to 118 N/m for MC4
and further to 175 N/m for MC8 (168% and 298%, repsectively, compared with MCO0).The remarkable
enhancement of Kic and Gr may be ascribed to the enhanced interfacial bonds as demonstrated by MD
simulations (Chen et al. 2020). The organic and inorganic phases were interwined and connected
sufficiently to generate cement-polymer interpenetrating networks. These networks possess outstanding
energy-consumption capacity and inhbit crack propagation.

3.3 Micro morphology

Fig. 3 shows the micro morphology of the fractured iPSA surfaces. Local sites in the pastes were

measured to explore the connections of the SA polymer chains with the cement hydrates. For MCS, the SA
chains were found to be distributed randomly in the cement matrix. Furthermore, the cross-linked SA
polymer chains served as links, connecting adjacent cement hydrates, such as CH-CH (Fig. 3a), CH-CSH
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(Fig. 3b) and CSH-CSH (Fig 3c and d). The interpenetrating cement-polymer networks could effectively
transfer loads and disspate energy, thereby suppressing crack propagations and enhancing deformations.

As a result, the anti-fracture property of the polymer-modified cement pastes was systematically improved
(Section 3.2).
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Fig. 2. Calculated Results of fracture toughness (red)
and fracture energy (blue)

4. Conclusions

In this work, the fracture process and parameters (Kic and Gr) of iPSA were investigated. The major
conclusions can be summarized as follows:

1. DIC results revealed that the evolution of surface strain field was recorded at around 80% Fax
forming a strian concetration region ahead of crack tips for MC4 and MCS8. The incorporation of SA can
effectively enhance the energy-dissipation capacity and impede crack propagation by blunting crack tips.

2. According to the LEFM theory, the fracture toughness of iPSA increased by 68% and 112% for
MC4 and MCS, respectively. While the fracture energy witnessed higher increases of around 168% for
MC4 and 298% for MC8. iPSA exhibits a much higher level of crack propagation resistance compared with
MCO.

3. At micro scale, SA polymer chains bridge adjacent cement hydrates, constituting a cement-
polymer interpenetrating network to withstand external loading and improve mechaincal properties.
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ABSTRACT

Copper slag, an industrial by-product, can exhibit cementitious properties when activated with alkaline
activators, and thus can be used to replace part of traditional cement and contribute to the sustainable
development of the copper and cement industries. In the present research, sodium silicate was employed
as an alkaline activator for copper slag. The effect of Na,O equivalent on the dissolution of copper slag
was assessed by varying the concentration of sodium silicate. Further, the hydration and shrinkage
behavior of alkali-activated copper slag was investigated. The results revealed that the hydration process
of alkali-activated copper slag was delayed with the increase of Na,O equivalent. Besides, with the
increased Na,O equivalent, the autogenous shrinkage of alkali-activated copper slag became larger while
dry shrinkage decreased, revealing that the autogenous shrinkage dominated the crack generation.
Backscattered electron image analysis confirmed that extra sodium silicate also aggravated more coarse
pores.

KEYWORDS: Copper slag, Sodium silicate, Shrinkages

1. Introduction

Copper slag (CS) is an industrial by-product of copper metal smelting. the manufacturing of one ton
of copper metal results in the generation of about 2.2 tons of CS (e.g., Gorai and Jana (2003), Shi and
Meyer (2008)). To reduce the storage of CS effectively and minimize the environmental impact caused by
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the heavy metal elements in CS, CS can be employed as a new alkali-activated material precursor (e.g.,
Siakati and Douvalis (2021)). Na»SiO; (SS) solution is superior to NaOH in terms of activating CS (e.g.,
Yan and Sun (2021)). Previous studies revealed that the dosage of the SS affects the performance of
alkali-activated materials (e.g., Melo Neto and Cincotto (2008)). The study aims to explore the hydration
and shrinkage behavior of CS activated by sodium silicate at different Na,O equivalents.

2 Materials and methods

The Blaine-specific surface area of the ground CS was 516 m?/kg. The alkaline activator is an
industrial-grade water glass solution with the modulus (SiO»/Na;O) = 2.2. The activator dosages of 6, 8
and 10 wt.% were prepared (calculated as Na,O equivalent; by weight of CS). For the isothermal
calorimetry and porosity test, the specimens were AACS paste with 0.4 water-to-CS ratios. For the drying
and autogenous shrinkage test, the mixed composition of the copper slag mortars is shown in Table 1.

Table 1 Mixed composition of the copper slag mortars for compressive strength test

Na,O equivalent Sand  Additional water

Group %) W/CS  Copper slag (g) @ @ SS (g)
SS6 6 0.5 450.0 1350.0 114.5 196.4
SS8 8 0.5 450.0 1350.0 77.7 261.8

SS10 10 0.5 450.0 1350.0 40.9 3273

Note: SS: Sodium silicate solution, modulus = 2.2, 29.99 wt.% SiO», 13.75 wt.% NaxO, 56.26 wt.% water; W/CS:
Water-to-copper slag ratio, where water includes the water in the activator and additional water

A multi-channel adiabatic calorimeter (TAMAIr C0O8) with a minimum resolution of 0.1 °C was used
to measure the hydration heat with 70 h of the cementitious material according to GB/T 12959-2008. The
autogenous shrinkage was measured according to the corrugated tube method. The specimens for drying
shrinkage were cast in a mold with the dimensions of 40 x 40 X 160 mm and cured in a sealed condition
(with plastic film) at 20 °C. After curing for 3 days, the specimens were exposed in a room with a
constant temperature of 20 = 3 °C and relative humidity of 50% =+ 5%. The length changes of AACS
specimens were monitored by using a comparator with a measuring accuracy of 0.001 mm and a balance
with an accuracy of 0.01 g, respectively. The coarse porosity of the AACS was determined by
backscattered electron image analysis (BSE-IA) by using scanning electron microscopy (SEM, XL30
Philips).

3 Results and discussion

3.1 Hydration heat monitored by isothermal calorimetry

As shown in Fig.1, the duration of the induction period is prolonged with the increase of Na,O
equivalent. The accelerated peak in SS6 appears around 13 h, followed by SS8 and SS10. Besides, the
magnitude of the accelerated peak follows the order: SS8>SS6>SS10. Fig.1(b) presents the cumulative
heat of AACS during the first 70 h. In the first 20 h of hydration, the cumulative heat decreases with the
increase of Na,O equivalent. But as the reaction continues to 30 h, the cumulative heat of SS10 is the
highest.

The higher Na,O equivalent means more OH" in the SS solution, which promotes the dissolution of
CS and the formation of the reaction products. Thus, the magnitude of the accelerated peak of SS8 is
higher than SS6. However, too much OH" in the solution might hinder further reaction. The faster the
product generated, the slower the OH penetrated deeply, resulting in the accelerated peak of SS&
appearing later than SS6. When the dosage of SS increased to 10 wt.%, the negative impact of the initial
rapid reaction on the later process was more pronounced. Not only the time to the accelerate peak was
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delayed, but also the peak magnitude decreased in SS10. However, the duration of the acceleration and
deceleration stage of SS10 is the longest, leading to the highest cumulative heat after 30 h.
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Fig.1 Heat evolution and cumulative heat of AACS pastes.

3.2 Shrinkage

The internal moisture in mortar is continuously evaporated and lost after hardening, leading to
drying shrinkage. The drying shrinkage of AACS with 6, 8, and 10 wt.% Na,O is represented by the
depicted curves in Fig.2(a). The drying shrinkage of AACS mortars occurred primarily before 14 d and
decreased with the increase of Na,O. This might be due to the least added water contained in SS10 as
shown in Table 1.
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Fig.2 Drying shrinkage (a) and autogenous shrinkage (b) of AACS mortars.

Autogenous shrinkage is the reduction of macroscopic volume occurring without moisture transfer to
the exterior surrounding environment. The autogenous shrinkage of AACS mortars as measured by the
corrugated tube method is depicted in Fig. 2(b). The specimens with the highest Na,O content (SS10)
exhibited the highest autogenous shrinkage, followed by SS8 and SS6. The hydration process reduces
internal relative humidity and capillary negative pressure, which results in autogenous shrinkage. A
higher amount of both Na,O caused a higher reaction degree, leading to larger capillary stress and greater
autogenous shrinkage.

3.3 Porosity

Table 2 displays the porosity of AACS measured by BSE-IA. The porosity of SS6, SS8 and SS10 is
4.08%, 7.07% and 7.37%, respectively. The result demonstrates that adding more Na,O causes a rise in
coarse porosity, revealing that autogenous shrinkage predominated in the development of cracks.

Table 2 Porosity of AACS

Group SS6 SS8 SS10
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Porosity 4.08 7.07 7.37

4. Conclusions

(1) The dosage of sodium silicate solution increases as the increase of Na,O equivalent, delaying the
hydration of AACS paste and lengthening the hydration period, which leads to higher cumulative heat at
70 h.

(2) The drying shrinkage of AACS mortars mainly happened before 14 d and decreased with the
increase of Na,O, whereas the autogenous shrinkage increased by adding more NaO.

(3) The more NayO increases the coarse porosity, revealing that the autogenous shrinkage dominated
the crack generation.
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ABSTRACT

The CO; footprint reduction in conventional Portland cement production constitutes a huge challenge due
to the limited availability of low carbon footprint and economic Supplementary Cementitious Materials
(SCM) supplies to be employed in clinker substitution. A Carbon Capture and Utilization (CCU) approach
based on mineralization by accelerated carbonation of recycled concrete fines (RCF) and ladle furnace (LF)
steel slags derived from industrial and urban alkaline waste currents, appears to be a feasible route to reduce
sectorial carbon footprint and promote new circular building materials. In this document the CO.
sequestration on different conditions is calculated, and the mineralogical transformation is monitored by
spectral tools (Raman, HSI), for process optimization. Through the applied lab scale carbonation processes,
increased reactivity and new pozzolanic phases are generated. Obtained materials are synergistically
employed as SCM in novel cementitious binders, resulting in relevant CO, savings (-27%) and lower
clinker content (<30%) highly circular binders, according to the performed Life Cycle Analysis (LCA).

This research has been developed under NEUCLICEM project, co-funded by IHOBE, the public
environmental management company of the Basque Government (Spain), through the program “Eco-

design, demonstration projects on circular economy and strategic eco-innovation” (2020),
(HEIDELBERG MATERIALS), and VOLBAS.

KEYWORDS: mineralization, alkaline, waste, synergy, SCM
1. Introduction

Ladle furnace (LF) slag, is a by-product of the steel refining process from electrical arc furnace (EAF), that
contains >50% of CaO and MgO oxides, and other major compounds such as Si and Al oxides [1,2]. Rich
in y-C,S, resembles a Portland cement composition, and therefore may have the potential to be used as
SCM, despite its high free-lime content, that may cause undersirable volumetric instability. Recycled
Concrete fines (RCf), mostly landfilled or underused at present, are the inorganic finest fraction (<5mm)
remaining from concrete CDW recycling, which is composed by fine aggregates, hydrated cement paste,
un-hydrated componentes of the original cement, and impurities [3], forming an heterogenous and complex
alkaline nature waste. Cement Industry, by the other hand, seeks for cost-effective pathways to cut (“net-
zero”), their global direct CO, emissions (2.2 GtCO»/yr) by 2050 at latest, where 60% of the industry’s
emissions are ‘process emissions’ caused by decarbonation of limestone [4]. The massive use of alternative
low carbon - high circular SCMs is a priority in the cement industry in their decarbonization roadmap. In
this pathway, Carbon Capture & Ultilization (CCU) approaches through Accelerated Carbonation
Technologies (ACT) applied to such poorly valorised and worlwide major waste currents LF slags and RCf,
showed to be an effective way for their upgrade, enabling CO; capture and reduce the free CaO and MgO,
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while improve their pozzolanic properties and therefore, improving the performance and durability of
binders containing such carbonated type SCMs [5,6]. Operating conditions and the technoeconomical
feasability of the technology at industrial scale of such processes are still being matter of study throught
different approaches. The use of digital tools such as Hyperestpectral (HSI) and Raman may suppose a
breakthrough to increase the ACT efficiency [7,8], enabling in-line traceability wastes and CO, fixation
monitoring, on developing new lower carbon footprint binders with efficiently carbonated RCf and LF slags
as SCM, as in NEUCLICEM'.

2. Experimental program

Material requirements were established targeting the elaboration of normal hardening Hydraulic Road
Binders (HRB) UNE EN 13282-2% | for which carbonated RCf and LF slags are employed as SCM,
substituting partially or totally dosage Pozzolans (P), Limestone (L), and in minor amount of clinker (K).
RCf (<4mm) was obtained from a CDW recycler and LF slags from a steel facility located at Basque
Country, Spain. Hardened HA25 concrete and a CEMI 52,5R cement pastes were prepared as references.
Wastes were dried (105°C, 24h) and stored removing the air to avoid pre-carbonation. Samples adequation
consisted on impurities retirement (metals, bricks, ceramic, glass, plastics, wood, etc.) and sieving (<4mm,

<125pm, <90um, and <63um). Samples humidity %, main oxides and trace elements (XRF), mineralogy
(XRD Rietveld, SEM), free CaO and MgO, sulphates (SO3), chlorides (CI’), reactive CaO and SiO, total
organic materia (TOC), FTIR-ATR, puzolanicity and activiy index, was measured. CO2 capture was
evaluated by measuring the carbonates content (calcimetry Bernard — Eq. 1 to 3), and through the analysis
of the CO2 bound in carbonates retrieved from thermal gravimetry (TGA/DSC Mettler Toledo device,
30/900 °C, 10°C/min), and comparing with the Steinour’s formula [9] for the theoretical CO2 uptake.
Characterization by HSI and Raman technologies were also applied, gathering samples spectral signatures.

5 o2 final (%)=C0, initial (%)
— o
CO, uptake (%) = m

x 100 Equation 1
[0

100-C0,

€O, uptake (%

8Ca0 (W) = -

— X 100 Equation 2
itial (%)—CO; initial (%) x MWCa0 /MWCO;

€O, uptake (%) x
ww o,

§ (%) = x 100 Equation 3

¥ Mk initial (%)/MWMk~COy initial (%)/MWCO,

Phase 1. Direct gas/solid mineralization through carbonation was developed in 2 phases by a 5L capacity
static lab reactor equiped with temperature and pressure controlers. 18 carbonation protocols (<0,5kg/batch)
were executed. Variables as solid humidity (5-24%), grain size (<63pm-4mm), pressure (1-5 atm),
temperature (20-80°C), and residence time (1h-4h) were studied. All the protocols used a 100% conc. CO;
commercial dry flux. Induced mineralogical transformation was followed up by a total of 61 subsamples
collection (t=0h, t=0,5h, t=1h, t=1,5h, t=4h) for their cha racterization. Phase 2 developed 2 optimized
protocols (3,3kg / batch) to be valorized in the HRB mixtures. The spectral survey employed 2 lineal HSI
cameras (Jai VIOE, sisuCHEMA) operating at 400-2500nn wavelenght, and a portable Raman device
(Figure 1). Both cameras produced a dataset pre-processed for spectral data filtering, enhancing and end-
visualization. Well-known reference materials spectra were employed for comparison and set up.

Phase 2 carbonated materials were validated and after a preparation (drying and grinding), up to 8 different
HRB blends (a/c = 0,3) were produced (Figure 4): 1 HRB E3 similar to a commercial product (50% K), 1
HRB E2 based on a reference poor in clinker (29% K), and 6 HRB based on the E2 reference, and partial
and total susbtitutions of L and P by carbonated RCf and LF slags; additionally, a recycled ceramic waste
fine (non carbonated) was employed. Substitutions with carbonated LF slags and RCf achieved up to 10%
and 12% respectively of total of the blend, and up to 17% with the ceramic waste. L was substitued by both
carbonated LF slag and RCf, an P by the ceramic waste. DOS-6 was (Figure 2) the most synergistic dossage
consisting in a combination of carbonated RCf and LF slags, substituting the 100% of L, a 40% of the initial
P, with only 26% of K. Mortars fresh characteristics workability and consistence (UNE-EN 1015-3), setting
times (UNE-EN 196-3), were measured, and hardened especimens (40x40x16mm) were cured up to 56d,

! NEUCLICEM Eco-innovation towards climatic neutrality in the Cement industry by digitized CO2 capture
processes applied to massive alkaline waste currents. https://www.cementosrezola.es/es/neuclicem.

2 Hydraulic road binders - Part 2: Normal hardening hydraulic road binders - Composition, specifications and
conformity criteria.
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for which mechanical performance (compresion and flexure) and durability was assesed and compared with
the reference HRBs. Finally, a Life Cycle Assessment (LCA) (ISO 14040-14044:2006) was elaborated.

RCf- Calcimetry % vs. pozzolanity

HSI Raman Spectral signal by Raman Calcimetry vs pozzolanity in RCf
Figure 1. Carbonated samples characterization by HSI and Raman and pozzolanity assessment vs. Carbonation degree.

Comp ounds (%) ‘Workability Initial w/c

HRB K TRCr | LF* | Other (mm) setting time
Ref. HRBE 3 50,4 | 0,0 0,0 49.6 190.0 3h 47min 0.247
Ref HRBE2 |292 | 0,0 0,0 70.8 179.5 5Sh 56min 0.302
DOSAGE 1 292 0,0 0,0 70.8 179.7 4h 00min 0.290
DOSAGE 2 29,2 1 10,0 | 0,0 60.8 162.5 3h 56min 0.320
DOSAGE 3 292 | 0,0 10,0 | 60.8 164.0 5h 59min 0.320
; DOSAGE 4 29,2 1 10,0 | 0,0 60.8 167.1 3h 40min 0.326
DOSAGE 5 29,2 0,0 [10,0] 60.8 161.0 4h 30min 0310
.. = | ! DOSAGE 6| 26,7 ] 12,0 [ 10,0| 513 109.5 4h49min_| 0316
Figure 2. DOSAGE 6 mortar elaboration detail. Figure 3. Mortar dosages and fresh characteristics.

3. Results and discussion

Calcimetry and TGA/DSC analisies revealed that cement paste CEM I 52,5 R captured most CO, (166g
CO; eq./kg), then the LF slags (117g CO: eq./kg), and in minor amounts the RCf (50g eq. CO, / kg), and
HAZ25 concrete (29g CO; eq./kg). Optimal carbonation conditions for RCf appeared to be in the order of
10% solid humidity, 15% for LF slags, with acceptable efficieny of capture at latm and 20°C. Nearly 100%
of the CO, capture occurred before 0,5h, by a fast an exothermic reaction, rising 40°C reactor air
temperature. XRD study revealed that free CaO, MgO and Portlandite Ca(OH), is fast transformed, and
also C,S phases partially carbonated, yielding new carbonates (CaCOj3;, Ca,MgCOs3). This mineralogical
transformation is seen by FTIR-ATR, noticing increased peaks at 1408cm™ CaCOs, and 700cm™ peak
displacing to 900cm™ associated with Si-O bonds, product of C>S decalcification and potential silica
polimerization that may benefit the creation of new silica rich gels. Accelerated puzolanity tests
demonstrated materials activity increase (x2,5 times) at 28d, as a consequence of the carbonation.
Additionally, the HSI camera NIR-SWIR (1000-2500 nm) signal observation permitted to follow the
Portlandite Ca(OH); transformation on to new CaCOs, through the study of the peaks around 1420nm and
1900-2000nm. RAMAN was useful too in monitoring new calcita peaks around 1083 ¢m™! wavelength.

HRB specimens test showed that all the mixes with carbonated SCM had increased hardening times than
ref., a lower mechanical performance than the commercial HRB E3 reference (50% K), but similar or better
mechanical performance than the low-clinker reference HRB E2 (29% K) (Figure 4), used as the base for
the new HRB dosages with carbonated SCM. The biggest mechanical gains (+10MPa) over ref. HRB E2
were obtained for specimens containing up to 10% of carbonated LF slags (DOS-3, DOS-5), where limited
gains (+1MPa) were obtained with the carbonated RCf. The mechanical gain increases continuously
through time, streching the performance gap for LF bearing HRB, achieving up to +10Mpa in compressive
rand +2Mpa in flexure resistances at 28d. DOS-6 achieved identical performance than HRB E2 reference.
Life Cycle Analyisis (LCA) determined that although DOS-3 and DOS-5 showed outstanding mechanical
performances in comparisson to HRB E2, the major CO, footprint reduction was obtained by DOS-6 (350g
eq. CO: / kg), for which CO, footprint reduction was 9,3% lower than HRB E2 (386g eq. CO, / kg), and -
27,0% than commercial HRB E3 (477g eq. CO; /kg). In addition, the reduction on the virgin raw material
consumption was lowered by -270kg/t. DOS-6 was considered thus, the most balanced HRB dosage
considering both overall environmental footprint reduction, and optimal mechanical performance.
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Figure 4. Compressive and Flexural strengths of the NEUCLICEM HRB specimens.

4. Conclusions

ACT applied of concrete fines (RCF) and ladle furnace (LF) steel was proven to be successful in the target
of capturing and fixing CO, (up to 166g eq.CO./kg) by gas/solid fast lab reactions (<0,5h). It was
demonstrated that pozzolan activity increases (x2.5) as carbonation degree increases. HSI and Raman study
showed that novel mineral phases can be monitored and that can constitute valuable tools to optimize future
industrial scale processes, reducing residence times and mineral driven transformation. Additionally,
carbonated RCF and LF wastes used as SMC in HRB binders showed to be beneficial to obtain mechanical
performance gains resulting in lower environmental footprint (-27% CO,, -270kg/t of VRM) than a
commercial HRB.
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ABSTRACT

Improving concrete's macro performance and durability is conducive to energy saving and emission
reduction and is in line with the green and sustainable development concept. We innovatively proposed an
effective method using dispersed CNTs to pre-saturated sand resulting in the dispersed CNTs distributed in
the ITZ. We compared the methods of adding dispersed CNTs and dispersed CNTs pre-saturated sand. We
also explored the macro performance, hydration process, and microstructure of low-carbon sulfoaluminate
cement-based concrete through experiments and MD (molecular dynamics) simulations. The 28d
compressive strength of CS2 (adding dispersed CNTs pre-saturated sand) compared with CO (without
adding CNTs) and C2 (adding dispersed CNTs) improved by 27.8% and 10.1%, respectively, while the 28d
flexural strength enhanced by 16.7% and 6.3%, respectively. The primary mechanism is attributed to the
adsorption and nucleation effect of CNTs; the CNTs promoted the generation of more AFt (ettringite) and
AHj; (gibbsite), which improved the hydration degree. MD simulation also verified this mechanism, which
modeled the change of Ca*" mobility under the influence of CNTs addition. Ca*" has a greater density
distribution closer to the substrate under the effect of CNTs addition, indicating that substrate with CNTs
addition has a stronger force on Ca®". The stronger binding force between Ca*" and substrate with the CNTs
addition leads to a decrease in the density of Ca*" in solution, which promotes further hydrolysis of the
cement to release more Ca?' for charge balance. The CNTs dispersed at the ITZ have a seeding effect; AFt
and AH; are generated around the CNTs, which reduces the width of the ITZ, dramatically promotes the
combination of CNTs and the ITZ, and effectively improves the microscopic structure of the ITZ.

KEYWORDS: Carbon nanotubes, Sulfoaluminate cement, Low-carbon, Hydration, MD simulation
1. Introduction

As we all know, the ITZ (interfacial transition zone) is the concrete matrix's weakest area. The thickness of
ITZ is usually 5 pm to 100 um, accounting for about 25% of the total volume of the matrix, as presented in
Lu et al (2022). ITZ enhancement is significant for concrete performance. Chang et al. ground the cement
and then mixed it with sand and water. Chang et al (2020) found the ground cement would pre-encapsulate
the sand and be mixed with the unground cement, which could effectively improve ITZ. This research
inspired our work to propose a new idea of nano-engineering to improve cement-based composites. We
first used surfactant, superplasticizer, and ultrasonic to disperse CNTs and formed a CNTs dispersion; then,
we poured sand into the carbon nanotube dispersion leading to the sand pre-saturate by the CNTs dispersion,
and we mixed the sand with silica fume. The CNTs wrapped on the sand surface can directly improve the
ITZ and enhance macro performance. The unique material ratio of RPC can further disperse CNTs, and
silica fume can disperse CNTs through mechanical and chemical methods to form dense interfaces. Sand
has a shearing effect on carbon nanotubes.We prepared low-carbon reactive powder concrete through two
aspects of improvements. One is to use SAC (sulfoaluminate cement), a low-carbon cement with good
durability. On the other hand, a new method for CNTs dispersion is proposed to maximize the advantageous
properties of CNTs. We qualitatively and quantitatively characterized the changes of hydration products
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before and after CNT modification and the evolution of the microstructure of ITZ through experiments. We
simulated the interaction of CNTs on sulfoaluminate cement hydration at the nano-level and revealed the
mechanism of CNTs addition on SAC hydration. This study achieved effective dispersion of CNTs through
nano-engineering, which effectively improved macro performance and durability of reactive powder
concrete and provided a new idea for nanomaterials to enhance cement-based composites.

2. Experiment and molecular dynamics sumulation
2.1 Materials and experiment process

SAC is provided by Tangshan Polar Bear Co., Ltd. SF (Silica fume) is from Elkem Materials Co., Ltd. A
polycarboxylate superplasticizer with a reduction rate of about 30% is prepared. The particle size of the
sand is 0.12mm-0.83mm and Shenzhen Nano port Co., Ltd produced the CNTs. The experiment process is
shown in Fig.1. We named samples without adding CNTs as the CO group. The samples without pre-
saturated sand but with 0.05 wt% and 0.08 wt% CNTs addition were named C1 and C2 groups. The samples
with pre-saturated sand and the addition of 0.05 wt%, 0.08 wt%, and 0.12 wt% CNTs were named CS1,
CS2, and CS3 groups. Gum arabic powder (GA) as a dlspersant of CNTs.

Step 3 Add the quartz sand to I Step 4 Add the SF, SAC,
the solution and ultrasonically |
treated it again,
SAC
Step 1 Mix the water, “
CNTs, and SP. v
\

Step 2 Ultrasonically

Quartz Sand
treated it for 3 mins. il
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i ‘ 3
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Step 4 Add the quartz sand.

Fig.1. The preparation process of RPC samples.
2.2 Test methods

The Tam air, XRD, and TG were used to analyse the hydraion products. The appropriate vacuum layer was

added, as shown in Fig.2.
T T ¢
.- oo X
&
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Fig.2. Atomic models of CaSOs solution transport in the AFt with/without CNTs addition.
3. Results and discussion

The 1d and 28d flexural strengths of the CO group are 6.4MPa and 10.2MPa, respectively. For groups C1
and C2, the flexural strengths at 1d and 28d were 15.6%, 6.9%, 17.2%, and 9.8% higher than those of C0.
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Adding CNTs can enhance the concrete's compressive strength, which is the same as the conclusions of
other research, including Jung et al (2020). For the CS1 group, the 1d and 28d flexural strength increased
by 21.8% and 11.8% than that of CO0, respectively, and the flexural strength at 1d and 28d of CS2 and CS3
groups were 28.1%, 16.7%, and 20.3%, 12.7% higher than CO0, respectively. Similarly, the 28d compressive
strengths of C1, C2, CS1, CS2, and CS3 increased by 7.2%, 16.1%,20.3%, 27.8%, and 23.9%, respectively
than CO group. Interestingly, the strategy of dispersed CNTs pre-saturated sand can significantly improve
the matrix's flexural strength, proving the feasibility of enhancing the matrix through nano-engineering.
The improvement of the macro performance is attributed to the nucleation and adsorption effect of CNTs,
which promoted the dissolution of ions, accelerated hydration, provided reaction sites for the formation of

AFt and AHs.
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Fig.3. Mechanical properties of RPC.
As shown in Fig.4 and Fig.5, the primary mechanism is attributed to the adsorption and nucleation effect
of CNTs; the CNTs promoted the generation of more AFt (ettringite) and AH; (gibbsite), which improved
the hydration degree. MD simulation also verified this mechanism, which modeled the change of Ca*'
mobility under the influence of CNTs addition. Ca®" has a greater density distribution closer to the substrate
under the effect of CNTs addition, indicating that substrate with CNTs addition has a stronger force on
Ca?", The stronger binding force between Ca®" and substrate with the CNTs addition leads to a decrease in
the density of Ca®" in solution, which promotes further hydrolysis of the cement to release more Ca®" for
charge balance.
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3. Conclusions

1. The 28d compressive strength of CS2 (dispersed CNTs pre-saturated sand) compared with CO (the
control group without adding CNTs) and C2 (dispersed CNTs) increased by 27.8% and 10.1%, respectively,
and the flexural strength increased by 16.7 % and 6.3%, respectively. The method of dispersed CNTs pre-
saturated sand by nano-engineering has a better enhancement efficiency on the mechanical property than
previous studies.

2. The absorption of Ca*" by CNTs leads to further hydrolysis of cement and promotes further hydration of
the matrix. Ca®" has a greater density distribution closer to the substrate under the effect of CNTs addition,
indicating that substrate with CNTs addition has a stronger force on Ca**. The stronger binding force
between Ca** and substrate with the CNTs addition results in a decrease in the density of Ca?* in solution,
which promotes further hydrolysis of the cement to release more Ca?* for charge balance.
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ABSTRACT

The present study investigated the recovery of brucite from reject brine using different precipitating agents
(ethanolamine, ammonium hydroxide, calcium oxide, and sodium hydroxide) and differences in their
mechanical properties due to direct carbonation. The strength development was studied using compacted
pellets of brucite powders synthesized using different precipitating agents and subjected to carbonation
under 20% CO; and 80% RH at 30 °C conditions. Brucite powders synthesized using different precipitating
agents showed differences in their micro-structural properties, affecting the type and amount of binding
hydrated magnesium carbonate (HMC) phases and compressive strength. The compressive strength of the
carbonated pellets was found to be in the range of 19-33 MPa for different brucite powders suitable for
non-structural applications. Data from thermogravimetry (TG) and X-ray diffraction (XRD) measurements
revealed that different types and amounts of HMC phases could be formed in brucite powders synthesized
using different precipitating agents, which could lead to the observed difference in their compressive
strength. The results from this study are significant to better optimize the compressive strength of brucite
recovered from reject brine.

KEYWORDS: Reject brine, precipitating agent, accelerated carbonation, compressive strength,
sustainable construction materials

1. Introduction

Widespread consumption of ordinary Portland cement as a primary ingredient of concrete accounts for
~7.4% of global anthropogenic CO; emissions leading to aggravation of global warming and climate change
(Hay and Celik, (2020), Sanjuan et al. (2020a)). Adoption of CO, capture, utilization, and storage
technologies (CCUS) is essential for the construction sector to mitigate these adverse impacts (Sanjuan et
al. (2020b)). Therefore, research efforts are directed toward the development of alternative construction
materials with CO, uptake/sequestration capabilities. Reactive magnesium oxide (MgO) cement (RMC)
has attracted significant attention as a low-carbon material due to its ability to gain strength through
permanent CO; sequestration (Dung et al. (2019)). It has been recently demonstrated that CO; emissions of
Mg-based cements could be further reduced by direct utilization of brucite (Mg(OH),) as a construction
material (Shahbaz et al. (2022)). A recent study demonstrated that brucite could be recovered from the
reject brine of the desalination process using a cost and energy-efficient precipitation process (Singh et al.
(2022)). Direct carbonation of compacted brucite pellets could result in the formation of carbonate phases
leading to rapid strength gain appropriate for non-structural applications. The factors leading to a rapid
strength development of brucite under carbonation could include nanosized particles and high surface area.
Different precipitating agents could lead to a difference in the overall particle size and surface area of
synthesized brucite powders due to a difference in their solubility in the water (Dong et al. (2018)).
Moreover, a change in the precipitating agent is also expected to affect the formation of secondary phases
and the overall purity of the synthesized brucite. The change in physical and chemical properties of brucite
will inevitably influence the formed carbonation phases and strength development; however, the
mechanism is yet to be understood. In the present study, brucite powders were synthesized using four
different precipitating agents (i) ethanolamine (C;H7NO), (ii) ammonium hydroxide (NH4sOH), (iii) calcium
oxide (CaO), and sodium hydroxide (NaOH) and their microstructural properties were investigated.
Compacted pellets prepared using the brucite powders synthesized by different precipitating agents were
carbonated under 20% CO- 80% RH at 30 °C carbonation curing to compare their compressive strength.
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Physio-chemical characterizations were carried out on the carbonated powders to explain the observed
compressive strength. Important results have been presented in the paper.

2. Methodology

Brucite powders in this study were synthesized using a previously reported procedure (Singh et al. (2022)).
Reject brine from a multi-effect distillation (MED) process was acquired from Total Tractebel Emirates
O&M, Al Taweelah A1 Power & Desalination Plant, Abu Dhabi, UAE, and used after filtration with
Whatman filter papers (grade 2). In summary, different amounts of precipitating agents (8185 mg C,H7NO,
4258 mg NHj3 containing NH4OH solution, 1180 mg CaO, and 2000 mg NaOH) were added to the 250 ml
brine with 2000 rpm stirring at room temperature (Singh et al. (2022), Shahbaz et al. (2022)). Solid phase
precipitating agents (CaO, NaOH) were first dissolved in 50 ml reject brine. This solution was then
promptly added to the rest of the 200 ml brine. Liquid phase precipitating agents (C.H7;NO, NH4OH) were
added directly to the reject brine. The reaction was kept on stirring for 4 hrs. The powders were separated
and washed with 330 ml of deionized water using centrifugation to remove reaction by-products. White
precipitates after the washing were dried in an oven for 12 h at 100 °C. Oven-dried precipitates were
manually ground to obtain the brucite powders.

Compacted cylindrical pellets (10 mm diameter) of brucite powders were prepared using a compression die
for carbonation and investigation of compression strength. To prepare the pellets, water and brucite were
mixed in 0.6 w/b (water to binder ratio), and 1200 mg of wet powders were used in each pellet. The average
length of the compacted pellets was 9.97 mm, 11.65 mm, 10.90 mm, and 10.15 mm for brucite powders
synthesized using C;H7NO, NH4OH, CaO, and NaOH, respectively. The powders were compressed under
2.5 MPa pressure with a 0.5 mm/min loading rate using a 5 kN Universal Testing Machine (UTM). Then,
the brucite pellets were cured under 20% CO, and 80% RH at 30 °C conditions for 7 days. The X-ray
diffraction (XRD) patterns were collected using a PANalytical Empyrean diffractometer. The scanning
electron microscopy (SEM) images were obtained using a field—emission microscope Quanta FEG 450.
Thermogravimetry and differential thermogravimetry (TG-DTG) measurements were performed using
NETZSCH TG 209F1 Libra Thermal Analyzer. The BET-specific surface area (SSA) of the brucite
powders was measured using a 3Flex surface characterization analyzer (Micromeritics).

3. Results and discussion

The XRD patterns and SEM images of the synthesized brucite powders are given in Fig. 1. XRD patterns
in Fig. 1(1) confirmed that brucite could be successfully synthesized from the reject brine via all the
precipitating agents used in the study, i.e., C;H;NO, NH4OH, CaO, and NaOH. Molar contents of the
precipitating agents used in the reactions were chosen accordingly to maximize the recovery of the brucite
powders. The formation of CaCOs phases could also be seen in the XRD patterns. Aragonite was the
dominating CaCO; phase in brucite synthesized using C;H;NO and NH4OH, whereas calcite formation was
favored in the brucite powders synthesized using NaOH and CaO. The formation of aragonite could be
favored with the utilization of C;H7NO and NH4OH as the lower pH and the presence of Mg®" ions in brine
inhibits calcite precipitation (Dong et al. (2018)).

SEM images of the brucite powders in Fig. 1(ii) indicated a flake-like morphology of the brucite powders
synthesized from different precipitating agents with dimensions in the range of 40-150 nm. Brucite powders
synthesized using NaOH were hexagonal in shape, whereas powders from other precipitating agents
showed an irregularly shaped morphology. SEM images also exhibited a difference in the aggregation of
the individual flakes and their thickness for brucite precipitated from different precipitating agents. Brucite
precipitated using NaOH showed the lowest aggregation and highest thickness of the flakes. The
morphological differences also led to a difference in the SSA of the brucite powders. The BET SSA of the
brucite powders measured from N, adsorption-desorption was ~67 m?/g, ~58 m?/g, ~56 m?/g, and ~40 m*/g
synthesized using C;H7;NO, NH4OH, CaO, and NaOH, respectively.
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Fig. 1: (i) XRD patterns of the synthesized brucite powders using different precipitating agents, and (ii) SEM
images of the synthesized brucite powders using (a) C:H7NO, (b) NH4OH, (c¢) CaO, and (d) NaOH.

Fig. 2 shows the compressive strength of the brucite pellets subjected to carbonation curing under 20% CO,
80% RH at 30 °C for 7 days. Carbonated brucite pellets exhibited compressive strength in the ~19-33 MPa
range after 7 days of carbonation curing, where brucite synthesized using ethanolamine gained maximum
strength (~33 MPa) followed by NaOH (~31 MPa), and CaO (~ 29 MPa) (Singh et al. (2022)). However,
the compressive strength of brucite pellets from NH4OH powders was lower at ~19 MPa. It is observed that
the overall compaction (final length) of the brucite pellets could also impact the strength of the pellets,
which could be caused by a difference in their surface area and the wettability of the synthesized powders.
Therefore, compacted pellets of brucite from NHsOH (with maximum length) showed a lower strength,
possibly caused by an increased distance between the brucite particles/grains compared to other pellets. In

addition, factors such as particle size and overall purity would also contribute to the observed variation in
the strength of brucite pellets.
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Fig. 2: Compressive strength of the compacted brucite pellets carbonated for 7 days under 20% CO:z 80% RH
at 30 °C carbonation curing

The XRD patterns and SEM images of the carbonated brucite powders synthesized using different
precipitating agents are given in Fig. 3 (i, i1). The XRD patterns confirmed the formation of nesquehonite
as a primary carbonation phase in the carbonated brucite powders synthesized using C;H;NO, NH4OH, and
NaOH. The formation of nesquehonite is not observed, as seen in the XRD patterns of the carbonated
brucite powders synthesized using CaO. The formation of nesquehonite as a high-density carbonation phase
could be responsible for the increase in the strength of the compacted pellets of brucite synthesized using
NaOH and C,H7NO. However, as discussed earlier, the lower compaction in brucite synthesized from
NH4OH led to a lower density and associated strength, even in the presence of the nesquehonite phase. The
XRD data also indicated the difference in the type (crystalline and amorphous) and amount of formed HMC

phases could affect the compressive strength of the compacted brucite synthesized using different
precipitating agents.
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Fig. 3: (i) XRD patterns of the brucite pellets synthesized using different precipitating agents and carbonated
for 7 days under 20% CO: 80% RH at 30 °C carbonation curing, and (ii) SEM images of the carbonated
brucite powders synthesized using (a) C:H7NO, (b) NH4OH, (c¢) CaO, (d) NaOH

SEM images in Fig. 3(ii) showed the formation of rod-shaped morphologies in carbonated brucite powders
synthesized using C;H7NO, NH4OH, and NaOH, which could be attributed to the nesquehonite HMC phase.
However, SEM micrographs of carbonated brucite powders from CaO depict the formation of
interconnected networks of brucite particles which could be attributed to the formation of amorphous HMC
phases (Singh et al. (2022)). TG-DTD data of the synthesized and carbonated powders obtained from
grounded pellets is given in Fig. 4(a,b). DTG plots in Fig. 4(b) exhibited a clear increase in the dehydration
contribution from the carbonated powders compared to synthesized powders in Fig. 4(a), indicating the
formation of HMC phases. A difference in the temperature of dehydration contribution from carbonated
brucite from CaO (~100 °C) with other powders (~150 °C) confirmed the presence of different HMC
phases. A reduction in the dehydroxylation contributions from brucite and the appearance of new
contributions above 410 °C also confirmed the formation of new HMC phases within brucite pellets (Singh
et al. (2022)). In addition, the formation of nesquehonite in carbonated brucite synthesized from C;H7NO,
NH4OH, and NaOH was reflected in higher differential weight loss above 410 °C and lower weight loss at

~400 °C indicating higher conversion of brucite to HMC phase compared to brucite synthesized from CaO.
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Fig. 4: TG-DTG plots of the carbonated brucite powders (a) synthesized and (b) and carbonated for 7 days
under 20% CO2 80% RH at 30 °C carbonation curing

4. Conclusions

This paper investigated the strength development in compacted pellets of brucite powders synthesized from
reject brine using different precipitating agents and carbonated under 20% CO, 80% RH at 30 °C
conditions. Brucite powders synthesized using different precipitating agents showed differences in
composition, morphology, and surface area. It was revealed that compacted pellets of brucite synthesized
using different precipitating agents achieved compressive strength in the range of 19-33 MPa. The variation
in their strength could arise due to a combination of factors such as differences in the surface area, particle
size, purity of brucite powders, and type and amount of formed HMC phases.
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ABSTRACT

As a potentially sustainable alternative to ordinary Portland cement (OPC), reactive magnesium oxide
cement (RMC) is capable of sequestering carbon dioxide (CO,) permanently through carbonation.
However, the limited hydration and carbonation in RMC-only formulations have greatly compromised the
CO, absorption, hence, the mechanical performance of RMC-based composites. In this study, RMC is
replaced with cenospheres at 30%, and the carbonation, thermal properties, and composition weight are
investigated and compared with the reference matrix with no cenosphere replacement. The study reveals
that a significant enhancement of carbonation is achieved by replacing 30% of RMC with cenospheres in
the formulation, accompanied by improved thermal insulation and lightweight property at 7 days. With
the incorporation of cenospheres in RMC-based composites, the CO, sequestration potential of RMC can
be greatly increased.

KEYWORDS: reactive magnesium oxide cement,; cenosphere; carbonation enhancement, CO;
sequestration, multifunctional construction material

1. Introduction

Reactive magnesium oxide cement (RMC) is considered a sustainable alternative to ordinary Portland
cement (OPC) due to its lower calcination temperature during its production (700-1000 °C vs. 1450 °C)
(Walling and Provis (2016)) and its capability to develop strength by sequestrating CO, (Unluer and Al-
Tabbaa (2013), Dung et al. (2019), Hay et al. (2023)). It can also be synthesized from seawater or waster
brine obtained from desalination plants (Shahbaz et al. (2022)). After mixing with water, RMC will be
converted to brucite (Mg(OH),), which then reacts with dissolute CO, to form hydrated magnesium
carbonates (HMCs). The carbonation phases provide binding ability by establishing an interconnected
network (Vandeperre and Al-Tabbaa (2007), Dung and Unluer (2017)) and lead to the reduction in
porosity (Dung et al. (2019)). However, the initial hydration and carbonation reactions will form brucite
and HMCs layers, which inhibit the further diffusion of CO; in the RMC matrix (Dung et al. (2019),). It
significantly limits the conversion of MgO to HMCs, which has a negative impact on the microstructural
development and mechanical performance of RMC samples. Additives such as hydrated magnesium
carbonates (Unluer and Al-Tabbaa (2013)), calcined limestone (Hay and Celik (2022)) and CaCOs
polymorphs (Hay et al. 2023) were demonstrated to enhance the carbonation of RMC-based composites at
different levels.

Cenospheres, derived from fly ash which is the residue of the burning process at coal-fired power plants,
are hollow spherical particles with stiff shells comprised mostly of silica and alumina (Rheinheimer et al.
(2017)). Cenospheres have particle sizes of up to several hundred microns (Hanif et al. (2017)). Due to
their hollow interior, cenospheres are ideal for producing ultra-lightweight cement with low thermal
conductivity (Blanco et al. (2000)). Previous studies have incorporated fly ash into RMC-based
composites as a filler (Vandeperre and Al-Tabbaa (2007), Unluer and Al-Tabbaa (2013)). However,
limited investigation has been done on the influence of cenospheres on the hydration, carbonation,
thermal properties, and composition weight of RMC-based composites. In this study, the influence of
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cenospheres on density, compressive strength, thermal conductivity, and hydration and carbonation
products of RMC-based composites was systematically investigated. This study provides useful
information for developing lightweight thermal insulation RMC-based composites for their use in
construction.

2. Materials and methods
2.1 Materials and mixture design

The RMC supplied by Richard Baker Harrison (UK) and LS300 cenosphere purchased from Cenostar
(USA) were used in this study. Their oxide compositions analyzed by X-ray fluorescence (XRF), along
with the physical properties, are given in Table 1. Magnesium acetate solution at a concentration of 0.1 M
was used as the hydration agent (HA) to enhance the hydration of RMC. Two RMC-based composites
with 0 and 30 wt.% of RMC replaced by cenospheres were investigated. The mixes were designated as
MI100CO0 and M70C30, respectively. The magnesium acetate solution to solid weight ratio was
maintained at 0.6.

Table 1 Oxide compositions and physical properties of RMC and cenosphere

Oxide compositions Physical properties
SiO2 ALOs Fe:0O3 CaO MgO SO; Na;O KoO  TiO2 P20s Specific gravity (g/cm?®)
RMC 142 055 098 271 93.80 0.16 - 0.05 0.01 0.14 3.02
Cenosphere 56.22 33.24 299 1.57 - 036 290 1.13 1.19 0.13 0.85~0.95

2.3 Methods

Compression tests were conducted to examine the mechanical behavior of composites with or without
cenosphere replacement. The cast samples for all composites were produced using cylindrical molds of
25 mm x 25 mm. The cast samples were stored in a sealed box at room temperature (22 + 2°C) and with
a relative humidity of 99% for 3 days to ensure adequate hydration. Then, all samples were transferred
into a chamber with an environment of 20% CO, and 80% RH at 30 °C to accelerate the carbonation. The
compressive strengths of all samples were evaluated after 7 days of exposure to the accelerated
carbonation. The density of samples was measured using a helium-based pycnometer (AccuPy II,
Micromeritics, USA). The thermal conductivities of the cylindrical samples were measured using a Hot
Disk TPS 500 S thermal analyzer (Thermtest, Sweden). Identification of hydration and carbonation
phases within samples was performed by X-ray diffraction (XRD) and thermal gravimetric analysis
(TGA). XRD patterns were recorded on a PANalytical Empyrean spectrometer using Cu Ka radiation
source (40 kV, 40 mA) with a scanning rate of 0.02 ° 26/step from 5 to 55 ° 20. A data collection time of
200s per step was adopted. TGA was conducted on a Netzsch TG 209 F1 thermogravimetric analyzer
from 25 °C to 1000 °C with a heating rate of 10 °C/min under nitrogen flow at a flow rate of 100 ml/min.

3. Results and discussion
3.1 Compressive strength, density, and thermal conductivity

The measured properties for M100CO and M70C30 samples are presented in Table 2. The M100CO
samples achieved an average compressive strength of 29.8 MPa after 7-day accelerated carbonation. For
M70C30 samples, the compressive strength decreased to 22.7 MPa, which was 24% less than the ones
with M100C0. The average density of the M100C0 and M70C30 samples was 2.18 g/cm® and 1.76 g/cm’,
respectively. The density was reduced by 19% for M70C30 samples mainly because of the hollow and
lightweight nature of the cenospheres. The specific compressive strength of RMC-based samples only
reduced by 6% from 13.7 kN-m/kg to 12.9 kN-m/kg with the addition of cenospheres. Besides, the
thermal conductivity reduced significantly from 1.536 W/mK to 0.602 W/mK, which was 61%, with the
incorporation of only 30 wt.% cenospheres due to their hollow nature creating an insulating effect. The
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results demonstrated that incorporating cenospheres in the RMC paste provided reduced structural weight
and thermal conductivity without compromising the mechanical properties significantly.

Table 2 Properties of M100C0 and M70C30 samples carbonated for 7 days

Property M100C0 M70C30
Density (g/cm3) 2.18+0.03 1.76 = 0.04
Compressive strength (MPa) 29.8+1.0 22.7+£0.2
Specific compressive strength (kN-m/kg) 13.7 12.9
Thermal conductivity (W/mK) 1.536 £ 0.053 | 0.602 £ 0.056

3.2 Hydration and carbonation phases

Fig.1 (a) presents the XRD results of M100C0O and M70C30 samples with a 7-day carbonation period.
The main phases observed in the M100C0 sample were unhydrated periclase, brucite, nesquehonite, and a
small amount of quartz from raw materials. While after the incorporation of 30% cenospheres in the RMC,
intenser peaks of nesquehonite can be observed compared with the M100C0O sample. The main phases
present in cenospheres used in this study are mullite and quartz. The introduction of cenospheres also led
to a reduction of peak intensities for uncarbonated brucite. As the hydration product of MgO, brucite will
be consumed by reacting with CO, and H,O and beings transformed into hydrated magnesium carbonates,
mainly nesquehonite, in this study. The combination of less RMC content available in M70C30 and
increased carbonation capability both contributed to the reduction in the amount of brucite with the
incorporation of 30% cenospheres. Since the unhydrated periclase peaks were still presented in M70C30,
which contained less MgO, it indicates that the transformation from MgO to Mg(OH), had reached its
upper limit without depleting the MgO content for both composites. As a result, it is postulated that
enhanced carbonation was the main reason for the reduction of brucite content in composites incorporated
with cenospheres. The quantification results based on XRD-Rietveld analysis are provided in Table 3.
The results reveal a significant reduction in the brucite content following the inclusion of cenospheres
during carbonation, confirming its conversion to nesquehonite. This finding suggests that the addition of
cenospheres has effectively facilitated the formation of nesquehonite in the M70C30 samples, thereby
enhancing the carbonation process within the system.
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Fig.1 (a) XRD and (b) TGA results for M100C0 and M70C30 samples carbonated for 7 days
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Table 3 Phase contents based on XRD-Rietveld analysis and weight loss based on the RMC content in each
mix for M100C0 and M70C30 samples at 7 days

M100C0 M70C30

Periclase 20.1 15.3

Phase contents based on Brucite . 7338 4.1
XRD-Rietveld analysis Nesquehonite 6.0 2738
Mullite 0.0 11.9

Goodness of fit 5.1 3.5
Weight loss 40 —-300 °C 9.90 19.23
per RMC content at 300 - 460 °C 24.53 31.13
different temperature stages | 460 — 900 °C 3.20 3.79

The weight loss and differential weight loss results for both composites after 7 days of carbonation are
presented in Fig.1 (b) and Table 3. The endothermic peaks of dehydration, dehydroxylation, and
decarbonation were annotated in the figures. As shown in Fig.1 (b), early weight loss in samples up to
around 300 °C was attributed to the dehydration of water bonded to HMC:s. It can be observed that the
hump in the range of 125 °C to 300 °C broadened with the incorporation of cenospheres. The increase in
weight loss in this temperature region suggested an increase of hydrated carbonation products in M70C30
samples which is consistent with the XRD results. The strong endothermic peaks with centers at 390 °C
were due to the dehydroxylation of brucite. The significant reduction in the content of brucite in M70C30
was attributed to its transformation into hydrated carbonation products. A shoulder peak at approximately
440 °C accompanied by the brucite peak corresponds to the decarbonation of HMCs. An increase in the
shoulder’s intensity and width confirms the higher content of HMCs in the M70C30 sample.
Decarbonation peaks at 530 °C and 650 °C were attributed to the decomposition of HMCs and MgCOs3,
which is postulated that these phases were inherent in the raw RMC. The quantitative analysis reveals that
a substantial proportion of weight loss takes place within the temperature range of 300-460 °C. This
weight loss can be primarily attributed to the dehydroxylation of uncarbonated brucite or certain hydrated
magnesium carbonates, as well as the decarbonation of nesquehonite (Dung and Unluer, 2016). It is worth
noting that pastes with higher cenosphere content demonstrate a more pronounced weight loss, indicating
a more extensive decomposition of hydration and carbonation products.

4. Conclusion

The current study systematically investigated the influence of cenospheres on the density, compressive
strength, thermal conductivity, and hydration and carbonation products of RMC-based paste. The RMC-
based samples incorporating 30 wt. % of cenospheres show excellent performance with a significant
reduction (61%) in thermal conductivity compared to the pure RMC samples. Although the compressive
strengths of the RMC-based paste have been reduced by incorporating cenospheres, only a small decrease
(6%) in specific compressive strength was observed.

In addition, XRD and TGA results show that cenospheres in the RMC matrix promoted the formation of
hydrated carbonation phases, specifically nesquehonite. The XRD quantification results prove that the
incorporation of cenospheres in RMC-based composites has greatly increased the CO, sequestration
potential of RMC. The conclusions point towards an effective way of enhancing the carbonation of RMC
samples and provide useful information for the further development of lightweight thermal insulation
RMC-based composites.
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ABSTRACT

Recently approved regulations that aim to mitigate the release of greenhouse gases have been pushing the
construction industry into reducing its carbon dioxide (CO-) footprint. Therefore, promoting new low-
carbon cements and carbonatable binders have been some of the strategies adopted. Lime has been trending
as a green binder because it consumes less energy during production and due to the CO, capture during its
hardening process. However, a new generation of binders demands a new generation of characterization
standards. Given the absence of guidelines to measure the shrinkage of air lime-cement systems, the
suitability of cementitious standards — ASTM C191:2021 (Vicat setting), ASTM C1698:2019 (autogenous
shrinkage), and EN 12390-16:2019 (total shrinkage) — was addressed. Four mixtures were studied (COL100,
C33L67, C50L50, and C100L0). The first digit corresponds to the cement (CEM II/A-L 32.5R), and the
second corresponds to the air lime (CL90S) content, both in the percentage of binder volume. Regarding
the Vicat setting, the samples could be measured satisfactorily. On the autogenous shrinkage, the lack of
interaction with CO; prevented lime carbonation, meaning limited hardening for those samples. Therefore,
ASTM C1698:2019 was not suitable for lime-based materials. For the total shrinkage, EN 12390-16:2019
was suitable but complementary tests are needed to distinguish individual contributions (chemical,
autogenous, and carbonation) to the total shrinkage. The results showed expansion for the groups with lime
(especially for lime-cement, where lime acted as a catalyst). The expansion was associated with the
carbonation of the unbounded portlandite. Finally, future studies should investigate chemical and
carbonation shrinkage at early ages since the autogenous method was not capable of monitoring the volume
instability of lime-based mortars.

KEYWORDS: Air lime; carbon capture; cementitious standards, shrinkage.
1. Introduction

Looking back to the past, it is impossible not to mention the construction works based on different processes
using lime as a binder. Alvarez et al (1995) wrote about how Egyptians, Chinese, Mayans, Greek, Romans,
and other civilizations relied on air and hydraulic lime for more than 7,000 years to promote infrastructure
development in their societies. Every civilization empirically mastered the work with lime (as much as they
could), and this expertise was spread and improved through the generations.

Lanas et al (2004) and Carran et al (2012) argue that the constant search for advances led Joseph Aspdin,
in 1824, to come up with a ground-breaking alternative to lime binders: the Portland cement. The material
that could set and develop strength faster, with more consistent behavior and better water-tightness capacity,
quickly overtook the construction market. The overtake by the Portland cement has been solid enough to
persist until today (Mehta and Monteiro (2006)). That said, lime — which was once widely employed as a
building solution — has now been mostly limited to the conservation of the built heritage and masonry
applications, as shown by Oliveira et al (2017) and Olaniyan (2020).

Despite the decaying trend for lime-based applications, the growing environmental concerns related to
Portland cement have questioned its status quo. Hence, new sustainable alternatives have been studied, such
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as supersulfated cement (Pinto et al (2020)), alkali-activated materials (Li et al (2021)), and lime itself
(Olaniyan (2020)) — given its CO; absorption capacity and lower temperatures during production.

One might wonder about the relevance of studying lime since it dates several thousand years. Well, as
briefly addressed before, all the expertise around lime was either empirical and got lost with time or has
become obsolete with the industrialization of the lime production process. The Pyramids, Greek temples,
and Roman monuments were most likely lime-based built (Alvarez et al (1995)), but we still do not know
how. Therefore, to overcome this scenario, the chemical, physical, and mechanical characterization of lime
has been the scope of several researchers in the past decades (Cizer et al (2012); Pavia and Brennan (2018);
Vasovi¢ et al (2021)). However, one of the biggest problems that remain is the absence of standardized test
protocols and replicable literature studies.

Thus, the objective of this paper is to raise awareness for the lack of standards in the characterization of
lime-based materials. To do so, we assess the applicability of the standards available for cementitious
binders focusing on the volume instability, more precisely, the shrinkage behavior of air lime-based
materials. Understanding the shrinkage in lime-based materials is of fundamental relevance because
this way, we can ensure that the durability and the structural integrity of new and historic buildings are
not jeopardized in the short or long term due to volumetric changes.

2. Materials and Methods

The shrinkage behavior of four mixtures was monitored (C100L0, C50L50, C33L67, COL100). The first
(after C) and second (after L) digits correspond to the cement and lime volume contents (%), respectively.

2.1 Materials

The mortar mixtures were produced with hydrated air lime (type CL90S) and Portland cement with added
limestone (CEM II/A-L 32.5R). Siliceous sand (granulometry 0 — 2 mm) and potable tap water was used in
the mixtures. The chemical characterization of the binders is described in Table 1.

Table 1 - Chemical composition (%) of the binders determined by XRF

CaO SiO2 ALO3 Fe203 SOs MgO | K:O TiO: Na;O | Others'
Air lime 98.72 0.12 0.06 0.06 0.07 0.80 0.03 - 0.03 0.10
Cement 73.16 15.44 3.67 3.13 2.54 0.92 0.37 0.28 0.19 0.30

1Tt may include negligible contents of P2Os, SrO, Cl, ZnO, MnO, BaO, ZrOz, PbO, Rb20, and Y20s.

Regarding the sand, the loose bulk density was 1.76 g/cm?, the specific gravity was 2.62 g/cm’, and the
water absorption was 0.07 %. The mineralogical composition was determined by XRD (scan 5° - 75°,
counting time per step 1.25 s, step size 0.020° 20), showing SiO, as the major compound. The mortars were
designed following the 165 mm consistency recommended by EN 459-2:2021. The mixing procedure
followed EN 196-1:2016. The mixture composition of the mortars is shown in Table 2.

Table 2 - Mixture details at the mortar level

Group Cement (kg/m?) Lime (kg/m’) Sand (kg/m?) Water (kg/m’)
C100L0 340 - 1677 252
C50L50 176 65 1741 248
C33L67 118 86 1742 256
CO0L100 - 131 1760 265

2.2 Methods

This study addresses some of the available standards (i.e., ASTM C191:2021, ASTM C1698:2019, and EN
12390-16:2019) applicable to cementitious materials to characterize the shrinkage behavior in air lime-
based systems cured according to EN 1015-11:2019. A brief description is stated in sequence.
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e ASTM C191:2021 — Vicat setting: the “Method B” was chosen to determine the setting time (and
as a requirement for the autogenous shrinkage test) because it is a relatively simple procedure. It uses
equipment that is generally available in laboratories (favoring replicability), and it allows moisture and CO»
exchange with the environment (thus, carbonation). Results are an average between two replicates. The
setting was measured under (53 = 1) % RH and (19 £ 1) °C. Results were treated statistically.

e ASTM C1698:2019 — Autogenous shrinkage: This approach allows measuring the shrinkage under
isothermal conditions and no-moisture exchange even before demolding, which is relevant for lime-cement
systems, since demolding takes place between 1-3 days (lime content < 50%, in mass) or 5 days (cement
content < 50% in mass), according to EN 1015-11:2019. Results are an average between two replicates.
Autogenous shrinkage was measured in sealed specimens at the mortar level up to 28 days after casting and
under (53 + 1) % RH and (19 + 1) °C. Results were treated statistically.

e EN 12390-16:2019 — Total shrinkage: The total length change was measured considering the
moisture, temperature, and CO; interaction. Results are an average between two replicates, measured up to
56 days after casting. After curing, specimens were stored under (53 + 3) % RH and (19 + 3) °C.

3. Results and Discussion

The setting times according to the ASTM C191:2021 and the results on the autogenous shrinkage
measurements according to ASTM C1698:2019 are summarized in Table 3.

Table 3 - Final setting and autogenous shrinkage results

Final setting Autogenous shrinkage (um/m)
(hours:minutes:seconds) | 0 days 1 day 3 days S days 7 days 28 days
C100L0 04:38:00 0.000 1.955 -3.713 -4.946 -7.754 -13.500
C50L50 08:37:43 0.000 1.698 -0.856 -0.778 -0.626 -2.875
C33L67 12:30:00 0.000 6.180 4.226 3.990 2.983 2.359
COL100 35:22:50 0.000 299.540 383.097 409.847 420.115 461.910

As seen in Table 3, the final set took longer for the mixtures with greater lime content, as expected. The
slow setting in lime-based materials is associated with the limited availability of alumina and silicate phases
(see Table 1). According to Cizer et al (2012), the setting of air lime relies on the drying of excess water
(which might lead to shrinkage) and the carbonation (from the surface inwards). Thus, considering the
results obtained and the data available in the literature, the ASTM C191:2021 proved to be a reasonable
approach to measure the setting time of lime-based systems.

Regarding the autogenous shrinkage, given the sealed environment, no carbonation (hence, limited
hardening) was expected within the lime-based groups. This behavior was confirmed, as seen in Table 3.
The greater the lime content, the greater the expansion. This expansion does not necessarily represent a
length increase but (most likely) the dissolution of Ca(OH),. This hypothesis agrees with Fourmentin et al
(2015). In contact with water, the hydrated lime releases the Ca™ and hydroxyl ions. In contact with cement,
it alters the precipitation and growth rate of C-S-H (leading to reassociation and shrinkage). A future
investigation into the chemical shrinkage is needed to detail this behavior.

The total shrinkage is shown in Figure 1. While cement shrunk and lime-cement specimens expanded, pure
lime specimens remained practically stable, proving that the lime-cement interaction caused the specimens
to behave differently than the pure lime/cement ones.
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Figure 1 - Progress of the total shrinkage
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It is known that while the carbonation of calcium-based phases in cement leads to reassociation (and, thus,
shrinkage), the calcium-based elements in lime are not as strongly bonded, and its carbonation promotes
expansion (Li et al (2020)). This explains the behavior observed in Figure 1. In addition, Fourmentin et al
(2015) showed that, in contact with cement, lime act as a catalyst, which explains the different behavior of
the lime-cement groups. According to Fourmentin et al (2015), in lime-cement systems, lime-based
precipitations usually happen in the cement pores (from the surface inwards). Thus, chemical and physical
investigations on the pore structure are needed to confirm this theory.

4. Conclusions

Lime has been trending as a greener solution to Portland cement due to its lower calcination temperature
and CO» binding capacity. However, its characterization remains a challenge due to the absence of standards
and replicable studies. This paper addressed cementitious standards to characterize the shrinkage behavior
of lime-based systems. ASTM C191:2021 was adequate to measure the setting time. The autogenous
shrinkage proposed by ASTM C1698:2019 was not suitable due to the lack of hardening. The EN 12390-
16:2019 procedures for total shrinkage were adequate, but the curing conditions established by EN 1015-
11:2019 must be taken into consideration. Complementary tests are needed to understand the individual
influence of drying and carbonation on the shrinkage behavior and the pore structure.
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ABSTRACT

The preparation of alkali-activated materials can eliminate a large number of industrial by-products, and
has the advantages of low resource and energy consumption and low CO; emission. However, green
construction is now difficult to achieve only through the application of mature industrial by-products such
as ground granulated blast furnace slag (GGBS) or silica fume (SF). Therefore, it is necessary to consider
using more types of industrial waste, e.g. ceramic waste, in construction. The effects of slag-ceramic ratio,
silica fume content on compressive strength, pore structure and hydration degree of alkali-activated slag-
waste ceramic powder (WCP)-silica fume mortars have been investigated. With the increase of waste
ceramic powder content, the compressive strength of mortar increased first and then decreased. This is
related to the combined effects of smaller porosity and reduced reaction degree. Therefore, the correlation
between the compressive strength, pore structure and hydration of alkali-activated slag-waste ceramic
powder-silica fume ternary mortar was investigated. The results of this paper are conducive to a better
understanding of the utilization of waste ceramic powder on alkali-activated material.

KEYWORDS: Waste ceramic powder, Alkali-activated material, Compressive strength, Hydration,
Microstructure

1. Introduction

Alkali-activated materials (AAMs) are a new type of water-hard cementitious material obtained by the
reaction of precursor with a certain amount of alkaline substances, such as sodium hydroxide solution and
water glass solution, at room temperature or under high temperature. In recent decades, there has been
considerable interest in the use of industrial by-products, such as granulated blast furnace slag (GGBS),
silica fume (SF), fly ash, kaolin, burnt coal gangue, steel slag, and so on, as precursors of AAMs in order
to reduce the environmental impact associated with the production of cement.

China has long been the world's top producer and consumer of ceramics. More than 20 million tons of
ceramic waste are produced per year during the manufacture and utilization of ceramics (Sun et al. 2022).
The use of ceramic waste to developing low-carbon AAMs can reduce the waste of land resources needed
to landfill ceramic waste, as well as air and water pollution; additionally, it can decrease the expense of
cement preparation and contribute to the growth of economic benefits.

WCP is typically not utilized as the only precursor but instead is blended with slag, fly ash, and metakaolin
for the preparation of AAMSs because it generally exhibits low alkaline activity. Some researchers have
investigated the potential of waste ceramic powder (WCP) as an alkali-activated precursor of high-
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performance AAMs. They found that the waste ceramic powder can improve the workability, mechanical
strength, and durability of alkali-activated mortars. Huseien et al. (2019) reported that the workability of
the alkali-activated slag-ceramic mixture or alkali-activated ceramic-slag-fly ash system can be enhanced
by incorporating WCP. However, AAMs can show better or worse compressive strength with increasing
ceramic content in different research. This implies that the underlying mechanism of ceramics affecting the
compressive strength of AAMs is still not understood. Thus, this paper aims to clarify the effect of WCP
on compressive strength of AAMs, and to achieve a better understanding of the relationship between
microstructure, hydration degree, and mechanical strength.

2. Experimental
2.1 Materials

The chemical composition of GGBS, WCP and SF can be determined by X-ray fluorescence analysis, as
shown in Table 1. The particle size ranges from 1.4 pm to 148 um, and dsois 16.11 um. Industrial-grade
NaOH powder (AR) with a purity of more than 99%. An industrial-grade Na>O-3.3Si0, with a
concentration of 38.5% is used.

Table 1. Chemical composition of slag

Si02 ALOs CaO Fe2O3 MgO Na>O KO SOs LOI
GGBS 26.61 15.67 42.73 1.64 4.35 0.39 0.47 2.14 3.60
Waste ceramic
powder 7037 199 0.85 1.55 1.41 2.3 3.01 0.06
Silica fume 9538 - 1.84 0.61 0.26 0.16 - - 2.48

2.2 Mixture design, sample preparation and test methods

By mixing NaOH powder and 38.5% Na>O-3.3Si0- solution, the alkali activator with a modulus of 1.0 was
obtained. The activator was set at a fixed Na>O dosage of 4%. The water/binder (w/b) ratio was 0.4 and the
binder/sand ratio was 1: 3 The composmon of the blnders is glven in Table 2.

SF10

70830 csosso csoszo C0S100 _ SF5

GGBS 30 50 80 100 475 45
Waste ceramic powder 70 50 20 0 475 45
Silica fume 0 0 0 0 5 10
Compressive strength at 7 d (MPa) 41.1 59.9 73.5 77.5 594 54.0
Compressive strength at 28 d (MPa)  50.9 78.9 96.2 85.7 67.5 664

Pour the prepared activator solution into the mixing pot first, then add slag powder, and stir at low speed
for 120s. Then stop for 15s, scrape the slurry from the blade and wall into the pot, and finally stir at high
speed for 120s. All samples are prepared at room temperature (about 20°C).

The heat release of the reaction of the binders was conducted at 20 & 0.02 °C using TAM Air Calorimeter.
Binder components of about 4 g were placed into an ampoule bottle and then placed into the calorimeter.
The required water or alkaline solution was injected and mixed for about 3 min. When the solution was
injected into the bottle, the data acquisition system commenced at the same time. Each measurement lasted
for 3 days.

The paste is soaked in absolute ethanol for 2 days to stop the reaction, then taken out and placed in a vacuum
oven at 40°C to dry for 30 hours. Samples are ground into powder and passed through a 300-mesh sieve.
The powder is analyzed by Netzsch STA 409PC thermal analyzer with a measured temperature range of
50°C -850°C, and the heating rate is 10 °C /min.

Using a MAG-MED proton nuclear magnetic resonance spectroscopy (NMR) PM-1030, operating at 10
MHz, the total porosity and pore distribution of the cylindrical samples were assessed at 28d. The intrinsic
spectrometer's dead time was 15 s, and the 90° pulse's length was 100 ns. A sample was placed in an NMR
glass tube provided by the NMR manufacturer and then in the NMR machine after being initially saturated
with clean water under vacuum for 48 hours using an automated water saturation system. The T, relaxation
time was measured using Carr-Purcell-Meiboom-Gill (CPMG) measurements with a 30 mm probe to create
the recorded NMR signals. The decay of the CPMG echo intensity was subjected to the inverse Laplace
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transform technique. 64 scans were performed, with a recycle delay of 5 s and a sampling interval of 0.08
s. Before then, a standard was measured using a known amount of water.

According to GB/T 50081, the compressive strength of the cubic samples was measured after 7 and 28 days
at room temperature. Using a TYA-300B machine, the tests were conducted at a 2.4 kN/s loading rate.
Three samples of each mixture were examined, and this publication reports the mean value.

3. Results and discussion

The compressive strength results of mortars at 7 d and 28 d are shown in Table 1. The 7-day compressive
strength decreases with the increasing content of the waste ceramic powder. And the 28-day compressive
strength increases first and then decreases with the content of ceramic powder, reaching 96.2 MPa when
the content of WCP is 20%. For silica fume, it decreases slightly both 7- and 28-day compressive strength
of alkali-activated ceramic-slag mortars.

The exothermic reaction during alkali activation can be measured by isothermal calorimetry. Figure 1
shows the hydration heat curves for different WCP contents. An exothermic peak occurred immediately
within a few minutes after the slurry was added to the isothermal calorimeter, mainly related to the wetting
of the solid powder material, indicating that the solid powder began to dissolve. With the increase of
ceramic powder content and silica fume content, the initial heat release peak decreases, indicating that the
initial dissolved heat release of ceramic powder and silica fume is less than that of slag.

After about 3—7 hours, a brief period of dormancy started. The thermal evolution curve of the pastes showed
a clear second exothermic peak after the induction period, which is primarily connected to the exothermic
process of alkali-activated material depolymerization-polycondensation and is associated with the creation
of gel phase hydration products. The second exothermic peak demonstrates that the exothermic peak
declined with rising WCP concentration. The total heat release is greatest when the WCP content was 0%,
followed by C20S80, C50S50, SF5, SF10 and C70S30, as shown in Fig. 1(b). Overall, the inclusion of
WCP and SF decreases the exotherm during the induction phase, the total hydration heat and the exotherm
during the polymerization reaction.
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Figure 1. Heat evolution for different binders

Fig 2 shows the TGA and DTG curves of samples cured for 28 d. At 28 d, all samples with ceramic powder
included similar hydration products: C-(A)-S-H gel and calcium carbonate (CaCOs3). In addition, S100
sample also reacted to produce hydrotalcite (Ht). With the increasing content of WCP and SF, C-(A)-S-H
gel content gradually decreases. This might contribute to the low activity of waste ceramic powder.

Fig 3 shows the T, distribution and corresponding pore distribution statistics. WCP reduces the porosity of
mortars, especially for pores below 50 nm (roughly corresponding to T» being 1 mm). While the pore below
10 nm decreases and the pore between 10-50 nm increases because C-S-H gel (gel pore less than 10 nm) is
converted to C-(A)-S-H gel (gel pore mainly tens of nanometers) when WCP included. SF slightly increases
the porosity and large pore content without changing the diameters of micro- and macro-pores. This could
be a result of the worse workability caused by the silica fume's high specific surface area. In short, WCP
reduces the porosity and makes the pores less than 50 nm rougher; SF slightly increases the porosity and
leads to more macro-pores.
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Figure 3. T2 curves and pore distribution of sample cured for 28 d

In general, the porosity and gel content of a material influence its strength. Although ceramic powder's low
activity means that it decreases gel content at 28 d, it can fill capillary pores and lessen porosity, which
benefits strength. The 28 d-compressive strength can be maximized after the ceramic powder reaches the
proper dosage (20% in this study), while the 7 d-compressive strength keeps decreasing with the increase
of ceramic content, because the negative effect of the degree of early reaction on the strength of WCP
outweighs the positive effect of the decrease in porosity. More research is required since gel and pore are
related to the particle size and reactivity of WCP.

4. Conclusions

20% WCP increased the 28-day compressive strength of alkali-activated slag mortar by 12.3%, and SF
caused a decrease in strength and reduced gel. WCP reduces the porosity while SF increases the porosity.
The negative effect of ceramics on reactivity degree and the positive effect on porosity co-affect the
compressive strength.
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ABSTRACT

High belite MgO expansive cement is widely used in hydraulic engineering in China to solve the thermal
cracking of super large mass concrete. Additionally, the research and application of high belite cement
(HBC) is of great significance to effectively reduce the CO, emission and energy consumption in full
lifecycle of concrete.

In this study, hydration kinetics, hydration products, microstructure, mechanical property and volume
deformation of high belite cement-based materials with/without MgO expansive additive (MEA) were
investigated. Due to significant differences in mineral compositions, the hydration rate and hydration heat
of high belite cement were much lower than ordinary Portland cement (OPC). It leads to slower
microstructural formation and development of HBC, which was confirmed by the results of XRD, MIP,
SEM and mechanical strength. However, high belite cement-based materials had denser microstructure
and higher mechanical strength at later ages because of more C-S-H gels from hydration of C,S phases.
The addition of MEA slightly delayed early hydration of cements but had almost no effect on later
hydration and microstructure. Nevertheless, the strength development of mortars especially flexural
strength was altered to varying degrees because of expansive stress from MEA hydration. Moreover,
hydration of MEA can effectively reduce shrinkage of no matter OPC or HBC over a long period.
Interestingly, HBC containing much dead-burnt MgO also showed equally remarkable reduction of
volume shrinkage although the hydration degree of dead-burnt MgO proved to be very low. It suggests
that dead-burnt MgO in cement itself has stronger potential for long-term compensation of shrinkage.

This work indicates the direct and potential values of high belite MgO expansive cement in improving the
service performance of concrete and reducing CO, emission from the perspective of hydration and
microstructure.

KEYWORDS: high belite cement, hydration, microstructure, MgO, properties.
1. Introduction

The thermal shrinkage of mass concrete caused by hydration heat is the important reason for shrinkage
cracking of hydraulic engineering. HBC is an environmental-friendly building-materials with low energy
consumption and CO; emission due to lower limestone, energy demand and calcination temperature in
cement production (Cuesta et al (2021)). Because of quite low hydration heat of HBC, it can significantly
reduce the internal temperature rise of mass concrete (Wang et al (2018a)). Thus, it is usually used for
mass concrete structures in China, i.e. dams. Compensation of shrinkage with delayed expansion of MgO
hydration is also an effective method to reduce cracking risk of mass concrete (Mo et al (2014)). MgO
expansive cement and MEA are important ways to compensate shrinkage with MgO. Despite high belite
MgO expansive cement with low heat release and compensating shrinkage is gradually applied to dams in
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recent years, there is a lack of evaluation of its long-term application from the perspective of
microstructure and macro-property.

In this study, hydration kinetics, hydration products, microstructural development, mechanical property
and volume deformation of high belite MgO cement with/without MEA were investigated.

2. Raw materials and Methodology

OPC (C0), three kinds of high belite MgO expansive cement (C1, C2, C3) and MEA were adopted in this
study. The chemical and phase compositions of raw materials are listed in Table 1. The activity value of
MEA was 183s by citric acid method (Mo et al (2010)). Quartz sand was used to prepare mortars.

Table 1 Compositions and specific surface areas of raw materials.

Phase compositions (w.t%) Chemical compositions (w.t%) BET

CsS CaS GCA C4AF SiO2 ADbO3;  FeO3;  CaO MegO  SOs LOI m?/g
Co 52.5 17.5 5.0 8.9 21.50 5.26 2.74 58.78 1.88 3.02 2.33 1.11
Cl 36.2 38.8 0.6 13.6 22.69 3.54 422 60.24 2.18 2.61 1.82 1.31
C2 314 434 0.5 12.3 22.13 3.81 427 59.10 3.51 2.24 1.27 1.51
C3 20.6 48.3 04 12.8 21.24 3.88 4.39 57.04 5.21 1.88 2.27 1.03
MEA - - - - 3.40 0.57 0.58 1.39 89.20 - 4.87 23.51

For reducing bleeding, the w/c ratio of all pastes was 0.35. In addition to four groups of pure cement
paste, another two groups of OPC paste were combined with MEA to maintain the same total MgO
content as C1 (2.2%) and C3 (5.2%). The fresh pastes were used for hydration heat. The rest pasted were
sealed and cured at 20°C to specified age for XRD, MIP, SEM and autogenous shrinkage. The samples
were soaked with isopropanol for 72 h to stop hydration before testing. The mortars (40mmx40mmx
160mm) were prepared with the w/c ratio of 0.4 and cured in 20°C to specified ages for mechanical
properties.

3. Results and discussion
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Fig. 1 The hydration heat rate (a) and cumulative heat release (b) of pure cement pastes,
and the hydration heat rate of pastes combined with MEA (c).

The hydration heat results of pastes are shown in Fig. 1. The induction period of HBCs is longer than that
of OPC. The silicate reaction peak of HBC is much lower than OPC’s, which indicates the weak
hydration reaction of HBC at early ages. The significant difference of kinetics is due to differences in
mineral compositions of cements (Wang et al (2018b)). The heat release of HBC is also far lower than
that of OPC. The 7-day hydration heat of CO is 310 J/g, but 7-day hydration heat of HBC containing the
least C3S (C3) was only 155 J/g (50% CO0). It suggests that HBC with slow and less hydration exotherm is
very helpful to improve thermal cracking of mass concrete. In addition, MEA proportionately prolonged
the induction period and start point of acceleration period, which resulting in a delay in cement hydration.

40

3.2 Hydration products

As shown in Fig. 2, the hydration degree of HBC was lower than that of OPC, and the amorphous C-S-H
and portlandite from hydration were also less than that of OPC in early periods. However, with the
continuous hydration reaction, the quantity of C-S-H from HBC is more than OPC’s. The gel/crystal ratio
of different cement had significant difference in later period of hydration (Wang et al (2018a)). The dead-
burnt periclase in cement was not significantly reacted from the XRD results. Fig. 3(a) shows reduction of
portlandite peak and increase of clinker minerals peak with the addition of MEA. It also indicates that
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MEA inhibited the early hydration of cement. This is consistent with the results of hydration kinetics.
However, MEA had almost no significant effect on later hydration reaction, as shown in Fig. 3(b).
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Fig. 2 The hydration products evolution of cement pastes over time. It was calculated by XRD.
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Fig. 3 The XRD patterns of composite pastes at early ages (a) and late ages (b).
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Fig. 4 The pore structure (a) and microstructure (b) of different hardened pastes at different ages.

As can be seen from Fig. 4(a), the porosity of HBC paste is much higher than that of OPC paste because
of lower hydration degree in early periods. However, the porosity of HBC decreased rapidly with
hydration reaction, and reached a similarly low value as that of OPC in later period. The differences in
microstructure evolution between OPC and HBC can be observed by SEM in Fig. 4(b), the microstructure
of HBC paste was also quite dense in very later periods. The internal porosity of MEA particle is very
high (Mo et al (2010)). Therefore, more pores with sizes of 10*-10* nm were introduced in early periods,
increasing in the total porosity and formation a ‘platform’ on pore volume curve. As the MEA reacted,
formed brucite quickly filled in these pores, thus not affecting the later microstructure of hardened paste.

3.4 Deformation
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Fig. S Autogenous shrinkage of pure cement pastes (left) and pastes combined with MEA (right).
Autogenous shrinkage of pastes from the initial setting is shown in Fig. 5. Autogenous shrinkage of HBC
paste was much smaller than that of OPC paste. The HBC paste containing the most MgO (C3) showed a
continuous micro-expansion behavior. Due to expansion stress caused by hydration, MEA also reduced
autogenous shrinkage of cement paste. With the increase of MEA, the autogenous shrinkage trend of
paste was further weakened. It was also found that dead-burnt MgO in clinker can compensate long-term
shrinkage of paste more effectively than additional MgO (MEA), even if their contents were the same.
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Fig. 6 Compressive strength (left) and flexural strength (right) of mortars.
Fig. 6 shows the results of compressive and flexural strength of different mortars. Compared with OPC,
HBC mortars showed lower early compressive and flexural strength due to low hydration degree and the
microstructure with high porosity (Wang et al (2018b)). With the decline of C3S/C,S, the compressive
and flexural strength at 3d, 7d and 28d showed obvious decreasing tendencies. However, the mechanical
properties of HBC mortars increased obviously with continuous hydration of cement. The strength of
HBC mortars gradually approached that of OPC mortars after 28 days, due to optimized hydration
products compositions and densification of microstructure in later periods. MEA had no obvious effect on
compressive strength, but reduced flexural strength. The flexural strength of mortars mixed with MEA
further decreased with ages.

4. Conclusions

As well as significate improving thermal cracking of mass concrete, HBC can effectively reduce CO;
emissions in service life of concrete. Thus, it is a very potential material for future engineering structures.
This study investigated that the hydration kinetics, microstructure, mechanical properties and volume
deformation of high belite MgO expansive cement, as well as impacts of MEA.

Because of difference in mineral compositions, the reaction rate and released heat of HBC hydration were
much lower than that of OPC hydration. Thus, the processes of hydration degree increasing and
microstructural evolution were slower, which caused the high porosity and relatively low mechanical
strength for HBC composites in early periods. However, benefited from continuous hydration of C,S,
microstructural compactness and mechanical property of HBC were even better than OPC’s in very late
periods. MEA slightly delayed early hydration, but had no significant impact on long-term microstructure
and compressive strength. Nevertheless, flexural strength development was significant altered because of
expansive stress from MEA hydration. Moreover, addition of MEA can effectively reduce shrinkage over
a long period. However, dead-burnt MgO in high-belite expansive cement showed more remarkable
reduction of volume shrinkage although its hydration degree was very low. It declares that dead-burnt
MgO has stronger potential for long-term shrinkage compensation.

The results also suggest that high belite expansive cement can improve properties and durability of
concrete from hydration and microstructure. Therefore, the application of high belite MgO cement could
effectively reduce CO, emissions in the whole service process of cementitious composites.
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ABSTRACT

Desalination is commonly adopted in arid regions to combat water scarcity issues. The desalination
process results in a concentrated waste stream, brine, disposal of which can be technically and
economically challenging. The desalination brine is a valuable source of many minerals, including
magnesium hydroxide or brucite (Mg(OH),). Brucite, extracted from desalination brine, when directly
used as a binder, may reduce the carbon dioxide (CO;) emissions from the concrete industry. However,
several difficulties exist in using brucite due to its high-water requirement and subsequent high porosity
resulting in lower compressive strengths. To enhance the compressive strength of brucite for practical
applications, this study explored the development of magnesium silicate hydrates (M-S-H) from brucite
and silica fume (SiO;) using different molar ratios of Mg/Si and investigated the compressive strengths,
and the physio-chemical properties of the M-S-H formed. The results indicate that the compressive
strengths of brucite-silica composites depended on the Mg/Si ratio and were similar or higher compared
to mortars containing only brucite under accelerated carbonation conditions (20% CO, and 80% relative
humidity). This also demonstrated the CO, sequestration potential of M-S-H. Results indicate that the
utilization of brucite-silica composites as construction materials may have the potential to further reduce
CO; emissions from the concrete industry.

KEYWORDS: Magnesium oxide, silica fume, carbonation, magnesium silicate, CO; sequestration
1. Introduction

As the search for binders with low carbon dioxide (CO;) emissions continues to intensify, magnesium-
based cements such as reactive magnesium oxide cement (RMC) are becoming increasingly popular. This
is due to their lower production temperatures (700 — 1000 °C) compared to ordinary Portland cement as
well as their ability to sequester CO, as part of their strength gain mechanism. However, reactive
magnesium oxide (MgO) cement is predominantly produced from magnesite (MgCOs) calcination,
contributing to direct CO, emissions. In a bid to reduce direct CO, emissions, few studies have explored
MgO or brucite (magnesium hydroxide, Mg(OH),) production from desalination brine (Dong et al. 2017,
Dong et al. 2018, Singh et al. 2022). The desalination process, commonly used in arid regions to combat
water scarcity issues, results in a concentrated waste stream, brine, disposal of which can be technically
and economically challenging. Brucite extracted from desalination brine, if utilized directly as a binder,
may reduce the CO, emissions from the construction industry.

Few studies have explored the utilization of brucite as a binder (Badjatya et al. 2022, Singh et al. 2022).
However, direct utilization of brucite as a binder is challenging due to its high-water requirement and
subsequent high porosity resulting in lower compressive strengths (Zhang et al. 2014). To enhance the
workability and strength of the brucite pastes, pre-compaction of the pastes have been carried out before
curing (Badjatya et al. 2022, Singh et al. 2022). While it may be possible to compact small specimens in
the laboratory, this may not be viable for larger specimens produced in construction sites. Therefore, an
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alternate solution is needed that does not rely on external compaction and ensures sufficient compressive
strength for the brucite composites. One such solution could be utilizing co-binders such as silica fume
with the brucite. Brucite and silica fume can react with water and form magnesium silicate hydrate (M-S-
H) as the “binding phase” (Zhao et al. 2019), resulting in significant strength gain (Singh et al. 2020, Taj
et al. 2023). Studies have also revealed that a magnesium-containing silicate layer can form relatively
quickly at room temperature when MgO or brucite is in contact with amorphous silica and water (Jin et
al., 2013). The composition and properties of the M-S-H formed depend on several factors, such as the
ratio of Mg/Si, reagents, temperature, alkalinity of the blend, etc. (Wei et al. 2011). While the above
studies suggest the potential of M-S-H, few studies have explored the development of M-S-H under
carbonation curing conditions. Given the growing emphasis on the CO, sequestration potential of
cementitious binders, the evaluation of the strength gain in brucite-silica fume composites cured under
accelerated carbonation conditions is necessary. The main objective of this study is to evaluate the effect
of varied Mg/Si ratios on the compressive strength of brucite-silica composites and understand the
physio-chemical properties of the M-S-H formed using thermogravimetry (TG) and X-ray diffraction
(XRD) analysis.

2. Materials and Methods
2.1 Materials, mixture design, and sample preparation

Commercially available brucite (Sigma Aldrich) and silica fume were used for the sample preparation.
Standard sand conforming to ASTM C778 (American Society for Testing and Materials (ASTM) 2017)
was used as a fine aggregate for producing mortar samples. Triplicates of cylinder mortar specimens of
diameter 25 mm and height 25 mm were produced for the compressive strength measurements. The
specimen sizes were kept small since it is difficult to accommodate larger specimens in the carbonation
chamber. A water-to-binder ratio (W/B) of 0.70 was adopted since both brucite and silica fume have high
water consumption. Superplasticizer was avoided since this study is a basic characterization to evaluate
the influence of silica fume on brucite composites. The sand-to-binder ratio was maintained at 2.75 for
the mortar specimens as stipulated in ASTM C109 (American Society for Testing and Materials (ASTM)
2021). The cementitious materials (brucite and silica fume) were mixed in a 4.8 L Hobart mixer for 2
min, then mixed with sand before deionized water was added. The mixing was continued for another 3
min. To understand the influence of silica fume on the properties of brucite, three ratios of Mg/Si (0.5,
1.0, and 1.5) were used. The samples were designated as Mg/Si 0.5, Mg/Si 1.0, and Mg/Si 1.5,
respectively, and the mix proportions are summarized in Table 1. Corresponding paste samples were
prepared for physio-chemical characterization.

After mixing and casting, the samples were cured in the laboratory air at 22 + 2 °C for 1 day. After 24
hours, the samples were demolded and placed in a carbonation chamber where they were exposed to
concentrated CO, (20% CO, and 80% RH at 30 °C) to accelerate the carbonation.

Table 1. Mortar mix composition (normalized by mass of the cementitious materials, brucite, and silica fume)

Brucite Mg/Si 0.5 Mg/Si 1.0 Mg/Si 1.5
Deionized water 0.7 0.7 0.7 0.7
Brucite 1 0.33 0.49 0.59
Silica fume - 0.67 0.51 0.41
Sand 2.75 2.75 2.75 2.75

2.2 Experimental Methods

Compression testing of the brucite-silica mortar specimens was performed at a loading rate of 0.75
MPa/s, as recommended by ASTM C109 (American Society for Testing and Materials (ASTM) 2021),
using a 100 kN compression machine. The specimens were tested for compressive strength at 7 and 28
days.

At the age of 28 days, the corresponding carbonated paste samples were crushed into powders and were
used for XRD and TG analysis. Around 30 mg of the paste samples were used for the TG, which was
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performed under a temperature regime ramped from 25 °C to 1000 °C at 10 °C/min using a TG 209 F1
Libra. The XRD was carried out with a PANalytical Empyrean, Cu Ko radiation source. A fixed
divergence slit of 1/2° was used to minimize stray X-ray and noise signals. The scanning was done at 40
mA, 40 kV under a programmable gonio mode with a 20 angle between the source and the detector
(PIXel3D) varied from 5 to 70°. A step of 0.013 ° with an acquisition time of 350 s was adopted.

3. Results and discussion
3.1 Compressive strength

The average compressive strengths of mortars containing only brucite and brucite-silica composites are
shown in Fig. 1. The compressive strengths of control specimens containing only brucite reached 5.4 MPa
after 7 days of carbonation curing. For the brucite-silica composites, the compressive strengths increased
with an increase in the brucite amount. Specimens with Mg/Si 0.5 showed similar compressive strength
as the control specimens, while Mg/Si 1.0 and 1.5 showed around 123% and 235% higher compressive
strengths compared to the brucite specimens at 7 days. The increase in strength can be due to the
formation of M-S-H in addition to the hydrated magnesium carbonates, which are formed by the
carbonation of brucite. With further carbonation curing, the compressive strength increased by around
44% for the brucite mortars from 7 to 28 days. However, the compressive strengths for the Mg/Si 1.5
samples were similar for 7 and 28 days of curing. It is possible that the incorporation of silica fume
densified the structure due to the filling effect of the particles, and the formation of M-S-H might have
hindered the further diffusion of CO; into the specimens. Nevertheless, the compressive strengths for the
Mg/Si 1.0 and 1.5 specimens were around 90% and 115% higher than those containing only brucite at 28
days, indicating the better performance of the brucite-silica composites.
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3.2 Hydration and carbonation reactions using thermogravimetric analysis

The weight loss and differential weight loss of the pastes obtained using TG measurements are shown in
Fig. 2. Uncarbonated or raw brucite reveals weight loss initiated at around 300 °C with an endothermic
peak center at 385 °C. In comparison, the carbonated brucite reveals a decomposition peak centered at
around 120 °C, which can be attributed to the dehydration of hydrated magnesium carbonates (HMCs)
(Hay et al., 2023). There is also significant rightward shifting of the main endothermic peak to around
405 °C for the carbonated brucite compared to the non-carbonated raw brucite sample. The carbonated
brucite also reveals another peak centered at 455 °C, possibly due to the decomposition of crystalline and
amorphous carbonation phases, according to literature (Hay et al., 2023).
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The brucite-silica pastes reveal a sharp peak at around 140 °C, possibly due to the weight loss due to the
pore water and water locked in the M-S-H gel (Zhang et al., 2014). The two peaks present for carbonated
brucite are also replaced by a broader peak in the brucite-silica pastes. Studies have suggested that when
the temperature exceeds 430 °C, dehydroxylation of the Mg-OH and Si-OH groups in M-S-H may occur
(Zhang et al. 2018); hence the presence of this peak suggests the formation of M-S-H. As the ratio of
Mg/Si increases, the peak shifts further to the right. According to the literature, carbonate phases tend to
decompose at higher temperatures (Taj et al., 2023). Therefore, it is possible that as the Mg/Si ratio
increased, higher amounts of HMCs were formed compared to M-S-H. However, further investigation is
necessary to understand the evolution of HMCs and M-S-H and their respective contribution to the
strength gain of the composites.

3.3 Phase identification with X-ray diffraction

The XRD results of the carbonated pastes at 28 days are presented in Fig. 3. Carbonated brucite shows
characteristic peaks at 18.6, 38.0, 50.8, 58.6, and 68.2° 20 (Hay et al., 2023). These peaks become less
prominent for the brucite-silica pastes with Mg/Si ratios of 0.5 and 1.0 and increase for the Mg/Si 1.5
sample. This indicates a partial carbonation of brucite, and further studies are necessary to evaluate the
extent of brucite carbonation. Furthermore, M-S-H is known to be not well crystallized, with broad peaks
occurring at 19.7, 26.7, 35.0, and 59.9° 20 (Roosz et al. 2015) and the broad peaks present in the brucite-
silica samples suggests the formation of M-S-H. Further studies using Fourier-transform infrared
spectroscopy (FT-IR) and nuclear magnetic resonance (NMR) spectroscopy will help to better understand
the M-S-H phases formed.
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Fig. 3. X-ray diffraction for brucite, Mg/Si 0.5, Mg/Si 1.0, and Mg/Si 1.5 pastes subjected to accelerated
carbonation (20% CO2, 80% RH at 30 °C) for 28 days.

4. Conclusions

To enhance the castability and compressive strength of brucite and promote its utilization as a
construction material, this study explores the incorporation of silica fume with brucite. The results show
that the compressive strength of the brucite-silica fume mortars under accelerated carbonation curing
depended on the Mg/Si ratio, and the strengths were similar or higher compared to mortars containing
only brucite. The physio-chemical characterization (thermogravimetric and x-ray diffraction) revealed the
likely formation of magnesium silicate hydrates (M-S-H) due to the reaction of brucite and silica fume in
the presence of water. While further investigation is necessary to understand the characteristics of the
Mg/Si produced and optimize the Mg/Si ratios, the results reveal the promising potential of CO»
sequestering brucite-silica composites.
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ABSTRACT

Several techniques have been used to quantify the extent of carbonation in cement. But underlying
challenges become imminent in using these techniques. XRD and TGA are bulk analysis techniques, which
cannot track carbonation progress over time, on the same sample surface. Raman spectroscopy and imaging,
being non-destructive, can be a useful technique to overcome some of these challenges. This study
investigates the carbonation of OPC pastes of at a water/cement ratio of 0.4 through the conventional pH
test, confocal Raman imaging, and Raman spectroscopy. At 3, 5, and 7 days, the amount of carbonation of
the specimen is about 75 %, 85 %, and 90 % respectively, depicted by the phase maps of calcite and
portlandite. It is observed that the depth of carbonation obtained using Raman imaging and spectroscopy is
higher than the pH test, due to its ability to map partially carbonating zones. Thus, Raman imaging and
spectroscopy provide insight into the evolution of carbonation over time and can be a complementary non-
destructive tool to quantify the extent of carbonation of cement-based materials.

KEYWORDS: Carbonation, Raman Imaging, Confocal Raman Spectroscopy.
1. Introduction

To understand and quantify the progress of the carbonation of cementitious material over time, several past
analytical techniques have been used by researchers. Some of them include - the use of pH indicators, Lo
and Lee (2002), X-ray diffraction (XRD), scanning electron microscopy (SEM), Shah et al. (2018), and
solid-state nuclear magnetic resonance (NMR), Liu et al. (2019). Among all the techniques mentioned
above, using pH indicators such as phenolphthalein is quick, easy, and convenient. These tests indicate a
boundary, on either side of which lies a carbonated and a non-carbonated zone. However, a major drawback
of this simple test is that it only differentiates a fully carbonated zone from an uncarbonated one without
illustrating the dynamic progress of the carbonation front over time. Furthermore, these bulk tests require
many hours of sample preparation, which might not represent the actual sample conditions. Hence, there is
a prodigious amount of potential in developing a non — destructive technique to track the carbonation of
cement-based systems over time.

One technique that stands out in this regard is Raman imaging, which can provide in-situ (no sample
preparation involved) and operando (representing actual sample condition). Raman imaging has been used
for various applications, including the phase quantization of anhydrous cements, Polavaram and Garg
(2021), phase mapping of granites, Polavaram and Garg (2021b), and in-situ monitoring of the early age of
hydration kinetics of cements, Loh et al. (2021). Raman imaging has been used for other applications,
including the phase quantization of anhydrous cements, Polavaram and Garg (2021), phase mapping of
granites, Polavaram and Garg (2021b). Furthermore, Raman imaging has been used to understand the
evolution of carbonation of cement paste, Srivastava and Garg (2022) and to monitor the early surface
carbonation of hardened cement pastes subjected to both natural and accelerated carbonation, Zhang et al.
(2022). Carbonate ions show a strong Raman scattering signal, even at low concentrations, attributed to the
vi CO; frequency at a wavenumber of 1090 cm'.
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In this study, the evolution of the carbonation front over time for a water/cement (w/c) ratio of 0.4 cured
for 1 day is mapped using large-area Raman imaging. High-quality spatial and temporal maps were
obtained, which clearly showcase dynamic changes in the nucleation, growth, and precipitation of
portlandite at 3600 cm™! and calcite at 1086 cm™!. The positive growth of the calcite front and the negative
growth of the portlandite front indicate the progression of the dynamic carbonation front over time. Raman
scans aided by image analysis assisted in quantifying the extent of carbonation of cement pastes. It is
observed that the carbonation depth obtained using Raman imaging is higher than the depth obtained using
the conventional pH test, which can be attributed to the ability of Raman imaging to identify and distinguish
between a partially carbonated and a fully carbonated zone. This study shows that large-area Raman
imaging can be worthwhile in unraveling questions posed by exceedingly heterogeneous systems such as
cementitious binders.

2. Materials and Methods
2.1 Sample Preparation

Type 1 OPC was used to cast paste samples in prismatic plastic molds of 10 mm x 10 mm x 30 mm with a
water/cement (w/c) of 0.4. After 24 hours of sealed curing in the plastic mold, the prisms were demolded
and cured for 1 day by submerging them in a saturated lime solution under a controlled temperature of 22
°C for uniform hydration. After the completion of the curing regime, the specimens were conditioned in a
vacuum chamber for 1 day to maintain a uniform moisture level in specimens. Post that, the prisms were
coated with epoxy on five sides to facilitate the unidirectional ingress of CO» at a concentration maintained
at 20 %, relative humidity at 65 %, and temperature at 50 °C. Upon completing the carbonation regime, the
prisms were cut into two halves longitudinally using a low-speed saw-cutting machine. Raman scans were
performed on one half, while pH measurements were taken on the other.

2.2 pH Test

The phenolphthalein indicator solution was made by mixing 1% by wt. of indicator in a 70-30% blend of
ethanol and distilled water sprayed on freshly cut prisms at the end of its carbonation regime. The pH test
took within a few minutes (< 5 minutes) in total to reveal a pink color change if the area is non-carbonated
while a colorless region indicating a carbonated region.

2.2 Raman Imaging — Confocal Raman

Raman spectra were collected using a Raman confocal microscope (WITec Alpha 300 series SNOM
microscope) on the cement paste specimens post-carbonation. Polarized Raman spectra were obtained using
a 532 nm excitation laser with an excitation power of 10 mW and a 600 gr/mm grating coupled with a
charged coupled device (CCD) with a spectral resolution of 40 um/pixel. The entire scan lasted for about
an hour.

2.3 Raman Spectroscopy — Touch Raman Ball Probe

External Raman probe is used with Horiba Raman spectroscopy at a 785 nm wavelength and a holographic
grating with a grating groove density of 685 gr/mm spectrometer. A laser power of 90 mW with an
acquisition time of 6 seconds was used. A movable sample stage was used, and spectra were collected using
a ball probe. At the tip of the ball lens, light focused on the specimen, which was moved after every 0.5
mm to obtain a carbonation profile across the cross-section. The Raman spectra are collected from 89 —
3507 cm™! and the entire scan over the carbonated surface lasted for less than 45 minutes.
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3. Results and Discussion
3.1 Chemical imaging

Large-area Raman imaging was performed on a carbonated cement paste specimen post its carbonation
regime. The corresponding phase maps of calcite (1086 cm™) and portlandite (3618 cm™) are mapped as
shown in Figure 1. The calcite phase map initially, pre — carbonation, can be attributed to limestone in the
cement and initial carbonation of the specimen, which was attempted to be minimized. It can be observed
that the positive movement of the calcite front inwards and the negative movement of the portlandite front
indicate the movement of the carbonation front. This front is clearly visible at the end of 1 day, which
further proceeds inwards at the end of 3, 5, and 7 days. At the end of 1 day, over 50% of the specimen is
carbonated, which is depicted by this distinct front of carbonation, and the intensity of calcite and
portlandite phases. At the end of 3 and 5 days, there is an increase in the amount of carbonation of the
specimen to about 75 % and 85 % respectively, with a visible increase in the intensity of calcite in the
carbonated front. At the end of 7 days, about 90 % of the specimen is carbonated with a small portlandite
front. Furthermore, it can be inferred that at the end of 7 days, almost all phases in the system are carbonated,
which is clear since > 95 % area of the Raman image is calcite.

[[1CaC0s [7]CalOH)

Figure 1. Raman images of calcite and portlandite on a hydrated cement paste specimen subjected to carbonation
with a spectral resolution of 10 pm/pixel.

3.2 Carbonation rate comparison

A comparison between the carbonation rate for specimens cast with a 0.4 w/c obtained using confocal
Raman, pH test, and Raman ball probe test can be visualized in Fig. 2. The pH test was performed on the
sample to measure the carbonation depth after each carbonation regime, on one half of the prism while the
second prism was used for confocal Raman imaging and spectroscopy. Interestingly, confocal Raman
imaging and Raman ball probe show a non — zero depth, unlike the pH test. Also, it can be observed that
by using Raman imaging, the depth of carbonation is higher than that obtained from the pH test which
agrees with Lo and Lee (2002). This can be attributed to the fact that Raman imaging is more sensitive to
locating a partial carbonation front, unlike using a pH indicator. Moreover, the carbonation depth obtained
from the Raman ball probe closely matched the depth obtained using confocal Raman imaging, which
further encourages the use of the Raman probe as a cost-effective non-destructive analysis technique.
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Figure 2. a) Raman ball probe used to calculate carbonation depth and b) Comparison between the carbonation
depth measured using confocal Raman instrument, pH test, and Raman ball probe for carbonated cement paste with
time for w/c= 0.4.

4. Conclusions and Further Research

This study observes the carbonation phenomenon in cement paste specimens using Raman spectroscopy.
The positive growth of the calcite front and the negative growth of the portlandite front indicate the progress
of carbonation over time. The results obtained from Raman imaging correlate well with the pH indicator
test and provide information on the dynamic front of carbonation. It is observed that the carbonation depth
obtained using Raman imaging is higher than the depth obtained using the conventional pH test, which can
be due to the ability of Raman imaging to identify and distinguish between a partially carbonated and a
fully carbonated zone. In the future, other deterioration mechanisms of concrete can be studied using Raman
imaging which can be used as a complementary tool to other conventional characterizing techniques.
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ABSTRACT

Carbon dioxide (CO;) emissions are a major contributor to climate change, and while cement-based
materials possess the potential to capture CO, through mineralisation, the reaction rate remains relatively
slow. Therefore, there is a pressing need to develop an appropriate solvent to enhance the mineralisation
process. While amines, a derivative of ammonia, are currently the most advanced CO; capture technique,
their potential in cement-based materials has not been fully explored. As calcium-silicate-hydrate (C-S-H)
is the major Ca-bearing phase in hydrated cement-based materials which reacts with CO, during
carbonation, it is necessary to study the absorption of CO; using amine with C-S-H. Therefore, this study
is centred on investigating a more efficient solvent for CO, absorption by assessing the CO, absorption
potential of diverse types of amines. The amines under consideration have the capacity to form
bicarbonates during CO, absorption, such as tertiary and sterically hindered amines. C-S-H with varying
Ca/Si ratios of 1 and 1.5 was utilised, and the effectiveness of methyl diethanolamine (MDEA) and 2-
(methylamino)ethanol (MAE) was evaluated after mixing with water and C-S-H and subjected to
accelerating carbonation. After undergoing the carbonation process, the sample was filtered, and the
resulting precipitate was analysed using thermogravimetric analysis (TGA) to determine the amount of
precipitated CaCO; and subjected to a phenolphthalein test as well. Additionally, the liquid phase was
analysed for pH, providing insight into the carbonation of C-S-H. Furthermore, the study systematically
investigated the impact of the Ca/Si ratio and amine type on CO, absorption. The study’s outcomes
unveiled that MAE exhibited the highest efficacy in CO, absorption compared to other amines. These
findings could potentially provide new insights into CO, capture and suggest promising industrial
applications.

KEYWORDS: mineralisation, CO; capture, cement-based materials, calcium-silicate-hydrate (C-S-H),
sterically hindered amines

1. Introduction

The increasing levels of carbon dioxide (CO,) emissions have become a major concern for the global
community as it exacerbates the effects of climate change and threatens the planet’s delicate ecosystem.
The cement and building industry is one of the largest CO, emissions contributors. In order to mitigate
these emissions, carbon capture technologies have been proposed as a promising solution. Mineral
carbonation, also known as CO, mineralisation, has emerged as a promising solution for carbon capture
and utilisation or storage (CCU/S) to mitigate carbon dioxide emissions. Consequently, it has garnered
significant attention from researchers and industry experts, as evidenced by numerous studies and reports
[1]. Even though cement production is a significant contributor to CO, emissions, cement-based materials
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have the capacity to capture CO; and form thermodynamically stable calcium carbonate through CO;
mineralisation.

Calcium silicate hydrate (C-S-H) is a crucial constituent in cement systems, as it possesses the ability to
capture CO, and undergo carbonation. The susceptibility of C-S-H to carbonation is due to its high
surface area and its amorphous structure, which provide numerous reactive sites for CO; to react.
Moreover, the presence of calcium ions in the C-S-H structure facilitates the carbonation process by
providing a source of carbonate ions, which are essential for the formation of CaCOs. The carbonation of
C-S-H not only results in the fixation of CO; but also improves the durability of cement-based materials
by reducing their porosity and enhancing their mechanical properties. Notwithstanding the potential
benefits of CO, mineralisation, the slow kinetics of the carbonation process poses a significant obstacle to
its widespread application. As such, there is a pressing need to identify and implement an effective
technology for the expeditious capture of CO,. One such technology that is increasingly adopting is using
solvents, such as amines, which are derivatives of ammonia and undergo reversible reactions with CO»
and form carbamate/bicarbonate to augment CO, capture in alkaline wastes like fly ash and slag.
However, the use of amines with cement-based materials is limited. Before considering their use, it is
necessary to study the reaction mechanism of the main hydrated phases in cement-based materials, such
as C-S-H and Ca(OH),, with amines and identify suitable amines that do not alter their chemistry.
Therefore, this study focuses on finding an appropriate amine for CO; capture while studying its reaction
mechanism with C-S-H. To achieve this, 2-(methylamino)ethanol (MAE) for hindered amines and methyl
diethanolamine (MDEA) for tertiary amines were selected and mixed with C-S-H (with a Ca/Si ratio of 1
and 1.5) and water to evaluate the CO; capture ability of each amine. Indicators of carbonation of C-S-H,
such as carbonated products and pH, were measured after carbonation. Additionally, the study
systematically investigated the effect of the Ca/Si ratio and amine type on CO; absorption.

The novelties of this study include exploring amines in conjunction with C-S-H for CO, capture,
assessing the ability of each type of amine for CO, capture and selecting a compatible amine for CO,
capture in cement-based materials. These findings will help harness the ability of C-S-H to capture and
fix CO; through carbonation, enabling the construction industry to play a significant role in reducing
greenhouse gas concentrations in the atmosphere.

2. Reaction Mechanism

Amines, organic compounds containing a nitrogen atom, are commonly categorised into primary,
secondary, and tertiary amines based on the number of hydrogen atoms substituted at the amino nitrogen.
However, the reactivity of amines can also vary depending on their structure and functional groups.
Specifically, when reacting with CO., amines can be categorised into two distinct groups based on the
resulting product.

The first group of amines, carbamate-forming amines, comprises primary and secondary amines. These
amines react with CO; to form carbamates, compounds containing a central carbon atom bonded to a
nitrogen atom and an oxygen atom. The second group, bicarbonate-forming amines, primarily consist of
tertiary amines. These amines react with CO, to form bicarbonates, compounds containing two oxygen
atoms and a central carbon atom.

Interestingly, for amines with steric hindrance, also known as sterically hindered amines, the presence of
a large substituent adjacent to the amino group can lower carbamate stability and weaken the N-H bond.
As a result, these amines tend to undergo greater hydrolysis, leading to bicarbonates forming instead of
carbamates. Thus, tertiary and sterically hindered amines are more likely to form bicarbonates during
their reaction with CO,.

Amines that fall into the bicarbonate-forming amines are particularly useful in cement-based materials, as
they can bind with Ca ions present in hydrated phases like Ca(OH), and C-S-H and form more calcite,
which subsequently reduces the porosity in the material.

These Ca ions, which can vary depending on Ca/Si ratio, can react with CO,, forming calcite and
decalcified silica gel (or silica gel). Numerous researchers have extensively studied calcium-silicate-
hydrate carbonation (Liu et al.,, 2022), involving a complex interplay of decalcification and
polymerisation of the C-S-H. In the presence of amine, bicarbonate formation increases; hence more
calcite forms by getting Ca ions from C-S-H. The chemical structures of MAE and MDEA are presented
in Fig. 1. In the presence of Ca ions, MAE and MDEA can undergo carbonation reactions to form CaCOs
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and regenerate the amine solvent. These reactions are depicted by equations (1) through (6).
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Fig. 1. Chemical structure of MAE and MDEA
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3. Materials and Methods

The synthesis of C-S-H was performed at a temperature of 50°C, employing Ca(OH), and SiO, with
molar ratios of 1:1 and 1.5:1, respectively, in pure water at a water-to-powder ratio of 20 mL/g. The
resulting mixture was sealed after N> purging and cured for 10 days. Upon completion of the curing
process, the resulting slurry was subjected to filtration using a suction filter, followed by washing solid
particles using deionised water in triplicate to eliminate the ions adsorbed on the C-S-H surface. The
washed solid particles were freeze-dried for 48 hours and stored in a desiccator to prevent carbonation
prior to analysis. The synthesised C-S-H was then characterised using multiple analyses before use.

Two types of solutions were prepared to investigate the effect of amines on aqueous solutions, one with
amines (MAE or MDEA) and the other without, at a water + amine to powder (C-S-H) ratio of 10 mL/g.
These solutions were then exposed to carbonation under controlled conditions, including a CO»
concentration of 5 vol%, a flow rate of 2 L/min, a relative humidity of 60 + 10%, and a temperature of 20
+ 2°C for 5 hours. Upon completion of the carbonation process, the resulting samples were filtered, and
the solid particles were subjected to Thermogravimetric Analysis (TGA) and phenolphthalein test after
drying at 40°C for 24 hours, and the liquid phase underwent pH analysis. In addition, the remaining
analysis, such as Fourier transform infrared (FTIR), X-ray diffraction (XRD) and Scanning electron
microscope (SEM), is to be carried out in future.

4. Results and Discussion

The high purity of C-S-H was confirmed as no other phases were found in the XRD and TGA pattern.
Fig. 2. illustrates the impact of various amines on calcite formation during the carbonation process in C-
S-H with Ca/Si ratios of 1.0 and 1.5. The content of calcium carbonate, which is an indication of the
carbonation rate, can be calculated by the weight loss from around 500°C to 800°C in TGA curves. It can
be seen that MAE show a higher formation of calcite compared to MDEA and control samples in both C-
S-H with Ca/Si ratio of 1.0 and 1.5. It is mainly due to its higher reaction rate as its stoichiometry
supports converting carbamate to bicarbonate, contributing to an improved CO; absorption rate in MAE.
MDEA shows less carbonation than MAE as it only acts as a sink for protons produced by slow CO»
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hydrolysis; however, it shows a higher calcite formation than the control sample. Additionally, C-S-H
with a higher Ca/Si ratio exhibits an increased propensity for calcite formation owing to the greater
availability of Ca ions. This phenomenon remains unaltered in the presence of amine as well. However,
there were two different opposite opinions in past studies on the effect of the Ca/Si ratio on the
carbonation of C-S-H (Liu et al., 2022).

The decrease in pH is a recognised indicator for the carbonation of C-S-H and can be detected using the
phenolphthalein spray test, which induces colour changes as demonstrated in Fig. 3. The appearance of
pink colour after spraying the phenolphthalein solution confirms the alkalinity of the samples under
consideration. Fig. 3. reveals a strong correlation between the intensity of the pink shade and the Ca/Si
ratio of C-S-H, where a higher Ca/Si ratio corresponds to a darker pink colour. This suggests that C-S-H
with higher Ca/Si ratios exhibit greater basicity during a specific carbonation period. Furthermore, all
samples demonstrate a significant shift in colour from dark to light when the amine is involved.
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Fig. 2. Effect of different amines and Ca/Si ratio on the formation of calcite during carbonation in
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Fig. 3. Changes of colour indicated by phenolphthalein spray test for samples with different Ca/Si
ratios and amines

Only calcite formation and pH change are not enough to consider carbonation, so further studies should
be considered in future work of this study to understand the mechanism of C-S-H carbonation in the
presence of amines.

5. Conclusions

After careful analysis and consideration of the available data, the following conclusions can be drawn:

1) MAE is a more effective solvent for CO; absorption than MDEA and the control sample,
as demonstrated by its superior performance across all Ca/Si ratios tested.

2) C-S-H with a higher Ca/Si ratio tends to carbonate more rapidly due to the increased availability of Ca
ions for calcite formation. Notably, this phenomenon persists even in the presence of amines.

These findings have important implications for optimising carbon capture technologies, with amine
promising as a potential candidate for use in large-scale CO; capture systems.
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ABSTRACT

Concrete can act as a carbon sink since CO; penetrates and reacts with Ca(OH); in concrete resulting in the
carbonation of concrete, which is a natural process. However, this process is slow due to different factors.
Carbonic anhydrase (CA) is a group of enzymes that could be a promising candidate to accelerate CO;
sequestration. CA acts as a catalyzer for CO, hydration to H” and HCOs™ and has been reported to increase
the reaction rate by about 10’ times compared to the process in the absence of CA. Larger amounts of CO>
may thus be sequestered via carbonation in a shorter period. We aim to achieve efficient atmospheric CO;
sequestration in cementitious materials with the help of CA. Preliminary results show that CA maintains
enzyme activity and accelerates CO, hydration in alkaline solutions representative for concrete. Cement
pastes with trace amounts of CA exhibited higher carbonation rate at the early stage compared to CA-free
cement pastes. While these results are encouraging, more research is needed for further understanding the
mechanisms of CA carbonation acceleration in concrete.

KEYWORDS: CO:; Sequestration, Carbonic Anhydrase, Cementitious Materials
1. Introduction

The emission of CO; has increased rapidly in the last decades which has pushed the global environment
out of safe boundaries. Research has focused on different technologies for reducing atmospheric CO., such
as geological sequestration, chemical absorption, physical separation, membrane separation and biological
fixation (Stewart & Hessami 2005). Nowadays, the biological sequestration technique has attracted many
types of research to mitigate the influence of excessive CO, because of its low cost and eco-friendliness
compared to widely used geological and chemical techniques (Arora 2018).

Bio-sequestration is usually achieved by living organisms, such as bacteria and fungi, via Microbially
Induced Calcite Precipitation (MICP) process. MICP is a widespread biochemical process with the
formation of CaCOs crystals in nature all around the world. MICP is the result of interactions between
metabolic activities with organic and inorganic compounds present in the surrounding environment. The
major metabolic processes involved in MICP include urea hydrolysis, photosynthesis, denitrification,
dissimilatory sulphate reduction, nitrate reduction (Song, et al. 2022). However, the chemical environment
around the living organisms may negatively affect MICP, such as high pH, low water content, and limited
energy source. All living organisms require appropriate living conditions to maintain the metabolic
activities for MICP. In addition, the heterotrophic living organisms are not able to use the atmospheric CO;
directly, instead they produce CO; during the respiration.

A very important enzyme produced by living organisms is involved in MICP, namely carbonic anhydrase
(CA), which can accelerate CO; hydration dramatically compared to that of process in the absence of CA.
CA is an enzyme containing Zn*" in its active site, and it catalyzes the reversible reaction of CO, and H,O
(Eq. 1) (Shekh, et al. 2012).

CO; + H,0 5 HCOs + H' @)
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The charges on Zn*" attract the oxygen of H,O and the binding of H,O to Zn** lowers the pKa of H,O,
promoting the removal of H" and leaving OH™ bound to Zn*". The CO, hydration is initiated by the
nucleophilic attack of zinc-bound OH’, generating zinc-bound HCO5". The active sites are regenerated by
replacing HCO3™ with H,O and the catalysis cycle continues (Shekh, et al. 2012). The unique catalytic
properties of CA lead to the acceleration of CO; sequestration by accelerating hydration of CO; and release
HCOs up to 107 time faster than the CO, hydration process in the absence of CA (Bond, et al. 2001).
Concrete can act as a carbon sink since CO, penetrates concrete and reacts with cement hydration products
to produce CaCO:; in the presence of water. Nevertheless, the rate of natural carbonation process in concrete
is limited due to different factors, such as CO; concentration in the atmosphere, water content in the
concrete, and concrete porosity. Our hypothesis is that CA may be applied for accelerating the carbonation
process in concrete due to the excellent catalysis efficiency. In this study, the performance of CA enzyme
for CO; sequestration in cementitious materials was investigated.

2. Materials and Methods
2.1 Solution pH Measurements

To study the CA activity in the high pH environment, the pH of NaOH solution with different CA
concentrations was monitored upon exposure to air. A higher pH decrease rate suggests a higher CA
activity. 10 mL of 6 mM NaOH solutions contained 0, 1.2, 2.4 uM CA (from Sigma-Aldrich), respectively,
were prepared for pH measurements. The pH sensor was placed in solution at given intervals to monitor
the pH changes.

2.2 Cement Pastes Preparation

A CA solution with a concentration of 20 uM was prepared by dissolving the CA enzyme powder into
deionized water. CEM I 42.5 N cement from Holcim was used to prepare cement paste with a water-to-
cement ratio of 0.4. 200 g of cement was mixed in a mixer at a low speed (approximately 140 RPM) for 30
s, and then 80 g of water containing 1 ml of the 20 uM CA solution was slowly added while the mixer
continued at the low speed for 60 s. After checking that no dry materials settled at the bottom, the mixing
continued for 60 s at the speed of about 580 RPM. The thoroughly mixed materials were cast in plastic
bottles with diameter of 31 mm and sealed for curing. The control samples without CA were prepared in
the same way but without adding CA powder into water. The plastic bottles were removed after curing for
17 days and the cement pastes were cut into slices with 2 mm thickness. The slices were divided into three
groups and exposed to different environments, namely, 20% CO,, natural carbonation (ambient
environment), and sealed in plastic containers, respectively. The slices were crushed and sieved to select
particle sizes in range of 0.6 - 1.2 mm for further analyses after 3, 7, and 14 days, respectively.

2.3 Thermogravimetric Analysis (TGA)

TGA tests were performed with Q50 TGA (TA instruments) under the purge flow of nitrogen gas with a
rate of 20 mL/min. About 50 mg cement paste were collected for each measurement, and the measurement
was performed following the program of (1) heating from room temperature to 105 °C with the rate of 10
°C/min, (2) holding for 30 min, and (3) heating from 105 °C to 1000 °C with the rate of 10 °C/min (Zhang
& Scherer 2020).

3. Results
3.1 Solution pH
CA catalyzes the hydration of CO,, and consequently, H" ions from the reactions are released to the

surrounding solution resulting in a pH decrease. Therefore, measuring pH is a viable method to monitor the
progress of this enzymatic reaction (Mirjafari, et al. 2007). The results are shown in Figure 1. Faster pH

156



decrease was achieved with higher CA concentration. The results show that the CA enzyme is active at
high pH environment and can effectively accelerate CO, hydration.

12.04
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1.5+ 2.4 uM CA
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Figure 1. pH of 6 mM NaOH solution with 0, 1.2, 2.4 pM CA, respectively.
3.2 Thermogravimetric Analysis (TGA)

The weight losses curves can be obtained from TGA tests. Figure 2a) shows that samples exposed to 20%
CO; exhibited the highest weight losses, which is due to the most thermal decomposition of the carbonate
phases. The natural carbonation groups showed slightly higher weight losses than that of sealed groups.
Several peaks can be identified due to decomposition of different phases from the derivative weight losses
curves in Figure 2b). First peak between 105 and 200 °C is due to the release of water from C-S-H and/or
the decomposition of small amounts of ettringite (Hall, et al. 1996). The peaks at around 450 °C referring
to the decomposition of CH, which is one of the main hydration products of cement. The sealed and natural
carbonation groups display higher CH peaks than that of samples exposed to 20% CO, since more CH was
carbonated to CaCOs3 for higher CO; concentration. The following larger peaks in higher temperature range
can be assigned to the decomposition of CaCOs. The samples exposed to 20% CO, exhibit multi-peaks at
the range of 550 to 750 °C. The peaks at lower temperature are believed to be metastable CaCOs, such as
vaterite and aragonite, and peaks at higher temperature are due to calcite, which has the highest
thermodynamic stability among the polymorphs (Radha, et al. 2010).

The temperature range of different peaks were identified individually for each derivative curve. The amount
of CaCOs shown in Figure 2c) was calculated from the derivative curves. For the samples exposed to 20%
CO,, CA enzyme acts as a booster for carbonation and more CaCO; was obtained during the first week,
while after one week the samples without CA exhibited the same amounts of CaCOj3, indicating the CA
effect might be supressed. The explanation for this “catch-up” could be that samples with CA enhanced
carbonation process and reached the maximum carbonation faster than these without CA. Another
hypothesis is that further carbonation became difficult after 1 week at 20% CO,, possibly due to
microstructural changes. For instance, the precipitation of CaCO; may form shells on CH crystals so that
HCO; (and COs™) ions cannot easily reach the interior of CH crystals for further reaction. Another reason
could be that the pores in the surface layer of cement paste were blocked with CaCQO3, hindering CO, ingress
into deeper layer. The samples exposed to natural carbonation conditions exhibited much lower CaCO;
formation, which can be explained by the CO, concentration that was 500 times lower than for the series
exposed to 20% COx.
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Figure 2. a) TGA weight loss curves for cement paste with and without CA, and b) derivative weight loss
curves with and without CA (Only curves of samples in different environment after 14 days are shown). c¢) the
calculated CaCO3 amount in cement pastes. CP refers to cement paste without CA enzyme and CA refers to
cement paste with CA enzyme.

4. Conclusions

The catalytic ability of CA suggests a promising potential for CO, sequestration applications in
cementitious materials. In this study, we evaluated the CA enzyme activity under high pH conditions and
quantified the CO, sequestration capacity of the enzymatically modified cement pastes. The pH
measurements results indicated that CA could maintain the enzyme activity in high alkaline conditions and
CA can effectively accelerate the CO; hydration. Higher CO- hydration process could be achieved with a
higher CA concentration. In cement pastes, CA could accelerate carbonation process at the early stage, then
the carbonation was retarded probably due to the microstructural changes. Further experiments will be
conducted to investigate porosity, pore structures, and other microstructure properties in order to further
understanding the interactions between CA and the cement paste. Although the CA enzyme does not affect
the ultimate CO, sequestration capacity of materials, it can significantly accelerate the process of CO»
sequestration in cementitious materials. As a result, a substantially greater amount of CO, can be
sequestered within the same time period when CA is present compared to when it is absent.
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ABSTRACT

In-situ CO, mixing technology is a representative carbon capture and utilization (CCU) that could
permanently store carbon dioxide (CO,) in a certain mineral phase. Due to the relatively easy
implementation, it is being evaluated in many countries and several real case applications have been
already achieved. In this study, the absorbed CO, concentration as a function of water temperature was
examined. The results demonstrate that the temperature of water plays a crucial role in mineral
carbonation, as higher temperatures lead to a considerable rise in CO; uptake. It was confirmed that the
early precipitation of calcium carbonate (CaCOs) affects the development of mechanical strength.
Thermogravimetric analysis (TGA) and X-ray diffraction analysis (XRD) confirmed the precipitated
CaCO:s in early age and revealed its impact on later stage of hydration with regard to the stability of
hydration products. Furthermore, quantitative analysis of CaCO; was conducted at different curing period
by comparing experimental results and thermodynamic modeling based on the CO; content.

KEYWORDS: In-situ CO; mixing, Carbon dioxide, Mineral carbonation, Temperature
1. Introduction

The emission of significant amount of greenhouse gases has led to abnormal climate patterns that have
attracted global attention. The need to utilize carbon dioxide (CO;) produced in various industry is
becoming apparent. As a means of utilizing CO,, this study employed in-situ CO, mixing technology to
uptake gaseous CO; in cement paste. By introducing CO, during the mixing of cement-based materials,
this mineral carbonation leads to the formation of calcium carbonate (CaCOs). In this study, the
temperature of the mixing water was set as a variable to maximize CO; uptake. Moreover, the existence
of CaCO; that had precipitated was investigated using microstructural analysis, and the impact on the
mechanical strength was confirmed.

2. In-situ CO; mixing

The in-situ CO; mixing is a mineral carbonation technology that precipitates CaCO; during the mixing
process of cementitious materials by injecting CO, (Hepburn et al (2019)). The clinker minerals that
make up cement induce dissolution of abundant calcium ions (Ca®") through a hydration reaction. The
injected gaseous CO; dissolves and dissociates in the cementitious mixture to form carbonate (COs*) and
then precipitates CaCO; through the combination of Ca*" and COs* as shown in the following chemical
equation (1-3).

C5S + 3H,0 « 3Ca’" + Si0, + 60H (D
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C5S + 2H,0 «» 2Ca*" + Si0, + 40H ()
Ca®* + CO5” > CaCOs 3)

The solubility of CO, in a solution depends on various factors, including the temperature, pressure, and
the chemical properties of the solution. However, in general, the solubility of CO, is relatively low
compared to other gases like oxygen and nitrogen. This is because CO; is a nonpolar molecule, which
means it is less likely to interact with polar solvent molecules like water.

Additionally, the solubility of CO, is affected by the pH of the solution. When CO; dissolves in water, it
can react with H,O to form carbonic acid (H,CO;) and it can exist stably as COs> as the pH of the
solution increases (Dodds et al (1956), Zeebe et al (2001)). To absorb CO; in cementitious materials, a
chemically dissociative process is required, where it is advantageous to form highly alkaline conditions
that facilitate ionization. In here, dissociation is defined as the process of CO, gradually releasing
hydrogen ions (H") and ionizing into COs*. Equation (4-6) describes the process of dissolution of CO,
and dissociation of H,COs.

The high alkalinity of the pore solution in cementitious mixtures, with a pH value over 13, creates a
highly favorable environment for HoCOj3 dissociation to occur (Konig et al (2019)). This process allows
H,CO; to release H+ and form bicarbonate (HCO5) and COs” ions, contributing to the overall buffering
capacity of the solution and preventing the accumulation of excessive gaseous CO,. If the COs is not fully
dissociated and can remain as bubbles that rise to the surface and escape into the air.

CO; + H,0 > H,COs3 4
H,CO; <> HCO5™ + H' )
HCO; + H' & COs* + 2H" (6)

3. Methodology and results
3.1. Sample preparation

To perform in-situ CO, mixing at laboratory scale, a mixer and CO, concentration sensor were placed in
the chamber shown in Figure 1. In particular, the chamber is designed to be hermetically sealed to
precisely measure the CO, concentration. Monitoring the remaining amount of CO; is crucial to
accurately calculate the amount of absorbed CO» through in-situ CO; mixing. The operational procedure
of the equipped chamber for in-situ CO, mixing involves placing all the necessary materials (cement,
water, CO, gas concentration sensor, etc.) inside the sealed chamber that blocks the inflow of outside air,
and injecting CO; gas up to a concentration of 10 vol%. Once the CO» concentration inside the chamber
has stabilized, the mixing process can begin while continuously monitoring the concentration. The main
objective of this study is to improve the uptake of CO, and CaCO; precipitation by enhancing the
solutiliby of cement. Therefore, we varied the temperature of the mixing water and analyzed its effect on
CO; uptake during in-situ CO, mixing. The experiment involved mixing water at three different
temperatures: 5°C, 25°C, and 50°C, with Ordinary Portland cement (OPC) and a water-to-cement ratio
(w/c) of 0.5. As a result of in-situ CO; mixing, as the water temperature increased, the CO; uptake also
increased from about 1.5 vol% to 1.8 vol%.
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Figure 1. Schematic view of in-situ CO2 mixing chamber

3.2. Mechanical properties testing

The temperature and flow diameter of the paste were measured right after mixing to investigate how in-
situ CO;, mixing affected its workability. As the CO, uptake increased, the mixing of CO; in fresh cement
paste led to an increase in temperature of the mixture and a significant reduction in flow diameter from
approximately 95 mm to 80 mm. In addition, a cubic sample with a side length of 5mm was prepared and
demolded after 24 hours. The paste’s compressive strength was then measured on each of the following
curing days: 1, 3, 7, 14, 28 days. This study also analyzed how water temperature affected the mechanical
properties of the paste mixed under CO; condition, in relation to the hydration reaction. Consequently,
specimens with higher CO; uptake showed a significant increase in early strength of about 16 MPa on the
first day of curing, which was about 6 MPa higher than that of 5°C samples.

3.3. Microstructural analysis effect

For the microstructural analysis, the specimens were pre-treated through hydration suspension at each
curing day. Afterwards, the specimens were subjected to thermogravimetric analysis (TGA) and X-ray
diffraction analysis (XRD) to verify the presence of precipitated CaCOs. In the TGA results for all
samples immediately after mixing, about 1.5 % or more of CaCO3was newly precipitated through in-situ
CO; mixing. Additionally, in-situ CO, mixing was implemented by thermodynamic modelling, and the
development of hydrates was compared to the TGA results. The measured CO» uptake (vol %) during the
in-situ CO; mixing process was converted to weight (g) and applied to the simulation. The experimentally
validated CO, uptake was assumed to be fully decomposed in the thermodynamic modelling. Overall
microstructural analysis indicated that an increase in CO; uptake, resulted in a higher precipitation of
CaCO:; at the early stage. The simulations effectively illustrated this early precipitation of CaCOs and
compared its impact on other cement compounds and hydration products.

4. Conclusions

The objective of our research is to improve CO, uptake and CaCO; precipitation in cement-based
mixtures by using water at different temperatures for in-situ CO, mixing. We found that increasing the
water temperature led to higher solubility of the cement clinker, resulting in greater CO, uptake.
Furthermore, the early precipitation of CaCO; accelerated the hydration reaction and significantly
increased the early compressive strength. Our findings demonstrate that the efficiency of mineral
carbonation can be improved through in-situ CO, mixing by solely adjusting the mixing water
temperature, without the need for any additional admixture.
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ABSTRACT

The construction industry, like many other sectors, is facing a serious challenge that requires an
immediate and drastic reduction in carbon emissions. To achieve this, a reduction in the use of Portland
cement clinker is mandatory. The use of alternative cements based on industrial by-products can
significantly accelerate the process of emissions reduction. One example of such cements is a ground
granulated blast-furnace slag (GGBS) activated by sodium carbonate (Na,COs). This type of cement,
widely used in the former Soviet Union, has received a new lease on life in recent years. Over fifteen
thousand cubic meters of concrete, destined for use in both ready-mix (structural reinforced concrete) and
heavy precast concrete (tunnel segments), have been poured in recent years demonstrating its potential
and versatility. The use of this binder as an alternative to a conventional CEM 1 results in a drastic
reduction of embodied carbon per cubic meter of concrete. This paper presents a study on the use and
performance, from the standpoints of rheology, mechanical performance and durability, of such concretes
in industrial settings to encourage the use of such alternative binders.

KEYWORDS: Alkali-activated concrete, sodium carbonate activation, sustainability, eco-friendly
concrete, industrial applications

1. Introduction

The effects of climate change are becoming more visible around the world. Deregulation of the seasons
leads to snowfalls in Europe in April and then to unprecedented heat that destroys the entire harvest in the
summer, renders habitation infeasible in many parts of the African continent, leads to the destruction of
ancient tropical forests in Latin America, etc. By acting immediately, there is still an opportunity to avoid
critical changes. For this, a drastic reduction in CO, emissions is required (Wyns, 2023). Many industrial
sectors have already begun the active introduction of technologies that, although they do not cancel out
the negative impact, they at least prevent even greater greenhouse gas emissions with a constant increase
in the needs of the growing population of the planet.

The construction industry is one of the largest CO, emitters worldwide (Syngros et al., 2017). Over the
past few decades, efforts have been made to reduce energy losses and thus reduce gas emissions during
the operation of buildings. However, this has not yet led to a significant reduction, as the overall
consumption has increased every year. At the same time, the use of materials with a low impact on the
environment is only in the initial stages for industrial scale applications. Sustainable construction should
be sought, including smart buildings, low environmental impact materials, large-scale recycling and the
valorisation of different wastes (Labaran et al., 2022). There is no universal solution that can solve all
problems. Individually, each method has its own advantages and disadvantages.
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In the building materials sector, concrete is the most used material. Due to the significant volumes, the
production leads to significant CO, emissions, 90-95% of which is associated with the binder used. It is
not worth repeating how the production of Portland cement clinker, as the most common type of binder,
leads to significant greenhouse gas emissions. Carbon capture and storage technology might help in
reduction of these emissions. This requires not only significant financial resources but is often very
complicated due to the significant demand for decarbonized energy or the impossibility of
transportation/storage of the resulting liquefied gas (Plaza et al., 2020). Therefore, more significant
efforts should be directed towards reducing the consumption of clinker by the increased use of various
SCMs and the development of new types of binders based on these materials (large range of industrial
wastes, as well as natural sources like limestone, pozzolans, and clays).

2. Description of the binder preparation technology

In the present article, the experience of the use of an alkali-activated GGBS based-binder activated by
Na,COs at industrial scale is presented. This type of the binder was already used in the Ukrainian SSR
(Krivenko, 2017; Palomo et al., 2014; Provis, 2018). Several studies have demonstrated that it can
provide excellent long-term mechanical and durability properties (Bernal et al., 2013; Shi. et al., 2006).
One of the most positive qualities of this type of activation is its higher safety (pH of around 12.9 when
the concrete is in the fresh state) compared to activation with highly alkaline solutions (sodium silicate or
hydroxide for ex.) which require a high degree of protection of the workers and can even be hazardous to
conventional equipment. However, poor rheological properties and low early age strength have been
reported (Conte & Plank, 2019; Kovtun et al., 2015), which were the main obstacles in recent years for
market adoption. This issue was solved by using an appropriate retarding additive, which also has a
fluidifying effect (Kiiashko et al., 2021). In addition, to achieve high fluidity for ready-mix concrete
applications, the compositions were optimised. For the moment, superplasticizers available on the market
cannot provide the same degree of workability and rheological control as they can with binders composed
largely of Portland cement. For this reason, the retarding additive described previously is used. Further,
the coarse and fine aggregates are proportioned to promote workability. To achieve the desired fresh state
properties, a limestone filler (d50=7pm) is added to increase the paste volume, increasing the distance
between the aggregates and therefore reducing the shear rate experienced by the paste fraction. The
limestone filler is pre-blended into the binder meaning that the ratio between powdered components is
fixed and not decided at the batching plant.

The decision to pre-blend the binder was taken to simplify the use of this binder at the batching plant. All
ingredients (including GGBS, limestone, and Na,COs) are carefully mixed in the binder factory (Ecocem
France, Dunkerque). The end user is therefore required to occupy only one silo with this binder. In cases
where extended open time was required (>90 minutes with a slump >180mm), a supplementary retarder
in liquid form is used and added to the concrete using existing equipment used for superplasticiser
addition. In total, slightly more than 6000 tons of this “all-in-one binder” was manufactured and used in
2021-2022, mainly in France, and commercialised under the name of “Ecocem Ultra” by Ecocem France
to produce “Exegy ultra-low carbon concrete” by Vinci Construction Group.

3. Ready mix concrete

The concrete using this Na,COs activated GGBS was prepared and delivered in the same way as
conventional ready-mix concrete based on Portland cement. In the cases presented here, the concrete was
prepared with a Water/Binder ratio between 0.38 and 0.40 and consistency class of S4 and higher (slump
>180mm using an Abrams’ cone, EN 12350-2) and higher. The concrete was placed using the concrete
bucket, even if the pumping of this type of concrete is also possible and was carried out on other sites.
Table 1 presents essential information on the concrete used on three construction sites in France.

In contrast to all the advantages of this type of binder (low carbon impact, safety), one of its
disadvantages is sensitivity to low temperatures, specifically the impact on early strength development. In
the case of the Olympic village (concrete slabs), concrete was poured mostly in winter when average
daily temperatures are typically less than 10°C. To increase the rate of strength development at early age,
after placing, the concrete was covered with heat-insulating mats equipped with warm air supply to
maintain the average concrete temperature at between 15-20°C during the first 48h.
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Table 1 Main information about the concrete used for the ready-mix application

Total Average Average
binder Concrete compressive Consistenc CO:
including Coarse strength values . ¥ equivalent
. Sand class as . as in EN .
limestone aggregates designed measured via 12350-2 emissions of
filler, g cylinder (MPa) 1m® of fresh
kg/m® 7 days 28 days concrete
Olympic village s;\i;t:lrgl-l 1 M;ic? Zlci‘lrllxlfsi{alled §4 and SF1 65
(floor slabs) 400...430 and 0-4 gravels 4-12 € 25/30 XF1 18 30 rrfl(i)riugt(e)s kg.COze/m’
mm. and 10-20 mm
Administrative 2 .
S Natural Alluvial gravels
storey building (full 450 sands 0-4 | 4-11and 11-22 | C25/30 XF1 30 50 §4 for 90 8
building, except the mm mm minutes kg.CO2.¢¢/m
foundations)
I3F, Two residential Natural Mix of crushed
7 storey houses (full sands 0-1 and alluvial §4 and SF1 85
building, except the 450...490 and 0-4 gravels 4-12 C 30737 XF1 2 4 ril()lrrllljeos kg.COz.6/m*
foundation slab) mm. and 10-20 mm

In the case of the two other projects (Fig. 1), metal formwork with heating elements was used during the
manufacture of vertical elements. The curing temperature was about 50°C during the first 16h to ensure
that demoulding could take place the next day to respect the worksite productivity targets that have
historically been dictated by the early age strength development of concrete containing very high clinker
content. Typically, demoulding in France on the construction site occurs between 16h and 24h. The
amount of CO; emitted during the heat curing process can vary depending on various factors (source of
energy, duration, outdoor temperature, etc.) and falls between 5 and 20 kg/m’. Even taking this into
account, the overall CO; emissions is still much lower compared to concrete with high clinker content.
When early strength is not required and demoulding can take place after 2 or 3 days, then these emissions
do not occur at all. The concrete characteristics was systematically controlled on all construction sites.

al
Fig. 1, Construction site I3F (France, 2022). All concrete on the photo is based on GGBS activated by Na2COs
4. Pre-cast concrete elements

Subway tube tunnel segments were prepared in a precast plant, using a stiff concrete with steel and
polypropylene fibres to ensure fire and flexural resistance (no steel reinforcement was used). Three types
of aggregates (0-1 mm and 0-4 mm sand, and crushed limestone gravel with size 4-20mm) and 475 kg/m’
of the binder were used. The consistency class S1 was required so that the element maintains its shape
without the need for formwork. The production cycle includes steam curing of the fresh concrete during
5-6 hours at 55-60°C to ensure that handling of the element is possible after very short period. The eq.
CO:; of fresh concrete was 100 kg/m®. The average compressive strength evolution is presented in Fig. 2.
The values were measured on 150x150 mm cubes cured under the same conditions as the tunnel
segments. After only Sh of heat curing, more then 20MPa was achieved. Significant strength development
is observed between 28 and 90 days. These results were further confirmed by assessing the compressive
strength of core samples from the tunnel segments after being stored outside. A full-scale compressive
strength test and a 3-point flexural strength were also performed (Fig. 3). The elements were also tested
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for fire-resistance (temperature rising to 1200°C for 2 hours). No significant destruction or degradation of
the element was observed. The results confirmed that the elements fulfilled all the required specifications.
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028 days
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o
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Fig. 2, Compressive strength of the concrete after heat Fig. 3, Full scale 3-point flexural strength test of the
curing for 6h (=60°C) and during further storage at 20°C tunnel segment

0

5. Conclusions

Several years’ experience of full-scale production and use of sodium carbonated GGBS activated binder
confirmed the possibility of its use to produce ready-mix and pre-cast type concrete for different
construction projects. The use of such a binder has many benefits (low CO, emissions, durability, safety),
but it is important to carefully evaluate the specific project requirements and conditions to evaluate
suitability. No additional investment in equipment or any significant change in construction methods is
required (conventional equipment is suitable for this binder). The open time can be easily controlled by
the addition of the setting retarder in case of long transportation (over lh) or elevated outdoor
temperatures in summer (>30°C). However, it is important to note that the use of this alkali-activated
GGBS binder requires careful consideration of the mix design and curing conditions to ensure optimal
performance. The early age strength (<24h) can be significantly improved by heat curing with the
temperature of 40-60°C when this is required by the project. This type of alternative binder can
significantly contribute to a reduction of the carbon emissions of the cement and concrete industries.
However, only carefully considered decisions and joint efforts of all players can achieve the goals set to
reduce greenhouse gas emissions.
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ABSTRACT

The global population growth and rapid industrial development of the past century have resulted in
exponential emissions of CO,, which are held responsible for global warming. Cement production causes
CO; emissions, but waste concrete after demolition has the potential to compensate for a part of this
emission by using as recycled material. Portlandite (Ca(OH),) and calcium-silicate-hydrate (C-S-H) in
waste concrete can afford to absorb CO» but are recycled without being sufficiently carbonated because
there is not enough space for long-term storage. In other words, if it can promote the carbonization of
waste concrete, the concentration of CO; in the atmosphere can be reduced more efficiently. In this study,
to examine methods for promoting carbonation of waste concrete under atmospheric conditions, the
degree of carbonation according to environmental conditions, especially humidity, was measured using
hardened cement paste fine (HCPF) with a particle size of 0.6 to 1.18mm. The amount of CO, absorption
of HCPF is evaluated by thermogravimetric analysis (TGA). The result of TGA of 7 days shows that the
consumption of Ca(OH), and calcite production were the largest in HCPF under the condition of RH
80%. However, the presence of vaterite and aragonite due to the CO, absorption of C-S-H was almost
absent. On the other hand, in HCPF under the condition of RH 60-80 (wet-dry cycle), the presence of
amorphous calcium carbonate (ACC), vaterite, and aragonite, as well as calcite, was found. Therefore, the
total amount of CO; absorption was greatest in an environment with wet-dry cycle. These results indicate
that the decomposition of C-S-H and Ca(OH); are promoted in the wet-dry cycle environment, and thus
CO; can be absorbed more effectively. Based on these results, this study proposes an optimal condition
for promoting the carbonization of waste concrete.

KEYWORDS: CO;absorption, carbonation, waste concrete, hardened cement paste fine, wet-dry cycle

1. Introduction

CO; emissions due to cement production have increased significantly for decades, and to solve this
problem, CO; emissions countermeasures using waste concrete containing calcium silicate hydrate (C-S-
H) and portlandite (Ca(OH),) has been in the spotlight recently. Waste concrete absorbs CO, in the
atmosphere while being piled up for about a month before being recycled as roadbed materials or
recycled aggregates. During this limited period, it is important to increase the carbonation speed to
improve the CO, absorption efficiency of waste concrete before recycling it. Factors affecting the degree
of concrete carbonation can divide into internal factors such as particle size, water-cement ratio, and type
of cement, and external factors such as relative humidity, temperature, and CO; concentration. In
particular, during the concrete carbonation process, water acts as a solvent in which solids and CO, can
dissolve and as a reaction medium in which dissolved ions combine to precipitate carbonates (Pan et al
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(2018)). Therefore, this study analyzed the effect of relative humidity on the degree of carbonation of
hardened cement paste, which mimicked the binder part of waste concrete. In addition, the degree of
decomposition of C-S-H according to the periodic humidity change was analyzed to know the effect of
the wet-dry cycle on the promotion of carbonation of hardened cement paste.

2. Materials and Methods
2.1 Materials

This study used laboratory-made cement paste to mimic the binder part of waste concrete and to dissolve
the disproportion by the difference in the amount of aggregate in waste concrete. The ordinary portland
cement provided by Taiheiyo Cement Corporation was used for cement pastes with water-to-cement
ratios of 0.6. The cement paste was sealed curing for more than 28 days at 20°C. After curing, hardened
cement paste was crushed by a ball mill and sieved. The target particle size of hardened cement paste is
between 0.6 and 1.18 mm, assuming fine-crushed hardened cement paste detached from concrete waste in
actual demolition site in Japan. The degree of hydration of cement paste before carbonation was 69.94%,
obtained from the result of TGA and calculated according to the methods proposed by Bhatty (1986).

2.2 Methods

2.2.1 Experiment conditions

The hardened cement paste fines (HCPFs) with a particle size between 0.6 and 1.18mm were put in
desiccators under the constant humidity condition of RH60, RH80, and the cycle RH60-80 of 30 minutes,

1 hour, 2 hours, and 4 hours. The temperature and the CO, concentration in desiccators were 20°C and
0.03%, respectively. The experiment conditions are shown in Table 1.

Table 1. Experiment conditions

Relative humidity RH 60 RH 80 RH 60-80

Cycles - - 0.5h,1h,2h,4h

Temperature and COz concentration 20°C, 0.03% (concentration in the atmosphere)

Particle size of HCPF 0.6 ~1.18 mm

Periods 3 days, 7 days, 14 days

2.2.2 Thermogravimetric analysis (TGA)

The amount of CO, absorption of hardened cement paste can be analyzed by thermogravimetric analysis
(TGA). After carbonation was carried out for 3 days, 7 days, and 14 days under each relative humidity
condition, TGA was measured. In this experiment, before measuring TGA, carbonated HCPFs were dried
for more than 24 hours in a vacuum desiccator, which has a condition of 30°C. The measurement was
performed from 20°C to 950°C at a heating rate of 10°C/min and maintained at 950°C for 1 hour under an
N, atmosphere.

3. Result and Discussion

The TGA results are shown in Figure 1(a)-(c). Referring to Zajac et al (2022) and Wang et al(2019)
researchs, the thermal decomposition temperature of calcium carbonate (CaCOs) crystals was determined
as follows; amorphous calcium carbonate (ACC) or poorly crystalline CaCOs (500~650°C), aragonite and
vaterite (650~720°C) and, calcite (720~770°C). During the early stage, RH80 produces the most calcite.
On the 7 days, in all samples except for RH60, almost the same amount of calcite was produced. In
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addition, it can be seen that ACC or poorly crystalline CaCOj3, aragonite, and vaterite were produced in
the RH60-80 regardless of their cycles. On the 14 days, it was found that ACC or poorly crystalline
CaCOs3, absent in RH80, was also produced in RH60. According to Drouet et al (2019), the polymorphic
transformation from the metastable state to the thermodynamically stable state is suppressed at low RH
due to the lack of water in the pores.

Figure 2(a)-(b) shows the ratio of Ca(OH), and CO, absorption by period from the result of the TGA.
During the early stage, the consumption of Ca(OH), was higher in the order of RH60, RH60-80, and
RHS80, and the cycle of RH60-80 did not have a significant effect. On the 7 days, the amount of Ca(OH);
consumption was almost the same for RH80 and RH60-80 (cycle: 1h, 4h), but the amount of CO;
absorption was higher for RH60-80 than for RH8O0. It can be seen that the amount of CO, absorbed by C-
S-H was larger than that of RH80. RH60 had the lowest Ca(OH), consumption and CO, absorption
during the early stage, but the CO, absorption became almost the same as RH80 on the 14 days.

Next, the CaCO; production rate by each source of calcium was calculated from the TGA results to
determine the crystal structures of CaCOs depending on the calcium sources for each humidity condition.
The result is shown in Figure 3. In the early stage, CaCOs generated from Ca(OH), was dominant at
RHS80, and the amount of CaCO; was the highest in RH80 among all samples. Figure 1(a) shows that
most of these CaCO; were calcite. At RH60-80, C-S-H was decomposed by repeated drying and wetting
over time, and the amount of CaCOs generated from C-S-H on 7 and 14 days was larger than that of
RHS80. From the results of TGA(Fig.1(b)-(c)), it was found that the production rate of ACC or poorly
crystalline CaCOs, aragonite and vaterite in RH60-80 was higher than that of RH80. And this result is
consistent with the other researcher’s results which are that aragonite and vaterite are generally obtained
from the carbonation of C-S-H and sulfoaluminate phases (Drouet et al (2019)).
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(c) 14 days
Fig. 1 The results of TGA
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4. Conclusions

In this study, TGA was conducted to investigate the CO, absorption rate depending on RH, which
influences the degree of concrete carbonation, and the degree of carbonation promotion by the dry-wet
cycle. This study found that the most CaCOj3; was initially produced at RH80, which is the high relative
humidity, due to the decomposition of Ca(OH),. However, as time passed, the decomposition of C-S-H at
RH60 was promoted and generated ACC or poorly crystalline CaCOs, aragonite and vaterite on 14 days.
Moreover, it was found that the wet-dry cycle promoted CO, absorption more effectively by decomposing
more Ca(OH), than RH80 and more C-S-H than RH60.
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ABSTRACT:

Construction and urban infrastructure including heating & cooling of buildings amount for ~ 40 % of total
CO; emission and present by far the largest source of CO, release. In the following, current steps by the
global construction industry to reduce its CO, footprint are presented. Those include:

1) Migration to low or zero carbon binders by replacing Portland cement clinker with calcined clay, slag or
other pozzolanic materials. Note that cement accounts for ~ 8 % of total global CO, release. 2) Capture of
CO; released in cement plants and its utilization e.g. for concrete hardening or disposal on carbon capture &
storage (CCS) wells. 3) Application of highly effective thermal insulation materials on buildings to save
energy. 4) Replacing fossil fuels by “green” energy including solar, geothermal and wind energy for heating
and air conditioning. 5) Concepts for mega cities to avoid unnecessary heat-up by placing plants on facades,
roofs, walls, etc. which absorb CO, and shelter against solar radiation. 6) Timber is no alternative to concrete
with respect to CO; emission.

These measures require a complete rethinking in construction to achieve a “green” transformation.

KEYWORDS: Climate Change; CO; emission; Low Carbon Binders, Thermal Insulation; Green Cities
1. Introduction

The construction industry has been identified as the largest single sector responsible for CO, release. As
much as 40% of total anthropogenic CO, results from construction materials and the built environment
including heating, cooling and operation (Gholipour (2022)). For example, cement production contributes
to ~ 8 % of global CO; liberation and ranges only slightly behind that from fossil fuels (coal, oil and gas).
In the clinkerization process, about 65 % of total CO, emission assigned to Portland cement production is
released from the decomposition of limestone (CaCOs3), and much less from burning fuel. To improve its
environmental balance, new concepts such as clinker substitution by less CO»-intensive reactive binders
and materials, or by capturing the CO, liberated and injecting it into subterraneous reservoirs (carbon
capture & geological storage, CCS) have been proposed.

Even more significant than from cement production is the release of CO; from heating and/or cooling of
buildings. From the ~ 40 % of total anthropogenic CO, associated with construction, no less than 30 %
result from this source, thus presenting by far the largest single source contribution to global warming.
Evidently, a drastic decrease of energy consumption in this sector is mandatory to achieve climate goals.

Moreover, modern mega cities present “hot spots” on the planet, because of a lack of green environment
such as from trees and fields. There, the surface temperature rises particularly high as a result of solar
radiation reflection by glass facades, and by the storage of solar energy in concrete walls, roads, etc. In
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consequence, concepts are sought which can reduce the excessive temperature increase in cities and reduce
energy demand there. Finally, using timber to replace at least a portion of the concrete is considered in the
construction industry. The feasibility of this alternative will be assessed.

2. Approaches to reduce the CO; footprint of cement

It is estimated that the global cement industry releases about 3.2 billion tons of CO; annually, which
corresponds to about 8 % of the current greenhouse gas (GHG) emission of ~ 41 billion tons in 2021.

2.1 Shifting to Low Carbon Composite Cements

The construction industry already has started to shift from ordinary Portland cement (OPC) holding 95 %
clinker (which results in ~ 820 kg CO released per ton of cement) to composite cements with substantially
reduced clinker contents (see Table 1) (Mdller (2020)). These figures demonstrate that low carbon “green”
cements are indeed possible.

Table 1 COz emission from common types of cements used in Germany.

Type of cement* Clinker COz emission
content [kg/ton]
CEM 1 95 % 817
CEMII/A 90 % 635
CEMII/B 65 % 516
CEMII/C-M 50 % 397
CEMIII/A 35% 178
CEMI1II/B 20 % 159

* Composition of these cements according to DIN EN 1045 (2013 edition).

To facilitate those low clinker contents, supplementary cementitious materials (SCMs) including fly ash,
slag, burnt oil shale (a speciality in Germany) and — perhaps in the future - calcined clays along with higher
limestone contents are utilized. According to Table 1, a reduction of the clinker content to 50 % and below
is required to slash the CO, emission of cement by half which is necessary to achieve climate neutrality (=
net zero CO, emission). Thus, a “green cement” exhibiting neutral effect on climate must target such
substantial reduction in its clinker content.

Fly ash and slag (which are by-products from coal power plants and the iron and steel industry), the most
commonly used SCMs, may disappear within the next decades. Consequently, other substitute materials
will be required which will be described in section 2.3.

2.2 Carbon Capture and Storage (CCS) and Carbonation Curing

Another avenue probed by the cement industry is to capture CO; from the exhaust gas stream, compress it
to supercritical CO; and inject it into underground storage sites such as depleted oilfield (Marchetti (1977)).
The principle of CCS is illustrated in Figure 1. CCS is seen as an inevitable key technology to reduce the
atmospheric CO; at a faster pace. For example, HeidelbergCement plans to inject 400,000 tons of CO;
annually at its Brevik plant in Norway, thus reducing its CO» output there by 50 % and becoming a climate
neutral cement manufacturer. Other companies including Lehigh Cement (Canada), Dalmia Cement (India),
Anhui Conch (China) and Taiwan Cement have announced similar approaches.

Another concept to reduce CO; emission from a cement plant involves using the CO; gas stream to cure e.g.
precast concrete elements or recycled concrete (esp. fines). Exposure of fresh concrete to CO; results in a
gain in strength. Investigations suggest that ~ 5 % of its weight can be taken up by concrete as CO» (Yang
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(2014)).

Although, CCS may become extremely critical for other industries, it has to be seen whether it will play a
major role in the global cement industry, simply because of its high cost. In particular, as clinker substitution
by supplementary materials (SCMs) offers a viable alternative to reduce CO; emission from cement
considerably.

o8 G P

Figure 1 Illustration of the principle of CO2 Capture and underground Storage (CCS) in depleted oil or gas
fields, coal beds or saline aquifers.

2.3 Calcined Clay and Slag Composite Cements

From today’s perspective there is no doubt that clinker substitution will prevail as the quickest and most
feasible pathway for the cement industry.

Thermally activated (calcined) clays and slag present the main realistic options for large-scale clinker
replacement. Clays (aluminosilicates) are ubiquitous and hence globally available in unlimited quantities.
In a rotary kiln or flash calciner they first dehydrate and then partly or completely dehydroxylate. The
degree of dehydroxylation depends on the calcination temperature and the type of clay. When blended with
cement clinker, calcined clays react with Ca(OH), to form C-A-S-H, a crystalline product similar to C-S-H
from OPC.

Recently, a calcined clay - limestone blended cement designated as LC? has been introduced (Scrivener et
al (2018)) which contains only 50 % clinker, 30 % calcined clay, 15 % limestone and 5 % gypsum. This
cement exhibits a CO; footprint of approx. 580 kg CO»/ton and can develop early (1 day) strength
comparable to that of OPC, if a raw clay with > 45% kaolin is used in the calcination.

An issue in highly calcined clay blended cements is to achieve slump retention in concrete. Common slump-
retaining polycarboxylates (PCEs) fail in those systems (Li et al (2021)). The admixture industry is
challenged to identify more suitable polymers for those systems.
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Slag from the iron industry (GGBFS) presents another potential clinker substitute. At higher clinker
substitution rates, activation of the slag with an alkaline compound (NaOH, Na,Si0O3, Na;CO3 or Na,SO4)
becomes necessary to promote hydration kinetics and early strength development. The future availability
of slag appears to be uncertain, as the iron producing industry is probing hydrogen technology to abandon
the use of coal and concomitant CO, emission.

At last, it should be mentioned that limestone can also be used to replace clinker in modest quantities, with
no loss in performance. This substitution presents as alternative option, because of almost zero CO,
emission in limestone recovery, very low cost and the abundant availability of limestone.

3. Improved Thermal Insulation of Buildings

As presented in the introduction, the main contribution to CO; emission from construction is released during
the service life of buildings, either from heating or cooling. To prevent this, effective thermal insulation
systems need to be installed on all exterior walls during construction or rehabilitation.

In order to achieve this goal, the concrete needs to exhibit superior insulation properties, or an insulation
system is applied to the concrete. In the first case, a gradient concrete such as shown in Figure 2 can be
applied, or the wall is constructed in a sandwich mode consisting of one adhesive inner layer and two
external layers, while the space between them is filled with an insulating material such as extruded
polystyrene (EPS) or glass wool. Currently, such external insulation and finish system (EIFS) is very
common.

EIFS allows a substantial decrease of the energy used to heat or cool, and reductions of up to 75 % are
possible, thus transforming the building into a “zero energy” house.

Recently, even much more effective insulation materials based on silica aerogels have been introduced,
which exhibit an extremely low heat conduction factor A (0.013 - 0.025 W/m*K). They can provide the
same insulating effect as EIFS at about one tenth of layer thickness. A sample of a commercial aerogel
granulate is displayed in Figure 2.

Aerogel and hybrid composite materials have clearly made thermal insulation of buildings much more
versatile. They can contribute more than any other measure to reduce anthropogenic CO; emission from
buildings.

Gradient concrete Thermal insulation system

PR Mineral or Organic Adhesive Aerogel

P EPS
plastic fiber mesh

sexternal coat

» finishing coat

Figure 2 Gradient concrete (left), build-up of an external insulation and finish system (EIFS; middle), sample of a

commercial silica aerogel granulate (right)

4. “Zero Emission” and “Zero Energy” Buildings

Even when perfectly insulated, buildings still require energy for minor heating and/or cooling. Modern
technology allows to bring down CO, emission substantially by installing photovoltaic panels and utilizing
wind energy. Even more intriguing is the use of geothermal energy which is completely independent of
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sunshine and wind. The concept involves injecting cold water into a subterraneous formation with a
temperature of > 50 °C, ideally > 100 °C (see Figure 3 (left)), as producing steam which is used to feed
electricity generators. Countries which are prominent in the utilization of geothermal energy include Iceland,
USA, Japan, Indonesia, Italy, Kenia, Turkey, Philippines and New Zealand.
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Figure 3 Schematic illustration of an enhanced geothermal system (left); Examples of modern architectural design
for “green” buildings (right).

5. Re-Designing Our Mega Cities

Apart from the measures above, a complete re-thinking of the principle design of our cities will be necessary
to achieve the turning point with respect to CO; emission. This involves fundamental architectural changes
as well as a completely different city plan. Generally, our cities need to incorporate more nature into the
habitat. For example, apartment buildings can be furnished with plants and trees on the balcony, or facades
can be covered with dangling plants (see Figure 3 (right)). This way, not only CO; is taken up from the
atmosphere, but also the building is sheltered against direct solar radiation and the consequential heating
up effect. Hence, the design and architecture of our cities will need to change fundamentally to reduce
atmospheric CO» and to cope with the challenges from global warming.

6. Timber — an Alternative for Concrete?

A discussion has begun whether concrete should be replaced by timber. First, the CO» footprint of concrete
only is ~ 300 kg CO,/m’ because its main components are sand and gravel, not cement. In comparison, the
CO:; footprint of timber cut in the Amazonas rain forest of Brazil was found at 23,800 kg CO»/ton (Campos
(2021)) which is immensely higher than that for concrete. Hence, from an environmental point of view
using Amazonas timber should be discouraged, even more so because rain forests absorb large amounts of
CO; and moderate our global rain patterns. Note that an average tree takes up ~ 10 tons of CO; over its
lifetime. Other studies on timber recovered from forests which are near cities present values for the CO,
footprint of 400 - 800 kg CO»/ton (Burnett (2006)). These data signify that even in a best case scenario
timber cannot match the environmental balance of concrete and therefore does not present a realistic
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alternative to concrete.
7. Summary and Conclusion

Construction will play a most prominent role in combating climate change, and so far the significance of
its contribution has been rather underestimated. In order to reduce CO; emission by at least 50 % (which is
required to become “climate neutral”; note that only 50% of CO, released stay permanently in the
atmosphere because the other 50% are taken up by the ocean and the biosphere; hence, governments have
set a 50% target for CO, reduction), multiple steps need to be taken including:

- Reduce the CO; footprint of cement by lowering its clinker content to less than 50 %, while achieving
similar performance properties as OPC. (Bistline (2022))

- Carbon capture and geological storage (CCS)
- Carbon capture and utilization (CCU), e.g. carbonation curing

- Effective thermal insulation of buildings, as it can provide the highest reduction in CO, emission across
all sources.

- Heating and cooling of buildings should be powered by green energy from solar, wind and/or geothermal
energy rather than from fossil fuels.

- Timber is not an environmentally friendlier alternative to concrete.
- Establishing “green” cities by rethinking the urban design

It is obvious that the goals relating to CO, reduction can be achieved only through international cooperation
and a concerted global effort.
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ABSTRACT

To reduce the adverse environmental impact of construction, innovative methods, and materials to
enhance the storage of CO» in concrete are required. One way is to replace cement in concrete with
binders that emit less CO, in manufacturing and have a higher potential to absorb CO,. One such
innovative material is y-2Ca0.SiO; (y-C:S), which is the y phase of di-calcium silicate. By replacing
cement with blast furnace slag and y-C,S in concrete, authors have developed CO,-SUICOM,
environment friendly concrete that can absorb CO:s as it hardens thus making the entire concreting process
carbon negative.

In the current study, the potential of y-C,S as a CO; capture material to enhance the CO, absorbing
capacity of concrete during kneading is explored. The experimental results illustrate that using the
proposed pre-mixing mixing method, workability as per construction standards can be achieved along
with improvement in compressive strength compared to specimens with the same cement content. Also,
thermo-gravimetric analysis (TG-DTA) reveals that the amount of CO; stored inside concrete has
increased.

KEYWORDS: Carbon negative, Carbon utilization and sequestration, Concrete, Dry Ice, Workability

1. Introduction

Cement, which is essential to build economic and durable infrastructure, is also responsible for a huge
amount of CO; emissions into the environment. To mitigate the harmful effects, the focus of researchers
is shifting towards developing alternative binder compositions which can reduce the clinker content in
concrete thus reducing the overall CO, emissions. It has become imperative to develop materials that
have the potential to absorb a greater amount of CO, than they emit during production. y-CsS is one such
special admixture that causes an emission of only 124.5 Kg of CO, per ton produced but has the capacity
to absorb around 500 Kg of CO; per ton. It is the y phase of C,S, which unlike 3-C,S does not hydrate but
only reacts with CO; in the presence of water to form calcium carbonate and silica (Shoji et al. (2013)).
Previously, y-C,S has been used in combination with blast furnace slag and cement clinker by researchers
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develop a concrete mix design which can achieve carbon negativity on carbonation curing (Yoshioka et
al. (2013)).

Apart from storing CO; in concrete using carbonation chambers, it is also beneficial to determine ways to
store CO; in concrete while mixing. Researchers have developed innovative methods to facilitate the
addition of CO; gas in concrete during mixing and enhance the strength properties of concrete (Monkman
et al. (2017)). However, some research has also shown that the direct addition of CO; in the form of gas
or dry ice directly into concrete causes loss in slump. Hence, after comparing various mixing methods, it
was concluded that pre-mixing y-C,S along with sand, gravel and dry ice as shown in Figure 1, helps in
retaining the workability of concrete. Further, using the pre-mixing method, the compressive strength of
concrete could be improved such that cement content in the concrete could be reduced by 5%. Hence, the
proposed method facilitated CO, reduction (Avadh et al. (Under Review)). However, the dry ice amount
added in this study was only 0.6% of the total powder content which is quite less. Therefore, it is
important to investigate the effect of increasing the amount of dry ice while mixing concrete.

In this study, the previously proposed pre-mixing method is used to store CO; in concrete during mixing.
The study investigated the effect of increasing the amount of dry ice mixed in concrete on slump,
concrete temperature and compressive strength. Also, the amount of CO, stored is confirmed using
thermogravimetric analysis (TG-DTA).

| (i) Normal | | (ii) Pre-mixing |
| Cement, Sand, Gravel | l Gravel, Sand, Dry Ice, y-C,S |
Water, Admixtures Part of Water and
(Dry ice) Admixtures
Pour out of mixer | Cement, Remaining Water
and Admixtures

!

| Pour out of mixer |

Figure 1 : Mixing procedures used in this study

2. Experimental scheme

2.1 Materials

For the experimental investigation, ordinary Portland cement (OPC) was used as the binder while y-C,S
was used as the CO; capture material with chemical and physical properties as shown in Table 1. Crushed
sand and gravel with density of 2.61 g/cm® and 2.65 g/cm’ respectively were used to make concrete.

Table 1 : Chemical and physical properties of cement and y-CoS

Ca0 | SiO, | ALOs | Fe;O;5 | MgO | SOs | NayO | K;O | LOI | Density (g/cc) | SSA (cm%g)
OPC | 63.8 ] 205 | 5.1 3.1 1.2 |20 ] 03 04 | 26 3.16 3310
v-C2S | 63.9 | 33.9 1.0 0.4 0.1 [ 04 ] 0.1 0.1 | 0.1 2.85 1500

2.2 Mixing method

In this study, two different mixing methods have been employed as shown in Figure 1. The normal
mixing method is the standard method normally followed in experimental laboratories. In the proposed
pre-mixing method, sand, gravel, y-C,S and some amount of water are initially mixed following which
the remaining amount of cement and water is added. This gives ample time for y-C,S to react with dry ice
and form in-situ calcium carbonate thus preventing any reaction between CO; and cement which leads to
prevention of loss in slump.
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2.3 Mix design and experimental cases

To understand the effect of increasing the amount of dry ice on concrete properties, four different cases as
shown in Table 2 were investigated. The W/C for each case was fixed at 52.5% to clearly understand the
effect of carbonation of y-C,S using dry ice on cement hydration and strength evolution. Cases containing
v-C»S had increased powder content with a W/P of 50%.

Table 2: Concrete mix design corresponding to experimental cases

wW/P* | W/C | Dryice Unit Weight (kg/m?) Mixin
No. Name (%) ©) | %xP) W C -8 S G me thoﬁ Remarks
1 C 52.5 52.5 0.0 175 332 0 800 | 986 Normal Base case
2 DG-0.0 50.0 52.5 0.6 175 | 332 18 800 | 986 Pre-
3 DG-1.0 50.0 52.5 1.0 175 | 332 18 800 | 986 mixing 5% v-CsS added
4 DG-5.0 50.0 52.5 5.0 175 | 332 18 800 | 986

*P = Weight of Cement + Weight of y-C,S

2.4 Slump and compressive strength tests

The temperature and slump of the concrete mix were measured as per JIS A 1156 and JIS A 1101
respectively. Further, the compressive strength was obtained using cylindrical specimens of diameter 100
mm and height 200 mm after 1,7, and 28 days of sealed curing at 20°C and 60% RH.

2.5 Thermo-gravimetric analysis (TG-DTA)

TG-DTA was conducted to determine the amount of CO» stored in concrete using the pre-mixing method.
Assuming that the aggregate does not absorb CO,, samples were prepared using only powders i.e. y-CoS
and cement following the pre-mixing method. The paste was poured into cylindrical molds of 50 mm
diameter and 100 mm height and samples for analysis were collected after allowing the paste to cure for
one day at 20°C and 60% RH. Hydration was stopped in the collected samples using acetone. TG-DTA
was conducted under nitrogen gas flow till 1000°C at a rate of 20°C /min. The amount of CO; stored was
measured by measuring the loss in weight between 600°C to 850°C.

3 Results and discussion

3.1 Slump and temperature

The results of the slump flow and temperature for each mix design have been shown in Figure 2(a).
Comparing the results of case C and DG-0.0, slump increases as the amount of powder increases from
332 kg/m® to 350 kg/m’. For the cases mixed with the pre-mixing method, as the amount of dry ice
increases from 0% to 1% the slump does not change but a further increase in dry ice amount to 5% causes
a slight reduction in slump. However, no significant effect of the addition of dry ice has been observed on
temperature.

3.2 Compressive strength

The section discusses the impact of increasing the amount of dry ice content on the compressive strength
of concrete mixed using the proposed pre-mixing method. The compressive strength results in Figure
2(b), are shown as a percentage of the base case i.e. “C” with the actual strength shown as numbers on top
of corresponding bar plots. It can be observed that as the amount of dry ice added in the first step of
mixing increases, the 1 day compressive strength reduces. This could be attributed to the fact that calcium
carbonate and silica formed due to carbonation of y-C,S hinders the initial hydration process hence
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causing a delay in acquiring 1 day compressive strength. The reason for the delay in strength evolution
needs further investigation. However, the 7 day and 28 day strengths increase as the amount of dry ice
increases from 1.0 % to 5% showing the beneficial effects of adding dry ice to concrete. Also, the later
age compressive strengths show significant improvement of up to 20% compared to case “C” which has
the same cement content.

20 30 140 0.5
= Slump (cm) —e—Temperature
25 -, 120 ‘;
15 _ —~ 5 5 0.4 -
P - Y F 100 M
= [ o 20 & 2 o
g =1 L 80 503 N
a10 15 £ 2 ;
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v 10 2 5: 4
5 & g 40 2
. S 201 -
5 © 20 g
0 0 0 < 0.0
C DG-0.0 DG-1.0 DG-5.0 C DG-1.0 DG-5.0 DG-0.0 DG-1.0 DG-5.0
(a) Fresh Properties (b) Compressive strength test (c) TG-DTA

Figure 2 : Effect of increasing the amount of dry ice in the pre-mixing method

3.3 Amount of CO; stored

The amount of CO; stored while pre-mixing y-C,S and dry ice was measured using TG-DTA and the
results are shown in Figure 2(c). Considering, the amount of CO» present in the case DG-0.0 as base, the
amount of CO; stored in DG-1.0 and DG-5.0 is calculated by subtracting the measured CO, amount of
DG-0.0 from other cases. It can be observed that the amount of CO, stored in concrete increases as the
amount of dry ice added increases from 1% to 5%.

4 Conclusions

In the current study, y-C,S and dry ice are pre-mixed with sand, gravel and some part of the water which
is followed by the addition of cement and remaining water. The results show that slump decreases on
increase in the amount of dry ice but it can be adjusted using an appropriate amount of admixture. Further
increasing the amount of dry ice delays the gain in initial strength but later age strength improves. Also,
the amount of CO; stored in concrete increases with in the dry ice amount.
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ABSTRACT

Reactive MgO cement (RMC) is an alternative, low-carbon binder to ordinary Portland cement (OPC).
RMC reacts with water and absorbs environmental CO, to precipitate hydrated magnesium carbonates
(HMCs). Depending on CO; curing conditions and RMC composition, various polymorphs of HMCs
precipitate, which affects the strength of the final RMC-based composite. In this study, polymorphism in
HMC:s is studied by visualizing the hydration and carbonation reactions of RMC using a specialized in-
situ gas cell with transmission electron microscopy (TEM). The first step of the experiments is the sample
preparation which involves ball milling, centrifugation, and sonication to obtain the right particle size and
distribution for the analyses. The in-situ experiments are then conducted by flowing gases into and out of
the gas cells at the required concentrations and temperatures. Various mixtures of water vapor and CO,
gas are used to investigate their effects on the nucleation pathways during the precipitation of HMCs. The
reactions are also conducted at different temperatures, from 25°C to 300°C, to investigate the effect of
temperature on the formation of the different HMC phases. In addition, changes in the sample
morphology and phases can be captured with videos and images taken using in-situ TEM. Diffraction
patterns and lattice images collected from TEM can also provide information about the different phases of
HMCs formed during the experiments. These results help provide valuable information on polymorphism
in magnesium carbonates, which will, in turn, aid in evaluating and enhancing the properties of RMC.

KEYWORDS: Reactive magnesia cement, carbonation, in-situ transmission electron microscopy
1. Introduction

Concrete is the second most consumed material on Earth after water (Sakai and Noguchi (2012), Mehta
and Monteiro (2014)). Despite the advantageous properties of concrete, its high carbon footprint has
pushed the need for alternative low-carbon materials. The high carbon footprint of concrete is mainly
attributed to the production of ordinary Portland cement (OPC), accounting for 7% of global carbon
emissions (Fransen et al (2021)). Reactive MgO cement is one potential low-carbon alternative to
ordinary Portland cement. RMC reacts with water to form magnesium hydroxide, and in the presence of
CO., it carbonates to form various polymorphs of hydrated magnesium carbonates (HMCs). The HMCs
form a binding material akin to that of cement paste. Different HMC polymorphs form depending on
factors such as CO, partial pressure, water content, temperature, and pH. The main HMCs that form
include nesquehonite, dypingite, hydromagnesite, artinite, and magnesite (Al-Tabbaa (2013), Soares and
Castro-Gomes (2021)). The resulting HMCs have different densities and strengths, and since they co-
precipitate during the hydration and carbonation processes, the ultimate strengths of the final RMCs can
be highly variable. This high variability in the ultimate strengths of RMCs hinders their acceptance in the
construction industry. Therefore, this study aims at understanding the hydration and carbonation reactions
of reactive magnesia binders by experimentally evaluating the nucleation and growth of HMCs during the
reactions. This would eventually allow maneuvering the formation of the denser HMC phases over the
less dense ones improving the strength and properties of RMC.
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2. Methodology

Samples of reactive magnesia were obtained from two different suppliers. Both samples are light-burned,
high-reactivity magnesia, and their compositions and properties are shown in Table 1.

Table 1. Composition and properties of magnesia samples
Parameters Magnesia Sample 1 | Magnesia Sample 2
MgO 92.4% 98.2%
CaO 1.72% 0.8%

Si0: 2.52% 0.35%

Fe203 0.82% 0.15%
Median particle size (before grinding) - 3—8um
Surface area (before grinding) - 60 m*/g
Activity index 48 seconds 8 seconds

A transmission electron microscope is used to image the material at the micro and atomic scales. The
TEM system used for the experiments is a ThermoFischer Talos F200X model with an accelerating
voltage of 200 kV. A specialized in-situ gas cell TEM holder is utilized, which allows the flow of gases at
specified concentrations and flow rates onto the sample. The gas cell used is the Atmosphere System by
Protochips® which has a holder tip volume of a maximum of 1 uLL and can operate at temperatures of
25°C to 1000°C, at pressures of 1 to 760 Torr, and for gas flow rates of 0.005 to 1 mL/min.

The first step of the experiment is the sample preparation process. The samples are first ground in a ball
mill for at least 8 hours using zirconia jars and balls at 500 rpm, following the recommended grinding
method for optimizing the reactivity of light-burned magnesia in the study by Khalil and Celik (2019).
Then, the ground powder is collected and prepared in isopropanol solvent in glass vials. The sample
solution is then sonicated for at least 30 minutes. The sample particles need to be as small as possible
since the gas cell can only accommodate particle sizes of less than 5 um in thickness, and better images
can be taken using TEM when the particle thickness is small. Therefore, to collect the smallest-sized
particles from the solution, the solution is kept to settle overnight. Then the supernatant is collected from
the solution for drop casting onto the TEM chips.

The gas cell with the sample on the chip is then assembled at the tip of the holder, and the holder is
inserted into the TEM for imaging. Before running the experiments, the samples are first imaged for long
durations under the direct beam of the microscope to determine the beam effect on the samples. Then, the
gas connections are set up, and the required parameters are set prior to run the experiment. For the
experiments, the gas mixture used is 80% CO, gas and 20% water vapor at a pressure of 70 Torr. The
experiments are conducted at three temperatures of 25°C, 50°C, and 250°C.

3. Results and Discussion

Initially, lattice images are obtained for the MgO samples in dry mode before running the gases. The high
intensity of the TEM electron beam can sometimes cause damage to samples in the form of distorted
lattice structures or morphology. Therefore, the samples are first exposed to a direct electron beam for a
long period of time to determine any beam effect on the samples. This is conducted at room temperature
and atmospheric pressure before flowing gases to determine the sole effect of the electron beam. Figure 1
shows lattice images of the MgO sample before and after exposure to the electron beam for 1 hour.
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(a) (b)
Figure 1. TEM images of MgO sample before flowing gases (a) before electron beam exposure and (b) after
direct electron beam exposure for 1 hour. Lattice parameter remains unchanged at a value of about 0.069 nm

The results show that the MgO lattice remained stable under the direct electron beam for one hour of
exposure with a measured lattice parameter of about 0.069 nm. This ensured the MgO sample would
remain stable under the high intensity of the electron beam and that any observed changes should result
from the reactions taking place after flowing the gases.

Next, the first experiment is conducted by flowing the gas mixture at 25°C. However, significant carbon
contamination occurred at this temperature, and the images were blurry. Carbon contamination is one of
the common problems that can occur during TEM imaging, and it is more pronounced in the experiments
conducted in this study due to the use of CO, gas. One solution to avoid carbon contamination is to
conduct the experiment at high temperatures to avoid carbon build-up in the gas cell. Therefore, the
experiment was repeated at a higher temperature of 50°C. However, carbon contamination was still
observed at 50°C, so a much higher temperature of 250°C was used for the next experiments. Figure 2
shows the experiment results at 250°C for the first sample, Magnesia Sample 1, after running the
experiment for about 3 hours and 40 minutes.

06/10/2022 13:06:20.202
06/10/2022 13:06:40.251

$06/10/2022 16:45:10.566 %
06/10/2022 16:45:10.624
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Spot Size: 3

Focus S: 0.2970

Focus Q: 0.9062

2498 °C

69.10 Torr
H20(20.91%)/C0O2(79.09%)
Flow Rate: 1.589E-06 sccm

Intensity: 0.56170

Mag: 5.800E+04
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Focus Q: 0.8479

250.0°C

69.00 Torr
H20(20.91%)/C0O2(79.09%)
Flow Rate: sccm

(a) (b)
Figure 2. TEM images of Magnesia Sample 1 (a) at the start of the experiment and (b) after flowing the gas
mixture for about 3 hours and 40 minutes

The recorded images show changes in the morphology of the MgO particles from close to angular to more
rounded shapes after about 20 minutes of flowing the gas mixture. About 55 minutes later, the particle
edges start breaking out, and small particulates are noticed to form at the broken edges, as can be seen in
Figure 2(b). This pattern continues, and more particulates form at other MgO particle edges in the sample.
Diffraction patterns collected at the locations of the newly formed particulates only show halos or blurred
rings, indicating the formation of amorphous materials. This is suspected to be amorphous magnesium
carbonate; however, further studies are needed to confirm this finding.

The same experiment is repeated on the second sample, Magnesia Sample 2, and the TEM results are
shown in Figure 3. Similar to Magnesia Sample 1, new particle formations were also noticed.
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(a) (b)
Figure 3. TEM images of Magnesia Sample 2 (a) at the start of the experiment and (b) after flowing the gas
mixture for about 5 hours and 30 minutes

However, the particle formation, in this case, exhibited a peculiar fractal growth that was observed to
occur at a much faster rate under direct beam exposure. After about 5 hours and 30 minutes of flowing
gases, almost all of the initially round MgO particles changed into tree-like structures following the
fractal formations. Diffraction patterns collected from the newly formed structures also showed halos
indicating that these structures are amorphous. As with Magnesia Sample 1, this is also suspected to be
amorphous magnesium carbonate. Similar findings were reported by Jeon et al (2020), in which fractal
growth of magnesium carbonate was observed under TEM to occur on the surface of Al,Os-supported
eutectic mixture-promoted MgO sorbents.

4. Conclusions

Despite the potential of reactive magnesia cement to reduce carbon emissions from the concrete industry,
some limitations still need to be addressed. One of its limitations is the variability in the ultimate
strengths of the final composite owing to the co-precipitation of various HMC polymorphs during the
hydration and carbonation reactions. It is anticipated that the precipitation of these polymorphs can be
maneuvered to form the high-density HMCs over the low-density ones, thus improving the ultimate
strength of RMC. In this study, the nucleation and growth phenomenon of HMC from MgO is imaged
using a specialized in-situ gas cell in a TEM to observe the reactions in real time. The results showed the
formation of an amorphous form of HMC in the form of small particulates that break out and nucleate at
the edges of the MgO particles. In an MgO sample from a different source, the growth of the HMC
particles from MgO was observed to occur in a fractal growth pattern, similar to results reported in
another study in the literature (Jeon et al (2020)). The precipitated HMC is suspected of amorphous
magnesium carbonate following the halos obtained from TEM diffraction patterns. Further studies will be
conducted using other characterization methods to confirm this finding.
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ABSTRACT

A quantitative study was carried out on carbon dioxide (CO;) bound by carbonation of belite by means of
thermogravimetry-differential thermal analysis (TG-DTA) and total carbon analysis (TC). According to
X-ray diffraction (XRD) and scanning electron microscopy with energy dispersive spectrometry (SEM-
EDS) analyses, the carbonated belite analyzed in this study had constituent phases consisting of calcite,
aragonite and silica gel containing a small amount of calcium oxide. Quantitative analysis by TG-DTA
showed that the amount of CO, derived from decarbonation of calcium carbonate occurring at above
600°C was about 80% in mass of the CO, found by the TC. It was revealed by thermogravimetry-mass
spectroscopy (TG-MS) analysis that the remaining 20% came from decarbonation at low temperatures
around 300 to 600°C. Since decarbonation of calcium carbonate was usually considered not to occur at
temperatures lower than 600°C, the authors investigated the origin of the decarbonation by means of
Fourier transform infrared spectroscopy (FTIR) and selective dissolution using salicylic acid-methanol.
The analysis results pointed out that decarbonation of calcium carbonate could also occur at low
temperatures in the presence of both calcium carbonate and silica gel. The CO; bound by carbonation of
belite is present in the form of calcium carbonate, which coexists with silica gel. This was thought to be
the reason why the thermal analysis showed the decarbonation at low temperatures.

KEYWORDS: Calcium silicate, p-C>S, Carbonation, CO; uptake, Calcium carbonate

1. Introduction

It has been reported that in the thermal analysis of carbonated calcium silicate phases, decarbonation
occurred from around 400°C, which is lower than the decarbonation temperature range of typical calcium
carbonate (e.g., Bukowski and Berger (1979)). Previous studies suggest that this low-temperature
decarbonation may be due to vaterite, aragonite or amorphous calcium carbonate (ACC) (e.g., Ashraf and
Olek (2018)). However, the single phases of vaterite, aragonite and ACC all transform thermally to
calcite, the stable phase, followed by decarbonation, and therefore decarbonation does not occur from the
low-temperature region of around 400°C. Goto et al. (1995) showed the decarbonation after thermally
transition of the metastable phases, and indicate that the low-temperature decarbonation in the carbonated
calcium silicate was not caused by transformation or existence of the metastable phases. The question
remains as to what the low-temperature decarbonation is derived from. In this study, various analyses
were conducted on the carbonated B-C,S (belite) to quantitatively examine the bound CO,, including
attribution of the decarbonation at the low-temperature in the thermal analysis.

2. Experimental

2.1 Material

(1) Preparation of carbonated belite

Belite was synthesized according to the previous study (Nijima et al. (2014)). The synthesized belite was
ground to a Blaine specific surface area of 4070cm?/g. Water was added to 10% of the mass of belite, and
the mixture of them were pressed into cylindrical shaped pellets of approx. @30mmx>20mm. The pellets
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were cured for 7 days at temperature of 30°C, relative humidity (RH) of 80%, and CO» concentration of
80%. After curing, they were ground. Then, 10% of water was added to the mass of the ground sample,
and the mixture of them were pressed into the pellets with the shape already descrived and cured for 7
days under the environment described above. This cycle was repeated once more for further carbonation.
In total, the curing period was 21 days at a temperature of 30°C, RH of 80%, and CO» concentration of
80%. After curing was completed, the sample was vacuum-dried for 7 days.

(2) Hydrochloric acid treatment of carbonated belite

Hydrochloric acid (2mol/L) was added at a ratio of 30mL to 1g of the carbonated belite. The residue not
dissolved in hydrochloric acid was collected by centrifugation. The collected residue was washed well
with ion exchange water and vacuum-dried for 7 days. The residue obtained by this process is hereafter
denoted as HCI residue.

(3) Mixture preparation of calcite and HCl residue

Calcite and HCI residue were weighed to a mass ratio of 1:1 and mixed in a mortar. Two types of calcite
were used in this study. One was a reagent with a purity of >99.5% (Kanto Chemical Co.). The other was
created by heating vaterite. Vaterite was synthesized based on the previous study (Hargis et al. (2021)). In
short, 500 mL of an aqueous solution containing 0.7mol of (NH4),CO3 was added to 1L of an aqueous
solution containing 0.7mol of CaCl, and 1.4mol of NHs. After the solution was stirred for 1 minute,
vaterite was collected by filtration. This vaterite was heated at 420°C to obtain calcite.

2.2 Analysis

Thermogravimetry-differential thermal analysis/mass spectroscopy (TG-DTA/MS) was measured with
the temperature range from room temperature to 950°C. The rate of temperature increase was 20°C/min,
and the furnace atmosphere was He. m/z=18 for H,O and m/z=44 for CO, were measured.

Fourier transform infrared spectroscopy (FTIR) was measured by the KBr tablet method.

Powder X-ray diffraction (XRD) data were recorded with Cu ko radiation (40 kV and 40mA).

Tortal carbon (TC) was determined by measuring the CO, released by combustion of the sample at
1250°C with a non-dispersive mtehod.

The pellet after 21 days of carbonation curing was embedded in epoxy resin and polished. The specimen
was analyzed by scanning electron microscopy with energy dispersive spectrometry (SEM-EDS).
Selective dissolution method using salicylic acid was performed. A solution of 7.5g salicylic acid
dissolved in 60ml of methanol was added to 2g of sample and stirred. The insoluble residue was then
filtered off using a membrane filter with pore size of 0.1um, washed with methanol, and dried. The mass
of the insoluble residue was measured to caluculate the parcentage of the residue to the initial 2g sample.

3. Results and discussion

(1) Constituent phases of carbonated belite

Calcite, aragonite, belite and silica gel were recognized in the XRD pattern and FTIR spectrum of the
carbonated belite (see Figs. 3 and 4). Moreover, the observation by SEM-EDS shows the presence of the
silica gel around the unreacted belite particles and the calcium carbonate around the silica gel, as well as
the absence of the unreacted belite and the presence of the calcium carbonate around the silica gel. All the
silica gel analyzed by SEM-EDS contained a small amount of CaO. In summary, the results of the
analyses show that the silica gel with a small amount of CaO and the calcium carbonate (calcite and
aragonite) were formed by the carbonation of belite. In the previous studies on the carbonation of belite
(e.g., Ashraf and Olek(2018)), it was reported that silica gel containing CaO and calcium carbonate were
formed, which was consistent with the results explained above.

(2) Evaluation of bound CO»

Fig. 1 shows the TG and DTG of the carbonated belite. The decarbonation temperature of the calcium
carbonate was determined from the DTG curve accourding to Umetsu et al. (2021). In the present study,
start and finish of the decarbonation temperature were 633°C and 770°C, respectively, and the mass loss
rate, in this temperature range, which means CO; content, was 19.9%. On the other hand, the CO, content
determined by the TC was 26.0%. The CO; content determined by the DTG was equivalent to about 80%
of that determined by the TC. From the MS spectra of the carbonated belite shown in Fig. 2, it was found
that a very small amount of CO, was released from room temperature to about 300°C, and that after this
temperature, the amount of released CO» tended to increase significantly. A very small amount of CO»
was also observed after 770°C, which was regarded as the completion of the decarbonation based on the
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DTG curve. The area fractions corresponding to the temperature range from room temperature to 300°C,
300 to 633°C, 633 to 770°C, and 770 to 950°C in the MS spectra corresponding to CO, were 0.86%,
18.10%, 80.48%, and 0.56%, respectively. The area fraction is proportional to the amount of CO,. The
released CO» for the temperature range of 633 to 770°C are consistent with the finding that the amount of
CO; determined by the DTG was equivalent to 80% of the amount of CO, determined by the TC. The
remaining 20% corresponded to CO; released at temperatures between 300 and 633°C. In this study, 300,
633, and 770°C were selected, which may differ to some extent due to differences in the materials,
carbonation conditions, analytical conditions, etc (e.g., Ashraf and Olek(2018), Morandeau A. et al.
(2014)). Fig. 2 also shows H>O was released up to about 700°C. The released H,O was thought to be
derived from physically-bound water and dehydration of silica gel (Morandeau A. et al. (2014)). It should
be added that although the previous study associated the release of H,O after 400°C with ACC (Zajac M.

et al. (2022)), its presence was not clearly confirmed from the above analytical results in the present study.

(3) Examination of CO; released in low-temperature region

The various analyses were conducted on the sample obtained by heatingt the carbonated belite at 550°C
to investigate the reaction in the temperature range of 300 to 633°C.

According to the XRD patterns (Fig. 3), the diffraction intensity corresponding to aragonite decreased and
that corresponding to calcite increased after heating, showing the heat-induced phase transition from
aragonite to calcite. The diffraction intensities corresponding to belite were almost the same before and
after heating, suggesting that there was almost no change in its amount. No mineral phases other than
aragonite, calcite, and belite were observed in the XRD pattern of the heated carbonated belite. The FTIR
spectra (Fig.4) show that the absorption peak corresponding to silica gel was lowered by heating, and it
was considered that the amount of silica gel decreased.
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The parcentage of the insoluble residue by the selective dissolution process of the carbonated belite
before and after heating at 550°C was 92.9% and 81.9%, respectively. Even considering that a mass loss
of the carbonated belite heated at 550°C was 8.3%, the parcentage of the insoluble residue of the heated
belite was lower. Calcium carbonate is almost insoluble in salicylic acid-methanol solution, and the main
soluble components are calcium silicate phases such as CsS, C,S and C-S-H (Kondo and Ohsawa(1969)).
The lower parcentage of the insoluble residue of the heated carbonated belite implies the formation of a

188



calcium silicate phase. This calcium silicate phase is assumed to exist as an amorphous phase because the
XRD patterns show that the amount of belite did not change before and after heating, and further, no
mineral phases other than aragonite, calcite, and belite was identified. Aragonite, calcite, and belite are
chemically abundant in CaO components. It my be possible that belite reacted with silica gel to form
calcium silicate phase. However, it is considered that aragonite or calcite reacted with the silica gel after
decarbonation because CO, was released in the low-temperature region,

Next, the possibility of decarbonation at the low-temperature region when calcium carbonate and silica
gel coexist was verified.

(4) Decarbonation behavior of calcite and HCI residue

The TG-MS of the mixtures of calcite and HCI residue, identified as silica gel, are shown in Fig. 5. In the
case of reagent calcite or calcite via vaterite alone, mass loss was observed after about 600°C in both
cases, whereas in the mixtures with HCI residue, CO, was released from about 400°C. The decomposition
of calcite may have beeen catalyzed by the presence of silica gel.

Calcite and aragonite were present as calcium
carbonate in the carbonated belite. It is not clear
which of these phases decomposed at low
temperatures. However, when calcite via vaterite
was used, the degree of the decarbonation at low
temparatures was higher, implying that the
contribution of aragonite, which is also a metastable
phase, may be more significant. The chemical
composition of silica gel is considered to be strictly
different between HCI residue and the silica gel in e : o
the carbonated belite. The composition of silica gel 0 200 400 600 800
that promotes the decarbonation of calcium Temperature (°C)
carbonate at low temperatures will be a reserch
topic for future study.
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4. Conclusions

A quantitative study was carried out on CO, bound by carbonation of belite. Constituent phases of the
carbonated belite were calcite, aragonite and silica gel containing a small amount of CaO. Quantitative
analysis by TG-DTA showed that the amount of CO; derived from decarbonation of calcium carbonate
occurring at above 600°C was about 80% in mass of the CO; found by the TC. It was revealed by TG-MS
analysis that the remaining 20% came from decarbonation at low temperatures around 300 to 600°C.
Though decarbonation of calcium carbonate was usually considered not to occur at temperatures lower
than 600°C, the analysis results pointed out that decarbonation of calcium carbonate could occur at low
temperatures in the presence of both calcium carbonate and silica gel.
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ABSTRACT

The early hydration and rheological properties of fresh cement pastes prepared from low-energy clinkers
activated with SO; and co-doped with Li,O, CuO, and MgO were studied. SO; and selected foreign
elements act as mineralizers and fluxes, partly incorporated in clinker phases and change their phase
composition and texture. Reactive cements can be prepared from this clinker with low LSF and
alite/belite ratio opposite to OPC. Heat flow development of cement pastes during early hydration was
determined by isothermal calorimetry. Technological parameters were correlated with the rheological
properties of cement pastes determined by rotational theometer in flow regime. The role of dopants in the
early hydration of cement pastes and its structuration is discussed in the paper. Co-doping with Li
accelerates early hydration but compromises long-term strengths while Cu slows down early hydration
reactions showing good later ages performance. Cement pastes' flow properties can be divided into 4
periods with respect to reaching the steady state.

KEYWORDS: Belite-rich cement, SO3 activation, mineralizers, early hydration, rheology
1. Introduction

One of the alternative cement clinkers with lower GHG emissions compared to ordinary Portland cement
(OPC) are reactive belite-rich clinkers. They contain the same clinker minerals as OPC clinker but the
alite/belite ratio is the opposite. The ideal clinkering temperature is usually close to 1350 °C, which is
about 100 °C lower than the average for OPC, which can lead to somewhat lower kiln heat consumption
and permit more use of low-grade kiln fuels (Gartner & Sui, 2018).

The paper builds on the previous study of low-energy clinkers (Bohac et al., 2022) and aims at cements'
early hydration properties. Since the rheology of this type of low-energy cement, not to mention the
influence of co-dopants on sulfate balance, has been studied only to a small extent, its determination is an
essential step before its consideration and possible future application.

2. Materials and Methods

Clinkers doped with the combination of SO; anions (Stan¢k & Sulovsky, 2015) and cation (2% MgO, 1%
CuO and 0.5% Li,O) were synthesized in laboratory furnaces at 1350°C. LiCO3, MgCOs3, and CuO were
used as the source of Li, Mg, and Cu respectively. Sulfate was in the form of chemical grade gypsum. The
raw meal was prepared from common cementitious materials. Detailed information on clinkers'
preparation and properties are given in (Bohac et al., 2022). Cements (BS reference, with co-dopants: BS
Li, BS Cu and BS Mg) were prepared by grinding clinker in the laboratory ball mill to the same fineness ~
400 cm’.g'. Chemical grade gypsum — CaS04.2H,O (G) was added to cement in an amount optimized
according to early strengths and heat flow development. Based on the test results, gypsum content was
selected for each doped clinker for further study: BS — 4 wt.% G, BS Li -3 wt.% G, BS Cu—1 wt.% G,
BS Mg —3.5 wt.% G.
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The fineness of cements was determined by Blaine method. Soundness, standard consistency and setting
times were monitored for cement pastes and strength development after 2, 7, 28 and 90 days on mortars
according to EN 196.

Calorimetry tests were performed on cement pastes at 25 °C using TAM Air 8 channel isothermal
calorimeter. To prevent the overheating error due to high values of heat flow, only four grams of cement
were weighed in a 20 ml plastic ampoule, and water was added outside the calorimeter (w/c=0.4). The
paste was then stirred for 2 min at a speed of 2 revs/s ex-situ and then placed in a calorimeter with the
reference sample. Reference was deionized water in an amount corresponding to the heat capacity of the
paste.

Rheological testing was performed on a rotational theometer DHR (TA Instruments). The geometry of
coaxial cylinders was used with a vane rotor. Stainless steel four-blade vane rotor o 28 mm, length 42
mm, and outer cylinder (cup) with grooved walls @ 30.2 mm. The operating gap was 4000 um. The w/c
was 0.4 for all samples, and all tests were tested at 25 °C. The course of the setting was followed in flow
peak hold regime at constant shear rate steps 1, 2, 3... 10 s-1 with 60 s step time and 5-s sampling
intervals. The cement pastes with w/c=0.3 and 1% of PCE superplasticizer were mixed in a laboratory
mixer with scraper for 90 s than the paste was scraped with spatula and mixed for another 90 s. 170 g of
the paste was placed in the outer cup and tempered at 25 °C in the jacket, then the sample was pre-
sheared for 60 s at 20 s-1 and left resting for 30 s. The sample conditioning time was 125 s. The whole
procedure takes 12 min. The material was then left at rest for 2 minutes before the next measurement. The
pastes were tested each 15 min until the start of the setting.

3 Results and Discussion

3.1. Technological properties of cements

Cements of a similar density were ground to same fineness (Table 1). Good volume stability of cements
is evidenced by low values of soundness. The soundness for BS Cu was not possible to determine due to

very slow strength development.

Table 1 Fineness, soundness, standard consistency and setting times of cements

Specific Specific  Soundness Standard Start of setting End of setting

density  surface consistency

(g.em?)  (m% kg') (mm) (%) (hh:mm) (hh:mm)
BS 3.24 398.7 1 29.3 2:30 4:10
BS Li 3.26 400.3 1 29.7 2:10 3:00
BS Cu 3.29 398.7 -* 28.3 9:10 11:10
BSMg 331 399.4 0.7 313 2:30 4:00

*Not able to determine

Strength development was monitored on standard mortars after 2, 7, 28 and 90 days (Table 2). BS, BS Li
and BS Mg cements has decent early and long-term strengths. BS Cu shows prolonged strength
development, which is gradually comparable to reference BS. Acceleration of hydration is evidenced by
slightly higher 2d strength for BS Li, but this trend is not supported at later ages. Compared to ordinary
Portland cement CEM 1, the water demand is average for BS Cu, a little larger for BS, BS Li and
significantly larger for BS Mg (Table 1).

Table 2 Compressive strength development of mortars

Compressive strength (MPa)
2d 7d 28d 90d
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fe er f er f er f er
BS 220 08 413 0.8 585 22 628 22
BS Li 237 04 370 0.6 484 08 53.6 2.6
BS Cu 107 05 269 45 572 41 591 41
BS Mg 180 04 410 04 580 29 614 54

3.2. Isothermal calorimetry vs setting of cement pastes

Setting times of BS and BS Mg are similar. Li accelerates the start of the setting by 20 min and the end of
setting by more than 1 hour. BS Cu is characterized by an extremely long induction period with the start
of the setting after 9 hours and 10 min. Since the early hydration and the start of the setting are mainly
affected by alite content and its crystal size, it is assumed that the effect of Li and Cu are analogous to
clinker burned at typical temperatures. Several authors have previously reported the effect of Li salts on
PC hydration (Wang, Qian, Qu, & Guo, 2018). Due to the doping of CuO, the setting time is significantly
extended.

The course of setting determined by the Vicat needle test was compared to heat flow development for
cements with selected gypsum content. Setting times are affected by dopants accordingly to heat flow
development. The start of the setting relates to the onset of the main calorimetric peak and the end of
setting to its offset.

The alite content and size are important parameters affecting the main peak's position, intensity and width
(Bohac et al., 2022). The accelerated effect of lithium is a combination of the nucleation effect on nano Li
(Wang et al., 2018) and increased alite content compared to reference compensated by relatively larger
alite crystals, which slows the early stages of hydration. Similarly to previous findings (Tao, Zhang, Li,
Wang, & Hu, 2019), the CuO slows the hydration due to increased alite size. The course of the initial
hydration of the MgO-doped sample is very similar to the reference. A well-defined second aluminate
peak related to the depletion of gypsum (Bullard et al., 2011) can be seen as the shoulder of the main peak
in the deceleration period. Concerning cement composition and fineness, the mutual position of these two
peaks shows proper sulfation of cement and is closely related to strength in a hardened state. Li accelerate
the C3S and C;A reaction, evidenced by the exotherms' position. The second hump occurring
approximately 13-15 hours is attributed to the C3A. Due to the accelerated dissolution of C3A, this hump
occurs earlier (12h).

3.3. Rheology of pastes

The time of 60 seconds was taken to reach the steady state of the suspension (Roussel, 2005, 2006;
Roussel, Lemaitre, Flatt, & Coussot, 2010). There are 4 periods concerning reaching the steady state of
the cement paste on flow curve/time plot: 1. Continuous deflocculation during initial reactions; a
continuous decrease of stress at a constant rate, 2.Deflocculation to steady-state behaviour (Jarny et al.,
2005); stress decrease at a constant rate reaching the plateau, 3.Deflocculation during the period of slow
reactions; a continuous slow increase of stress at a constant rate, 4. The setting, a fast increase of stress at
a constant rate.

The length of the initial period characterized by a sharp decrease in stress differs depending on the
composition of cement and gypsum content. The second period of slow reactions allows for determining
the steady-state behaviour. The time of reaching this short hydration period, where the rate of structural
build-up is slow, mainly depends on the composition of cement and hydration reactions kinetics.
Dynamic yield stress can be approximated according to the procedure proposed by Russel (Roussel,
2006). The time of reaching the steady state was 45 - 60min for BS ref, 75-90 min for BS Li, 30-45 min
for BS Cu and 30-45 min for BS Mg. There is a good correlation between C3A and gypsum content and
the length of the initial period determined by rheometry. CsS also takes part in initial reactions, but it is
well known that its dissolution rates decelerate very quickly. The characteristic time of deflocculation is
around 60 s for reference, Cu and Mg-doped sample. A larger value is seen for Li doped sample, where
the time of initial reactions is longer compared to other samples.
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Reaching the third period after a short window of very slow structural-build up, slow but continuous
development of the structure is characterized by a slow increase of stress measured at constant stress.
Structuration becomes dominant, and the stress increases at constant shear rate despite the deflocculation.
Similarities can be found between the course of the heat flow curve and the rate of structural build-up not
only at this stage of hydration. Stress increases linearly over this period. While BS Li has a rapid rather
exponential increase in stress, BS Cu is gradual. Although BS Cu has a structural build-up, the bonds are
weaker and easier to break by shearing, and as a consequence, the stress increase is not as exponential as
with the other doped samples. The fourth period, limited by the adhesion of the material to the measuring
geometry, is characterized by fast increase of the shear stress that relates to the start of the setting.

4. Conclusions

Early hydration properties SO3 doped clinkers considerably vary depending on the co-dopant. Li, as a co-
dopant, accelerates early hydration but compromises long-term strengths. Cu slows down early heat and
strength development but shows good later-age performance. Mg doping increases the water demand, but
the properties are similar to reference cement. The start of the settings correlates to the onset of the main
calorimetric peak and the end of setting to its offset. Describing rheological properties, there are 4 periods
with respect to reaching the steady state of the cement paste.
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ABSTRACT

In this study, natural and designed mixtures of calcined clay and calcium carbonate minerals were examined
as binary precursors for alkali-activated cements (AACs). The effects of the formulation-processing factors
on the reaction phases composition and properties of fresh and hardened pastes of blended AACs were
investigated. It was stated that hydraulic AACs can be derived from calcined marl incorporated with
limestone powder containing 5.8—7.0% of calcined clay minerals and 54.6-60.5% of calcite, or non-
hydraulic AACs from a mixture consisting of 20-30% metakaolin and 70-80% limestone powder. A high
content of limestone in AACs accompanied by a low content of calcined clay minerals and improvements
in the performance of the fresh and hardened AAC pastes are provided by filler, dilution, nucleation, and
chemical effects. The reaction products and microstructures of alkali-activated metakaolin-limestone and
calcined marl-limestone cement-based hardened pastes were investigated using thermal and XRD analyses.

KEYWORDS: clay, limestone, cement, alkali
1. Introduction

The range of supplementary cementitious materials applied in increasing volumes for Portland clinker
replacement in blended cements has been revised in recent decades to establish more available and
widespread sources than traditional ones, such as blast furnace slag, fly ash, etc. As a result, clay and
calcium(magnesium) carbonate sources have been identified as the promising materials for producing low-
and non-clinker cements including alkali-activated cements (AACs). This research work focused on
studying the effects of influencing factors on the performance of fresh and hardened pastes, and reaction
products of AACs derived from natural and designed clay mineral-calcium carbonate blends.

2. Materials and methods

The marl, metakaolin (MK), limestone (LS), and sodium metasilicate (Na,SiO3) were applied to prepare
the AAC paste samples. The dry mixes were kneaded for approximately 10 min with an alkali reactant
solution. The fresh pastes were manually cast into 25 x 25 x 25-mm cubic moulds and vibrated for 1 min
to remove entrapped air. Two sets of samples were then prepared. The CS of the first set of samples was
tested after 2, 7, and 28 days age of curing at ambient temperature (25 °C) and 98% relative humidity. The
second set of hardened AAC pastes was tested after steam curing, following a thermal curing program of
24 h of presetting, 4 h to reach the desired temperature, 12 h of dwell time at 80 °C, and 3 h of cooling.

The workability of the fresh pastes was evaluated using flow-table tests according to EN 1015-3. The
water/binder ratio was regulated to maintain constant flowability ranging from 29.5 to 30.0 cm. The setting
times were measured using the Vicat needle method according to EN 196-3. The intenerate coefficient was
calculated using the ratio of the CS of the waterish samples for 48 h to that of the dry samples. X-ray
diffraction (XRD) and thermal analyses (TG/DSC) were conducted on ground clays and AAC hardened
pastes. The XRD results were obtained using a D2 Phaser X-ray diffractometer in a Bragg-Brentano 620
configuration with Cu Ka radiation operating at 40 kV and 30 mA. Data analysis was performed using the
DIFFRAC plus Evaluation Package EVA Search/Match and PDF-2 ICDD database. The mineralogical
composition of the clays was determined by analyzing the X-ray diffractograms of the software product
Diffrac.eva V3.2. An STA 443 F3 Jupiter simultaneous thermal analysis apparatus was used for the

195



TG/DSC. The clays and hardened AAC pastes were heated from 30 °C to 1000 °C at a heating rate of 10
°C/min. The data were analyzed using Netzsch Proteus Thermal Analysis software. Scanning electron
microscopy (FEI XL-30ESEM) was performed at an accelerating voltage of 20 keV.

3. Results

3.1. Properties of fresh and hardened AAC pastes

3.1.1. Properties of fresh and hardened AAC pastes based on calcined marl as natural mix of clay and
calcium carbonate minerals

The influence of the quantity of LS, SS, and curing conditions on the properties of hardened and fresh AAC
pastes is shown in Figs. 1,2.
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Fig. 1. The influence of the quantity of LS, Fig. 2. The properties of the fresh AAC pastes
SS, and curing conditions on the CS
of the hardened AAC pastes

It can be observed from the presented data that the dosage of SS - 5-10% was optimal. The compressive
strength (CS) of the hardened pastes cured at ambient temperature was up to 39.3 MPa, whereas for those
thermally cured was up to 45.2 MPa. The incorporation of up to 40-50% of LS leads to an increase in CS,
and further replacement of CM by LS considerably deteriorates the CS of the hardened blended AAC pastes.
The highest mechanical performance corresponded to a low content of calcined clay minerals (5.8-7.0%)
and high content of calcite (54.6-60.5%). By increasing the amount of LS in the range of 0—-50%, a decrease
can be observed in the setting times and water/binder ratio from 0.46 to 0.32.

3.2.2. Properties of fresh and hardened AAC pastes based on MK and C/M carbonate minerals

Fig. 3 presents the CS results of the samples based on the MK-LS. According to the obtained results, CS is
highest when the LS content is in the range of 70-80%. After curing at ambient temperature, the CS of the
steam-cured MK-LS samples was 21.7-32.2 MPa, and 7.1-10.6 MPa. The molar ratios Si/Al and Na/Al
for pastes activated by SS at Na,O of 5% were 2.69—-3 and 0.62—0.93, and at Na,O of 10% were 3.31-3.93
and 1.24-1.86, respectively. The replacement of MK by LS decreased the water/binder ratio from 0.7 to
0.58. Setting of the fresh paste shortened setting times - initial from 42 to 13 min, and the final from 67 to
30 min.

Fig. 4 shows the CS development over time of AAC based on CM and optimal formulations listed in Table
3 also showing the densities and intenerate coefficients of the samples.

The filler effect of LS results in an increase in packing density of mixed precursor particles, and
consequently an increase in the density of hardened AAC pastes. Furthermore, the intenerate coefficient
shows that CM-based formulations are related to hydraulic cements, whereas those based on MK are non-
hydraulic binder systems. The hardened pastes based on CM and MK demonstrate dissimilar CS
development characteristics. Hardened paste based on MK develops an average of 75% of the 28 day
strength in 2 days, followed by a further insignificant increase in CS. The strength development of CM-
based hardened pastes is different and has a logarithmic character that is specific to binder systems based
on C-S-H.

3.3. Reaction products and microstructure of hardened pastes
The results of the X-ray diffraction and thermal analyses are shown in Figs. 5-8, performed for the
formulations listed in Table 3.

196



35

30

25

20

Compressive strength (MPa)

| ]
*

/| Na/al (10%Na20)

© 30
Si/Al (5%Na20)

4
3

2

Na/Al (5%Na20)
Si/Al (10%Na20) 10

5

Compressive strength (MP.

& n 0 %0
[

m—ry SS (10% Na20)/steam curing s dry SS (5% Na20)/steam curing
dry SS (10% Na20)28 d

—e—Si/Al (10% Na20)

—&—Na/Al (5% Na20)

Fig. 3. The CS results of hardened MK-LS pastes

dry SS (5% Na20)/28 d
= SiAI (5% Na20)
—e—Na/Al (10% Na20)

0

*
L4
*
7 14
Days
+ M-100 -e M-LS50

CM-LS50
°

CM-100
*

MK-LS80

21 28

MK-LS80
Fig. 4. The CS development of optimal formulations

Table 3. Alkali-activated blended cements formulations, the intenerate coefficients, and density of the

hardened pastes

Abbreviation MK (%) CM (%) LS (%) The Density,
intenerate g/sm’
coefficient

CM-100 - 100 - 1 1.75

CM-LS40 - 60 40 1 1.88

CM-LS50 - 50 50 1 1.91

MK-LS80 20 - 80 0.3 1.67
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quartz, calcite, anhydrite, and dicalcium silicate. Given the constituents of precursors, namely reactive Si,
Al and Ca, as well as dicalcium silicate, and based on previous results in the field of high-Ca AACs, the
gel composition in accordance with D’Elia et al. 2018, is apparently a mixed sodium (calcium)
aluminosilicate hydrate N-(C)-A-S-H, aluminium-enriched C-S-H gel (C-A-S-H), and C-S-H gels. The
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hardened MK-LS80 paste (Fig.7) is different in the area of amorphous hump, which is centralized between
26 and 29°20, indicating the formation of N-A-S-H and N-(C)-A-S-H mixed gels SS-activated MK-LS
systems. Obtained data are in agreement with results reported by Perez-Cortes and Escalante-Garcia, J.
(2020a,b). Unreacted calcite and quartz were also identified. The shift in the hump may be indicative of the
difference in the chemical composition of the binder gels formed in the CM and MK-based blended systems.
The thermal analysis reported in Figs.6,8 allows the identification of the differences in the reaction
mechanisms in the CM-LS- and MK-LS-based systems. The mass loss values in the area of 50-175 °C,
which reflect water evaporation and dehydration from the gel reaction product, can be considered as an
indicator of the amount of binder gel formed. The mass losses in the range of 650—820 °C refers to residual
calcite. Alkali activation of CM resulted in an increase in mass loss from 0.95 to 12.91% in the temperature
diapason of 50—175 °C, accompanied by a decrease in mass loss from 9.53% to 6% in the range of 650—
820 °C, confirming the formation of a noticeable amount of aluminosilicate gel with the participation of
calcite in the reaction process. Meanwhile, considering the mass loss in the same temperature areas, the
binder gel formation process was less intensive in the MK—LS system.

3. Conclusions

The results of comparative studies on natural and designed clay-calcium carbonate minerals as binary
precursors for AACs production are presented in this study. The reaction product assemblage and properties
of fresh and hardened pastes based on AA binary precursors consisting of natural or designed blends of
calcium carbonate and clay minerals are conditioned on (i) partial (only calcination of clay minerals) or full
calcination of blend clay+calcium carbonate (co-calcination); (ii) ratio of clay/calcium carbonate minerals;
(ii1) dosage of alkali reactant; and (iv) curing parameters.

The incorporation of LS into AACs based on CM or MK decreased water demand, shortened setting times,
and improved mechanical performance. The effect of LS on the properties of fresh AAC pastes was based
on the dilution effect. The strengthening effect of LS was based on filler, nucleation, and chemical effects.
The chemical effect increased after thermal treatment of the marl.

In the designed AAC based on the binary precursor MK-LS, MK is the main reactive precursor that forms
a mineral matrix in the form of sodium aluminosilicate hydrate gel N-A-S-H, whereas calcium carbonate
is a much less reactive secondary precursor that modifies the main binder gel by forming sodium (calcium)
aluminosilicate hydrate gel N-(C)-A-S-H. An intermixed mineral matrix consisting of N-A-S-H and N—
(C)-A-S-H gels binds the LS particles by forming a consolidated material. However, binder gel amount and
composition cannot compensate for the low water resistance of raw calcium carbonate.

Calcination of the natural blend of clay and calcium carbonates leads to the dehydroxylation of clay
minerals and partial decomposition of calcium carbonate, accompanied by the formation of dicalcium
silicate. Compared to MK-LS, alkali activation of CM-LS results in the formation of a higher amount of
binder gel with a greater extent of Ca incorporation into the structure of Na aluminosilicate gel and the
formation of Ca aluminosilicate and Ca silicate hydrogels. This provides an alkali-activated CM-LS system
with better mechanical properties and continuous strength development, including under wet conditions.
Moreover, water-resistant consolidated materials based on CM-LS blends can be obtained when the
calcined clay mineral content is only 5.8—7.0%.

Given that the optimal contents of MK and CM in the binder system are 20% and 50%, respectively, it is
evident that the energy consumption for the production of AACs based on CM-LS will be 2.5 times higher
compared to those based on MK-LS. However, AACs based on CM-LS are water resistant and have a CS
1.3 times higher than that of MK-LS.
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ABSTRACT

The development of alternatives to Portland cement with low or no clinker content has been constantly
studied around the world. However, the scarcity of raw materials it is an issue to make the product on a
scalable level, being the major challenge for this technology. In this way, the mining industry appears as a
potential supplier of materials for these solutions due to the large amount of material generated. The iron
ore production process basically generates two solid tailings, one during the extractive process and the other
during processing and mineral recovery. These tailings are accommodated in piles and dams, compromising
the environment, community safety and production effectiveness. However, such residues may have
specific characteristics that enable their use in construction, and when added in different proportions to an
alkali-activated cement, they can potentially increase mechanical performance. Thus, the present work aims
to characterize physically, chemically, and mineralogically an ultrafine iron ore tailing (UIOT), and analyze
the substitution of 5%, 10%, 15%, 20% and 25% of alkali-activated cement (AAC) by tailings. The results
indicated that with up to 10% of ultrafine in the composition it is possible to maintain the mechanical
performance in compression similar to AAC, and with up to 25% substitution, all specimens achieved
compressive strengths above 40 MPa. The binder intensity index of the matrices with cement incorporating
UIOT in place of AAC were higher than the reference mixture. The simple replacement of cement by
ultrafine tailings reduces the associated CO, emissions as well as adds value to the waste material. A
thermal process in the tailing and an adjustment in the dosage of activated alkali cement can improve the
performance of this material.

KEYWORDS: Clinker Free cement, alkali-activated cement, iron ore tailings, circular economy.
1. Introduction

The production process of Portland cement involves several factors such as high energy costs, carbon
emissions and extraction and consumption of raw materials. (Lehne and Preston, 2018). This industry is
traditional for having a well-established process, which consists of calcination by combustion of raw
material at high temperature.

The development of a low environmental impact cement requires sustainability initiatives like low energy
consumption, and the development of local raw materials. As a result of global social and technological
development, mining, steel, and other industries have been growing, and with this growth comes an increase
in residues generated and the environmental liabilities of these industries (Tayebi-Khorami et al., 2019;
Kalisz et al., 2022). The possibility of using these residues as an alternative raw material for alkali-activated
cement reduces the environmental impact associated with generating industries and enhances the
technology of this potential material. In the processing of iron ore tailing, the sandy material is removed
from general waste and used in the construction industry as iron ore sand. The remaining portion is also
rich in quartz and includes quantities of iron and clay, has reduced fineness but limited applications in
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industries. This study aims to evaluate chemical, physical, and mineralogical characteristics and the use of
ultrafine iron ore tailing (UIOT) as a substitute for up to 25% of activated alkali cement (AAC).

2. Materials and methods

The cement tested was an alkali-activated cement (AAC) using sodium hydroxide as activator, with
compressive strength class > 40 MPa after 28 days of curing, produced in a demonstrative scale factory in
Brazil. This factory uses a fully electrified process, and benefits all the raw material, including the alkaline
activator itself, with a quantity of residual material or co-products in its production of more than 90%.
The iron ore tailing used in this study is from the state of Minas Gerais in Brazil, and it is a fine material
(<30 um) generated in the concentration stages of iron ore processing called flotation and/or magnetic
separation. The only processing performed for this test was grinding, to obtain a fineness and surface area
similar to AAC, therefore this material was used as a filler in this study.

The methodology is divided in two parts and the first is the characterization of the UIOT, aiming at its use
as a filler in the AAC. The second part consist of evaluating the compressive strength of cement and the
workability of mortars with different proportions of UIOT on ACC.

Physical characterization and chemical composition were performed on AAC and UIOT. The granulometric
distribution of the particles was performed on CILAS equipment, using laser granulometry technique with
isopropyl alcohol. Real density was performed on QuantaChrome helium (He) Stereopycnometer
equipment (pycnometer). Bulk density was determined according to Brazilian standard (ABNT NBR 1972,
2021). Specific surface area was determined on QuantaChrome Nova 1000e equipment according to BET
method with nitrogen as the analysis gas. Chemical composition was evaluated by the X-ray fluorescence
technique using the Panalytical Axios Fast equipment.

Complementary analyzes of mineralogy and loss of mass were determined on UIOT to correlate its
influence on compressive strength and its potential use as a precursor. X-ray diffraction analysis (XRD)
focused on identifying and determining the levels of crystalline mineral phases using Shimadzu/LabX6000
equipment from ISIPM, and the phases quantification was determined by Rietveld method. The mass loss
analysis over the temperature increases from 100°C to 1000°C was performed using the thermogravimetry
technique using the NETZSCH 449 F3 Jupiter equipment.

For compressive strength, different contents of UIOT were used in substitution of AAC (5, 10, 15, 20 and
25%), the test were performed at ages of 1, 3, 7 and 28 days of curing and workability of the mortar on
fresh state was measured with constant w/b ratio. Both tests were determined by ABNT NBR7215 (2019).

3. Results

The particle size of UIOT is slightly smaller than AAC, and due to the low levels of substitution, this
variation is barely noticeable in the distribution curve (Error! Reference source not found.) and
complementary physical characteristics in Table 1. The physical characteristics, such as surface area and
characteristic diameter, were consistent with the granulometric curves, that is, it showed similarity in
relation to the size of the AAC and UIOT grains. The real density of the UIOT was higher than that of the
AAC, corroborating the chemical composition that exhibits a high content of iron oxides in the UIOT. Thus,
increasing the UIOT content increases the density of the cement.

100 ———
90

ilative content (%)

---UIOT
- - AAC
5% UIOT

10% UIOT
——15% UIOT
20% UIOT
25% UIOT

0.1 1.0 10.0 100.0 1000.0
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Figure 1 Particle size distribution of: AAC, UIOT and AAC + UIOT as additive in different percentages.
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Table 1 Physical characteristics of AAC and UIOT

D D10 D50 D90 Real density Bulk density Specific surface area
(um) (um) (um) (g/ em’) (g/ em’) (m?/g)
AAC 0.9 7.6 22.3 2.83 1.29 0.84
UIOT 0.7 6.9 19.0 3.46 1.29 0.83

The chemical composition of the UIOT (Table 2) is consistent with the X-ray diffraction and
thermogravimetry tests presented in Figure 2. Using Rietveld quantification technique, the content of 38.3%
of Quartz, 21.4% of Kaolin, 17% of Hematite, 16.7% Goethite, 5.7% Muscovite and 0.9% Gibbsite, were
observed (Figure 2 (a)). The mineralogy results are consistent with the thermogravimetric results, since the
amount of mass loss of 3,54% in the range of 200°C - 400°C associated with Gibsite and Goethite
dehydroxylation, and 2.9% in the range of 400°C - 600°C associated with Kaolinite dihydroxylation. Using
the method of kaolinite calculation proposed by Avet and Scrivener (2020), a kaolinite amount of 21.5 %
is calculated, while Rietveld's quantification method indicated 21.4%.

Table 2 Chemical characteristic of AAC and UIOT (%)

1D SiO: ALO3 Fe203 CaO MgO TiO: NaxO KO MnO LOI
AAC 34.30 9.49 0.94 39.20 4.47 0.41 4.00 0.50 0.34 5.70
UIOT 35.29 7.58 48.91 0.05 0.14 0.28 - 0.23 1.60 5.87
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Figure 2 (a) X-ray diffraction of UIOT and (b) Thermogravimetric analysis of UIOT

Thus, the UIOT is a material of reduced granulometry, with a high content of quartz and iron phases, and
with a considerable content of kaolinite. As it is, it does not show pozzolanic reactivity, but due to the
kaolinite content, this property can be obtained from thermal process.

In the current condition, the UIOT was used as a filler, replacing the cement portion. Regardless of
mechanical performance, this replacement reduces the CO; footprint associated with the material produced,
as well as adds value to a waste that is currently an environmental liability.

Related to the effect of UIOT in ACC, as show in the Error! Reference source not found., it is possible
to observe the outcome of UIOT contents ranging from 5% to 25%. The impact is more pronounced at early
ages, where there is an expressive reduction in performance, which becomes less significant over the course
of the hardening period. The use of UIOT did not affect the workability conditions. Even with reduction of
compressive strength, all mortars reached strengths above 40 MPa at 28 days (AAC strength class).
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Figure 3 Alkali-activated cement compressive strength and mortar workability on flow table.

As shown in Table 3, the binder intensity (BI) index — measure the amount of binder necessary (kg.m™) to
deliver 1 MPa considering the results of 28 days, the contents of 5 and 10% are the most effective. Although
binder intensity index increases as UIOT replacing ACC rises, it is worth mentioning that the incorporation
of UIOT implies a reduction of carbon footprint and cost, associated with maintenance of the strength class
(40 MPa) of the reference mixture. Another benefit related is the proper disposal of the tailings, which is
currently deposited in dams. In a future study or considering industrial scale, is possible to increase the
addition, from the thermal treatment of UIOT and from the optimization of the cement design conditions.

Table 3 Binder intensity index of evaluated mortars

Mixture AAC - REF 5% UIOT 10% UIOT  15% UIOT 20% UIOT 25% UIOT
Binder intensity
(Kg.m*/MPa) 8,98 9,02 9,58 10,70 11,14 11,84

4. Conclusions

Based on the results presented in this work, it is possible to conclude that:

- The UIOT is mainly composed of SiO», Al,O3 and Fe;O; in minerals of quartz, kaolin, hematite,
goethite, muscovite, and gibbsite. Due to physical and mineralogical characteristics, it is possible
to use UIOT as a filler and, if calcined, also as a precursor.

- Despite being an inert material and with granulometry similar to AAC, UIOT maintained the
resistance of the evaluated matrices above 40 MPa (class of the studied cement).

- As it is a mining waste, the incorporation of UIOT up to 25% as a substitute of AAC, is an
alternative to reduce the carbon footprint of alkali-activated cement and add value to a waste
material.
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ABSTRACT

The need to control and reduce CO, emissions has intensified the development of clean technologies. The
synergy between the mining, steel, and cement industries, driven by the necessity for decarbonization, and
the circular economy of these industries, allowed the creation of the first alkali-activated cement factory in
Brazil. This Brazilian cleantech is governed by the decarbonization of the industry, circular economy, and
scalability. To attend these premises, it uses a fully electrified production process, using different wastes
from the steel and mining industry, both in the development of precursors and in the production of
activators. The massive use of these materials assists in reducing tailings piles as well as eliminating tailings
dams. Thus, the objective of this work is to present the main decision-making factors related to CO;
emissions, and the total CO; emissions for different cements produced. Production inputs, as well as the
process associated with the activator, represent the largest contribution to CO; emissions. Considering that
a new sodium silicate production process is used, which uses iron ore sand in an electrified process, this
value is consistently lower than the silicates available on the market. The use of renewable energy sources
also presents a great improvement associated with the process. The adjustment of the formulation,
combining different potential materials, provided the best formulation design and allowed different
compressive strength classes of cement with a factor of 0,6 MPa/kg of COs.

KEYWORDS: Alkali-activated cement, CO; emissions, factory, circular economy, decarbonization.
1. Introduction

The production of Portland cement is related to several environmental issues, such as carbon emissions,
consumption of natural raw materials, and high energy costs (Lehne & Preston, 2018). To reduce these
negative impacts, great attention has been given to alkali-activated cement as an alternative to Portland
cement. This type of material generally exhibits low carbon emission associated with high mechanical
performance and allows the use of local raw materials and industrial residues (Provis, 2018).

The development of a low environmental impact cement requires circularity, low energy consumption, and
the development of local raw materials. With the increase in mining, steel, and other industries, the volume
of waste material generated increases the environmental liability of these industries (Basson, 2015; Kalisz
et al., 2022; Tayebi-Khorami et al., 2019). The possibility of using these materials as raw materials for
alkali-activated cement boosts the technology and reduces the impact associated with previous activities.
Targeting a production on an industrial scale, the availability of these materials guarantees the supply of
raw materials, but it's important to take into account various other factors such as proximity to the raw
material source, processing requirements, energy needs, and product design. Aiming at sustainable
development, the analysis of CO, emissions, associated with product performance, must be a decision-
making factor.
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The greatest contribution to CO, emissions in alkali-activated cements is associated with the activator
portion (Habert & Ouellet-Plamondon, 2016). The possibility of reducing emissions from this factor is
associated with the development of new routes and technologies (Passuello et al., 2017). Both in the
development of activators and precursors, the use of industrial waste is beneficial because it does not require
a mining process, as well as for reducing environmental liabilities. However, even though it is a residual
material, without CO, allocation, the majority of the raw material, which is the precursor, needs to be
transported and often needs a complementary drying, calcination, and grinding process, which requires
energy. The influence of these factors must be understood for each material in the implementation of an
industrial factory. Thereby, this study used the analysis of CO, emissions as an industrial decision-making
tool, in multifactorial impact analysis, to obtain the design of different classes of cement with low CO;
emissions for a real alkali-activated factory.

2. Methodology

The methodology of the Intergovernmental Panel on Climate Change (IPCC, 2014) was adopted and the
Ecoinvent database (2023) was used to obtain the emission factors to evaluate CO, emissions. The
delimitation adopted was cradle-to-gate (A1-A3).

The work is divided into two parts, the first, simulating different boundary conditions for the evaluation of
CO; emission. This part presents CO; quantification as a decision-making tool. Initially, eight potential raw
materials (Figure 1) destined for the production of activated alkali cement were chosen to evaluate the CO;
emissions. Different combinations, with different materials, were evaluated, as well as different supply
distances for the materials (average distance of 100 km to 500 km) and different electrical energy sources
(solar, hydraulic, wind, or Brazil energy mix). In the first part of the analysis, different conditions were
evaluated in order to identify the main influencing factors.

The second part quantifies the CO, emission for the different cements produced on a factory scale, based
on the conditions observed in the previous stage. The factory starts operating with some important premises:

e the entire process must be fully electrified, including all thermal transformations;
e the activator used must be produced on-site, using mining waste as a source of silica;
e more than 90% of the raw material must be of waste origin.

An adjustment of the formulation was carried out by combining some of these materials and the
compressive strength was obtained through the Brazilian standard methodology NBR 7215 (ABNT, 2019).
Based on the mechanical performance results, three classes of alkali-activated cement with a compressive
strength at 28 days above 32, 40, and 60 MPa were identified as C1, C2, and C3, respectively. These three
cements range from general-purpose applications to applications with high initial performance. The
electricity used in the factory comes from the free energy market, from a hydroelectric source. The average
transportation (road transportation) of materials is less than 100km and the packaging is in big bags. The
efficiency of the alkali-activated cements C1, C2, and C3 was evaluated through the ratio of compressive
strength (MPa) at 28 days and the total kg-CO,.

3. Results

The results and discussions related to CO, emissions considering different boundary conditions are shown
in Figure 1. In relation to raw materials, calcined clays have a considerable content of CO, emissions
compared to GGBFS and Fly ash, due to the need of processing and/or mining. However, the raw material
with the biggest CO, emissions is the activator, in this case, sodium silicate. Usual sodium silicates present
values of CO, emissions between 1,76 to 2,24 tons-CO,/ ton (Ouellet-Plamondon & Habert, 2020). The
activator used in this study was produced using an alkaline fusion process, using iron ore sand as a source
of silica, in a total electrified process, and presents emissions of 0,736 tons-CO,/ ton, showing a significant
reduction in total emissions in relation to usual sodium silicates. Following this direction, Figure 1b shows
the influence of the sodium silicate produced when is combined with aluminosilicate materials like calcined
clay and GGBS. The activator proportions evaluated do not necessarily represent what should be adopted,
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each precursor has an ideal activator content, not necessarily those shown in the second graph. The increase
in the sodium silicate proportions contributes linearly to the total CO, emissions of cements.

The analysis of raw material distance (Figure 1¢) demonstrates that for every 100 km added, there is a 10%
increase in CO; emissions related only to transport. Therefore, the location of the factory close to the source
of raw materials is a determining factor to reduce emissions. Finally, the influence of the electric energy
source (Figure 1d) demonstrates that the supply of electricity in Brazil already has reduced CO, emissions
due to renewable energy sources. The possibility of using a free energy market further reduces the emission
factor, especially wind energy.

Figure 1 - Results of COz emissions for different boundary conditions.
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With the identification of the main CO; emission factors, three types of cement were designed with a view
to resistance to 28 days and lower levels of emissions within the capabilities of the factory. Figure 2 presents
the results of these three cement formulations. The three types of cement emit only 10% to 17% of the CO,
emitted by Portland cement, considering a world average of 590 kg CO,/ton (IEA, 2022). The efficiency
factor among all formulations appears to be closely matched, which can be explained by the linear
correlation with the activator used (represented by NaOH), with a corresponding increase in both
compressive strength and CO, emissions. The impact of NaOH on the total emissions is noticeable,
followed by the emissions of transport, energy, packing, and limestone. The main way to enhance the
efficiency factor is through the reduction of NaOH content, and maintenance or increases of compressive
strength. Even if not shown directly in the figure, precursor processing is the main contributor to transport
steps and energy consumption. Although the emissions related to energy consumption during the production
process and transportation of residues are relatively low compared to the individual emissions of NaOH,
they can still have an impact and be improved by selecting raw materials that require minimal processing
and are located closer to the factory.
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Figure 2 - Results of CO2 emissions, compressive strength, and efficiency for C1, C2, and C3.

©® Compressive strength ® Efficiency

: - ‘ 70
140 0,64 MP.a‘kg CO2 0,60 MPa/kg CO2 0,61 MPa/kg CO2 -
| 60 © 60 g

s 12

g 120 &

= ; 50
2 100 45 ° _ leestf)ne 1.1 'gb
= Packing 3.5 )
£ g0 e Limestone 1.1 40 £
8 ) Packing 3.5 N =
O 60 Limestone 1.1 : _ EUN
8 Packing 3.5 s NaOH 74.6 %
40 76 NaOH 54.1 20 g
58 NaOH 372 8

10

20 Energy 4.6 Energy 5.2 Energy 5.9
0 Transport 11.5 Transport 12.2 Transport 13.0 0
Total Partial Total Partial Total Partial
Cl1 c2 c3

4. Conclusions

In conclusion, the study evaluated the CO, emissions in the production of alkali-activated cements. The
quantification of CO;, was used as a decision-making tool for choosing raw materials, production conditions
and mixture design, and then the first class of cements was analysed in terms of emissions and mechanical
performance. The results showed that sodium silicate, used as an activator, was the major contributor to
CO; emissions, followed by calcined clays. The analysis of different boundary conditions showed that the
use of wind energy as a source of electricity and the proximity of the raw materials to the factory also
contributes significantly to the reduction of CO; emissions. The efficiency factor (MPa/Kg CO,) among
the three cement formulations (C1, C2, and C3) was found to be closely matched, with a linear correlation
between the rise in sodium silicate content, the increase in CO, emissions, and compressive strength. We
concluded that the reduction or optimization of sodium silicate content, added to the use of local residual
raw materials, and renewable energy sources make it possible to obtain low-emission alkali-activated
cement, contributing to the transition to a more sustainable and environmentally friendly construction

industry.
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ABSTRACT

To reduce the adverse effects of global warming, new ground-breaking and energy-efficient methods are
required to enhance CO; utilization and sequestration in concrete. The authors at Kajima Technical
Research Institute have developed Carbon-Capture concrete (CCC). CCC is made using cement, blast
furnace slag (BFS), vy di-calcium silicate (y-C,S), and is carbonation cured after 1 day of sealed curing.
Hence carbonation progresses simultaneously with the hydration of cement and BFS. Previous research has
shown that the rate and amount of carbonation in CCC primarily depends upon the carbonation curing
condition i.e. temperature, relative humidity and CO; concentration. Further, the results indicate the
performance of CCC with respect to carbonation even at lower CO, concentrations is impressive. In this
study, the effect of the concentration of CO; on the carbonation of CCC mortar paste was investigated.

Hence, to understand the effect of CO, concentration, the specimens made using cement, BFS and y-C,S
are carbonation cured at 50°C and 40% R.H. with varying concentrations of CO, (10%, 20%, 30%, 50%,
100%). Thermo-gravimetric analysis (TG-DTA) clearly shows that the amount of calcium carbonate
produced due to carbonation increases with an increase in the concentration of CO; gas.

KEYWORDS: CO:; concentration, Calcium carbonate, Carbon utilization and sequestration, TG-DTA
1. Introduction

Various policies are being implemented in Japan to achieve a carbon-neutral society by 2050. In the field
of construction, storing CO, gas through the mineralization of CO, into concrete by carbonation curing is
expected to significantly contribute to achieving carbon neutrality. To maximize the mineralization of CO,
gas into concrete, the authors have been actively developing and investigating carbonation curing under
varying temperatures and relative humidity. In order to produce large amounts of carbonation-cured
concrete, it is imperative to utilize CO» from a wide variety of emission sources, such as exhaust gases
emitted from factories and chemical plants. Since exhaust emissions include a mixture of various gases,
CO; gas needs to be separated and captured from them to obtain high concentration. If various carbon
dioxide gases can be utilized in carbonation curing of concrete, the effective use of CO, will be further
promoted, and the manufacturing sites of precast concrete will expand.
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On the other hand, since CO, concentration varies depending on the emission source, it is important to
understand its effect on the speed and amount of carbonation by concrete. In this study, the low carbon
emitting carbon capture concrete (CCC) developed in Kajima Technical Research Institute by replacing
70% of cement with a mixture of industrial by-products such as blast furnace slag (BFS) and y-dicalcium
silicate (y-C,S) was seal cured for 1 day followed by carbonation curing. Hence, simultaneous hydration
and carbonation reactions occurred in the mortar mix. Keeping the temperature and relative humidity
parameters constant, the influence of the concentration of CO; on the speed and amount of calcium
carbonate produced in mortar specimens was evaluated. Thermo-gravimetric analysis (TG-DTA) was used
to measure the amount of CaCO; formed due to carbonation.

2. Carbonation Test With Various CO; Gas
2.1 Experimental Outline

In the future, concentration of carbon dioxide gas used for carbonation curing is expected to vary depending
upon the CO; capture and recovery technology from factory exhaust and its feasibility. Therefore
experimental cases considered in this study are shown in Table 1. In the cases of concentration of CO, up
to 50%, pre-mixed gas of carbon dioxide and nitrogen in the desired ratio was used, whereas to investigate
the effect of 100% concentration, only CO; gas was used. The gas was supplied at a rate of 2L/min and the
temperature and relative humidity were fixed at 50°C and 40% respectively.

Table 1 Experimental cases

Case CO, Concentration (vol%) Curing Condition
1 Sealed curing (0%)
2 10
3 20 Temperature: 50°C
4 30 Humidity: 40%R.H.
5 50
6 100

2.2 Materials and Mortar Mix Property

The materials used in this study and their properties are listed in Table 2. Ordinary Portland Cement was
used as the binder, and the mixture consisting of blast furnace slag and y-dicalcium silicate (y-C.S) i.e. y-
phase of Belite was used as the cement substitutes. y-C»S is a special admixture that does not hydrate but
directly reacts with CO» to carbonate. The mix-proportion of mortar is shown in Table 3. The water to
powder ratio was set at 50%, and the proportion of OPC, BFS, and y was set referring to previous studies
(Torichigai et al. (2000)).

Table 2 Materials used for mortar
symbol summary
W Water, density 1.00 g/cm®
OPC | Ordinary Portland cement, density 3.16 g/cm?, CaO content 63.78%, CaCOs content 3.4%
BFS | Blast furnace slag fine powder, density 2.92 g/cm®, CaO content 43.76%, CaCOs content 1.0%
Y Dicalcium silicate y phase, density 2.95 g/cm?, CaO content 63.89%, CaCO; content 0.0%
S Crushed sand, density 2.64 g/cm?, CaO content 1.62%, CaCOs content 0.0%
WRA | Water reducing agent, lignin sulfonic acid compounds and Polyol composite

Table 3 Mix proportion of mortar

W/P Unit Weight (kg/m?)
(%) W OPC BFS Y S
50.0 243 146 194 146 1446

P=OPC+BFS+y
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2.3 Specimen Preparation and Test Conducted

Cylinders of diameter 50 mm and height 100 mm were made using mortar mix as shown in Table 3, and
initially, seal cured at 20°C for 1 day. After initial curing the specimens were left at 20°C and 60% RH for
3 hours, and then transferred into a carbonation chamber for curing under the conditions shown in Table 1.
After carbonation for 6 days, the specimens were first broken into two halves along the vertical axis and
sprayed with a 1% phenolphthalein solution on the surface to confirm the carbonated area. Samples for TG-
DTA were taken from the carbonated area, the collected samples were then soaked in acetone to stop
hydration followed by crushing using a pestle and mortar. The samples were then dried at 20°C for one
week under nitrogen flow. TG-DTA was performed by increasing the temperature upto 1000°C at 20°C/min
under Nitrogen gas flow using a Thermogravimetry and differential thermal analyzer (Thermoplus EVO2,
Rigaku). In this study, the mass loss between 0°C - 200°C is considered to be due to the decomposition of
chemically bound water, CSH gel, ettringite etc., 405°C - 515°C was assumed to be due to the
decomposition of calcium hydroxide and between 600°C and 800°C was assumed to be due to pyrolysis of
calcium carbonate.

3. Experimental Results and Discussion
3.1 Amount of Calcium Carbonate

The effect of the concentration of CO, on the degree of carbonation was measured through mass loss
observed in TG-DTA as shown in Figure 1 and the derivative of mass loss (DTG) as shown in Figure 2.
Considering the uncarbonated seal cured specimen, it can be observed that after 6 days, the hydration
progressed normally as shown by mass loss and peaks at 0°C - 200°C and 405°C - 515°C in DTG Curve.
The small peak at 600°C and 800°C shows the presence of calcium carbonate in the raw material which is
around 1.42%. In the case of samples carbonated under the varying concentrations of CO; gas, it can be
observed that all samples show a similar mass loss trend till 600°C in Figure 1 and the absence of peaks in
the DTG curve in Figure 2. This shows that the hydrated products such as CSH gel, Calcium hydroxide
were absent after carbonation curing of 6 days. Further, as the concentration of CO; gas increased, the mass
loss between 600 to 800 increased and also the height of the peak in the DTG curve increased, indicating
that for the same duration of carbonation, the degree of carbonation increases with the concentration of CO»
gas. Hence, from the absence of peaks in the DTG curve until 600°C, it can be assumed that the products
formed due to the hydration of cement and the pozzolanic reaction of BFS such as CSH gel, CASH, calcium
hydroxide, and y-C,S etc. were directly carbonated to form calcium carbonate.
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Figure 1 : Mass loss measurement Figure 2 : DTG curves

Figure 3 illustrates the relationship between the concentration of CO, gas and the amount of calcium
carbonate in mortar. It can be observed that the amount of calcium carbonate formed after 6 days of curing
increases with the concentration of CO». Interestingly, as shown in Figure 4, the plot of the amount of
CaCO; formed and the square root of the concentration of CO; gas shows a linear trend that intersects the
y-axis at 1.42% which is the amount of CaCOs3 present in the uncarbonated sample. It has been previously
reported that carbonation of mortar specimens involves the entry of CO, gas into the pores and its
dissolution into the pore water. Following this, the dissolved CO, gas reacts with dissociated ions of
Calcium Hydroxide and also reacts with CSH gel formed as a result of the hydration of C,S and CsS present
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in cement. Hence, the formation of calcium carbonate depends upon the diffusion of CO, gas into pores
and the amount of hydrated products (Papadakis et al. (1989). Also, the carbonation products have been
shown to precipitate over calcium hydroxide crystal and hydration products, consequently forming a
protective coat of calcium carbonate over them which continues to grow thicker as carbonation continues.
This hinders with the progress of carbonation of the inner core (Wang et al. (2021)). As per the authors the
observed increase in the formation of calcium carbonate with an increase in the concentration of CO, gas
could be attributed to the fact that as the concentration of CO» gas in the carbonation chamber increases,
the partial pressure of CO- gas increases, thus enhancing the dissolution of CO, gas in the water present in
the pores. Since the dissolution of CO, gas improves, a greater amount is available to react with the
hydration products and the y-C,S present in mortar thus increasing the amount of carbonation. Further, with
the increase in the concentration of CO, gas, it is also possible that CO, gas penetrates through the dense
layer of calcium carbonate formed over calcium hydroxide and other hydration products and hence is able
to react with the protected inner core, of calcium hydroxide, other hydration products and y-C,S thus

increasing their contribution and the amount of calcium carbonate formed after 6 days of carbonation curing.

This study shows that the degree of carbonation increases with an increase in the concentration of CO, gas
however, to gain a deeper understanding of the kinetics and mechanism involved further investigation is
needed. It is important to separate the effect of diffusion and dissolution of CO, gas in the pore solution
from the effect of CO; concentration on the hydration and carbonation reaction kinetics. Further, it is also
important to investigate the effect of the concentration of CO, gas on the progress of carbonation with time.

30 30
G . Gt .
° 6days Carbonation 26.6 © ° )
£ 25 ] g 25 1
8o 201 ................... 5~
=220 - 182 .-@ £320 1 @
5z 14997 6 0998In(x) - 2.5369 &5 e
y=6. n(x) - 2.
% '32) 15 1 12"_‘.-“'. R2=0.9656 % ."ﬂ': 15 + . y=2.722x+1.42
o5 o : o5 ® . R?=0.9907
> G > 4 .

g 210 A 5 210
= & = 8§
2 5 N 2 s 1
gL CaCO; in Materials :1.42 g 6days Carbonation

0 f f f f 0 f f

0 20 40 60 80 100 0 4 8 12
CO, Concentration (%) Square Root of CO, Concentration (%)

Figure 3 : Relationship between CO; concentration Figure 4 : Effect of CO; concentration on CaCOs
and amount of CaCO; formed content

4. Conclusions

In this study, the effect of the concentration of CO- gas on the amount of carbonation of mortar specimens
was investigated using TG-DTA. The amount of calcium carbonate tended to increase as the concentration
of CO; increased. Also, the amount of CaCOs in the carbonated samples was found to have a linear
relationship with the square root of CO; concentration.
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ABSTRACT

Carbonation and utilization of aluminosilicate based solid waste are foundational to decarbonize cement
production by creating a waste-to-value or carbon-to-value economy. Many studies have focused on the
influence of different parameters on the CO;-uptake and strength development during mineral carbonation,
whereas the results are difficult to directly comparative analysis and even contradictory from each other.
Meanwhile, limited literature review can be found regarding contrastive analysis of different research
results according to separate rate controlling step. The objective of this study is to enable a thorough
understanding of the acting mechanism for influence factors with respect to different study systems and the
interaction of complex parameters from the commonality and individuality viewpoint. The influence of
performance controlling factors on carbonation reaction mechanism of silicate material are systematically
analyzed and summarized based on rate controlling steps during carbonation reaction process, which are
consist of phase boundary controlled stage, product layer CO, diffusion controlled stage and CO, diffusion
and calcium ion dissolution controlled stage. In regard to individual rate controlling step, the mechanism
of action for dominant factors are highlighted and expounded. The combination of optimal carbonization
stages concentrating on carbonation reaction mechanism is proposed, which is beneficial to flexibly
adjustment depending on the target requirement.

KEYWORDS: carbonation reaction, aluminosilicate based solid waste, controlling factors, carbonation

kinetics, carbonation mechanism

1. Introduction

Nowadays, lots of aluminosilicate based solid waste as industrial by-product not only present low value-
added utilization and utilization efficiency, but also result in serious environment pollution via stacking
outdoor. The carbonation aluminosilicate based solid waste as a potential way is able to consume a mass of
solid waste and immobilize lots of CO,, which is beneficial to realize a waste-to-value or carbon-to-value

economy. The carbonation reaction condition is dynamically changed with the carbonation reaction proceed.

Although the influence of different parameters on the carbonation reaction mechanism are mostly studied,
the carbonation reaction mechanism for different carbonation processes are not still clearly identified. The
research focus on the thorough understanding for carbonation reaction kinetics of aluminosilicate based
solid waste in order to optimize the individual rate controlling step.

2. Carbonation Kinetics
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Aluminosilicate based solid waste are mainly made up of different calcium silicate phases, which consist
of tricalcium silicate, B-dicalcium silicate, y-dicalcium silicate, tricalcium disilicate and monocalcium
silicate and so on. The carbonation reaction of different calcium silicate phases with respect to the dispersed
particles are divided into two different stages: phase-boundary-controlled stage and product layer CO»
diffusion-controlled stage (e.g., Ashraf and Olek (2018a)). It is worth noting that based on the dense
structure of compact calcium silicates, the third carbonation reaction stage, which is named CO, diffusion
and calcium ion dissolution-controlled stage, is found, as shown in Fig.1 (e.g., Zhao and Liu (2021)). With
respect to three different carbonation stages, the extent of the influence for different factors on the
carbonation rate are dynamically variational as the development of carbonation reaction, due to the reaction
mechanism of every carbonation stage are apparently distinguish. The controlling factors in regard to
different carbonation stages need to be further highlighted in order to the combination of optimal
carbonization stages concentrating on the properties of raw material and reaction conditions.

Unreacted y-C,S Unreacted y-C,S Unreacted y-
c,$
Aqueous matrix Products layer
Aqueous matrix

Products layer

> CO, © Silicagel * Calciumions ® Carbonatesions @ Calcium Carbonate

Fig.1 Schematic diagram of the carbonation reaction mechanism
2.1 Phase-boundary-controlled stage

Based on the phase-boundary-controlled stage, the carbonation reaction rate not only depend on the reaction
interface of raw material and the nucleation rate, but also principally on the property of the starting calcium
silicate phases. The rapid nucleation and precipitation of calcium carbonates are generated, the product
layer is gradually formed and tend to more and more densification. On account of significant difference for
the chemical composition of calcium silicate phases, the crystallographic structures of different calcium
silicate phases are significantly disparate. C;S and C,S phases are mainly made up of isolated silicate
tetrahedrons, which is assigned to orthosilicate group of minerals. In addition to this, the rankinite phase is
mainly composed of sorosilicate groups including isolated double silicate tetrahedra, and wollastonite phase
possess lots of inosilicate groups involving silicate tetrahedra of chain structure (e.g., Hansen and Jakobsen
(2003), Ashraf and Olek (2018b)). Depending on the form of the different calcium silicate phases, -C.S

phase possess the maximum carbonation reaction rate constant, followed by CsS, y-C,S, C3S; and CS phases.

The carbonation activation energies for different calcium silicate phases are observed to be in the range of
5~35 kJ/mol, which are consistent with the properties of calcium silicate phases (e.g., Ashraf and Olek
(2018a)). The carbonation activation energies of hydraulic calcium silicates (i.e., B-C,S and CsS) are found
to be 7.5 and 5.5 kJ/mol, respectively. However, carbonation activation energies of non-hydraulic calcium
silicates (y-CsS, C3S», and CS) are in the range of 25-35 kJ/mol. Meanwhile, the nucleation rate of calcium
carbonates is largely determined via the property of raw material. Therefore, as for the phase-boundary-
controlled stage, the carbonation reaction rate is mainly determined by the properties of the aluminosilicate
based solid waste, which are primarily made up of different type and proportion of calcium silicate phases.
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2.2 Product layer CO: diffusion-controlled stage

With respect to the product layer CO» diffusion-controlled stage, the carbonation reaction rate is determined
by the type of carbonation product and the CO, diffusion. As the phase-boundary-controlled stage over, the
diffusion of CO; through the product layer become the rate-limiting factor due to the residual space of
particles is relatively beneficial to the transmission of CO, compared to the product layer. The evolution
trend for Ca/O and Ca/Si ratio of the carbonation product were observed based on BSE-EDS analysis with
the carbonation reaction proceed. As for y-C,S phase, the variation trend for Ca/O ratio of the carbonation
product increase from 0.33 to maximum value of 0.5, indicating that the resistance of CO» transmission and
a large number of dissolution of calcium ions from calcium silicate phases. Meanwhile, the decrease trend
for Ca/Si ratio of silica-rich product is also present, which further demonstrate lots of calcium ions
dissolution from raw material (e.g., Zhao and Liu (2021)). During the carbonation reaction for different
calcium silicate phases based on the same reaction condition, the maximum levels of carbonization products
generated are approximate. However, lots of calcium carbonation with various metastable polymorphs
including aragonite, vaterite and amorphous calcium carbonate, and the different polymerization degree of
Ca-modified silica gel phase are generated, which consist mostly of Qs of crosslinked silicate tetrahedrons
or hydroxylated surface sites and Q4 of fully polymerized silicate sites (e.g., Shtepenko and Hills (2006),
Chang and Fang (2016)). Therefore, the formation rate of carbonation product, which influence the type of
calcium carbonate and density of structure for product layer at the early age, depend on the carbonation
reaction rate deciding to the degree of CO, diffusion. Carbonation reaction condition with the combination
of different influence factors such as temperature, partial pressure, relative humidity and CO;
concentrations and so on, work together to the formation rate of carbonation product. The carbonation rate
increases gradually as the relative humidity (RH) rise from 0 to 60%, however, decreases again with
increasing the RH from 60% to 100%, which is attributed to that excessive water block the pores on the
surface of solid and limit the penetration of CO> to a higher depth (e.g., Mistry and Mehra (2019), Pan and
Chen (2015)). Based on the same carbonation reaction conditions, carbonation reaction rate constants of
pure calcium silicate phases generally increase with the temperature rise from 35°C to 60°C, which is found
to increase from 0.07 to 0.2 for C;S phase. CO- diffusion coefficient represents the capacity of mass transfer,
which directly affects CO» dissolution and transport and so on (e.g., Shukla and Ranjith (2010)). The effect
of carbonated reaction on CO, mass transfer is different with the situations for the CO»-brine/pure water
systems, in which CO; diffusion and transport occur faster than reaction. Based on the chemical reactions,
the diffusive boundary layer is stabilized and convective mixing is further inhibited (e.g., Ghoshal and Kim
(2016)). CO, diffusion coefficient of compacted recycled aggregate for carbonated curing 30 days with 53%
and 95% RH are about 6.2x107 m?/s and 4.5x107" m?%s, respectively. When the carbonated curing 90 days,
CO, diffusion coefficient are respectively 5.7x107 m?%/s and 7.5%10”7 m%/s (e.g., Hou and Lux (2023), Hou
and Mahieux (2021)). CO, diffusion coefficients of carbonated discs of hydrated cement paste increase
more than ten times when the water/cement ratio is increased from 0.4 to 0.8 (e.g., Houst and Wittmann
(1994)). Due to double effects and dynamic change of impact factors as the development of carbonation
reaction, based on the regulation and control mechanism of specific products and structure for product layer,
carbonation reaction condition is optimization designed during the product layer CO» diffusion-controlled
stage, which will be beneficial to the CO, diffusion and the best development of performance.

2.3 CO; diffusion and calcium ion dissolution-controlled stage

The CO, diffusion and calcium ion dissolution-controlled stage is determined via both the CO, diffusion
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and the dissolution of calcium ions. With respect to y-C,S phase in the late carbonation stage, the Ca/O
ratio of the carbonation product gradually decrease from the maximum value of 0.5 to the steady value of
0.4, and the Ca/Si ratio of silica-rich product also obviously decrease. The results indicate the resistance of
between the dissolution and migration of calcium ions from calcium silicate phases and CO; diffusion.
Meanwhile, the rapid shrinkage of micro-pores leads to the dense structure and decrease the permeation of
CO,, which limit the development of further carbonation reaction. During the CO, diffusion and calcium
ion dissolution-controlled stage, the variation of calcium ions concentration is observed due to the
resistance of the CO» diffusion and the dissolution of calcium ions, resulting in that the aragonite replacing
to calcite gradually become the dominant crystalline form of calcium carbonation. Therefore, the further
carbonation reaction for the third stage should focus on the accelerate dissolution of calcium ions via the
combination of influence factors. For example, the addition of organics with polar groups is beneficial to
facilitate the dissolution of calcium ions, the higher concentration of calcium ions is in favor of the
formation of calcite (e.g., Ashraf and Olek (2018a)). The variation of dominant crystalline forms of calcium
carbonate highlight that the dissolution and migration of calcium ions act as an important role in the third
stage of carbonation. The effect of CO, pressure on the carbonation reaction rate is complex. High CO;
pressure is beneficial to the dissolution and diffusion of CO,, however, harmful to the stability of carbonate
precipitation and accelerate the plugging of pores on the surface and so on (e.g., Back and Kuehn (2008),
Santos and Bouwel (2013)). Therefore, during the CO; diffusion and calcium ion dissolution-controlled
stage, the carbonation reaction rate depends mainly on the CO, diffusion by increasing partial pressure for
the third stage and adjusting the evolution of microstructure, and the dissolution and migration of calcium
ions by the introduction of polar groups, which will be able to mitigate the transmission obstruction. It is
interesting to noted that the compressive strength of carbonated y-C,S compacts increase from 85MPa in
constant gas pressure of 4 bar to 110MPa based on the stepwise pressurization (rise from 1bar of the early
age to 3MPa of 24-72h.

3. Conclusions

The study focuses on the fundamental understanding of carbonation mechanism of aluminosilicate based
solid waste including different calcium silicate phases. Based on the carbonation reaction mechanism
analysis, the carbonation reaction of different calcium silicate phases are divided into three stages: phase-
boundary-controlled stage, product layer CO, diffusion-controlled stage, CO, diffusion and calcium ion
dissolution-controlled stage. The carbonation reaction rate for the first stage depends mostly on the reaction
interface and properties of raw material, which should focus on the different type and proportion of calcium
silicate phases. With respect to the product layer CO, diffusion-controlled stage, the carbonation reaction
rate is determined by the type of carbonation product and the CO, diffusion, concentrating on that the
regulation and control mechanism of specific products and structure for product layer based on the optimal
combination of the impact factors. The CO, diffusion and calcium ion dissolution-controlled stage is
controlled via both the CO, diffusion and the dissolution of calcium ions working on the increasing partial
pressure and the introduction of polar groups, respectively. The combination of optimal carbonization stages
concentrating on the controlling factors in regard to different carbonation stage is proposed.
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ABSTRACT

Mitigating greenhouse gas emissions is one of the main approaches to tackle the current environmental
crisis. The decarbonation of the cement industry could significantly lower anthropogenic carbon emissions
by limiting the average temperature rise to 2°C. Alternative cement formulations such as calcium
sulfoaluminate (C$A) have great potential in partly replacing the current families of cement due to their
lower carbon footprint, rapid strength gain, fast curing time, and lower shrinkage. The eco-friendly
characteristics of CSA cement are attributed to reduced amounts of limestone used for production and lower
synthesis temperatures. The challenge facing the production of C$A cement is mainly its requirement of
high amounts of alumina which hinders the economic viability at the commercial scale. Alumina is essential
for the formation of the ye’elimite phase which heavily contributes to early-age strength development. A
promising technique to improve the process’ economics is to reduce the alumina content requirement while
preserving the early-age strength. This can be achieved by stabilizing the high temperature o' polymorphs
of dicalcium silicate to ambient conditions. A technique was previously developed wherein elemental sulfur
is utilized as a source of fuel and mineralogical control factor that provides the sulfur oxide needed to both
preserve o’ dicalcium silicate and form ye’elimite in the clinker. Synthesis of a'C,S was carried out here
with a focus on Na, K, B, and P as additives under a sulfur-containing atmosphere. The results display the
successful stabilization of about 80% o'C>S upon quantification. Hydration experiments showed that the
isothermal heat release of a'C,S deviates significantly from beta-C,S. Highest degree of hydration was
achieved with the boron stabilized o'C,S. Interestingly after 6 days of hydration both investigated o'C>S
showed no portlandite formation but only calcium silicate hydrates (C-S-H).

KEYWORDS: calcium sulfoaluminate (C$A), ye elimite, alpha prime belite, low carbon cement, SEM-
EDX-EBSD
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1. Introduction

Approximately 8% of global carbon dioxide emissions are emitted during the production of cement (Pearce,
2021). Various techniques, such as the utilization of alternative fuels and alternative cement formulations,
have been explored to decrease these emissions. Calcium sulfoaluminate (C$A) cements are ye’elimite rich
formulations that are produced at low temperatures and provide a reduction of raw material derived carbon
emissions up to 35%-40% (Tao et al. 2023). However, the economic viability of these formulations suffers
due to the increased Al,Os3 content required in its raw mix designs. Replacing a portion of the raw mix
Al,O3 with SiO; (at conventional C$A production temperatures) leads to a product with increased belite
(C2S) content and a consequently reduced early age strength. The stabilization of high temperature
polymorphs of dicalcium silicate could serve as a strategy to compensate for the aforementioned loss in
mechanical performance. The alpha prime (a') group of polymorphs are highly reactive when hydrated and
are the most effective hydraulic forms of C,S when preserved under normal conditions (Ghosh et al. 1979).
Cuesta et al. reported the stabilization of o'C,S through doping mechanism of B and Na/B. When boron
was added, a tetrahedral borate anion replaced silicon, while a triangular planar anion replaced silicon in
the case of sodium/boron doping, resulting in a new stabilized o'-C,S structure with ratios of a'-Ca; ssNag.is
(S104)0.85(BO3)o.15 (Cuesta et al. 2012). In a recently developed clinker production technique, a C$A cement
was produced via the combustion of sulfurous fuels (Galan et al. 2017; Al Horr, 2017) to provide both the
sulfate precursor (via gas-solid sequestration) and a contribution towards heat needed for the C$A cement
production process. Elhoweris et al. investigated the effect of this technique on the preservation of o
dicalcium silicate in C$A clinker at laboratory scale. The study demonstrated that, when using an SO,
containing atmosphere and alkali dopants, o' C,S containing C$A clinkers could be effectively preserved
to ambient conditions by air cooled quenching (Elhoweris, 2020).

2. Methodology

2.1 C;S Synthesis

Various batches of C,S were synthesised using stoichiometric amounts of calcium carbonate (CaCOs) and
silicon dioxide (Si0O;) by incorporating potassium carbonate (K>COs) and sodium carbonate (Na,COs) i.e.,
K and Na as alkali additives and sodium tetraborate decahydrate (Na,[B,Os(OH),] -8H,0) and calcium
phosphate (Ca3(POs),) i.e. B and P with concentration ranging from (1 wt.% to 4 wt.%). Results shown
here for samples PNa44 and BK11 (numbers indicate weight percentage of doping agent, i.e., PNa 44 is a
C.S synthesised with 4 wt.-% P and 4 wt.-% Na respectively). The C,S were fired at 1300°C for 5 hrs under
SO, containing conditions in a bottom loading furnace with gas mixture %vol of 0.62, 77.44, and 21.94 for
SO,, nitrogen and air respectively followed by a rapid cooling step. Hydration experiments are compared
with standard beta-C,S (obtained from Vush, Czech Republic). All samples were ground to a similar
specific surface area of ~ 500 m*/kg + 20 m*/kg.

2.2 Characterization of Synthesized C,S and Hydration Experiments

Isothermal heat release of C,S was measured over a period of 142 h at w/c of 0.5. Hydration was stopped
by immersing samples in isopropanol for 2h. For SEM analysis, samples were embedded in epoxy resins
and polished according to standard protocols. SEM and back scattered electron (BSE) imaging combined
with energy dispersive X-Ray spectroscopy (EDX) investigations were carried out in high vacuum. For
XRD, the samples were ground, and measurements were performed using Cu radiation. Some of the XRD
samples were also heated from room temperature to 1000°C and measured for heat flow and weight loss.

3. Results and Discussions

3.1 Characterization of Synthesized Clinkers

Amongst all the synthesised samples of different binary additive combinations, the BK11 and PNa44
showed the highest percentages of o' C,S preservation within the clinker sample, e.g., about 80% and 75%
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respectively as determined by XRD-Rietveld analysis. Other silicates phases that were present included
beta C,S, NCS and C;S,.

3.2 Hydration of the Synthesized Clinkers

Results in Figure 1 show the heat flow of the selected C,S hydrated using w/c of 0.5 during the first 142
hrs. The beta-C»S shows the typical heat release curve, characterised by an induction, acceleration, and
deceleration period. BK11 and PNa44 samples show two main hydration peaks, whereby for the BK11,
first hydration maximum occurs at the earliest stage and the second maximum is most pronounced. The
highest total heat observed, after 140 h of hydration, was that of sample BK11 at 64.38 J/g.
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Figure 1: a) Isothermal heat release rate and b) cumulative heat release of CaS pastes (w/c 0.50)

The microstructure of 6-days hydrated samples were evaluated by BSE imaging and EDX mapping analysis
as shown in Figure 2. Results show that, after six days of hydration, the anhydrous material were
predominately present, with only a minor amount of hydration products observed. Surprisingly, hardly any
portlandite was identified, by BSE images and EDX mapping data, in BK11 and PNa44. Only the beta C,S
could be observed to have the common phase assemblage of hydrated belite, which is portlandite and C-S-
H. The amount and thickness of C-S-H phases is largest in BK11 compared to PNa44 and beta-C,S. The
fewest amount of hydrates was seen in PNa44, which, after 6 days, was in a weakly solidified state. To
confirm findings from the SEM-EDX analyses, DTA/TG analysis of 6 days hydrated clinkers were
performed, with the corresponding mass loss data presented in Figure 3. The results confirmed that in
PNa44 and BK11 no portlandite had formed, due to modifications in the reaction kinetics upon the addition
of dopants. The total mass loss after 6 days of hydration is highest for BK11 (11.99 %) and lowest for beta
C:S (4.47 %), 1.e., confirming SEM results.

Figure 2: SEM-BSE images (a, b, ¢) and phase maps (d, e, ) derived from EDX analysis of 6 days hydrated CS,
a/d) beta-CsS, b/e) BK11 and c/f) PNa44, black color= epoxy/pores
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Figure 3: Weight loss (TG) after of 6 days hydration.

4. Conclusions

In conclusion, alpha prime C,S was successfully synthesized at low temperature with the aid of alkali, boron
and phosphorous based additives, rapid cooling and SO, containing atmosphere. The hydration studies also
revealed that, the heat release of alpha prime C,S differs significantly from regular beta-C,S in that the
main hydration is split into two peaks. This might have been caused by the fact that the samples contain
alpha C,S but also beta C,S and some rankinite, more investigations are needed. After 6 days hydration,
the boron - potassium stabilised C,S showed the highest degree of reaction compared to beta-C,S and the
PNa44 sample. In both alpha prime C>S containing samples, no portlandite formed after 6 days of hydration.
First insights by SEM-EDX analysis (results not shown here) indicate that the C/S ratio of the C-S-H phases
in BK11 is around 2, which could explain the absence of portlandite. If the reason for this is the stabilisation
under SO, atmosphere will be revealed during further studies with samples synthesis at ambient conditions.
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ABSTRACT

Cement manufacturing processes are associated with emissions of large amounts of carbon dioxide
formed mainly by the clinker burning process. This is a serious global climate change issue since the
increase in carbon dioxide concentrations in the atmosphere has direct impacts on global warming.
Consequently, utilization of blended Portland cements with high amount of additions can be the main
lever to reduce the impact of its activity on the environment. Ternary Portland cements with a high
content of cement constituents different from clinker can provide some climate change advantages. In this
paper, ternary Portland cements incorporate different contents of coal fly ash (VA), ground granulated
blast-furnace slag (S), and clinker (K). Cements made with S or VA have good pozzolanic characteristics
improving both the mechanical strength and durability at later ages. Accordingly, it is worth to conduct
research of chloride ions diffusion into concrete made with ternary Portland cements incorporating VA
and S, which is an important consideration in the concrete mix design. Chloride ion ingress into concrete
and the resulting damage, i.e., cracking and spalling due to the steel reinforcement corrosion is a major
concern to the durability and service-life of reinforced concrete structures. Therefore, this paper carried
out rapid chloride migration test according to NT BUILD 492 to determine the chloride migration
coefficient from non-steady-state migration experiments. Unfortunately, this method is unable to provide
information about the time, after which the critical chloride ions concentration is reached at the steel
reinforcement surface. Consequently, the chloride ions diffusion coefficient was also assessed and
compared to the migration coefficient. It was calculated following the NT BUILD 443 standard, whose
main drawback is the testing duration. Ternary cements made with S and VA exhibited lower chloride
diffusion coefficients than concrete made without additions.

KEYWORDS: Ternary cements, chloride diffusion, coal fly ash, granulated blast-furnace slag
1. Introduction

With the rapid growth of population and cities, the demand for Portland cement has increased
considerably. This phenomenon is especially damaging as it can increase the risk of more severe climate
change impacts. Currently, Portland cement production accounts for approximately 7.4% of global
anthropogenic carbon dioxide emissions (2.9 Gtons in 2016) (Sanjudn et al. 2020a). Therefore, it is the
second largest emitting production sector after the iron and steel sector. However, considering only
carbon dioxide emissions from Portland cement manufacturing is insufficient to establish a complete
carbon footprint since concrete uptake carbon dioxide through the process of mortar and concrete
carbonation. Accordingly, this process could be a carbon sink in the life cycle inventory of concrete.

220



One way to lower carbon dioxide emissions in the cement manufacturing sector is to reduce the amount
of clinker in the Portland cement by using additions, which are natural or industrially produced materials
(Sanjuan et al. 2020b). Industrial wastes such as coal fly ash (VA) and ground granulated blast-furnace
slag (S) have recently gained relevance as durable, as well as sustainable cement constituents for their
environmental and social benefits (Rivera et al. 2020). There is, therefore, reason to conclude that the
final properties of ternary systems are achieved as result of the individual characteristics combination of
their constituents and synergy (Rivera et al. 2021).

2. Experimental
2.1. Materials

Laboratory ternary cements were manufactured by blending a CEM 1 42.5 R Portland cement according
to EN 197-1 (Sanjuén and Argiz, 2012) supplied by Holcim, Spain, with coal siliceous fly ash (VA) and
ground granulated blast-furnace slag (S) provided by Cementos Tudela Veguin, S. A., Spain. Table 1
shows the chemical properties determined following the EN 196-2 (2014). The granulated blast-furnace
slag was ground at two fineness of 3489 cm?g (SA) and 4630 cm?g (SB) for concrete A and B,
respectively. Therefore, SA and SB have the same chemical composition.

Table 1. Chemical composition of CEM 142.5 R, SA, SB, and VA (%).
Constituent Si0; ALO; Fe;O; CaO MgO SO; Na,0O KO LOI IR' CI
CEMI1425R 2051 430 3.01 6038 3.61 3.14 0.16 0.81 278 1.44 0.05
SA & SB 3596 10.61 0.40 42.89 7.10 2.02 030 046 000 - -
VA 53.79 19.54 1020 4.44 183 084 203 1.83 173 1741 -
! Insoluble residue measured by the Na,CO; method (EN 196-2).

2.2. Cement and Concrete Mix Design

Four ternary cements were made for this study by uniting all the cement constituents: CEM 1 42.5 R, coal
fly ash (VA) and ground granulated blast-furnace slag (SA and SB), and two concrete qualities were
manufactured (Table 2) to evaluate the chloride resistance performance of the four ternary cements.

Table 2. Cement and concrete mix design.

Code Cement (%) SA/SB (%) VA (%) Slag—Fineness (cm?/g)
CEM 1 100 0 0 -
SA25VA25 50 25 25 3489
SA40VA25 35 40 25 3489
SB25VA25 50 25 25 4630
SB40VA25 35 40 25 4630
Concrete mix design Cement sand  gravel water additive
A (kg/m?) 250 880 1100 172 5.0
B (kg/m?) 350 840 1100 172 5.0
2.4. Methods

Concrete cylindrical specimens (@15 % 30 cm) made according to EN 12390-2 (2019) were cured under
water and tested for compressive strength at 28 and 90 days according to EN 12390-3 (2019).

Chloride diffusion coefficient was determined following the procedure defined in NT BUILD 443
standard (1995). Four concrete cylindrical specimens of @100 mm x 200 mm were made for each type of
cement and concrete. Two concrete slices of 100£1 mm thick were cut from each @100 mm % 200 mm
sample. The non-steady-state chloride migration coefficient was determined by using the rapid chloride
migration (RCM) test defined in NT BUILD 492 (1999).
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3. Results and discussion
3.1. Compressive strength

Compressive strength results at 28- and 90-days of concretes A and B are shown in Figure 1. The
minimum compressive strength (fi) for C30/37 concrete at 28-days is 30 MPa and 45 MPa for C45/55
concrete (EN 206, 2016). The fineness effect is more evident in concrete B than in concrete A.

T70 .

£ 60 -
=

%50

240 7 A-28

b 3

£30 - A-90

£ 20 - uB-28
10 | = B-90
0

SA25VA25 SB25VA25 SA40VA25 SB4OVA25 CEMI42.5
Ternary cement

Comp!

Figure 1. Compressive strength of concretes A and B, at 28-days and 90-days.

SA25VA25 and SB25VA25 cements, used in A and B concretes, increased the compressive strength at 28
and 90 days in comparison with CEM I concrete. This elemental fact suggests that a substantial synergic
effect of both the ground granulated blast-furnace slag and coal fly ash has been developed in the system
(Rivera et al. 2020). Furthermore, the finer the blast-furnace slag (concrete A), the higher enhancement of
compressive strength is.

3.2. Chloride Diffusion Coefficient

Figure 2 shows the effective chloride diffusion coefficient, Def, after 90 days of testing. The mechanical
strength studies suggested that concrete B could present a lower chloride ingress resistance than concretes
A. This was confirmed by the natural chloride diffusion coefficients obtained for concrete A and B made
with CEM 1 (17.3 x 102 m%*s and 8.99 x 107> m%s, respectively). Ternary cements in concrete B
presented quite similar coefficients (2.89 x 102 m?*s — 3.36 x 10"? m?/s), whereas a broader range of
coefficients was found in concrete A made with coal fly ash and ground granulated blast-furnace slag
(4.98 x 102 m%*s — 7.64 x 107* m%*s). In view of these findings, this increase in chloride ingress
resistance would be due to the concrete mix design more than to the type of cement. The effective
chloride diffusion coefficient, Defr, in concrete A made with SA25VA2S5, is by far the greatest. An
atypical factor could have affected this result. Using incorrect quantities of water and cement (very high
water/cement ratio = 0.69), often results in sub-par performance. By contrast, the same cement in
concrete B (water/cement ratio = 0.49) leads to similar values than the rest of the ternary cements.

mCEMI1425 N SB40VA25
 SA40VA25 SB25VA25
 SA25VA25

;

o

5 10 15 20
Effective chloride diffusion coefficient (D x 10712 m?/s)

Figure 2. Effective chloride diffusion coefficient (Desrx 1072 m%/s).
3.3. Non-steady-state Chloride Migration Coefficient of Concrete

Concrete B made with SA40VA2S5 ternary cement presented the lowest chloride migration coefficient
(0.53:10"'2 m%s) and concrete A made with CEM I exhibited the highest chloride migration coefficient
(2.97'107'2 m%s) (Figure 3). Type A concrete mixes (40% of slag and 25% of fly ash) showed a resistance
to chloride ingress enhancement (chloride diffusion and migration coefficients are 2.89:10"'2 m%s and
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0.53:10™'2 m%s, respectively). Summing up, this very good chloride diffusion resistance may be attributed
to the combined effect of ground granulated blast-furnace slag and coal fly ash. Similar conclusions have
been reported with cements containing 10% of silica fume and 20% of coal fly ash (Hassan et al. 2022).
Dussm In concrete A, made with SA25VA25, is lower than is the case for the SB25VA25, but in concrete
B the reverse obtains. This again confirms the peculiar performance of concrete A made with SA25VA25.

-] - mCEM 42,5 W SB40VA25
= SA40VA25 SB25VA25
SA25VA25
< _
0 1 2 3 4

Non-steady-state migration coefficient (D, X1072 m?/s )

Figure 3. Non-steady-state migration coefficient (Dnssm X10712 m?/s).

Chloride migration coefficients were lower than the chloride diffusion ones. However, the opposite
outcome has been reported in the literature (Frederiksen et al. 1997). Argiz et al. (2018) and Pontes et al.
(2021) found good correlations between the effective chloride diffusion and chloride migration tests.

4. Conclusions

There was a significant difference between the values of the diffusion (NT BUILD 443) and migration
(NT BUILD 492) coefficient, which was between 3 and 8 times lower the migration coefficient than the
diffusion one. Overall, the rapid chloride migration (RCM) test is a reasonable indicator of the chloride
ingress resistance of concretes, having been able to distinguish concrete produced with different types of
cements. Nevertheless, we can only compare protective properties, related to the chloride penetration
resistance of concrete. Thus, it cannot be used to estimate the service life of reinforced concretes. In view
of these findings, this increase in chloride ingress resistance would be due to the concrete mix design
more than to the type of cement. Nevertheless, it can be considered that ternary-cement-concretes are very
suitable to produce concretes exposed to the corrosion induced by chlorides exposure classes.
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ABSTRACT

Cement that is main component of concrete is one of the highest CO; emission materials, on the other
hands, it can react with CO; and absorb it after hydration. Therefore, it is one of the carbon neutral methods
for concrete to reduce amount of cement, and adsorb more CO: than emission from manufacturing process.
This study aims at setting CO- emission from concrete life cycle as net zero by carbonation and putting into
practical application. And thus, we evaluated the relationship between CO; balance, compressive strength
and pore structure using different blast furnace slag’s replacement ratio and fineness powder. The result
showed that the compressive strength of mortar which is high content of blast furnace slag was down by
carbonation. In addition, maximum capability of CO, absorption correlate with CaO content form using
material, on the other hand, to use higher content of Portland cement made carbonation depth less. We also
examined admixture combination to keep out compressive strength down by carbonation and get CO,
balance using not only blast furnace slag but also particular admixture based y-C2S which can react with
CO; and then it made compressive strength increased. The result showed that using y-C2S with carbonation
didn’t occur compressive strength down, whereas carbonation depth is less than without y-C2S.

KEYWORDS: blast furnace slag, compressive strength, pore structure, CO: balance
1. Introduction

In recent years, it is pressing need to reduce emission of CO; that is a factor in global warming, and all
industries are required to make the transition to decarbonized society. In the Japanese construction industry,
concrete using highly substituted cement admixtures such as ECM cement is being developed to reduce the
use of clinker, which emits a large amount of CO, during production. On the other hand, since the main
component of concrete is hydrates with calcium like Ca(OH),, it is possible to absorb a large amount of
CO; by carbonation. Therefore, combining those methods is expected to lead to CO- balance. However,
depending on the mix proportion of admixture, it is difficult to organize the CO, balance simply by the
substitution ratio because the amount of calcium that absorb CO, decreases, and the carbonation rate is
different. In addition, there is little knowledge about effects of carbonation on strength and porosity using
admixtures.

In this study, we focused on blast furnace slag fine powder (GGBS), which can be replaced with a large
amount of cement. we evaluated the relationship between CO; absorption, compressive strength and pore
structure using different GGBS replacement ratio and fineness powder. We also examined admixture
combination to keep out compressive strength down by carbonation and get CO; balance using not only
GGBS but also particular admixture based y-C2S which can react with CO; and then it made compressive
strength increased.
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2. Materials and Methods
2.1 Materials and Mix Proportion of Mortar

Tablel shows the mix proportion of mortar. In this study, 3 types of powder were mixed in accordance with
each mix proportion. Ordinary Portland cement with 2% SO; is replaced by GGBS which is added
anhydrous gypsum as 4 % SOj3 contained in GGBS. In addition, mix proportion using y-C2S were added it
20% as powder substitution. We use LEAF (Denka Co., Japan) as y-C2S. The mix proportion was set at a
constant water-cement ratio of 50% and powder: fine aggregate ratio was set at 1:3. We mixed using mortar
mixer, and cast it into specimens of 40x40x160mm.

Tablel Mix Proportion of Mortar

GGBS . . S o COz emission
Symbol \[Y//}]’ P:S Replacement fineness Binder ratio [weight %] of binder
’ [%] [em¥/g] OPC GGBS | 7-C2S [e/ke]
N 0 _ 100 0 0 764
BA 30 70 30 0 543
BB 50 4000 50 50 0 395
3000, 4000,
BC 70 2000 30 70 0 247
N-y 50 | 13 0 ] 80 - 20 643
BA-y 30 56 24 20 466
BB-y 50 4000 40 40 20 348
3000, 4000,
BC-y 70 2000 24 56 20 230

2.2 Curing condition

After casting the mortar, the specimens were demolded at the age of 2 days and were cured in 3 types of
environment; carbonation (20°C, 60% RH, CO; concentration was 5%), water curing (20°C, 60% RH), air
curing (20°C, 60% RH, CO, concentration was 0.05%) for 7, 28, and 56 days.

2.3 Testing methods

After curing, flexural strength and compressive strength test was carried out according to JIS R 5201. Also,
carbonation depth was measured by spraying with a 1% solution of phenolphthalein at the broken cross-
section between flexural strength test and compressive strength test. In addition, we measured pore amount
on BA, BB, and BC which age was 56 days, because they weren’t coloured all area by phenolphthalein
sprayed. As a sample, we used one of the pieces after measuring carbonation depth, which were cut parallel
to the cross section by wet cutter. CO, absorption was also measured in some sample.

2.3.1 Measuring amount of CO; absorption

The CO; absorption was measured by differential thermos-gravimetric analysis (TG-DTA) date using
carbonation area that didn’t colored by phenolphthalein. The age of all sample were 56 days. All of samples
were granulated by hammer and preserved in acetone for 4 hours and after that dry by a vacuum desiccator
to stop hydration. TG-DTA was performed from room temperature to 1000°C at a heating rate of 20°C/min.
under nitrogen. Figurel shows how to calculate the amount of CO, absorption. The decarbonation ratio was
determined from the weight loss at 550 to 850°C because the inflection point of the DTA curve wasn’t clear.
And all so, the amount of CO, absorption was calculated from the difference in the decarbonation ratio
between before and after of carbonation.
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Figure 1 method of calculated amount of CO, absorption

2.3.2 Porosity test

The samples were saturated with water by a vacuum desiccator. After measuring the saturated weight and
the weight in water, the samples were left to dry at 40°C until their weights became constant, and the weight
in an absolutely dry state was then measured. Porosity was calculated by Archimedes method.

3. Results and discussion
3.1 Carbonation depth and amount of CO; absorption

Figure 2 shows the carbonation depth. Regardless of using y-C2S or not, BB and BC weren’t colored all
area by phenolphthalein sprayed at 28days. Also, BA weren’t colored all area at 56 days. Focusing on the
effect of using y-C2S when the all area were not carbonated, low GGBS replacement rates show that
carbonation depth of using y-C2S resulted deeper than without y-C2S. On the other hand, high GGBS
replacement rates show that carbonation depth of using y-C2S resulted smaller than without y-C2S.

Figure 3 shows the relationship between the percentage of CaO in the binder and the amount of CO;
absorption in carbonation area. The red dotted line is maximum capability of CO, absorption that
caluculated from the amount of CaO. The case of using GGBS show correlation, and the lower GGBS
replacement rates is closer to the maximum. But N was out of line regardless of using y-C2S or not. Therefor,
the using well combination of admixtures not only reduce CO, emissions, but also be able to made the high
potential of CO; absorption. Eventually, it will be expected to lead the CO; balance.
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Figure 2 carbonation depth Figure 3 relationship between CaO and CO;

3.2 Carbonation and compressive strength

Figure 4 shows the relationship between GGBS replacement ratio and compressive strength of GGBS with
Blaine’s fineness of 4000 cmz/g at 56 days of age. The result without y-C2S, the strength of N, BA, and BB
increased in the order of water curing, carbonation, and air curing. But for BC with high GGBS replacement
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ratio, carbonation resulted in lower strength development than the other curing conditions. On the other
hand, the results of using y-C2S, N, BA, and BB showed the highest strength development in carbonation,
and the strength of BC was comparable to that in water curing. Figure 5 shows the results of BC using
different fineness of GGBS. Using higher fineness GGBS resulted higher strength, but similar trends were
observed in the difference of curing methods.
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Figure 4 strength and GGBS replacement ratio Figure 5 strength and GGBS fineness

3.3 Carbonation and pore structure

Figure 6 shows the porosity of BC at 56 days. The case of without y-C2S, the total porosity with carbonation
was larger than with water curing. But using y-C2S, it was had the opposite result.

Figure 7 shows the moisture deviation rate in pore from water discharge condition to absolutely dry at 40°C.
Regardless of using y-C2S or not, the samples with carbonation showed faster rate of water deviation than
water curing in the early time of drying. Mizuno et al. reported that concrete with GGBS has a complex
pore structure, but carbonation of C-S-H caused pore coarsening and changing to continuous pore structure.
We assume that BC with carbonation increased the speed of water deviation by changing to continuous
pore structure. However, CaCO; which produced by carbonation of y-C2S filled in some of pore and also
increased strength.
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Figure 6 total porosity of B70 Figure 7 moisture deviation rate in pore

4. Conclusions
Mortars with high GGBS replacement with carbonation showed an increase in total porosity and also
tendency for compressive strength to be less pronounced than water curing. However, the combination of

the addition of y-C2S and carbonation showed a trend toward improvement in both of them.
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ABSTRACT

The volcanic powder found in Tibet has a high crystal content, which results in low pozzolanic activity.
In this paper, TG-DSC and XRD were used to explore the excitation effect of low temperature calcination
(lower than 1000 °C) on the pozzolanic activity of volcanic powder. The results showed that the
appropriate calcination temperature and time can promote the transformation of crystals in the volcanic
powder to amorphous form, and effectively improve its pozzolanic activity. The optimum calcination
time is 1 hour. When the calcination time is less than 1 hour, the activity of the volcanic powder increases
with the prolongation of the calcination time, and the activity of the volcanic powder does not change
significantly after more than 1 hour. The activity of volcanic powder is highest when the calcination
temperature is 800 °C, and even decreases when the calcination temperature exceeds 800 °C.

KEYWORDS: volcanic powder, low temperature calcination, pozzolanic activity, amorphous
1. Introduction

China is rich in volcanic rock resources, and a large amount of natural volcanic ash material is distributed
in the southeast and southwest borders(Yuan et al, 2020). Due to the different formation history and

conditions, the types of volcanic rocks and their volcanic ash activity are quite different(Fares et al, 2016).

Among them, the volcanic powder in Tibet has a high crystal content with low pozzolanic activity,
making it difficult to be used as an auxiliary gelling material in cement and concrete(Chen et al, 2001).
Therefore, improving the pozzolanic activity of volcanic powder in Tibet is the focus of effectively
utilizing volcanic powder in Tibet. In this study, volcanic powder was pretreated by low-temperature
calcination to explore the effect of low-temperature calcination method on the physical and chemical
properties of volcanic powder and its pozzolanic activity.

2. materials and test methods
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The specific surface area of the raw materials used in the experiment is 450 cm?®/g. Its particle size

distribution is shown in Fig. 1, Its chemical composition is shown in Table 1, and the XRD pattern is
shown in Fig. 2.
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Fig. 1 Particle size distribution of volcanic powder

Table 1 Chemical composition of volcanic powder

chemical components/%
SiO2 ALO; Fe203 CaO K20 Na2O MgO SOs
volcanic powder 55.87 17.51 9.12 6.99 3.98 2.53 2.01 /

mineral admixture

e SiO, ¢ Gismondine
e CaCO; ¢ CaO

L
[ ]

L 1 1 1 1 1 1 ]
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Fig. 2 XRD pattern of volcanic powder

The selected volcanic powder was calcined at different selected calcination temperatures for a certain

time. The calcination was carried out in a muffle furnace with a heating rate of 20 °C/min and a cooling
rate of 35 °C/min.

The content of volcanic powder in cement is 30%.

3. Results and discussion

The effect of volcanic powder at different calcination temperatures on the strength of the cement is shown
in Fig. 3. When the calcination temperature does not exceed 600°C, the low-temperature calcination has
no obvious effect on the activity of the volcanic powder. When the calcination temperature exceeds
600°C, the early strength of the cement will decrease with the increase of the calcination temperature, but
28-day strength will be significantly improved.
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Fig. 3 Effect of volcanic powder at different calcination temperatures on the strength of cement

Two calcination temperatures of 500°C and 800°C were selected to explore the effect of calcination time
of volcanic powder on the strength of the cementitious material system, and the results are shown in Fig.
4. The results show that when the calcination temperature is lower than 600°C, different calcination times
have no significant effect on the activity of volcanic powder. When the calcination temperature exceeds
600°C, a shorter calcination time will lead to insufficient activation of the volcanic powder and lower
strength in the later stage. A longer calcination time will reduce the early strength of cement, and the

impact on the later strength is the same as that of calcination for 1 hour. Therefore, the best calcination
time is one hour.

|~ calcination at 500°C for 0.5 h
|—@— calcination at 500°C for 1 h
[—— calcination at 500°C for 2 h
|—¥— calcination at 800°C for 0.5 h|
calcination at 800°C for 1 h
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40 |

|/

Calcination strength(MPa)

; ; 28 60
Time(d)

Fig. 4 Effect of volcanic powder at different calcination time on the strength of cement
Furthermore, from the TG-DSC curve of volcanic powder (Fig. 5), when the calcination temperature does
not exceed 600 °C, the volcanic powder does not produce heat absorption or exotherm, and its crystal
structure does not change. When the calcination temperature exceeds 600 °C, the volcanic powder begins
to transform from crystal to glass, and the microstructure of the particles also changes. The lamellar
structure of the volcanic powder particles disappears (Fig. 6), so the filling effect in the early stage of
hydration is reduced, resulting in a certain degree of decline in the early strength of the gelled system.
Due to the increase of the vitreous body, more volcanic powder participates in the hydration of the

cement in the later stage of hydration, resulting in a significant increase in the strength of the later stage
of the cement.
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4. Conclusion

Based on the analysis of experimental data developed in the present study, following conclusions can be
drawn:

1. Low-temperature calcination at an appropriate temperature can help improve the pozzolanic activity of
volcanic powder. The optimal calcination temperature for volcanic powder is 800°C. When the
calcination temperature is lower than 600°C, low-temperature calcination has no significant effect on the
activity of volcanic powder. When the calcination temperature exceeds 800°C, the activity of volcanic
powder has no significant change compared with 800°C, which is not conducive to the low-carbon and
green development of cement.

2. The optimal calcination time is one hour. Short-term calcination cannot effectively improve the activity
of volcanic powder, while long-term calcination reduces the early strength of cement but does not
significantly increase the later strength.

3. Calcining at low temperature causes the crystals in the volcanic powder to transform into vitreous,
which significantly increases the reactivity of the volcanic powder.
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ABSTRACT

The use of (NQ, MgCO3-3H,0) as a precursor to produce construction materials, particularly
non-structural components, is a promising route due to synergies in waste utilization with the
carbon capture and utilization (CCU) industry. This study investigates the use of NQ as a
construction material in the development of plasterboard-like applications. NQ is synthesized
using two different routes: (1) wet carbonation and (2) chemical synthesis. NQ can be activated
via thermal treatment at around 150-175°C, after which the dehydrated NQ can hydrate to form
a plaster-like product, similar to gypsum plaster. The reaction kinetics, mechanical properties,
microstructure, phase assemblage, and evolution of the developed plasters using NQ synthesized
from two different routes were studied. The influence of trace elements (i.e. sulfate and
ammonium) on the performance of plasters was also considered. In terms of reaction kinetics,
the nucleation and growth rates of the two polymorphs synthesized via wet carbonation and
chemical route differed, especially after thermal activation and rehydration. Rehydrated NQ via
carbonation was associated with other hydrated magnesium carbonates such as hydromagnesite
after 28 days of curing. Rehydrated NQ via the chemical synthesis route was accompanied with
magnesium carbonate hydrate and hexahydrate. Products cast using these NQ revealed 28-day
strengths between 6 and 8 MPa.

KEYWORDS: Carbon dioxide; carbon capture, and utilization, dehydrated nesquehonite;
hemihydrate, plasterboard

1. INTORDUCTION

Decarbonization of the industrial and power sectors is one of the primary focuses of current
research efforts in the context of mitigating climate change (Pietzcker et al. 2021). Industrial
roadmaps frequently recommend carbon capture pathways and technology as the safe route to
achieving medium and long-term decarbonization objectives. Given the abundance of suitable
minerals and wastes, the mineralisation of carbon dioxide as carbonates is one of the key carbon
capture and utilization (CCU), pathways that have been suggested (Zevenhoven R et al. 2017).
Though, the carbonation process of minerals tends to be costly with other side effects such as the
vast amount of side waste products and its ecological footprint. This is the situation of
MgCO3-3H,0, nesquehonite (NQ). Despite being naturally occurring, it primarily results from
the thermal processing of Mg-containing rocks like serpentine and CO; mineralisation. In this
framework, we describe the promising results of our experiments on the reaction of NQ
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produced using two different routes and its incorporation with calcium sulfate hemihydrate at
different ratios in producing plasters. We present data on the experimental synthesis routes of
nesquehonite, as well as the characterization of the solid product.

2. Methodology
This section elaborates on nesquehonite (NQ) synthesized by the wet carbonation route and the
chemicals mix route.

2.1 Nesquehonite (NQ) synthesis methods

In this study, NQ was prepared using two different methods. The first method involved wet
carbonation of an aqueous solution of magnesium hydroxide, where CO, was introduced into the
solution from a gas cylinder via a mass flow controller at an 80-100 cc/min flow rate while
stirring at high speed in a glass beaker. The pH of the solution was continuously monitored using
a pH probe since it significantly affects carbonate precipitation. The obtained solid product was
then vacuum filtered and rinsed with water, isopropanol, and diethyl ether, respectively,
followed by air drying at room temperature and atmospheric pressure. The second method of
preparing NQ was the chemical mix route, where 1 molar solution of magnesium chloride and
ammonium carbonate was prepared separately and allowed to saturate before mixing in a parallel
mixing mode while stirring at 750 rpm at ambient temperature for an hour. The resulting white
suspension was collected. The solid product was separated from the liquid via vacuum filtration,
then rinsed with water to remove excess sulfate, isopropanol to remove excess water, and diethyl
ether before being air dried at room temperature for several hours. Overall, both methods
produced white powder NQ, and the samples were placed at 40°C before further
characterization.

2.2 Mix development

NQ was synthesized using both wet carbonation and chemical methods, subjected to thermal
activation via heating for 24 hours at 160°C, while ensuring that no carbon dioxide was lost
during this activation process, as presented by Jauffret et al 2015. Gypsum was also thermally
activated to obtain hemihydrate (Cs-0.5 H) by heating at 148°C for 24 hours. After heating, both
De-hydrated NQ (De-NQ) and hemihydrate were kept in the oven to cool down and then stored
in a dessicator to prevent any exposure to moisture. To create admixtures of De-NQ with
hemihydrate, the mix ratios were controlled by volume fraction based on the density of raw
materials. The mixing process involved adding a calculated amount of dried De-NQ and
hemihydrate powder to a clean container, as specified in Table 1. Prior to preparing the paste,
powder samples were homogenized using a lab-scale homogenizer for two hours until a
homogenized sample of two dry powders was achieved. The resulting admixture was then mixed
in a solid/to liquid ratio of 1:1 to provide sufficient water for rehydrating it before being cast in a
casting mold with specifications of 1x1x4 c¢cm®. The molds were placed in a tight plaster bag for
the next 24 hours to allow the reaction in a closed environment. Afterward, the molds were
placed in an oven at 40°C for two hours. The molds were removed from the oven and allowed to
cool at room temperature for another two hours before the casted samples were de-molded for
further analysis.

Table 1. The mix recipe of hemihydrate with De-NQ was synthesized using carbonation and chemical
route.

Samples (Mixes) Short form-ID NQ Hemihydrate
(€9) (€9)
100 % Rehydrated-NQ via 100% Re-NQ (Carbo) 10 -
Carbonation
100 % Rehydrated-NQ via 100% Re-NQ (Chem) 10 -
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Chemical route
100% Hemihydrate 100% Cs.0.5H - 10
75% Rehydrated-NQ via 75% Re-NQ (Carbo) 7,0171 2,9829
Carbonation/ 25%
Hemihydrate
75% Rehydrated-NQ via 75% Re-NQ (Chem) 7,1210 2,879
Chemical route/ 25%
Hemihydrate
50% Rehydrated-NQ via 50% Re-NQ (Carbo) 4,3950 5,6049
Carbonation/ 50%
Hemihydrate
50% Rehydrated-NQ via 50% Re-NQ (Chem) 4,4857 5,5143
Chemical route/ 50%
Hemihydrate

2.3 Material Characterization

The different mixes samples of Re-NQ and hemihydrate were characterized at different time
periods of 7, 14, and 28 days of hydration reaction. Before characterization, the samples were
immersed in isopropanol for 24 hours to stop the hydration process. After hydration stoppage,
the excess i1sopropanol was drained, and the samples were left for air drying followed by 2-hour
oven drying at 40°C. To understand the phases in mixed samples collected at different times,
quantitative XRD analysis was used with silicon (Si) as an external standard. Isothermal
conduction calorimetry was used to monitor the evolution of heat during the re-hydration of De-
NQ and the mixes of De-NQ with hemihydrate (TAM Air, TA Instruments, the U.S.).

3. Results and Discussion

Fig. 1 (a) presents the heat flow of 100% Re-NQ via wet carbo and mixes and (b) chemical route
and mixes in comparison to the (c) hemihydrate. The narrowing of mixed samples of Re-NQ via
carbo with hemihydrate loading demonstrated that the reaction started a bit late but stabilized
fast as compared to the wider peak of 100% Re-NQ via carbo where the hydration started at an
early stage perhaps taking a long time to attain the stability. In the case of 100% Re-NQ via
chemical synthesis (b), the higher and narrow peak presents rapid hydration. The influence of
hemihydrate addition to the NQ was most obvious in this case as the peaks become shorter and
broader. Plus, the hydration reaction of these blends is delayed as compared to the 100% Re-NQ
via chemical samples. These findings are new insights into the effect of different synthesis routes
and their mixes with hemihydrate behaviour towards the hydration reaction.
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carbonation and homogenized with hemihydrate (replacement up to 25% and 50%), (b) NQ via chemical route
and mixed with hemihydrate (replacement up to 25% and 50%), and (c) heat flow of rehydrated hemihydrate (as a
reference).
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Fig. 2 (a) shows the XRD spectra of Re-NQ via (carbo), (chem), and the mixes with hemihydrate
after 28 days of curing. In the case of 100% Re-NQ via carbo after 28 days of hydration, the
formation of amorphous hydromagnesite (b), and conversation to dypingite can be observed.
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Moreover, in comparison with 75% Re-NQ via carbo mix sample, a trace of aragonite (calcium
carbonate) is found as per the reaction of calcium from hemihydrate with carbonate of NQ
during this curing time. For the 100% Re-NQ (chem), there are strong reflexes that are
associated with the NQ and the presence of hexahydrate. In comparison with 75% Re-NQ
(chem) and hemihydrate mix the peak intensity of NQ was reduced due to the reaction during
hydration and transformation to calcium sulfate hydrate.

Fig 2. (a) XRD patterns of all samples
after 28 days of hydration and (b)
SEM images of identified phases.
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4. Conclusions

This paper presented findings of the CCU process for nesquehonite (NQ). NQ can be obtained
via different synthesis routes, while after activation, the crystal can be used as a plaster or
plasterboard substitute. Results have shown that the kinetics of NQ synthesis differ between the
two routes and the resulting blends with hemihydrate exhibit varying properties. XRD analysis
confirmed that NQ synthesized via the carbonation route converted to dypingite and
hydromagnesite, whereas NQ synthesized chemically remained stable even after rehydration. In
blends of NQ and hemihydrate, the calcium from hemihydrate reacted with carbonate in 75%
Re-NQ via the chemical synthesis route, leading to the formation of calcite. For 75% Re-NQ via
the carbonation resulted in the formation of aragonite.

While the product requires further development, current projections indicate that NQ synthesized
by different routes has the potential to be used in certain building applications. Future studies
will focus on the identification of potential additives such as activators, accelerators, and
retarders that can enable optimal setting time, while presenting minor effects on the durability
and volumetric stability of the final product. Moreover, manufacturing process optimization can
be performed to achieve comparable or improved performance to the conventional gypsum
plaster process. This optimization can include improvements in the calcination process, setting
time, demolding, and drying, thereby reducing production time and energy consumption, while
producing a high-quality plaster.
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ABSTRACT

Speedy and continuous development in the infrastructure industry is driving up cement production and
carbon dioxide emissions. Currently, 8% of total carbon dioxide emission is from the cement industry.
Additionally, increasing cement demand is distressing natural resources required for conventional cement
production. In such a state, using a combination of SCMs to further lower the clinker factor is a
reasonable approach. Limestone calcined clay cement (LC®) is one such cement which composes of
clinker, calcined clay, limestone, and gypsum. Calcined clay used in LC? is widely available across the
globe. However, good-quality limestone reserves are already used for clinker production, and using them
for addition in LC® may not be an efficient choice. It is known that aluminates present in clay or cement
require only a limited amount of calcium carbonate to form carbo-aluminate phases, remaining limestone
acts only as an inert filler. Based on this observation from the literature, the suitability of using low-purity
limestone to produce LC* has been explored. In this study two limestones i.e high purity and low purity
along with three grades of calcined clay (kaolinitic content of 40-80%, have been used to assess the
suitability of using low-purity limestone in LC® production. A comparison between blends based on
compressive strength development, iso-thermal calorimetry, and setting time has been made in the present
study. It has been observed that the addition of low-purity limestone doesn’t change the hydration kinetics
of LC? in the initial days as observed from iso-thermal calorimetry curves. Additionally, no evident effect
on compressive strength development has been observed, strength results were within error for all blends.
Hence, it will be more efficient, cost-effective, and eco-friendly to use low-purity limestone for LC?
production.

KEYWORDS: Low-carbon cement, low-purity limestone, calcined clay, hydration, and strength
development.

1. Introduction

The rapid expansion of the construction industry in recent decades has placed significant pressure on the
global environment and natural resources, which are being depleted to meet the growing demand. A high
volume of cement is being consumed leading to substantial carbon dioxide emissions, i.e cement industry
accounts for 8% of global carbon dioxide emissions and contributes to the depletion of natural reserves of
limestone, clays, and gypsum. Limestone is a crucial raw material in cement production, serving as the
primary source of calcium in the clinker. Currently, the cement industry faces two major challenges:
carbon dioxide emissions associated with cement production and dwindling reserves of high-quality
limestone suitable for cement production. The recently developed limestone calcined clay cement (LC?)
provides an effective solution to these issues. appearance.

LC? is a three-component mixture consisting of ordinary Portland cement (clinker + gypsum), calcined
clay, and limestone, with a common clinker factor of 0.5. LC™'s reduced carbon footprint is primarily due
to a lower clinker factor, the calcination of clays at temperatures between 800-900°C, which is much
lower than the clinker formation temperature, and the addition of limestone by simple grinding. Gettu et
al. (2019) reported that compared to ordinary Portland cement, LC* emits up to 30% less carbon dioxide.
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Chemical reactions in the LC? system indicate that only a small portion of calcite is required to react with
aluminate phases, Krishnan and Bishnoi (2020). Therefore, the use of cement-grade limestone is
unnecessary for LC? production. Furthermore, carbonate sources are easier to replace than clinker or clay,
as long as the addition or replacement does not have any negative effects. Thus, the use of low-purity
limestone would be more cost-effective and environmentally friendly. The availability of a diverse range
of limestone throughout India also increases the possibility of LC? production. In this study, the effects of
using different grades of limestone on strength development and hydration characteristics were
investigated for varying kaolinitic content in the blend. The subsequent sections provide further details on
the study's findings and the suitability of using low-purity limestone in LC? production.

2. Materials and Methods

A 43-grade ordinary Portland cement (OPC) procured from the market was used directly. Calcined clay
(approximately 80% kaolinitic content in clay) was procured from a clay company in Gujarat was used.
Two grades of limestone were procured from a cement plant, i.e high-purity (approximately 80% calcite
content) and low-purity (approximately 55% calcite content). Limestone was grounded in a laboratory
ball mill at a charge-to-ball ratio of 1:5 for 9000 revolutions. Low-purity limestone had quartz as an
impurity. Quartz being less grindable remains coarser or higher energy is invested for the grinding
process, although finer limestone is obtained due to energy transfer mechanism (Gupta (2020)). The LC?
blends were prepared by blending the powdered raw materials. Gypsum used had a purity of
approximately 88%. To vary the kaolinitic content from 80% to 40%, crushed quartz was used as an inert
material for replacing high-grade calcined clay i.e 100% - calcined clay, 75% - calcined clay + 25% -
quartz, and 50% - calcined clay + 50% - quartz. The composition of all the blends is given in table 1.

Table 1. Composition of the blends studied.

Calcined High-purity Low-purity

Blend Name 0(25 Clay (C) Limestone (H) Limestone (L) Qua(};oz) © Grp ”;%31 ©
(%) (%) (%)

Specific 3.19 2.63 2.73 2.68 2.65 2.64
gravity

C-H 53.35 29.10 14.55 - - 3

C-L 53.35 29.10 - 14.55 - 3
3C-H-Q 53.35 21.82 14.55 - 07.28 3
3C-L-Q 53.35 21.82 - 14.55 07.28 3
2C-H-2Q 53.35 14.55 14.55 - 14.55 3
2C-L-2Q 53.35 14.55 - 14.55 14.55 3

Iso-thermal calorimetry was performed to access the effect of limestone purity on the heat of hydration
and cumulative heat realized up on hydration at 27°C for 72 hrs at a fixed water-to-binder ratio of 0.40
using Calmetrix I-cal 8000. IS-4031 was followed to determine the setting time for all blends.
Additionally, compressive strength was determined by casting standard 70.6*70.6*70.6 mm mortar
cubes. The cement to sand ratio was kept constant at 1:3, and the water to binder ratio was fixed at 0.40.
Flow for all the blends was targeted between 130 to 150 mm, to achieve the required flow adequate
superplasticizer dosage was added.

3. Results

3.1 Iso-thermal Calorimetry

Calcite content in the limestone does not appear to have a significant effect on the rate of heat evolution,
since comparable peak power levels and acceleration slopes were observed during an initial 48 hours of
hydration (Fig. 1-a). Likewise, an identical cumulative heat released was observed on replacing high-
purity limestone with low-purity limestone for all the grades of calcined clay (Fig. 1-b). In LC?, the
secondary hydration peak corresponding to aluminates was observed to be influenced by the amorphous
metakaolin present in the system. With increasing aluminate content in the system, the secondary
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hydration peak was observed to shift towards the main hydration peak and become shaper, this has also
been observed by Zunino and Scrivener (2022) for blends prepared with synthesized tricalcium silicate
and tricalcium aluminate.
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Figure 1. Calorimetry results for all the blends a) rate of heat evolution, and b) Cumulative heat released from
hydration.

3.2 Setting Time

At the same kaolinitic content on replacement of high-purity limestone with low-purity limestone,
identical setting behavior was observed. Interestingly as the kaolinitic content in the blend increases,
initially, there is an increase in the initial setting time which again falls on further increasing the content
indicating there exists a maximum in-between, also observed by Brooks and Johari (2001). However, the
effect on the final setting time was not pronounced.

Table 2. Setting time for all the blends.

Blend Name InitiaihSr;crtrtliirrll% time Final(}Sl.re:‘ﬁ?ng) time
C-H 02:40 04:23
C-L 02:31 04:19
3C-H-Q 03:13 04:34
3C-L-Q 03:08 04:28
2C-H-2Q 02:36 04:14
2C-L-2Q 02:26 04:18

3.3 Compressive Strength
Fig. 2 illustrates the compressive strength results for all blends studied in the present work. Strength at 3
days was similar, even though different calcite content was present in the system, as initial strength
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development comes from clinker hydration and fast-reacting calcined clay. However, a comparable 28-
day strength indicates that even 55% calcite content was enough to react with aluminates present in the
system to form hemi- and mono- carbo-aluminate phases. As expected, the 3-day strength of the blends
decreased with the decreasing kaolinitic content present in the system (Avet and Scrivener (2018)).
However, as the hydration continues the 28-day compressive strength was identical for all the blends,
higher than 43MPa.
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Figure 2. Compressive strength of all the blends.
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4. Conclusions

This study demonstrated that calcite content as low as approximately 55% was enough to obtain
comparable initial hydration characteristics, setting time, and compressive strength. The results indicated
that only a limited amount of calcite reacts with the aluminates present in the system to form carbo-
aluminates, while the remainder serves only as a filler. As a result, rejected limestone available in the
vicinity of cement plants can be utilized to reduce the burden on cement-grade limestone reserves.
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ABSTRACT

Magnesium-rich minerals can capture and store CO; as stable magnesium carbonate minerals and can be
utilized to produce construction materials with low or even negative carbon footprints. Organic ligands
influence the growth and morphology of the magnesium carbonates. Among these ligands, acetate is
known to enhance the formation of carbonates. However, there is no clear link between the influence of
this ligand and the hydration of MgO, which potentially leads to a different pathway of mineralization. To
address this gap, we investigated the influence of Mg-acetate on the properties of brucite precipitated by
hydrating MgO in aqueous solution (w/s = 20). Subsequently, carbonation of precipitated brucite under
different temperature (80 and 202 °C), steam pressure (0 and 15 bar) and CO, pressure of 20 bar was also
studied. The phase assemblage and the morphology of the carbonated mineral was measured. Data reveals
that the addition of Mg-acetate results in a poorly crystalline brucite, and alters the morphology and the
composition of the precipitate as evident from scanning electron microscopy, X-ray diffraction and
thermogravimetry analyses. The characteristics of the (hydrated) magnesium carbonates formed seem to
depend on the properties of the brucite seed as precursor and the reaction conditions. This work gives
insights on role of organic ligands in modifying the properties of brucite and tailoring the properties of
minerals to maximize the carbon capture efficiency.

KEYWORDS: Brucite, Hydrothermal, Low carbon cements, (hydrated) magnesium carbonates, Mineral
carbonation.

1. Introduction

With more than 10 000 Gt of Mg/Ca-rich minerals (Sanna et al. (2014)) available, it offers immense
potential for carbon mineralization and to the development of low-carbon or negative carbon binders.
Carbon storage and utilization (CSU) has been recognized as a key step towards achieving climate goals
put forward by Intergovernmental Panel on Climate Change (IPCC). The need to reduce the carbon
footprint of cement industry which presently accounts for ~8% of global CO; emissions along with the
increasing demand for construction materials due to increase in population, infrastructure development
projects around the globe offers high-volume application for the carbonated minerals. The key challenges
in using Mg-based minerals for carbon mineralization are low reactivity of Mg-silicates. However, recent
development in technologies for extraction of MgO or brucite from Mg-silicates has opened new
opportunities (Nduagu et al. (2012) and Scott et al. (2021)).

Many studies have focused on the development of hydrated magnesium carbonate (HMCs) binders (Dung
et al. (2017), Kuenzel et al. (2018), Winnefeld et al. (2019) and Nguyen et al. (2021)). Primary challenge
in using MgO or brucite as precursor is the formation of the reaction products as a passivation layer over
the surface of the mineral, hindering further reaction. Organic ligands have proved to be effective
chelating agents that can steer the reaction pathways and kinetics of MgO-based binders. Several works
from Dung et al. (2017) have shown increased carbonation potential and mechanical performance for
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reactive magnesium cements when Mg-acetate was used as hydration agent. The increase in the formation
of carbonate phases in the presence of Mg-acetate was attributed to increased formation of magnesium
hydroxide, which in turn carbonates to form HMCs. However, there is no clear understanding on the role
of acetate on the hydration of MgO to form brucite with varying mineral properties, which could in turn
lead to a different pathway of mineralization and is the focus of this study. To this end, the hydration of
MgO in an aqueous environment with 0.1 M Mg-acetate solution as the hydrating agent has been done.
Further, the hydrated precipitates (brucite) were carbonated in a high-pressure reactor at two different
temperatures (80 and 202 °C), and at constant CO, pressure of 20 bar. The findings of this work will
contribute to a better understanding of role of ligands and mineral properties on different mineralization
pathways and in turn can maximize carbon sequestration potential.

2. Materials and Methods
2.1 Materials

MgO was prepared in the laboratory by calcining magnesium hydroxide (Mg(OH),) purchased from
VWR chemicals (assay ~99.7%) at 900 °C for 6 hours to produce reactive magnesia. The median particle
size was about 8 um as measured from laser diffraction spectroscopy. Magnesium acetate tetrahydrate
(Mg(CH3CO0),.4H,0) was obtained from Sigma-Aldrich (assay > 99%) and used without further
treatment to prepare 0.1M solution in deionized water.

2.2 Sample preparation

Synthetic brucite was be prepared by reaction calcined MgO with 0.1 M Mg-acetate at water to solid ratio
of 20. MgO was hydrated in a closed beaker and the solution was continuously stirred with a magnetic
rotor at 250 rpm for 6 hours and further allowed to react at static condition till 24 hours. The precipitates
were then collected through vacuum filtration (2um filter paper, 90 cm diameter) followed by washing
with isopropanol and diethyl ether and drying at 40 °C for 15 minutes. In this study, laboratory-grade
brucite was used as reference.

The carbonation of the brucites was done using a 2.5 L high pressure reactor (RVD-2-250, with
maximum pressure of 250 bar, and 250 °C temperature). The precursor was homogenously mixed with
20% (by wt.) of water and was subjected to carbonation at constant CO, pressure (Pco.) of 20 bar and at
two different temperatures (80 and 202 °C). The samples were placed inside the autoclave and was heated
to the desired temperature. A water source (100 ml) was placed at the bottom of the reactor. This enabled
100% relative humidity in the case of 80 °C and at 202 °C the presence of water built a steam pressure
(Pstcam) Of 15 bar. CO, was flushed with pressurized-CO, for about 2 min after the desired temperature
was reached. The reaction conditions were maintained for 15 minutes, and the pressure was immediately
released, and the system was cooled down with a heat exchanger with the cooling rate of about 3 °C/min.
The solid precipitates were then collected and dried at 40 °C for 2.5 hours.

2.3 Methods

Thermal analysis of the precipitates was measured using TG, Precisa (prepASH 129, TEOPAL). The
temperature was increased from 30 °C to 1000 °C with a ramp of 10 K/min. About 0.45 to 0.5 g of
sample were loaded in an alumina crucible, and N, atmosphere was used. The morphologies of the
hydrated and carbonated samples were studied using JEOL field emission scanning electron microscopy
(FESEM). An accelerating voltage of 5 kV and a working distance of about 10-15 mm were used. The
images were taken using secondary electron mode. Platinum coating at 40 mA for 40 s was done to
reduce charging.

3. Results and Discussion
The influence of acetate on the properties of brucite precipitated from 0.1 M Mg-acetate solution and the

subsequent carbonation of the precipitates at different temperature and steam pressure is discussed in this
section.
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3.1 Hydration

The morphology of the reference brucite and brucite formed in 0.1 M Mg-acetate solution (synthesized
brucite) is shown in Fig. 1. It can be noted that the presence of acetate leads to the formation of thin sheet-
like layers with larger diameter than the regular hexagonal morphology of brucite. The thermal
decomposition of the reference and synthesized brucite is presented in Fig. 1c. It could be noted that MgO
has completely reacted with 0.1 M Mg-acetate solution to form brucite. The dehydroxylation of
synthesized brucite is at about 300 °C. The shift in the thermal decomposition of brucite to lower
temperature compared to reference indicates lower particle size and/or lower crystallinity of
brucite that is formed in the presence of Mg-acetate.
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Fig. 1. Morphology of reference brucite (A), brucite synthesized in 0.1 M Mg-acetate (B) and the
thermogravimetric analysis of the both the brucite samples (C).

3.2 Carbonation

The morphology and the thermal decomposition of reference and synthesized brucite carbonated in the
high-pressure reactor at 80 °C and CO; pressure of 20 bar for 15 mins is shown in Fig. 2. It is evident that
the reference brucite reacts with CO, at 80 °C to form hydromagnesite. However, no clear HMCs could
be identified for synthesized brucite. The dehydroxylation/ dehydration around 180 °C, however, indicate
the presence of unknown reaction product.

Fig. 2. Morphology and thermogravimetric analysis of brucite after carbonation at 80 °C and CO: pressure
of 20 bar. (A) reference brucite, (B) brucite synthesized in 0.1 M Mg-acetate and (C) TG-DTG showing the
formation of hydromagnesite and unreacted brucite in the case of reference brucite and possible hydrated
magnesium carbonate phases in synthesized brucite.
Fig. 3 shows the morphology and the thermal behaviour of samples reacted at 202 °C. The increase in
temperature to 202 °C builds a steam pressure of 15 bar in the reactor in addition to the CO; pressure (20
bar). The effect of the steam pressure on the carbonate products formed is evident. In this condition,
brucite both reference and synthesized, react to form anhydrous magnesium carbonate (MgCO3).
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However, it could be noted that the rate of reaction of synthesized brucite is higher. The amount of
MgCO; formed as calculated from the mass loss between 480 °C to 650 °C is about 10% for reference
and 26% for acetate modified brucite.

Fig.

3. Morphology and thermogravimetric analysis of brucite after carbonation at 202 °C with steam pressure of

15 bar along with CO: pressure of 20 bar. (A) reference brucite, (B) brucite synthesized in 0.1 M Mg-acetate
and (C) TG-DTG showing the formation of magnesite along with unreacted brucite for both cases.

4. Conclusions

In this study, the influence of acetate on the properties of precipitated brucite in aqueous solution and the
subsequent carbonation of the dried precipitates at different temperatures and steam pressure (constant
Pcon) was elucidated. It was observed that the acetate alters the morphology and the crystallinity of the
precipitated brucite. The synthesized brucite when subjected to carbonation showed to have a profound
influence on the carbon mineralization pathway. At 80 °C, unknown carbonate phases formed compared
to the formation of hydromagnesite in the case of reference brucite. With increased temperature and
steam pressure, though magnesite was the main carbonate mineral to form in both precursors, the rate of
reaction of synthesized brucite was higher that the reference. Further, the effect of steam pressure on the
phases formed is also evident. The result from this study is a step towards enhanced CO- sequestration by
tailoring mineral properties. Further, it paves way for the utilization of the resulting carbonated mineral
with controlled morphologies and properties (Carbon capture and utilization, CCU) to produce low
carbon construction material.
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ABSTRACT

This research aimed to compare the characteristics and properties of calcium sulfoaluminate-belite
cement using lignite bottom ash as a main source of alumina, silica, and calcium oxide by different
synthesis methods, namely conventional clinker and hydrothermal-calcination, respectively. A clinker
composition with ye’elimite and belite in a ratio of 50:50 by mass was targeted at. The firing temperature
was chosen between 1,050-1,250°C. NaF and CaF, were used as dopants to investigate their effect on
ye’elimite and belite formation. The phase compositions of the obtained clinkers were characterized by
X-ray diffrcation, and their hydration was followed by isothermal calorimetry and X-ray diffraction. The
results show that contents of ye’elimite and belite increase with an increase in firing temperature, but
deviated from the targeted composition because of formation of minor phases. Gehlenite is the main
minor phase, which increases when the temperature is above 1,150°C. Apart from gehlenite, minor phases
such as CA, C4AF, C;A and anhydrite are also found in products obtained from clinkering, while C4AF,
ternesite and anhydrite are formed as minor phases using hydrothermal calcination. Clinkering yielded
higher ye’elimite contents than hydrothermal calcination, while belite content was comparable. The
addition of NaF and CaF: reduce the quantity of ye’elimite and belite and promotes gehlenite formation
in the clinkering process. In hydrothermal-calcination, the dopants significantly improve the formation of
ye’elimite on the expenses of minor calcium aluminate phases.

KEYWORDS: Bottom ash, Calcium sulfoaluminate-belite cement, Clinkering, Hydrothermal
calcination, Ettringite

1. Introduction

Calcium sulfoaluminate-belite (CSAB) cement has been proposed as an environmentally friendly cement
because of its lower energy consumption and lower CO»-emissions when compared to Portland cement
(PC) (De la Torre et al. (2011), Winnefeld and Lothenbach (2010)). CSAB cement contains ye’elimite
(C4A;3S) and belite (C2S) as major phases. Its benefits include rapid hardening, high resistance to sulfate
attack, self-stressing and volume stability (Chen and Juenger (2012), Pimraksa and Chindaprasirt (2018)).
The production temperature is about 1,250°C using conventional clinkering (Ben Haha et al. (2019), El
Khessaimi et al. (2018)), and can be reduced to 1,050-1,150°C using hydrothermal-calcination (Rungchet
et al. (2016), Bouha et al. (2022)). Compared to PC, a lower lime saturation factor (LSF) and the
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incorporation of wastes in the raw meal are possible (Rungchet et al. (2017), Kramar et al. (2019)). In this
work, CSAB clinkers were synthesized using conventional clinkering and hydrothermal-calcination,
respectively. Lignite bottom ash (BA) was used as a source of SiO; and Al,Os. AI(OH); and flue gas
desulfurization gypsum (FGDG) were used as a corrective material and sulfate source, respectively. The
effect of mineralizers (NaF and CaF») on the phase contents (Kacimi et al. (2006)) was also investigated.
Mineralogical compositions and heat of hydration of the synthesized clinkers (in blends with FGDG)
were characterized to confirm their quality.

2. Experimental

BA and FGDG from Mae Moh Power Plant, Thailand, were used as starting materials. AI(OH); (97.0%
purity) was used as a corrective material. CaCOs (96.7% purity) and Ca(OH), (96.0% purity) were used
for a correction of CaO content in conventional clinkering and hydrothermal-calcination, respectively.
Chemical and mineralogical compositions of BA and FGDG are presented in Table 1. Raw meal
proportions were stoichiometrically calculated targeted at a ratio of ye’elimite to belite of 50:50 by mass.
NaF and CaF, at 1 and 2 mass-% were added to study an effect of mineralizers on cement phase
formation.

Table 1 Chemical compositions of starting materials in mass-%

SiO> ALO; Fe0;3 CaO K20 MgO P,0s TiO> SO3
BA 31.4 15.3 13.9 26.3 1.9 2.8 - 0.4 7.8
FGDG 3.0 1.2 0.3 44.4 0.0 0.9 0.1 - 50.1

For clinkering, starting materials were homogenized by grinding using a ball mill. For hydrothermal
calcination, starting materials were mixed in deionized water using a magnetic stirrer. Afterwards the
suspension was hydrothermally treated at 124°C, 1.3 bar for 3 h. The hydrothermal reaction products
were filtered and dried. Both clinkering and hydrothermal products were placed in an alumina crucible for
firing by an electric furnace at 1,050 — 1,250°C (5°C/min and dwelling time for 1 h) with air quenching.
The obtained CSAB cement clinkers were characterized by XRD (Bruker D4 Endeavor diffractometer)
using CuKa radiation (A=1.544) and a step size 0.02°/ 0.1 s. Phase identification and quantification was
performed using DIFFRAC.EVA software. Hydration of the synthesized clinkers was investigated by
isothermal calorimetry. The ground clinkers were blended with FGDG in a way that all ye'elimite and all
calcium aluminate phases can be converted to ettringite. Isothermal calorimetry was performed on pastes
at 25°C up to 24 h using a w/c of 0.50.

3 Results and discussion
3.1 Mineralogical compositions of CSAB clinkers

Table 2 shows the quantitative phase contents of CSAB clinkers obtained from clinkering and
hydrothermal-calcination, respectively, at different firing temperatures. For clinkering at 1,050°C,
measurable contents of calcium aluminate phases and minerals from the starting materials are still found.
When the temperature increases, ye’elimite (C4A3S) is formed, and gehlenite (C,AS) transforms into
CsAsS and C,S. At 1,150°C, C4AsS and CoS contents are strongly increased, but still below the target.
Over 1,150°C, the quantity of ye’elimite is slightly increased with a reduction of belite content. Calcium
aluminate phases (CA and CA;) are changed into gehlenite instead of ye’elimite at 1,200°C presumably
due to insufficient CaO content, although a sufficient supply of CaO content is provided in the raw meal
based on the theoretical requirement of ye’elimite.

Table 2 Synthesized products after clinkering and hydrothermal-calcination at different firing temperatures.

CsAS &S (AS S G A CnAr CA  CAy GAF Cs$:S €S CH  CaO0  Si02 MgO

Clinkering

1,050°C 42 121 196 10 1.7 7.4 70 127 47 - 108 122 42 17 07

1,100°C 181 198 139 16 1.1 5.5 81 69 75 - 66 93 - 09 06

1,150°C 384 283 134 1.0 - 09 105 17 1.4 2.7 - 0.2 1.7

1,200°C 393 266 305 0.1 0.1 0.9 - - 0.0 2.4 - - 0.1

1,250°C 394 225 346 0.1 04 0.1 0.8 18 02 0.2
Hydrothermal calcination

1,050°C 107 142 204 08 07 4.6 85 59 89 9.8 69 12 67 07

1,150°C 254 301 127 15 07 2.0 - - 120 117 38 - 0.1
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For hydrothermal-calcination, main hydrothermal products are monosulfate (C4ASH)2) and siliceous
hydrogarnet (C3ASH4). After calcination at 1,050°C, the hydrothermal products are decomposed to form
C4AsS and CS. Gehlenite and ternesite (CsS2S) are also found at this temperature. When the temperature
increases to 1,150°C, C4A:S and CsS increase, while the contents of calcium aluminate phases decrease.
At the same firing temperature, clinkers obtained from clinkering yield higher C4A;S contents than those
from hydrothermal-calcination, while C,S contents are comparable. C4AF is the preferred calcium
aluminate phase in hydrothermal calcination, while clinkering leads to the formation of CA and CA..

Table 3 shows the quantitative XRD of CSAB clinkers with 1.0-2.0 mass-% of NaF and CaF, obtained at
1,150°C. For the samples done by clinkering, C4AsS and C,S decrease, and gehlenite increases with
higher additions of NaF and CaF,. On the contrary, the dopants significantly improve the formation of
C4AsS using hydrothermal-calcination. Additions of 1 mass-% of NaF and CaF, gave higher C4AsS and
C,S than 2 mass-%. Ye’elimite and belite contents obtained from hydrothermal-calcination are
comparable to those using clinkering when 1 mass-% dopants were applied. NaF and CaF, play a great
role on a decrease in activation energy for cement phase formation. Ternesite disappears and hence more
calcium sulfate is available for ye’elimite formation. It is worth noting here that the XRD reflections of -
C,S are slightly shifted with addition of dopants.

Table 3 Quantitative XRD of clinkers with dopants obtained from clinkering and hydrothermal calcination at
1,150°C

Dopants CiAS S GAS S GA CnAr CA  CAs CGAF G838 €S CaO  Si0: MgO FexOs  FesOs (OCI'{UE"(S:‘: .
Clinkering

No dopant 384 283 134 10 - 09 105 17 14 27 - 02 17 ; ; ;

| mass-%NaF | 174 200 485 12 1.1 35 - - 04 -0 - ; ; ; 33 3.6

2mass%NaF | 128 223 468 12 10 66 - ; 1.6 ; - ; ; 03 37 3.8

| mass-% CaF2 | 291 164 413 12 05 04 - - 27 21 - ; ; ; 34 29

2mass-% CaFa | 314 188 330 00 08 3. ; ; 1.7 S ; ; ; 40 6.2
Hydrothermal-calcination

No dopant 254 301 127 15 07 20 - - 120 117 38 01 - ; ; ;

I mass-% NaF | 372 278 255 16 12 - ; ; 15 S A ; ; 02 33

2mass%NaF | 349 261 276 15 09 - ; - 42 S A ; ; 0.1 3.0

| mass-% CaFa | 37.9 324 201 10 13 - ; ; 1.4 - 22 - ; ; 03 34

2mass-% CaFs | 307 238 330 03 10 - : - 20 -21 - : : 00 35 3.54
3.2 Hydration

The synthesized CSAB clinkers were mixed with FGDG allowing the full reaction of ye'elimite and
calcium aluminate phase to ettringite according to equations (1) and (2) using w/c = 0.5. Heat of
hydration and hydration products as determined by XRD are shown in Fig. 1. The heat flow of the
samples obtained by clinkering shown in Fig. 1 (a), with 1.0 mass-% of CaF, that contained lower
ye’elimite content than the non-doped sample, shows a faster early kinetics (both 1st & 2nd peaks). The
doped sample shows an additional 3rd peak. Moreover, the cumulative heat of the sample doped with 1.0
wt% CaF; is higher than for the reference. For the hydrothermally calcined clinkers doped with 1 wt% of
NaF and CaF,, as shown in Fig. 1 (b), a significant difference in dissolution peak intensity is revealed
than for the samples obtained by calcination despite the same ye'elimite content. However, the non-doped
sample, which contains a lower ye’elimite content, shows the highest intensity of the first peak, probably
due to the presence of C4AF and ternesite. The clinkers generated by hydrothermal-calcination show a
higher heat flow than those made by clinkering, particularly for the first peak. Related to the second peak,
the undoped sample is faster than the doped samples. The hydration of these clinkers has to be explored in
more details in order to understand their behaviors correctly. Main hydration product of all samples is
ettringite (CsAS;Hzy).

CsA3S +2CSH> + 34H > C6AS;Hax + 2AH3 (1) and 3CA + 3CSH2 + 32H > CeAS;Hz + 2AH:  (2)

248



(a)

Hydration of clinkerization clinker at 1,150°C

(b)

Hydration of hydrothermal-calcination clinker at 1,150°C
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Figure 1 Heat flow curves (0-10 hrs) and hydration products (7 days) of clinkers obtained from
clinkerization (a) and hydrothermal-calcination (b)

3. Conclusions

Ye’elimite and B-C,S are the main phases obtained from both conventional clinkering and hydrothermal-
calcination at 1,150°C using BA and FGDG as main starting materials. NaF and CaF, doping tends to
increase ye’elimite content in hydrothermal calcination, but increase gehlenite content in conventional
clinkering. The doped clinkers also tend to undergo faster hydration than the non-doped clinkers.
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ABSTRACT

The production of Portland cement clinker occurs by the decomposition of calcite (CaCO3) in limestone,
and this leads to 5-8% of anthropogenic CO, emissions. CO, mineralization of cement-based silicate
constituents, including non-Portland cement clinker phases such as wollastonite (CaSiO3), can be thought
of as the reverse of this reaction and a technique that, if well-understood and tailored, could achieve
significant CO» uptake to help counterbalance emissions from limestone decomposition. Mineralization
occurs through the extraction of calcium cations from silicates dissolving in an aqueous environment and
subsequent CaCO; precipitation. However, as cations are extracted, a structural rearrangement occurs at
the surface of partially reacted silicate grains forming amorphous silica-rich surface layers (ASSLs). The
ASSLs can inhibit further cation extraction and ultimately, the efficiency of mineralization. Very little is
known about the conditions necessary to form ASSLs, their characteristics, or properties. In this work, we
investigate the formation, resultant structure and properties of ASSLs when synthesized crystalline y-
belite (y-C2S or y-CaSiOs) dissolves in an acidic environment. y-C,S is hydraulically inactive and is
therefore a candidate for CO, mineralization, which is similar to that of CaSiO; and naturally abundant
(Mg,Fe),SiOs (olivine). Here, we map out the relationship between solution composition during the
dissolution of y-C,S, and the composition and some structural characteristics of the residual solids left
post-dissolution. Such findings aid in determining which dissolution conditions form ASSLs and which
ones can best mitigate their formation during CO, mineralization of y-C,S and other important silicate
minerals.

KEYWORDS: CO; mineralization, y-belite, dissolution, surface layers

1. Introduction

Anthropogenic CO» emissions, such as from Portland cement manufacture, contribute significantly to
global warming. One solution to reduce and maintain atmospheric CO, at a lower level is the
sequestration of CO», and one such technique, known as mineralization, involves its reaction with silicate
minerals to form stable carbonates (Krevor and Lackner (2011)). Silicate minerals are abundantly present
within the Earth’s crust, e.g., as olivine, and constitute some of the main hydraulic phases of Portland
cement. The non-hydraulic silicate y-C,S, whose reaction with CO, is akin to the CO, mineralization of
olivine, forms the basis of this study. y-C,S has a strong affinity for CO, adsorption (Goto et al. (1998),
Fang et al. (2016)) and this has been exploited in the design of some new sustainable cements such as the
one reported by Higuchi et al. (2014) composed of fly ash and y-C,S, and the ordinary Portland cement
(OPC), a-quartz and y-C,S system reported by Saito et al. (2007). However, past studies have mostly
focused on the application of y-C.S, without delving deeply into the CO, mineralization mechanism itself.
The first step in the mineralization process of y-C,S is the dissolution of the silicate mineral, typically in
acidic to neutral environments, during which its orthorhombic crystalline structure is broken down. The
metal cation Ca’* and a portion of the silica leach into solution; the remaining silica undergoes
polymerization, thereby forming a barrier between the mineral surface and the solution (Wild et al.,
2019). This barrier, known as amorphous silica-rich surface layers (ASSLs), hinders further dissolution of
the primary silicate mineral (Oelkers et al., 2018). It has been suggested that this hindrance occurs by a
decrease in the transport of aqueous species through ASSLs, with soluble reactants (e.g., H' ions) being
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unable to reach the mineral surface while product species accumulate near the surface leading to local
solution saturation (Wild et al., 2019). To mitigate the effect of ASSLs on dissolution, an understanding
of their formation and properties is necessary, and specifically how these relate to the species present in
the reaction mixture and the reaction conditions.

The aim of this study is to correlate the chemistry of the solution during the dissolution of y-C,S
with the properties of the ASSLs. We start by synthesizing y-C,S, which is subsequently characterized by
X-ray diffraction (XRD). Then, a portion of this y-C,S is dissolved in an acidic environment. The solid
residue (if present) is analyzed using Fourier-transform infrared spectroscopy (FTIR), small-angle X-ray
scattering (SAXS) and scanning electron microscopy (SEM). Overall, this study offers some insight into
which solutions can potentially lead to the formation of ASSLs when y-C,S dissolves, as well as some
first results on their properties. The next steps in our research will involve investigating the effects of
temperature and pressure on the properties of the ASSLs formed on y-C,S.

2. Methodology
2.1 Synthesis of y-C,S
96% pure Ca(OH), and 99.8% pure amorphous SiO; (both in powder form) were sourced from Sigma-
Aldrich. The two materials were mixed at a ratio of 2:1 M in a Retsch Planetary Ball Mill PM 100 for 3 h
using a zirconia-based container and beads. The resulting mixture was heated in a crucible inside a box
furnace at a rate of 10 °C/min to 1400 °C, after which it was held at this temperature for 3 h and then
allowed to cool down at a rate of 5 °C/min. XRD patterns of the sample before and after calcination were
obtained using a Bruker D8 Advance diffractometer and Cu-radiation; this data is shown in Figure 1. The
internal standard CaF, was also added to a portion of the sample before carrying out XRD to determine
sample purity (i.e., degree of crystallinity). The crystallinity was found to be dependent on the cooling
rate applied in the furnace, with 5 °C/min producing the highest percentage of crystalline y-C.S at ~97%.
Y Ca(OH), ®7-C,S < CaF,
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Figure 1: XRD patterns of y-CzS (y-Ca»Si04) after ball-milling, post-calcination and post-calcination with CaF»

The Brunauer—Emmett-Teller (BET) technique was used to determine the surface area of the y-C,S
sample (using a Micromeritics 3Flex instrument and N as the analysis gas), resulting in a value of 0.40
m%/g.

2.2 Dissolution of y-C,S and Characterization of ASSLs

1 g of y-C,S was dispersed in an acidic medium. This consisted of 500 ml of Milli-Q water, whose pH
was adjusted with HCI (37% assay, sourced from Sigma-Aldrich), held at 80 °C in polytetrafluroethylene
(PTFE) reactors. For this study, the effects of solution pH 1 and 2 were investigated due to these
conditions being likely to lead to extensive formation of ASSLs (Wild et al., 2019). The dissolution
experiment ran for a duration of 1 h. During this time, the solution was continually stirred. After
dissolution, the solid residue was separated from the supernatant via filtration. Then, the filter paper was
washed with Milli-Q water to detach the residue from it. Finally, the residue-water solution was
centrifuged, and the excess liquid decanted. This process (filter, wash, centrifuge) was deemed necessary
since initial trials failed to obtain sufficient residue directly from the filter paper. The resulting slurry was
mildly dried in the oven at 30°C for 2 h. The slurries from the pH 1 and 2 solutions were named S1 and
S2 respectively for ease of comparison. Their composition was analysed using ATR-FTIR on a
PerkinElmer Frontier Spectrometer, while some structural details were uncovered using SAXS on a

2
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Xeuss 3.0 instrument. The filtrate was also preserved, but for characterization purposes beyond the scope
of this paper.

3. Results and Discussion

3.1 Silicate connectivity of y-C,S and slurries S1 and S2

Figure 2 presents the FTIR spectra of y-C,S, S1 and S2. Altogether, the spectra present multiple intense
bands between 810 cm™ and 1200 cm™. These can be ascribed to the different modes of [SiO4]-tetrahedra,
which can accommodate between 0 to 4 non-bridging oxygen atoms, i.e., have only Si-O-Si groups, Si-O"
groups or a combination of both (Van Herk et al. (1989), Park et al. (2002)). The spectrum of y-C,S
closely matches the one of olivine (Van Herk et al., 1989) in terms of the shapes and positions of the
bands between 810 cm™ and 930 cm™. The latter are associated to the stretching vibrations of Si-O
groups, which is a key feature of the orthorhombic crystalline structure. The sharpness of these bands
typically correlates to the presence of calcium in the structure (Park et al. (2002)). The spectrum of S2 is
almost identical to that of y-C,S; this could mean that following dissolution at pH 2 for 1 h, S2 still
contained a high proportion of unreacted y-C,S. On the other hand, the features linked to the Si-O™ group
are absent in the spectrum of S1, and this suggests that no y-C,S was left following its dissolution.
According to Ellerbrock et al. (2022), the band between 1050 cm™ and 1200 cm™ correlates to the
asymmetric stretching vibration of Si-O-Si. Park et al. (2002) associated the wavenumbers in this region
to [SiO4]-tetrahedra with 0 non-bridging oxygen atoms for completely polymerized silica structures, and
Van Herk (1989) obtained a similar spectrum for amorphous silica. During dissolution, once Ca®" ions are
extracted from y-C»S, Si-O-Si groups typically form as the remaining SiOs* anions polymerize, thereby
resulting in silica in solution and ASSLs at the surface of the y-C,S grains. Here, it is unclear if the band
associated with polymerized silica in S1 is attributed to ASSLs, silica that had precipitated in solution
during the dissolution reaction, or both.
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Figure 2: FTIR spectra of y-C2S (y-Ca2SiOs) and the dried slurries

3.2 Nanostructural characteristics of y-C;S and slurries S1 and S2

Figure 3a illustrates the SAXS distributions of y-C,S, S1 and S2, measured across four configuration
modes (extra-small, small, medium and wide angles) and combined, to cover an extensive g-range. This
typically allows the interpretation and modelling of some key structural features. All the curves in Figure
3a exhibit a change in gradient between q = 0.003 A" and 0.005 A™', where they shift from an apparent
Guinier regime (at lower q) to the Porod regime. Using the Unified scattering function, which combines
Guinier’s law reflecting the size of the grain features and Porod’s law based on the structure of the same
features (Beaucage, 1995), we modeled this region using the ‘Unified fit” module of the XSACT
software. The modeled curves are shown in the inset in Figure 3a. Assuming that these features are
smooth and spherical, we derived their radii of gyration (Rg) as 88.4 nm, 73.4 nm and 82.9 nm for y-C,S,
S1 and S2 respectively. However, Guinier’s law is only valid when qminR < 1.3, and this is not satisfied
for the derived R values (e.g., 0.003 A x 734 A =2.2). Insight on features within this length scale (~50-
100 nm and larger) requires the use of ultra-small angle scattering or electron microscopy techniques. As
seen in Figure 3b-d, electron microscopy images reveal y-C,S grains of at least 5 um in size, where the
grains present multiple irregular facets, defects and cracks at a scale of ~10-100 nm (Figure 3c). An
additional Guinier region is present in S1 at q ~ 0.02 A™', shown by the shaded green region in Figure 3a.
Using the same model and assumptions as before, the radius of gyration of the corresponding feature in
S1 was derived as ~10.9 nm. According to Figure 3d, we believe that this feature could be due to a porous

3
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silica structure. However, additional investigation is required to determine if the characteristic size (~10.9
nm) is associated with nanosized pores or the silica morphology (i.e., size of fundamental silica particle).
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Figure 3: a. SAXS curves of y-CaS (y-Ca2SiO4) and the dried slurries. Inset shows the Unified-fit model of the lower
g-range. The green shaded region outlines the higher g-Porod regime of S1; SEM images showing b. y-Ca2S grains;
c. the features on the y-CzS grains; d. the porous structure in S1

4. Conclusions

The aim of this investigation was to determine the effect of solution composition on the dissolution of y-
C>S using acid solutions at pH 1 and 2, and the formation of amorphous silica-rich surface layers
(ASSLs). We tested the residual solids with FTIR and SAXS, showing that pH 1 led to maximum
dissolution of y-C,S and the formation of polymerized silica, where any ASSLs that could have formed
were indistinguishable from silica. On the other hand, minimal dissolution of y-C,S occurred at pH 2.
From SAXS it was discovered that polymerized silica identified in the pH 1 system contained features of
size ~10.9 nm (radius of gyration) which could be indicative of pore size or other morphological features.
As a next step, small-angle neutron scattering (SANS) will be used to determine if pores or solid
morphological features are responsible for the characteristic size seen using SAXS. Efforts to separate
ASSLs from precipitated silica in solution will also be undertaken.
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ABSTRACT

Ordinary Portland cement (OPC) industry is responsible for 5-7% of global annual greenhouse gas
emissions. The search for alternative cementitious materials with a lower CO, footprint is one of the
major challenges that the cement industry and the scientific community have been facing in the past
decades. Thus, this work examines the possibility of creating environmentally friendly (low lime) binders
by combining hydrothermal synthesis and mechanochemical/thermal activation at low temperatures. The
work aimed to obtain a complex effect: to increase the reactivity of Ca/Si/Al composite compounds and
the stability of their active modifications.

In the course of activities, calcium silicate hydrate (a-C>SH, Cax(HSiO4)(OH)) and calcium aluminate
(katoite; CaszAl>[(OH)s]s) were synthesised under hydrothermal conditions. For the initial mixtures, the
prepared precursors were blended (90-100% of a-C,SH and 0-10% of katoite) and quartz sand (1:1 by
mass) was added. The mixtures were activated: 1) mechanically (5 min, 950 rpm) or 2)
mechanochemically/thermally (30 min, 450 °C), and used for further research. The mineral composition
of the formed complex binders, its physical and chemical properties, as well as the values of the heat flow
and cumulative heat during hydration, were determined. The results demonstrate that this technology
allows for the loosening of additional molecular bonds and increases the reactivity of the compounds.

KEYWORDS: low-lime cement, hydrothermal synthesis, a-C>SH and katoite activation, heat flow

1. Introduction

Today, global manufacturing of widely used OPCs accounts for 5-7% of global greenhouse gas emissions
(Andrew (2019)) and tools used as clinker additives (Panesar and Zhang (2020)), alternative fuels
(Chatterjee and Sui (2019)), energy cost optimization (Nidheesh and Kumar (2019)), and engineering
solutions (Haber et al. (2010)) have already reached a level, which shows that further investments are not
economically viable. For this reason, the strategic direction of research worldwide is to create an
alternative to OPC binders with analogous mechanical and durability properties.

In recent years, Limestone Calcined Clay Cements (LC;) have been developed. LCs is an innovative
blended PC that includes the additives of metakaolin and limestone (Scrivener et al. (2018)). The problem
is that kaolinite clays are widespread only in some regions of the world. Therefore, it is necessary to look
for other ways to reduce CO, emissions. One of them is the production of binding materials with a lower
molar ratio of CaO/SiO, (Gartner and Siu (2018)), in which the main mineral would be not alite
3Ca0- SiO,, but belite 2Ca0O- SiO,. This would allow 15 to 20% of energy savings during the
production and require ~ 25% less raw materials that contain carbonate (Mohamed er al. (2018)).
Accordingly, a lower amount of CO, would be emitted into the environment. Unfortunately, this approach
faces two issues: 1) the energy consumption and CO; emissions are not reduced enough to meet the IEA's
target, i.e., for the cement industry to reduce its emissions from 2.0 Gt to 1.55 Gt by 2050 (IEA (2018));
2) in the initial stages of hydraulic hardening, the mechanical strength of belite is low (Ludwig and Zhang
(2015)).

To tackle the first problem, it is important to investigate the feasibility of producing concrete in which the
binder is calcium silicate hydrates instead of anhydrous calcium silicate. In this case, high temperature
synthesis is no longer needed (Link ef al. (2015)). The most promising compound at this point is a-C,SH.
This mineral can be obtained during the hydrothermal synthesis at 130-220 °C from raw materials rich in
limestone and silica (Richarson (2008)). Unfortunately, a-C>SH has no hydraulic binding properties.
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Garbev et al. (2014) proposed one of the ways to activate this mineral: the principle covers intense
milling of o-C,SH with a silica-rich compound, which plays the role of micro-milling bodies
(mechanochemical activation). This method allows the disruption of the hydrogen bonds. Link et al.
(2015) suggested another activation method — a hydraulic binder production by calcinating the
synthesized o-C,SH. The results indicated that given the calcination temperature of 420 °C, a-C,SH
converts into y-C,S, amorphous phase, and x-CsS, of 600 °C — into -C,S. Nevertheless, the second
problem remains. Belite is characterized by substantially lower hydraulic activity and contributes to
concrete strength only in later ages. In the case of OPC, the aluminate phase provides the initial strength,
which is not present in the mentioned belite cements. Therefore, this work attempts to solve this problem
by blending a-C,SH with katoite and applying activation methods.

2. Research Outcomes

The task of the work: to develop a fast-curing and environmentally friendly hydraulic low-lime cement by
combining hydrothermal synthesis of calcium silicates and aluminates hydrates and their
mechanochemical/thermal activation at low temperatures.

2.1 Materials and Methods

Opoka and chalk marl samples were taken from Stoniskiai and Juodziai (Lithuania) quarries and milled in
ball mill until specific surface area by Blaine S, = 970 and 890 m’- kg', respectively. Chemical
composition of the rocks is shown in Table 1. These raw materials were burnt at 825 °C for 2 h (until the
CaCO:s present in both these rocks decomposes) and a mixture with a molar ratio of CaO/Si0; = 2.0 was
prepared from them. A product, in which the predominant compound is a-C,SH (Fig. 1), was synthesized
under hydrothermal conditions in autoclave (Parr Instruments, USA) (200 °C, 16 h, water/solid (W/S) =
10, stirred at 100 rpm). The conditions for the preparation of mixtures, their calcination, hydrothermal
synthesis, and so on, are described in detail in our previous work (Siauciunas et al. (2014)).

Table 1. Oxide composition of Stoniskiai quarry opoka and Juodziai guarry chalk marl, wt%

Material CaO SiO2 AlLO; K20 MgO Fe.Os SOs Other LOI
Opoka 30.69 38.70 2.38 0.56 0.93 1.03 0.65 0.42 24.64
Chalk marl | 51.87 3.72 0.87 0.22 0.29 0.42 0.10 0.52 41.99

CaO and Al,Os were obtained by burning reagents Ca(OH), and Al(OH); (Sigma-Aldrich, Germany) at
550 °C for 1 h or at 475 °C for 4 h, respectively. Katoite from the mixture with molar ratio of CaO/Al,O;
= 2.8 was synthesized under hydrothermal conditions too (130 °C, 4 h, W/S = 10 in unstirred suspension).
These conditions were chosen according to previously published data (Eisinas et al. (2020)). The
chemical composition of the raw materials was determined by X-ray fluorescence spectrometry (Bruker
X-ray 88 Tiger WD, Germany; Rh tube with energy of up to 60 keV). Their mineral composition, as well
as the composition of the synthesized samples, was investigated by X-ray diffraction analysis (Bruker X-
ray D8 Advance, Germany; the range 20 = 3—70° at a scanning speed of 6 °-min”' was set). To determine
the mineral quantitative composition, the research was supplemented with the Rietveld refinement
method (10% ZnO additive was mixed into the samples, and Diffrac.Topas 4.2 software was used). The
thermal transformations taking place in the samples were investigated by the method of simultaneous
thermal analysis STA (DSC-DTG; Linseis PT1000, Germany; N, atmosphere, 40—1000 °C, heating rate —
10 °C-min""). The granulometric composition was determined with a Cilas 1090 LD analyser (France;
sensitivity: 0.04-500 um). Heat evolution rate of the samples during hydration was investigated using an
eight-channel isothermal calorimeter TAM Air Il (T4 Instruments, USA).

2.2 Results and discussion

According to XRD data, calcite was the main mineral of opoka (Fig. 1, curve 1.) As well, four different
modifications of SiO, were identified: quartz, cristobalite, tridymite and amorphous (from Rietveld
refinement). After calcination at 825 °C for 2 h (Fig. 1, curve 2): CaCOs decomposition was almost
complete, and a dominant amount of CaO was obtained. Also, during the process amorphous SiO»,
tridymite and cristobalite reacted (which led the formation of calcium silicates: wollastonite and calcium
olivine), and only traces of quartz could be identified.
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Fig. 1. XRD patterns of raw (/), burnt at 825 °C for 2 h (2) Fig. 2. DSC (a¢) and TG (b) curves of product
opoka and hydrothermal synthesis product (3). Indexes: C — synthesized from opoka and chalk marl mixture with
CaO, ¢ — calcite, q — quartz, t — trydimite, r — cristobalite, W — CaO/SiO2 = 2.0 at 200 °C for 16 h. 1 — product, 2 —

wollastonite, a — a-C2SH, P — portlandite, O — calcium olivine  the same after dissolving Ca(OH): in distilled water

While analyzing the product of hydrothermal synthesis, which was obtained from the chalk marl-opoka
mixture, somewhat unexpected XRD results were obtained. In addition to the main peak of a-CoSH (d =
0.327 nm), very intense peaks were observed at d = 0.532 and d = 0.266 nm (Fig. 1, curve 3). They
correspond to the crystallographic planes (002) and (004) (intensity growth occurs in the same
crystallographic direction as the peak of portlandite d = 0.490 nm, which corresponds to the (001) plane).
In order to avoid this phenomenon, the samples for XRD analysis were not pressed, but just spread freely
in the sample’s holder. The solution almost solved the data problem, as the obtained by STA showed.

The content of portlandite was determined by dissolving it in distilled water (W/S = 500). X-ray
diffraction analysis confirmed that after 5 min, all Ca(OH), had dissolved, because the peaks of
portlandite were no longer identified in the curve. Additionally, it can be stated that a-C>SH did not
dissolve during the process, since the intensity of its characteristic peaks decreased by only 0.5%. The
intensity of the endothermic effect in the temperature range of 420-460 °C significantly decreases (Fig. 2,
a, curves 1 and 2). The mass loss was 4.61%, while that of the washed product was 1.84% (Fig. 2, b,
curves 1 and 2). Mass balance calculations showed that the synthesis product contained 11.39% Ca(OH)s.
This correlates well enough with the data from the Rietveld analysis, which established that the product
contained 13.44% portlandite.

Subsequently, to determine the influence of the mechanochemical and thermal activation processes on the
hydraulic activity of the designed binding material, the following samples were prepared from
synthesized calcium silicates and aluminates:

1. o-C,SH mixture with sand (1:1 by mass), mechanochemical treatment at 950 rpm for 5 min;

2. the same as No. 1, additional thermal treatment at 450 °C for 0.5 h;

3. (90% a-C>SH + 10% C3AHs) mixture with sand (1:1)

4. (90% a-C,SH + 10% C3AHg) mixture with sand (1:1), mechanochemical treatment (950 rpm, 5 min);
5. the same as No. 4, additional thermal treatment at 450 °C for 0.5 h);

Their quantitative mineral composition is presented in Table 2, and the microcalorimetric data — in Fig. 3.

Table 2. Rictveld refinement data of samples after mechanochemical and thermal treatment

Phase e Quartz | a-CoSH | CaCOs | Ca(OH): | Katoite | Wollastonite | Mayenite | Amorphous
composition

Sample No. 3 51.12 13.91 2.10 6.72 4.59 6.96 - 14.12
Sample No. 4 46.19 12.66 1.93 5.35 4.68 7.33 - 21.42
Sample No. 5 52.12 7.47 2.52 3.74 - 10.16 8.53 15.00

*In all samples, the amount of 1.13 nm tobermorite ranged from 0.44 to 0.49% (not shown in the table)
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Fig. 3. Heat evolution rate (a) and cumulative heat (b) of the samples No. 1, 2, 4, and 5

It was investigated that the addition of katoite had a positive effect on the early stage of samples
hydration, as it not only compensated for the altered amount of a-C,SH, but also increased the heat flow
(Fig. 3, a, curves 4 and 5) and amount of cumulative heat released (Fig. 3, b, curves 4 and 5). There is a
possibility that fast curing binders can be obtained from such mixtures, but this remains to be verified in
practice.

3. Conclusions

1. The work examines the possibility of increasing the hydraulic activity of composites obtained from
calcium silicate and aluminate hydrates by means of mechanochemical or mechanochemical/thermal
activation and preliminarily investigates their suitability for the production of a fast-hardening low-
lime binder.

2. Katoite was found to significantly increase the amount of heat released during the hydration of the
samples. Adding 10% of this compound to a-C>SH increases cumulative heat from 22 to 31 J/g after
intensive grinding with sand, and after additional burning at 450 °C — even up to 124 J/g.
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ABSTRACT

To date, various technologies have been developed to reduce CO, emissions during cement production.
CO;, fixation in hardened concrete is one such technology, and y-dicalcium silicate (y-C.S) has attracted
attention as a key component of this process. y-C2S is a non-hydraulic mineral that readily undergoes
carbonation and so can replace a portion of the cement, acting as a filler while generating porous concrete
during the hydration process. As a result, carbonation readily progresses in the interior of the concrete and
the extent of carbonation is increased. y-C,S can also react with CO» to improve the strength of concrete,
analogous to cement hydration acting as a binder. Here, we examined the means of improving the practical
applicability of this technique. The optimal conditions to accelerate the carbonation curing of y-C.S in the
presence of water were determined and the effects of these conditions on the efficiency of carbonation and
on end properties were evaluated. The data indicate that the carbonation depth, CO, concentration, and
compressive strength can all be increased by adjusting the water content of the mortar/y-C,S mixture.

KEYWORDS: y-CsS, CO; emissions, carbonation curing, CO: fixed concrete
1. Introduction

The cement industry, which emits large amounts of CO, during processes such as clinkering, must develop
innovative technologies to achieve carbon neutrality. One such technology involves converting CO> into
solid minerals that might have applications as construction materials. Various processes have been reported
but the commercial use of these techniques has been limited because of technical and market challenges
(Li et al., 2022). Accelerated carbonation-cured concrete incorporating y-dicalcium silicate (y-C»S), a non-
hydraulic mineral that readily undergoes carbonation, is one example of this technology (Higuchi et al.,
2014). However, achieving carbonation deep within concrete can be costly and time consuming; hence,
improvements in the efficiency of carbonation are required. It has been suggested that water is important
for the carbonation of y-C,S (Ushiro et al., 2014). The efficiency of water in carbonation curing has been
evaluated indirectly by using humidity, which is relatively easy to control, as a parameter because the water
content of concrete is usually determined by the mix design, curing conditions, and start time of
carbonation. On this basis, we investigated the effect of water content on the carbonation reactivity of y-
C>S under constant environmental conditions using dedicated batch-type equipment, and the effect of water
content on the efficiency of mortar carbonation.

2. Materials and Methods
2.1 Materials

Table 1 summarizes the mineral compositions and physical properties of the ordinary Portland cement
(OPC) and two different y-C,S compounds used herein. The pure y-C>S was manufactured from reagent
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CaCO; and SiO; in an electric furnace. The other y-C,S, termed impure y-C,S herein, was manufactured
from a by-product primarily containing Ca(OH), and SiO, powder in a rotary kiln.

Table 1. Compositions and physical properties of the ordinary Portland cement (OPC) and y-C.S

Materials Mineral composition (mass%) Density | Specific surface
CsS B-C2S C3A C4AF v-CaS CsS2 (kg/m?) (m%/kg)
OPC 56.6 22.6 11.0 7.4 3160 339
Pure y-CaS - - - - 100 - 3000 306
Impure y-CoS - 9.1 - - 63.8 24.3 3040 226

2.2 Accelerated carbonation curing of pure y-C,S

The effect of water in terms of accelerating the carbonation curing of pure y-C,S was evaluated using the
apparatus shown in Figure 1. During these trials, a sample cell and CO; reservoir were positioned in a
temperature-controlled chamber. Pure y-C,S was then mixed with a specific amount of water in the sample
cell, with air pumped out to produce a vacuum, after which, the CO, reservoir was used to fill the sample
cell with pure CO, gas. The chamber was subsequently heated to 30 °C, and valve A was opened to initiate
carbonation curing of the pure y-C,S. The degree of carbonation of each sample was determined by first
calculating the initial quantity of CO, in the CO» reservoir based on pressure using the ideal gas law (PV =
nRT). The initial partial pressure and mass of CO> in the chamber (P and M) and the same quantities at a
later time (P" and M") were related as follows: P/M = P'/M'. Pressure change related to water evaporation
was measured by supplying Ar instead of CO», and the result was used to derive P and P' of CO, from the
total pressure in the carbonation experiment. The amount of CO; reacted with the pure y-C,S was calculated
based on the difference between the residual quantity of CO, obtained above and the initial amount. This
value was divided by the initial pure y-C,S mass to give the amount of fixed CO» per unit mass of specimen.

Thermostat chamber

) Inactive
gas gas
cylinder cylinder

Sample reservoir

Cell

Figure 1. Diagram of the batch-type accelerated carbonation curing apparatus.
2.3 Accelerated carbonation curing of hardened cement paste with impure y-C,S

The cement paste employed in this study was formulated with powder consisting of 50% cement and 50%
impure v-C,S, and a water to powder ratio of 0.5. In each trial, a quantity of paste was transferred into a
mold (4 x 4 x 0.5 cm) that was then sealed and cured at 20 °C for 24 h. After demolding, the specimen was
immersed in acetone under reduced pressure to prevent hydration and remove unreacted water, then dried
for 24 h in an oven at 40 °C. The dried samples were divided into small pieces and a specific quantity of
water was then added to each piece to adjust the water content artificially; each piece was transferred in
turn into the equipment shown in Figure 1, and finally, the carbonation of each piece was evaluated
following exposure to a specific amount of CO; at 30 °C using the same procedure outlined in Section 2.2.

2.4 Accelerated carbonation curing of mortar with impure y-C,S

The mortar used in this work was formulated with powder consisting of 50% cement and 50% impure y-
C,S, a water to powder ratio of 0.5, and a powder to sand ratio of 3. In these trials, a quantity of mortar was
transferred into a mold (4 x 4 x 16 cm) that was then sealed and cured at 20 °C for 24 h. After demolding,
the specimen was dried using the same procedure outlined in Section 2.3. A specific amount of water was
then added to each dried specimen to adjust the water content artificially. Accelerated carbonation curing
was carried out in the curing tank at 40 °C in an atmosphere containing 20% CO; at 90% relative humidity.
After 3 and 7 days of accelerated carbonation curing, the carbonation depth, CO, content, and compressive
strength were evaluated. Carbonation depths were determined using a phenolphthalein solution; this was
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sprayed on a cross-section of each sample and the portion that did not change color was considered to
represent the carbonated area. The CO; content was obtained using an inorganic carbon analyzer in
conjunction with a colorimetric procedure, whereby the CO, generated by dropping hydrochloric acid onto
the sample was trapped in a liquid and quantified using titration. The compressive strength of each mortar
specimen was ascertained based on the JIS R 5201 procedure.

3. Results and Discussion
3.1 Effect of adding water on the amount of CO; fixed by pure y-C,S

Figure 2 shows the relationship between accelerated carbonation curing of pure y-C,S and the amount of
CO; fixed per unit mass of pure y-C,S. The proportion range of added water to powder (added w/p) was 0
to 0.5. The quantity of CO; fixed reached a maximum at an added w/p of 0.25 and decreased at higher or
lower proportions. It has been reported that the presence of water is essential for this carbonation reaction
to occur. It is also known that some water is necessary for the carbonation reaction to occur in cement paste,
although an excess of water inhibits the diffusion of CO, (Dung et al., 2014). These data suggest that an
added w/p of 0.25 provided sufficient water to allow for the dissolution of CO, and promotion of the
carbonation reaction of pure y-C,S without inhibiting the diffusion of COs.

3.2 Effect of water content on the fixing of CO; in hardened cement paste with impure y-C,S

The effects of water content on CO, fixation in hardened cement paste were evaluated, employing added
water to dried specimen (added w/s) proportions of 0 to 0.3. Figure 3 summarizes the results and shows
that the relationship between the added w/s proportion and quantity of fixed CO, exhibited a similar trend
to that seen in Figure 2. An added w/s proportion of 0.2 gave the highest amount of fixed CO,. In the case
of cement paste with impure y-C,S, the accelerated carbonation reaction was evidently greatly affected by
the water concentration, in the same manner as the pure y-C.S reaction was affected.

added w/p=0 added w/p=0.1 added w/s=0
added w/p=0.2 added w/p=0.25 added w/s=0.2

added w/s=0.1
added w/s=0.3

"2 300 added w/p=0.3 added w/p=0.4 "2
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sp 250 50
= =< 200
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28150 S0 150
8 100 S 100
O
3 3 —
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Figure 2. Amount of fixed CO: as a function of time Figure 3. Relationship between the amount of water
for various added w/p per unit mass of pure y-C:S. added and quantity of CO: fixed in cement paste.

3.3 Effect of water content on carbonation rate and properties of mortar with impure y-C.S

The effect of water content on the accelerated carbonation curing of mortar with impure y-C.S was
investigated by artificially adjusting the water content. The added water proportions relative to the amounts
of OPC and y-C>S (powder content) in the mortar specimens (added w/p) were 0 to 0.3. As a reference, a
demolded mortar specimen without additional processing was also evaluated. Photographs showing the
carbonation depths of the mortar samples (Figure 4) indicate that the greatest carbonation depth was
obtained at an added w/p of 0. This cross-section was completely carbonated after 3 days, while the added
w/p = 0.1 specimen was completely carbonated after 7 days. Carbonation of the reference sample and those
having added w/p proportions of 0.2 and 0.3 occurred more slowly and there were no significant differences
between these specimens. Figures 5 and 6 summarize the CO; content and compressive strength of each
specimen, respectively. In contrast to the data in Figure 4, an added w/p proportion of 0.1 gave the highest
CO; content and compressive strength, followed by a ratio of 0. The CO» content and compressive strength
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of the other samples were all lower and similar to one another. Here, we address the above-mentioned
discrepancy. Reducing the amount of added water provided little to no water within the microstructure of
the mortar, such that the suppression of CO; diffusion by water was minimal. As such, the cement hydrates
inside the mortar underwent rapid carbonation. The presence of an optimal amount of water was necessary
for the carbonation reaction of y-C,S. Reducing the water content inside the microstructure resulted in more
efficient CO; diffusion, but the carbonation reaction of y-C,S was inhibited. A w/p proportion of 0.1 likely
balanced the carbonation reaction of y-C,S with the diffusion of CO,. At a w/p proportion of 0, the water
content was insufficient for the carbonation reaction of y-C,S, such that the CO, content and compressive
strength were low despite a greater carbonation depth. The reference sample and specimens having w/p

proportions of 0.2 and 0.3 had too much water to allow diffus!ion of CO; inside the mortar.
i - ' -

days

Ref. added w/p=0 0.1 0.2 0.3 Ref. added w/p=0 0.1 0.2 0.3

Figure 4. Cross-sections of mortar specimens sprayed with a phenolphthalein solution.
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Figure 5. COz content in mortar specimens.  Figure 6. Compressive strength of mortar specimens.

4. Conclusions

The effects of water conditions on the accelerated carbonation curing of y-C,S and cement with y-C,S were
evaluated, and the optimal conditions were ascertained. The following conclusions can be drawn.

(1) The amount of fixed CO; in pure y-C,S was maximized at an added w/p proportion of 0.25 at 30 °C.
(2) The maximum amount of fixed CO» in cement paste containing impure y-C,S was obtained at an added
w/s proportion of 0.2 at 30 °C.

(3) The highest CO, content and compressive strength were obtained at an added w/p proportion of 0.1 at
40 °C in the case of mortar incorporating impure y-C,S.
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ABSTRACT

Acid resistance of binders is crucial in structures that are subjected to acidic environment, such as sewer
structures. Calcium sulfoaluminate (CSA) based binders are potential candidates for their utilization in
structures exposed to acidic environment. Mass loss has been extensively used as a criterion to evaluate
acid resistance. However, mass loss by itself is not sufficient as there could be mass gain due to gypsum
deposition, which may create difficulty in assessing the relative performance as reported in previous acid
attack studies. Acid consumption provides an alternative and effective criterion to evaluate acid resistance
complementing the mass loss results. Titration technique was used to characterize the deterioration and
leaching was evaluated with ICP-OES. Leaching is important in organic acid attack, such as citric acid, as
it results in complex formation which is attributed as a major cause for heavy deterioration. Hence, a new
method is proposed to evaluate the leaching-induced mass loss.

KEYWORDS: ICP -OES, calcium sulfoaluminate cement, acid attack, titration, mass loss

1. Introduction

Calcium sulfoaluminate (CSA) cement manufacturing contributes to lower CO, emission as compared to
Portland cement (Sharma et al. 2021). Hydrated CSA cement, similar to the acid resistant calcium
aluminate cement (CAC), contains aluminium hydroxide and can be a potential candidate for sewer
structures. Sewers are large infrastructure, and the usage of sustainable and durable binder leads to
reduction in their carbon footprint. Hence, durability of hydrated CSA cement with respect to acid
resistance needs to be evaluated.

CSA-based binders have good acid neutralisation capacity (ANC) (Albino et al. 1996; Berardi et al.
1997). CSA cement (CaO: 42.25%, SOs;: 8.82%, Al,0Os: 36.46%) and PC-CSA blends were found to have
lower penetration depths than that of PC (Cao et al. 2022). In an in-situ sewer exposure experiment
reported by (Bakera and Alexander 2022), it was found that CSA cement outperformed sulfate resisting
Portland cement. In a previous study by the authors, CSA cement (CaO: 39.8 %, SOs: 14.5 %, Al,Os:
20.9 %, Si0;: 14 %) was outperformed by PC in 1% sulfuric acid solution. However, in case of citric acid
attack, CSA cement outperformed PC because of the higher amount of tri-calcium di-citrate hexahydrate
(expansive in nature) formation from calcium hydroxide in PC (Damion et al. 2022). At a higher
concentration of acid, CSA (CaO — 44.4%, SiO; — 10.7%, SO; — 8.7%, and Al,Os — 31.75%) cement
reported higher mass loss (Dyer 2017). However, when the unattacked core area was compared, CSA
cement had a higher percentage of the unattacked area than Portland-based binders.

In conventional acid immersion tests, specimens are often immersed in dilute acid solution. The pH of
this acid solution increases with time depending on the neutralisation capacity of the binders
(Onuaguluchi and Banthia 2022). The pH increment needs to be arrested to simulate a sustained constant
pH acid attack in sewers. This can be done by titrating with concentrated acid along with proper stirring.
The titration time and amount of acid titrated are measured to calculate the average acid consumption rate
(Min and Song 2018). This type of constant pH method can be automated with the help of an autotitrator
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as reported by (Irico et al. 2020), where replacement of exposure solution was also adopted. In the
previous work (Damion and Chaunsali 2022), autotitrator was used to conduct acid attack tests and novel
methods were developed to evaluate the acid resistance. The effect of acid-induced leaching of elements
on acid resistance of binders is discussed in this paper. The analytical procedure to evaluate leaching-
induced mass loss will be discussed in detail.

2. Materials and Methods

Portland Cement (PC) of grade 53 as per IS 12269: 2013 and commercially available high ye’elimite
CSA cement CSA(HY), and CAC were used. The oxide compositions of the three binders are shown in
the Table 1.

Table 1 Oxide composition of binders

Binders Si02 | CaO | ALO; | SO3 | Fe203 | MgO | K20 | TiO: | SrO | NaO | LOI”

PC 21.2 58.1 6.9 2.8 5.1 1.0 0.8 0.5 0.0 0.1 3.1
CSA (HY) | 14.0 39.8 20.9 14.5 | 3.6 2.8 0.5 1.1 0.1 0.2 1.8
CAC 8.3 325 43.6 |43 24 0.7 0.0 3.8 0.1 0.3 34

LOI": Loss on ignition

Prismatic specimens (dimension: 10 x10 x 60 mm) of cement pastes were cast at water-to-cement (w/c)
ratio of 0.4 (by wt.) and cured for 28 days at 25°C and 65% relative humidity environment. The acid
exposure was conducted using an automatic titrator (Metrohm 916 Ti Touch). Cured monolithic
specimens were taken for constant pH experiment (STAT). Constant pH of 1 and 3 were maintained by
titrating with diluted sulfuric acid (5%) and citric acid (1M), respectively. Three specimens were
transferred to a 500 ml beaker containing 250 ml acid solution of pH 1 or 3 (sulfuric or citric as per the
test). The autotitrator maintains constant pH along with continuous stirring at 450 — 500 rpm. Since the
dosing of acid increased the acid volume, fresh acid solution was used after 24 hours or after the constant
pH attainment, whichever occurred earlier. Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) was performed on the solution collected. The solution was diluted 10 — 100 times before the
ICP-OES analysis.

3. Results

3.1 Sulfuric Acid

Acid attack led to mass loss of cement paste through its transformation into weak acid attack product.
Leaching might also have contributed to the mass loss. In fact, leaching of these elements weakens the
neutralised region in specimens, ultimately leading to deterioration. The concentration of leached
elements in case of sulfuric acid attacked CSA(HY) is tabulated in Table 2.

Sulfur content in the exposed sulfuric acid solution was mainly from the residual sulfate in the solution
and from the leached sulfur. The sulfur content in CSA(HY) exposure solution was the highest. This
could be mainly attributed to the sulfate leaching. Absence of sulfate consumption points to the anion
independent acid attack mechanism of CSA as mentioned in (Damion and Chaunsali 2022).

Table 2 illustrates the procedure for calculation of mass loss contributed by these elements. Further in

Table 2, the proportion of individual leached elements (A) to that of the initial amount (B) is shown.
The oxide composition can be considered as the amount of oxide (g) in 100g of raw binder. This can be
converted to mole number by dividing with oxide molecular weight. Then number of moles of element in
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1g raw binder has been determined. As the water to cement ratio is 0.4, amount of element oxides in 1g
hydrated paste is 71%. The number of moles of element in hydrated binder was determined, followed by
the amount of element (mg) in 1g of hydrated binder (B). Similar calculations were performed for PC and

CAC.
Table 2 Mass loss estimation procedure for sulfuric acid attack induced leaching in CSA(HY)
Amount | Weight
Concentration | Concentration of ions of total mass Initial
Element . (mg/g) leached o % of
(mg/l) from contributed . . loss % element(mg) | /7.
symbol and in total | ion . individual
total sample from per g of . due to in 1g .
Wavelength . solution | (mg) . ions
(nm) weight sample volume | from 1 leaching | hydrated leached
(37.75g) (mg/l)/g 364ml | g from 1g | (B) (A/B)
(A) sample
Al 308.215 989.3 26.2 9.5 80.6 11.8
Ca 317.933 789.8 20.9 7.6 206.3 3.7
Fe 238.204 180.4 4.8 1.7 18.5 9.4
K 766.490 11.24 0.3 0.1 3.0 3.7
Mg 285.213 217.9 5.8 2.1 12.3 17.0
S 181.975 13250 351.0 127.8 42.3
Si251.611 106.8 2.8 1.0 22.1 2.21% 47.6 2.2

The mass contributed by major elements except sulfur and the total leaching induced mass loss is shown
in Figure 1. The higher leaching of Al in CSA(HY) and CAC binders was attributed to the relative higher

proportion of alumina bearing phases in these binders and the neutralisation of aluminum hydroxide.

3.2

40 -

Mass loss due to leaching (mg/g)

Citric Acid
The leached calcium ions mainly form expansive citrate salt in case of citric acid attack with PC and other
ions form complexes in solution. The complexolysis mechanism can be further explored from the ICP-
OES results. Figure 2 shows the initial elemental composition in 1 g of hydrated binder as solid bars and
the calculated proportion of leached elements in the red dashed bars. Leaching of elements in PC is quite
severe as compared to other binders in citric acid attack. However, Ca amount in PC exposure solution is
slightly lesser than that of CSA(HY). This was due to the consumption of Ca ions in the formation of the
expansive calcium citrate salt in case of PC and its absence in CSA(HY). The Fe ion leaching in PC was
higher than that of CAC and CSA(HY), explaining the characteristic green colour of exposure solution of
PC. The alkali metal leaching was higher in CSA(HY) than PC. This might be due to the absence of
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Figure 1 Mass loss due to leaching of Al, Ca, Fe, K, Mg, and Si in sulfuric acid STAT pH 1

portlandite in CSA(HY) causing alkali constituents to leach fast.

CAC
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4. Conclusions

The relative performance of binders in sulfuric (pH 1) and citric (pH 3) acid as observed earlier in
(Damion and Chaunsali 2022) found to be similar in case of the leaching behaviour in these acids. The
main conclusion of this article is summarised below:

e The binders can be arranged based on mass loss due to leaching. In case of constant pH 1 sulfuric
acid attack: CAC>CSA(HY)>PC and in case of constant pH 3 citric acid attack:
PC>CSA(HY)>CAC.

e Acid anion independent mechanism of acid attack of CSA(HY) was proved by the negligible
consumption of sulfate ions from the exposure solution.

e The extensive leaching in citric acid led to complexolysis. The rate of leaching was higher in PC.

Acknowledgements

The first author would like to acknowledge the doctoral scholarship received from the Ministry of
Education, India. The last author is also grateful for the financial support from the New Faculty Seed
Grant by ICSR at IIT Madras. The Institute of Eminence Research Initiative project grant on
Technologies for Low Carbon and Lean Construction from IIT Madras is also gratefully acknowledged.

References

Albino, V., Cioffi, R., Marroccoli, M., and Santoro, L. (1996). “Potential application of ettringite generating systems for
hazardous waste stabilization.” Journal of Hazardous Materials, 51(1-3), 241-252.

Bakera, A. T., and Alexander, M. G. (2022). “Sewer concrete subjected to biogenic acid corrosion: analysis of concrete
deterioration phases using QEMSCAN.” MATEC Web of Conferences, International Conference on Concrete Repair,
Rehabilitation and Retrofitting (ICCRRR 2022), 03012.

Berardi, R., Cioffi, R., and Santoro, L. (1997). “Matrix stability and leaching behaviour in ettringite-based stabilization systems
doped with heavy metals.” Waste Management, 17(8), 535-540.

Cao, R., Yang, J., Li, G., Liu, F., Niu, M., and Wang, W. (2022). “Resistance of the composite cementitious system of ordinary
Portland/calcium sulfoaluminate cement to sulfuric acid attack.” Construction and Building Materials, Elsevier Ltd,
329(January), 127171.

Damion, T., Cepuritis, R., and Chaunsali, P. (2022). “Sulfuric acid and citric acid attack of calcium sulfoaluminate-based
binders.” Cement and Concrete Composites, Elsevier Ltd, 130(April), 104524.

Damion, T., and Chaunsali, P. (2022). “Evaluating Acid Resistance of Portland Cement, Calcium Aluminate Cement, and
Calcium Sulfoaluminate Based Cement Using Acid Neutralisation.” Cement and Concrete Research, Elsevier Ltd, 162, 1—
17.

Dyer, T. (2017). Biodeterioration of Concrete. Taylor and Francis group.

Irico, S., Meyst, L. De, Qvaeschning, D., Alonso, M. C., Villar, K., and Belie, N. De. (2020). “Severe sulfuric acid attack on self-
compacting concrete with granulometrically optimized blast-furnace slag-comparison of different test methods.”
Materials, 13(6).

Min, H., and Song, Z. (2018). “Investigation on the Sulfuric Acid Corrosion Mechanism for Concrete in Soaking Environment.”
Advances in Materials Science and Engineering, 2018, 1-10.

Onuaguluchi, O., and Banthia, N. (2022). “The Influence of CaCl2-Blended Acrylic Polymer on Steel Rebar Corrosion and Acid
Attack Resistance of Mortar.” Corrosion and Materials Degradation, 3(1), 160—-177.

Sharma, A., Basavaraj, A. S., Chaunsali, P., and Gettu, R. (2021). “75th RILEM Week-2021 International Conferences on
Advances in Sustainable Construc- tion Materials and Structures Environmental Impact of Calcium Sulfoaluminate
Cement Manufacturing: An Indian Case Study.” 75th RILEM Week-2021, International Conferences on Advances in
Sustainable Construc- tion Materials and Structures, 1-10.

() CSAMHY)]

265



The 16™ International Congress on the Chemistry of Cement 2023 (ICCC2023)
“Further Reduction of CO, -Emissions and Circularity in the Cement and Concrete Industry”
September 1822, 2023, Bangkok, Thailand

Reactivity of novel artificial precursors for alkali-activated

materials made from industrial residues

R. Firdous'’, T. Hirsch', G. Hovestadt?, B. Friedrich?, C. Kemper®, T. Schiir’, D. Stephan' and A.
Buchwald*

' Technische Universitit Berlin, Berlin, Germany
Email: rafia.firdous@tu-berlin.de
Email: t.hirsch@tu-berlin.de
Email: stephan@tu-berlin.de
2 RWTH Aachen University, Aachen, Germany
Email: GHovestadt@metallurgie.rwth-aachen.de
Email: BFriedrich@metallurgie.rwth-aachen.de
3 Elektrowerk Weisweiler GmbH, Eschweiler, Germany
Email: kemper@elektrowerk.de
Email: schuer@elektrowerk.de
* ASCEM B.V., Rheden, Netherlands
Email: a.buchwald@ascem.nl

ABSTRACT

Industrial and urban residues, energy usage and natural resources are a few factors that obstacle reaching
the current environmental and economic goals. Building material production alone accounts for appr. 10%
of the anthropogenic CO» emissions. Efforts have been made to reduce these emissions by incorporating
several pozzolanic materials in Portland cement. However, aluminosilicate-rich materials can also be used
as precursors for alkali-activated binders. But not all aluminosilicate-rich wastes can be directly used
because of low reactivity. This study uses ferro-chrome slag (FCS) and municipal solid waste incineration
ash (MSWIA) to target alkali-activated binder production. Both show poor reactivity in their original form;
therefore, both are molten in a lab furnace, followed by granulation and milling. 5 glass samples with
different ratios of FCS and MSWIA were produced. The glasses are milled to comparable fineness in a
vibratory disc mill. Moreover, the chemical composition is determined by X-ray fluorescence analysis. The
reactivity of all the samples for alkali activation is tested by using NaOH solutions and sodium silicate
solutions. The prepared alkali-activated glasses were sealed and cured at 20 °C. Isothermal conduction
calorimetry and X-ray diffraction analysis are performed to determine the reactivity and phase composition
before and after the reaction. Compressive strength was determined at the age of 28 d. The results show
that the MSWIA-based glass shows lower heat development with the used alkaline solutions compared to
the glasses containing more FCS indicating their lower reactivity. The glasses molten from a higher
proportion of FCS exhibited higher 28 d compressive strength upon their reaction with sodium silicate
solutions.

KEYWORDS: Alkali-activated material, artificial precursor, re-melting, municipal solid waste
incineration ash, ferro-chrome slag
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1. Introduction

The EU regulations aim to achieve a circular economy where less waste is generated and as few as possible
primary resources are used (European Commission, 2018). This requires better waste management,
innovation in recycling technologies and reduced land fillings. To achieve these circular economy goals,
the wastes of one industry must be used as feeding material for another industry. Such a circular use of
materials will not only help in saving the natural resources and reducing the environmental burden of
storage of these wastes but can also help in reducing greenhouse gas emissions. In this regard, this paper
deals with the use of two waste streams to produce building materials such that overall less CO; is emitted
in comparison to clinker production for ordinary Portland cement (OPC), which is alone responsible for up
to 8% of anthropogenic CO, emissions (Andrew, 2018). Many of these industrial, agricultural, or urban
wastes are rich in silica, alumina and alkalis, thus making them suitable for use as a precursor for alkali-
activated materials.

Alkali-activated materials and/or geopolymers are prepared by reaction of aluminosilicate raw material
with an alkaline solution (Provis and van Deventer, 2014). The aggressive alkaline environment helps
dissolve the reactive part which upon condensation builds a strength-carrying reaction product (Provis and
van Deventer, 2014). Much research focuses on determining the reactivity of several such waste streams as
solid or liquid precursors for alkali-activation (Provis and van Deventer, 2014). However, several wastes
show poor reactivity and cannot be used directly or alone for alkali-activation (Silva et al., 2017). Studies
dealing with various types of waste streams propose different methods or treatments to enable the
reuse/recycling of these materials. The current study investigates the reuse potential of ferro-chrome slag
(FCS) and municipal solid waste incineration ash (MSWIA). Both wastes exhibit poor reactivity in their
parent form. Therefore, the wastes are remolten in varying proportions to form a novel artificial precursor
for alkali-activated materials.

2. Materials and Methods

Two waste streams, including ferro-chrome slag (FCS) and municipal solid waste incineration ash
(MSWIA) were used to obtain the precursor for alkali-activation. 5 glass samples are produced with the
following weight rations of FCS:MSWIA 100:0, 75:25, 50:50, 25:75 and 0:100 (termed P1 to PS5,
respectively). The selected materials were heated up and melted in a resistant-heated chamber furnace and
granulated to form the artificial precursor.

The heating rate of the furnace was set to 200 °C/h and 1600 °C as the final temperature for 30 min. Sintered
Al,O3 was used as crucible material showing good resistance against refractory wear, nevertheless some
alumina was dissolved in the molten phase. After melting, the crucible was taken out from the hot furnace,
and the melt was quenched into water. The mass ratio was 1.5:100 (melt to water). The obtained materials
were metal and glassy slag. The metal phase was separated before the glasses were ground in a laboratory
disk mill to comparable particle size distributions, such that the average dgo and dso is < 90 pm and < 46
pm, respectively. The chemical composition of each glass was analyzed by X-ray fluorescence analysis
(XRF, Malvern-Panalytical, UK) and is provided in Table 1.

Table 1. Chemical composition of all glasses measured via XRF (from molten tablets).

Name ALlLOs CaO Cr20;3 Fe203 MgO SiO: TiO: Sum
P1 8.2 39.9 3.0 0.1 7.2 20.0 0.1 79.5
P2 6.9 36.8 2.7 1.8 6.2 24.8 0.4 79.6
P3 7.1 30.9 2.2 3.5 4.9 28.7 0.6 78.0
P4 7.1 25.3 1.16 53 3.6 342 0.9 77.6
P5 8.1 18.9 0.2 6.2 1.9 40.8 1.3 83.9

The produced artificial precursors were reacted with various NaOH and sodium silicate solutions. For
NaOH, the concentrations of 5, 15 and 25 wt.% were taken. Whereas sodium silicate solutions of Si0,/Na,O
(mol/mol) = 0.9, 1.1, 1.4 and H,O/Na,O (mol/mol) = 14 were used. The isothermal calorimetric
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measurements were performed ex-situ in a MC-CAL 100P, C3 Prozess- und Analysentechnik GmbH,
Germany, for 72 h at 20 °C. The solutions and powders were mixed for 1 min. For compressive strength,
the samples were mixed for 3 min, moulded as 2 cm cubes, sealed and cured at 20 °C till test age. The
mineralogical composition was examined using an Empyrean XRD device from PANalytical.

3. Results and Discussion

Fig. 1 shows the calorimetric results of the five prepared precursor glass materials with the six chosen
alkaline solutions. The results indicate that P1 and P2 show higher reactivity compared to the other
precursors with all the used solutions. However, the reaction appears to be fastest with a 15 wt.% NaOH
solution. The second exothermic reaction peak is observed earliest and strongest for these combinations.
The precursor glasses P3 to P5 show nearly no reactivity with NaOH and sodium silicate solutions. P1 and
P2 are glasses formed via melting of higher proportions of FCS than MSWIA and contain, therefore, higher
amounts of CaO which appears to be the decisive factor for the reactivity. A higher fraction of MSWIA in
the melts introduced a higher amount of SiO; to the glass, which slowed down the reaction.
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Fig. 1. Calorimetric heat release curves for all precursors with chosen solutions as a function of time.

The compressive strength determined after 28 d of reaction for all precursors with 3 selected sodium silicate
solutions is shown in Fig. 2. The compressive strength results are in good agreement with those of
calorimetry. The precursor glasses P1 and P2 exhibited higher strengths compared to the other precursors.
The higher reactivity of P1 and P2 promoted the development of strength-bearing phases, thus exhibiting
higher strengths. However, with the variation of the activators, the strength of the same precursor varied.
P1 exhibited higher strength by use of sodium silicate solution with silica modulus of 1.1, whereas P2
exhibited higher strength by use of a 1.4 silica modulus solution, indicating that a higher amount of SiO;
provided from the solution was helpful in gaining higher strength for P2. The precursor glass P5 exhibited
low or no compressive strength even after 28 d of reaction. Therefore, no value is provided in Fig. 2, as the
strengths were below the detection limit of the device.
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Fig. 2. Compressive strength of all samples Fig. 3. Crystalline phase of P1 and 28 d

after 28 d. reacted P1

The crystalline phase composition determined by XRD for P1 and its reaction product with sodium silicate
solution of Ms=1.1 are presented in Fig. 3. The results show that even after quenching, a few crystalline
phases can be observed in P1. The major crystalline phase observed in Pl is merwinite, a calcium
magnesium silicate. Other minor crystalline phases are bayerite and spinel. In the 28 d reacted sample, a
semi-crystalline gel phase is observed at ~29.5° 20, likely due to the formation of a sodium-containing
calcium silicate hydrate type gel, likely responsible for the mechanical strength.

4. Conclusions

The results of this study indicate that less reactive industrial and municipal residues such as ferro-chrome
slag and municipal solid waste incineration ash can be reutilized as precursors for a construction material
if pretreated by a re-melting process. However, using a higher amount of municipal solid waste incineration
ash in precursor glass production was found to be less beneficial for obtaining glasses with higher reactivity.
A higher amount of ferro-chrome slag inherently provided a higher CaO content in the glass, thus improving
the reactivity and strength development.
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ABSTRACT

The service life of concrete is often estimated using parameters attained from durability tests, as corrosion
in concrete under natural exposure typically takes several decades. Standardised tests, such several of those
outlined in EN 12390, are performed on specimens after 28 days of curing using conditions designed to
accelerate natural effects. These tests were originally created for Portland cements (PCs), which at 28 days
will have their major phases mostly hydrated, and thus have a durability representative of their lifespan.
However, these tests can underestimate the potential of binder systems that chemically evolve beyond 28
days, such as belitic calcium sulphoaluminate (BCSA) cements, which are often reported to underperform
under these procedures. BCSAs at 28 days curing would only fully consider the hydration of ye’elimite,
which reacts rapidly, whereas belite typically starts to react much later. The hydration products of belite
can contribute to the further filling of pores, lowering the porosity in the binder matrix and improving
durability. Therefore, this study aims to review (i) the hydration of binders across time, specifically BCSA
cements, (ii) reported durability results at these times, and (iii) assess how representative any results are of
a hydrated binder. Furthermore, we aim to recommend alterations to testing that result in more
representative data, such as incorporating ‘equivalent hydration’ into testing regimes.

KEYWORDS: Belitic calcium sulphoaluminate cement, durability testing, standards, testing methods

Introduction

Calcium sulphoaluminate (CSA) cements have ye’elimite (C4AsS) as the primary reacting phase, alongside
other phases such as belite (C2S), ferrite (C4AF) and gypsum (CSH.). High belite CSA binders, known as
BCSA, do not have a fixed composition, but generally have 50-60% belite and 20-30% ye’elimite (Bescher
etal., 2019), where the major variable is ferrite and gypsum content. Due to inconsistencies across literature,
the following terminology will be used: US BCSA cement as ‘BCSA(US)’; series 3 cement as ‘BCSA(F)’;
and lower belite CSA systems as ‘(B)CSA’. The main hydration products of BSCAs are ettringite
(CsAS;H3,, AFt), monosulphate (C4ASH,2, AFm), amorphous aluminium hydroxide (AH;), and stritlingite
(C,ASH;). BCSA cements will set rapidly and achieve greater early strengths than PCs, where the AFt
formation from ye’elimite hydration produces expansive stresses that can help prevent shrinkage through
equivalent expansion, resulting in a ‘volumetrically neutral’ cement. BCSAs also act as a low-CO» binder,
with reductions in the required clinkering temperature and the binder releasing less CO» during hydration.
A major obstacle within the current implementation of BCSA cements into the UK and Europe is the
perceived subpar performance under durability tests, such as EN 12390-10,11. However, these tests are
often conducted under accelerated environments to obtain results in a reasonable time. These standards
were created based upon the hydration factor of PCs, which achieve a high level of hydration at 28 days.
Slower hydrating phases, such as belite or fly-ash, will therefore have insufficient time to hydrate properly
when the tests are conducted. As corrosion initiation can take decades, using accelerated tests on binders
that would have otherwise achieved close to complete hydration can lead to unrealistic results.

Binder phases and their hydration products

Alite (C5S) is the major component of many traditional cements. CsS is reactive at early ages; findings by
Cuesta et al., (2021) show an alite paste at 28 days to reach 80% reaction. Aluminate (C3A) will rapidly
produce ettringite; often responsible for ‘flash-setting” in concretes and fully hydrating within 28 days.
Belite is typically used in small quantities for long term strength, as C,S only starts to show significant
hydration at ~3 months (Bescher et al., 2019). At 28 days only ~20% of the belite phase will have hydrated
but at 3 months curing this will be ~48% (Cuberos et al., 2010). Within aluminium rich environments, belite
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will preferentially react to form strétlingite (Table.1), yet in environments depleted in AH3 there will be
preferential production of C-S-H and portlandite. For Ye’elimite, XRD analysis of a BCSA(US) determined
hydration to be almost complete after 10 hours of setting (Bescher et al., 2019). SEM analysis by Song et
al., (2015) suggests the initial reaction of ye’elimite immediately after adding water produces AFt, AFm,
AH; and hydrogarnet, with small globules of hydrogarnet surrounded by AH; (Table.1). After this, the
ye’elimite is expected to either produce AFt or AFm, depending on the gypsum content. Ferrite tested in a
BCSA(F) by Glasser and Zhang, (2001) was revealed to be mostly inert even after 10 years, with a very
slow reaction with water. A typical PC has the major components of ~50-65% wt.% alite, ~10-25 wt.%
belite, ~5-10% aluminate, and ~5-10% ferrite, with varying amounts of gypsum, meaning that Portland
cements will often have reached ~70-80+% of total feasible hydration, if ferrite is considered inert. For
BCSA(US), as the gypsum will have mostly hydrated with the ye’elimite, it is expected that at 28 days
curing the binder will have a total hydration degree of ~47-57%. At 3 months of curing, the hydration would
account for almost 75% of a BCSA(US), which bridges the gap between PC.

Table.1 The most common hydration reactions of each of the major phases mentioned within this study.
Phase Typical Hydration Equations Reference
Alite CsS+5.3H — C-S-H + 1.3CH Bishnoi and Scrivener, 2009
Aluminate | C3A + 3CSH, + 32H — CsASH3, Zheng et al., 2021
Belite C,S + AH5 + 5H — C,ASH;g Cuberos et al., 2010

C,S +43H — C-S-H + 0.3CH Cuberos et al., 2010
Ye’elimite | 4C4A;S + 80H — C4ASH3, + C4ASH)» + 2C3AHg + 8AH; | Song et al., 2015

C4AsS + 2CSH; + 34H — CsAS;Hs; + 2AH; Cuberos et al., 2010

C4AsS + 18H — C4ASH;, + 2AH; Song et al., 2015
Ferrite C4AF + 16H — 2C(Ao.sFo.5)Hs Cuberos et al., 2010

Durability of different binder systems

Alongside carbonation and Cl ingress tests, service life of a concrete can be estimated from deterioration
depth and dissolved calcium content from acid attack. The microstructurally changed zone (i.e. where the
concrete has been damage by acid attack) mostly matches with the maximum chloride content, meaning
where porosity has been increased the concrete is most vulnerable to further degradation (Fjendbo et al.,
2022). The stabilities of the different hydration phases across pH can be seen in Table.2.

Table.2 adapted from Damion and Chaunsali, (2022), showing the lowest pH before destabilisation.

Phase pH stability Reference

Portlandite 12.4-12.6 De Windt and Badreddine, 2007
Monosulphate 11.6 Gabrisova et al., 1991
Ettringite 11 McCarthy et al., 1992
Hydrogarnet 10 Gabrisova et al., 1991

C-S-H 8.8 Baston et al., 2012

Calcite 45-6 Khaitan et al., 2009

AH; 3-4 Allahverdi and Skvéra, 2000
Ferric phases 1.5-2 Allahverdi and Skvara, 2000

Within PCs, portlandite will act to preserve other hydration products, although once fully dissolved the C-
S-H phases will begin decalcification. As C-S-H gel is the major pore-filling component in most cements,
any complete decalcification will lead to large increases in the porosity. Portlandite is a well-known buffer
of acids, achieved through the raising the pH of systems. A study by Afroughsabet et al., (2021) recorded
a pH for PC as 13, while CSA was only 9-10. This buffering ability can be seen in Eq.1, where CH will
dissolve to neutralise two ions of H'. This does however mean that CH is exceptionally vulnerable to acid
attack with an open system or low enough pH, leading to rapid dissolution and increases in porosity, and
then to further attack within the binder (Damion and Chaunsali, 2022; Scrivener et al., 1999).

CH +2H' — Ca® + 2H (1)
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When hydrogarnet dissolves (Eq.2) it can reprecipitate as AHs, which is stable to significantly lower pH
values of 3-4 (Table 2). This reprecipitation means infill of AH3 in outer layers, reducing pore space in the
degraded sections of the cement, and reducing the effects of further ingress (Scrivener et al., 1999). The
produced AHj3 can also act to further buffer a solution (Eq.3) leading to reasoning that these hydrates in
CSA-based binders could provide a greater buffering potential to a CH based binder (Dyer, 2017).

CsAHg + 6H" — 3Ca" + 2AH; + 6H ©)
2AH; + 6H" — 2AP" + 6H 3)

A carbonation test after 28 days curing by Afroughsabet et al., (2021) of reinforcement revealed almost no
tarnish to the PC steel fibres, whereas the CSA had significant oxidation. Similarly, a study by Alapati et
al., (2022) concluded that of the binders tested at 28 days, CSA performed the worst, and a test by Damion
and Chaunsali, (2022) showed that in H,SO4, PC binders outperform (B)CSA, where PC lost 4% area and
CSA 12.4%. A pH 1.5-2 H>SO4test by Damion et al., (2022) had similar results, with PC outperforming
the tested (B)CSA. However, after 14 years in the intertidal zone a tested BCSA(F) showed no corrosion
of the embedded steel, implying little CI ingress (Glasser and Zhang, 2001). The carbonation of BCSA(F)
in field tests are also comparable to PCs, even with ettringites reported weakness to carbonation
(Afroughsabet et al., 2021), and a study by Dyer, (2017) demonstrates CSAs situationally outperforming
PC, with a better core strength retention after acid attack testing. A (B)CSA tested by Chi et al., (2021) also
showed promise for resistance to sulphide and chloride attack, as well as carbonation. In a pH 2-3 citric
acid test (B)CSA outlasted PC by 50%, seemingly due to a severe vulnerability of portlandite to citric acid,
and the higher pH leading to extended preservation of AH3 (Damion et al., 2022). A study by Cuesta et al.,
(2021) had a PC and a belite cement (BC) tested at 3 months, with the BC outperforming or matching the
performance of PC for the three durability tests of 5% MgCl, solution, 3% Na,SO4 solution and 3x ion
seawater. This indicates that with a high enough belite content, and time for significant hydration, a BCSA
could produce comparable results to a PC. The belite rich BCSA compositions appear to be more durable
than any tested low-belite variations, with the reportedly most resistant being the high belite, high ferrite
BCSA(F), which are comparable to PCs. This may be due to a reduction in AFt and/or greater pH stability
of included phases such as ferrite, Table.2, or the testing environments allowing for increased hydration.

There are several ways in which we could improve the total hydration of binders to meet that seen by tested
PCs, such as extended curing periods, accelerated curing methods, and seeding and/or activation of
cements. The most definite (albeit slow) way of testing a representative binder would be to introduce
‘equivalent hydration’ into testing procedures, instead of a set 28 days of curing. This could be achieved
through including an earlier step in the standards to test (or model) hydration of alternative binders, and
then test at 70-80% total hydration. This may have some issues with binders that use inert components,
such as BCSA(F) however, but this can be mitigated by using an equation such as “hydrated product % /
hydrated product % after 5 years”, where if the value is > 0.7 the binder can be considered representative
of its in-service performance. Accelerated curing at 40°C has been shown to produce a similar strength
development past 7 days curing that would usually take beyond 28 days in a BCSA (Borstnar et al., 2020).
Higher temperature curing has however been shown to decrease average ettringite crystal size, perhaps
through slight thermal decomposition, and produce a system with a higher porosity, due to lack of time for
C-S-H infill before hydration (Borstnar et al., 2020), so may not provide a representative binder. Certain
minor elements such as Na, K, S and B have been shown to stabilise high-T polymorphs of C.S, although
how this affects the hydration of the cements is not adequately understood (Cuberos et al., 2010), (Cuesta
et al., 2021). Using 2wt% Borax to activate belite within a BCSA similar in composition to BCSA(F) by
Cuberos et al., (2010) resulted in the formation of 54wt% a’u-C,S, completely replacing the B-C,S. The
Owt% borax sample recorded C,S reaction of 20, 48 % at 1, 3 months and the 2.0 wt% borax sample
recorded 49, 62% reaction at 1, 3 months. However, a later study by Alvarez-Pinazo et al., (2013) using the
same compositions of BCSA and borax reported at 28 days curing -C>S having 47% hydration and o’n-
C5S having 27% hydration. This leads to an unknown in how activation truly effects the hydration belite.

Conclusions
At 28 days a typical PC will reach > 70-80% total hydration, while a BCSA will be closer to 50%. When
given 3 months to cure, a BCSA will have closer to 70-80% total hydration. If a BCSA is given enough
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time to hydrate, then the reduction in porosity should produce a binder with much greater performances in
testing procedures. This can be achieved by testing binders on a ‘equivalent hydration’ as opposed to a set
28-day curing time, though implementing an earlier step to test or model hydration of alternative binders,
and test when they reach hydration representative of their in-service performance. Using 40°C curing
conditions may also provide a more realistic test at 28 days of curing.
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