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ABSTRACT 

Title of Dissertation: Role of Binder Compositions and Carbonate Polymorphs on The 

Performance of Carbonation Activated Cementitious Composites 

Mohammad Rakibul Islam Khan, Ph.D. 

The University of Texas at Arlington, 2021 

Supervising Professor: Dr. Warda Ashraf 

The most energy-intensive manufacturing industry in the US is the Ordinary Portland Cement 

(OPC) industry. This industry is responsible for 5-8% of global CO2 emissions caused by humans. 

The calcination of limestone to produce high lime calcium silicate and high manufacturing 

temperature (1450°C) are responsible for this significant amount of CO2 emissions. This CO2 

footprint of the cement-based composites can be decreased by utilizing cementitious materials with 

low-lime calcium silicate. Low-lime calcium silicates are typically semi-hydraulic or non-

hydraulic. As a result, it is necessary to activate those materials in order to increase their reactivity. 

Alkali activators, carbonation curing (CO2 curing), and other techniques have been shown in recent 

investigations to substantially increase the reactivity of those materials. 

Calcium silicate combines with CO2 in the presence of water to produce CaCO3 and calcium-

modified silica gel during the carbonation curing procedure. As a result of this technique, low-

lime calcium silicate can now be used as an OPC replacement. 

This study looked into the specifics of effective carbonation curing and reaction kinetics for 

hydraulic, semi-hydraulic, and non-hydraulic calcium silicate. The influences of minerals and 

biopolymers on the carbonation curing phase were also investigated in this study. 
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In order to construct the new binder composition successfully, an in-depth investigation into the 

performance of the OPC-slag blended system due to carbonation curing was conducted. This 

detailed investigation revealed that slag might replace 65% of OPC without degrading compressive 

strength. Slag accelerates the carbonation process. Slag carbonation also improves the concrete's 

durability by reducing permeability. Silica gel polymerization was enhanced by increasing the 

amount of slag and the carbonation duration. This research also shows that pre-hydration curing 

prior to carbonation improves mechanical and microstructural properties. 

The impacts of biopolymers on carbonation-activated binders were investigated in this study. 

When biopolymers like dopamine hydrochloride come into contact with hydraulic/semi-hydraulic 

calcium silicate, they polymerize and produce polydopamine. Polydopamine has a greater affinity 

for Ca2+ and prevents amorphous CaCO3 from clustering together. As a result, when dopamine is 

incorporated into a carbonate matrix, more amorphous CaCO3 is produced than calcite. The effects 

of cellulose nanofibers were also studied. Cellulose nanofibers can significantly improve the early 

age strength gain and flexural strengths of carbonated composites. 

Finally, the impacts of MgO-based cementitious materials on carbonated semi-hydraulic and non-

hydraulic systems were studied in this section. This extensive investigation discovered that MgO-

based cement produced more hydro-magnesite when mixed with non-hydraulic calcium silicate 

during carbonation curing. It's worth noting that hydrated magnesium carbonate has a 600% higher 

solid volume than magnesium oxide. Because of the substantial volume increase, the 

microstructure has significantly densified, and the critical pore size distribution has changed. As a 

result, adding MgO improves mechanical performance substantially. It also helps to increase CO2 

sequestration. 
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Chapter 1: Research Background, Objectives, and 

Organization 

1.1 Introduction 

Concrete is the world's second most consumed material in terms of total volume, after water. One 

of the most important components in concrete is ordinary Portland cement (OPC). Portland cement 

contains more than two-thirds of calcium silicates (tricalcium silicate (C3S) and dicalcium silicate 

(C2S))1, calcium aluminate, and calcium aluminoferites [1]. Calcium comes from natural raw 

materials like limestone, marl, and seashells, while silica comes from clays and shales. As shown 

in Figure 1.1, these natural minerals are mixed and calcined at 1450 to 1500°C to produce OPC. 

During the calcination (𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2) process, a significant amount of CO2 is released 

into the atmosphere. The combination of this released CO2 and increased OPC usage accounts for 

5-8% of global man-made CO2 emissions from the cement industry [2]. The increased CO2 

emissions raise greenhouse gas levels and contribute to global warming. The cement and concrete 

industry is interested in finding alternative cementitious materials that will offer a lower carbon 

footprint compared to OPC. Portland Limestone Cement (PLC) [3,4], Alkali activated materials 

(including geopolymers) [5], OPC with high volume SCMs [6,7], and Carbonation-activated 

binders [8,9] are potential examples of cementitious materials with a low carbon footprint. Among 

these options, carbonation activated binders are the most recently developed material that, in 

addition to reducing the carbon emissions from the production process, can further sequester a 

significant portion of CO2 during the hardening process. The primary goal of this thesis is to 

 
1 C=CaO, S=SiO2 
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identify the potential routes for enhancing the mechanical performance and CO2 sequestration 

capacity of calcium silicate-based carbonation-activated binders. This chapter presents a review of 

the background knowledge on this topic, identifies the knowledge gaps, and specifies the research 

objectives of the thesis.  

1.2 Background 

During the carbonation process, calcium silicates react with CO2 in the presence of water and form 

CaCO3 and Ca-modified silica gel. Calcite, aragonite, and vaterite are different crystal polymorphs 

of CaCO3 that result from the carbonation curing of calcium silicate [10]. Carbonated binders can 

be formed using hydraulic (e.g., alite, belite, etc.) and/or semi-/non-hydraulic low-lime calcium 

silicate (i.e., wollastonite, rankinite, slag) [11]. Semi-/non-hydraulic calcium silicates show 

increased reactivity in the presence of CO2 [12]. This binder accounts for 70% fewer carbon 

footprints compared to traditional binders [11]. These carbonated binders are showing a new path 

in cement materials research. The idea behind carbonation-activated binders is that certain raw 

materials can be hardened by carbonation curing. Low lime semi-/non-hydraulic binders can be 

hardened using the ‘mineral carbonation’ principle, which is one of the safest long-term CO2 

sequestration solutions. CO2 reacts with minerals containing calcium or magnesium to form stable 

carbonate in mineral carbonation. Carbonated cementitious binders have received a lot of attention 

in recent years, owing to their rapid strength gain and CO2 sequestration when exposed to a CO2-

rich environment. 

1.2.1 Carbonation curing 

The invention of ordinary Portland cement (OPC) in the early nineteenth century set a new 

standard for hydraulic binders, on which today’s giant concrete industry is built. Cement hydration 
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is accomplished through wet or sealed curing of freshly cast concrete, which results in hydrated 

products such as Ca(OH)2 and calcium silicate hydrate (C-S-H) gel. 

 

Figure 1.1: Portland cement manufacturing process 

The concept of using CO2 to cure cementitious material was first suggested in the 1970s [13]. In 

recent years, the carbonation curing of cement-based materials has received a lot of attention, 

particularly in light of new carbon-reduction initiatives. Carbonation curing has emerged as a 

promising technology in the cement-based composite industry, owing to three advantages: i) 

significant CO2 consumption and storage potential; ii) property enhancement for cement-based 

composite products, and iii) economic advantages for the precast industry [14]. Carbonation curing 

of cementitious composites has been investigated for its ability to accelerate strength gain and 

integrate carbon dioxide in the cementitious matrix. The use of CO2 in construction materials is 

not a new phenomenon. It all started in Ancient Rome when a mortar made of lime, sand, and 

water was revealed to have enhanced binding strength after steadily reacting with CO2 in the 

atmosphere [13]. The mortar used in the building of China's Great Wall had a similar enhancement 

effect. Carbonation cure approaches have been debated with trepidation due to the high cost of 
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pure CO2 production and the negative effects of weathering carbonation. Weathering carbonation 

is the adverse effect of atmospheric CO2 on mortars and concrete caused by the decalcification of 

C-S-H gel. However, after the 2000s, the importance of reducing carbon emissions rekindled 

interest in carbonation curing [15]. Carbonation curing at an early age (0 to 7 days after mixing 

and casting) engages anhydrous binder minerals to generate a binding matrix as compared to 

‘weathering carbonation’ wherein hydration products are damaged by atmospheric CO2. Instead 

of acting as a catalyst, CO2 gas serves as a reactant, resulting in a binding matrix that differs from 

that obtained through traditional hydration. 

 

 

Figure 1.2: Carbonation mechanism of cement-based materials. Adopted from [14]. 

 

Figure 1.3: Relationship between carbonation degree with (a) Temperature, (b) Relative 

humidity. Adopted from [14] 
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Figure 1.2 depicts the carbonation curing procedure where CO2 is transported and dissolved first, 

resulting in carbonate ions. Then, Ca2+ ions release from cement-based materials, followed by a 

reaction between Ca2+ ions and carbonate ions. 

Early-age carbonation curing of OPC-based materials is normally carried out at room temperature 

(20–25 °C) in most studies. Additionally, the temperature can influence the reaction rate in a 

variety of ways. Higher temperatures facilitate CO2 diffusion and ion migration while decreasing 

aqueous solubility. Furthermore, it enhances water evaporation. To compensate for water 

evaporation during high-temperature carbonation curing, researchers suggested soaking the 

sample for 1 minute after certain intervals [14]. The effect of temperature on the degree of 

carbonation is shown in Figure 1.3 (a). It indicates that the amount of carbonation reaction 

increases until the temperature reaches 100°C, after which it begins to decrease. Higher 

temperature increases early compressive strength in an OPC-slag blend system [16]. Qian et al. 

demonstrated that the optimal temperature for an OPC-Slag blend carbonation system is 60°C. 

Optimal CO2 diffusion and thus carbonation reaction commonly prefer ambient range relative 

humidity (RH). RH of 50-70% is commonly used in studies on carbonation curing of OPC. In 

situations where the temperature is high or the w/s ratio is low, a RH of about 90% is often used 

to avoid water evaporation. However, carbonation curing is primarily studied on a laboratory scale 

due to two major challenges that must be overcome before it can be widely used in industrial-scale 

production: (a) because of the limitation of CO2 diffusion into the matrix during carbonation 

curing, CO2 sequestration rates remain low, ranging between 20% and 50% of theoretical capacity; 

and (b) the impact of carbonation curing on the durability of cement-based composites, as well as 

the mechanisms underlying it, remains unknown, particularly for some critical aspects such as 

alkali-silica reaction, corrosion, and sulfate attack. 
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1.2.2 Chemical reactions in carbonation cured system 

More than 60% of the volume of hydraulic OPC or semi-hydraulic slag is calcium silicate 

(CaO.SiO2), which is mainly responsible for the engineering properties of concrete products. In a 

hydrated system, calcium silicate reacts with water (H2O) to form calcium hydroxide (Ca(OH)2) 

and calcium silicate hydrate (C-S-H) gel, as shown in eqn. 1. Similarly, calcium silicate reacts with 

CO2 in the presence of moisture (H2O) to produce CaCO3 and C-S-H gel during carbonation curing 

as shown in eqn. 2. As eqn. 3 shows, further carbonation of C-S-H results in decalcification and 

subsequent transformation to silica gel and CaCO3. Although the formation of C-S-H from 

carbonation itself is controversial, definitive proof points to a gel-like amorphous phase with a 

lower CaO/SiO2 ratio than C-S-H produced hydraulically from calcium silicates. This gel phase is 

also known as decalcified C-S-H gel or polymerized silica gel in some studies [17]. The formation 

of CaCO3 and Ca-modified silica gel is the main binding phase in the carbonation cured system. 

CaCO3 formed during carbonation has many polymorphs, including calcite, vaterite, aragonite, 

and amorphous. The presence of a 13C CP/MAS NMR signal in carbonated C3S, C2S, and C3S2 

phases can be due to the formation of amorphous calcium carbonate (ACC) [17]. The strength of 

carbonated calcium silicate matrices is increased by the existence of poorly crystallized forms of 

CaCO3. Furthermore, due to the presence of different polymorphs of CaCO3 crystals, the elastic 

modulus of CaCO3-rich binders can vary across a broad range. 

𝐶𝑎𝑂. 𝑆𝑖𝑂2 + 𝐻2𝑂 → 𝐶𝑎(𝑂𝐻)2 + 𝐶 − 𝑆 − 𝐻 eqn. 1 

𝐶𝑎𝑂. 𝑆𝑖𝑂2 + 𝐻2𝑂 + 𝐶𝑂2  → 𝐶𝑎𝐶𝑂3 + 𝐶 − 𝑆 − 𝐻 eqn. 2 

𝐶 − 𝑆 − 𝐻 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝑆𝑖𝑂2 + 𝐻2𝑂 eqn. 3 
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1.2.3 Ca- and Mg- based carbonation activated binders  

Carbonation of non-hydraulic or slowly hydrated minerals opens the door to use CO2-activated 

binders that need less energy. Belite (β-C2S) and wollastonite (CS), both calcium-silicate minerals, 

have been evaluated as possible OPC substitutes. Tricalcium silicate (C3S), β-dicalcium silicate 

(β-C2S), γ-dicalcium silicate (γ-C2S), tricalcium disilicate (C3S2), and monocalcium silicate (CS) 

can react with CO2 and form strong monolithic matrices. Belite-rich (C2S) cement has a greater 

impact on mechanical properties as it is more reactive to CO2 than alite-rich (C3S) cement. At an 

early age, carbonation curing accelerated belite reaction and improved flexural strength and 

toughness. CO2 can activate all polymorphs for strength gain, as shown in eqn. 2. Calcium silicate 

minerals such as wollastonite, in addition to C3S and C2S, achieve strength by reacting with CO2 

and H2O. Ashraf & Olek showed that the degree of polymerization of Ca-modified silica gel 

(which is determined by the inverse of the Ca/Si ratio) is nearly identical for all of the carbonated 

calcium silicates, with the exception of carbonated C3S, which has a slightly lower degree [17]. 

Figure 1.4 depicts the aqueous CO2 reactivity of minerals studied in cement-based materials in a 

simplified ternary phase diagram. 

Recently, MgO has been used as an SCM and cured by carbonation in cementitious materials, 

which has piqued the interest of researchers. MgO has a high CO2 sequestration potential and a 

lower calcination temperature (700–1000 °C for MgCO3 versus 1450 °C for CaCO3) [14]. Calcite, 

aragonite, C-S-H, magnesium calcite, and nesquehonite all coexisted in the MgO-OPC system. 

The densification of pore structure and increased microhardness were attributed to these identified 

components. As compared to portlandite carbonation, brucite carbonation seems to have 

contributed more to compressive strength [18]. 
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Figure 1.4: Simplified CaO-SiO-Al2O3 ternary phase diagram depicting aqueous CO2 reactivity 

of minerals studied in cement-based materials, adopted from [13]. 

Walling and Provis investigated the chemistry of producing magnesia-based cement and found 

that carbonation was the best option [19]. The reactivity was reported to be temperature sensitive 

during synthesis [20]. MgO reacts with H2O to form Mg(OH)2. The strength of hydrated Mg(OH)2 

is minimal. When CO2 is incorporated, such as in eqn. 5, magnesium carbonate hydrate is formed, 

which is the primary binding agent. CO2 concentration and relative humidity affect the carbonation 

reaction in magnesia-based cement. The densification of materials caused by the formation of 

nesquehonite (MgCO3.3H2O), dypingite (Mg5(CO3)4(OH)2.5H2O), and artinite 

(Mg2(OH)2CO3.3H2O) increases the compressive strength of magnesium-rich cement. In 

carbonated magnesia-based binders, nesquehonite has been described as the primary binding 

phase. 

𝑀𝑔𝑂 + 𝐻2𝑂 → 𝑀𝑔(𝑂𝐻)2 eqn. 4 
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𝑀𝑔(𝑂𝐻)2 + 𝐶𝑂2 + (𝑛 − 1)𝐻2𝑂 → 𝑀𝑔𝐶𝑂3. 𝑛𝐻2𝑂 eqn. 5 

Supplementary cementitious materials such as slag and fly ash are reactive to carbonation. Other 

SCMs, such as silica fume and metakaolin, are inert to carbonation, but their presence can 

influence carbonation activity by acting as a nucleation site, facilitating CaCO3 precipitation. 

Those industrial wastes follow this mineral composition requirement, prompting several studies to 

look at the use of such waste materials in construction and envisioning alternative concrete raw 

materials with a low carbon footprint [13]. 

1.2.4 Slag as a carbonation activated binder 

Infrastructure, cars, buildings, industrial facilities, and a variety of other daily necessities all 

necessitate the supply of essential materials, which the iron and steel manufacturing industries 

provide. In 1967, global steel production was less than 500 million tonnes, compared to 1599.5 

million tonnes in 2015. Steel production increased significantly in 2016, with a total of 1666.2 

million tonnes recorded [21,22]. This massive volume of steel processing also results in a 

significant amount of waste materials (i.e., slag). Slag is a byproduct of the incineration processing 

of a variety of ores. The global production of slag is estimated to be 1600 million tonnes per year 

[23]. Research is going on to find a way to deal with the massive amount of slag that has 

accumulated. The use of slag as supplementary cementitious material is environmentally, 

economically, and technically viable and attractive, as it has the ability to minimize material usage, 

energy costs, and waste storage areas. Globally, 5–10% of slag is reused as cement additives [24]. 

The three primary areas of slag reuse research include slag usefulness as a construction material, 

metal recovery from slag, and slag use in environmental remediation applications. Slag's chemical 

composition illustrates its mechanical strength. The higher the alkalinity content of the slag, the 
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higher the hydraulic property. Hydraulic calcium silicates (C3S, β- C2S), non-hydraulic calcium 

silicates (e.g., γ-C2S, CS), and free CaO are all components of slag that can react with CO2. 

Calcium carbonate (calcite and aragonite) is the main carbonate product formed. 

Carbon sequestration by industrial wastes such as slags and fly ash has been the subject of 

extensive research. Monkman and Shao compared the carbonation of EAF slag, GGBF slag, and 

CaO-rich fly ash compacts and found that carbonated EAF slag had the highest CO2 absorption 

and intensity [25]. Mahoutian et al. investigated ladle slag and found a compressive strength of 35 

MPa on compacted mortars after a 24-hour cure [26]. Carbonation of KOBM slag was investigated 

by Ghouleh et al., who found that this C2S-rich material was extremely CO2 reactive, achieving 

compressive strength of 80 MPa in 2 h due to γ-C2S carbonation [27]. 

1.2.4.1 CO2 Sequestration 

More recently, a global study found that 4.5 Gt of CO2 had been absorbed into existing cement 

from 1930 to 2013, offsetting 43% of CO2 emissions due to cement output over the same time span 

[28]. Mahoutian and Shao went one step further, replacing OPC as the binder for CMU production 

with steel slag. The cement-free unit could have a net CO2 footprint of less than 0.23 kg, making 

it a CO2-negative product [29]. In Hong Kong, Xuan et al. looked into concrete blocks for the local 

market and estimated that using carbonation curing could sequester 4900t of CO2, which would 

offset 0.13-0.35 percent of CO2 produced annually by Hong Kong’s cement manufacturing 

industries [30]. If carbonation curing could be justified on precast reinforced concrete, this 

capability could be increased even further.  

If the amount of slag in the concrete increases, the gas permeability of the concrete increases, and 

the carbonation reaction in slag-containing concrete cause the pore structure to coarsen, allowing 
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more CO2 to enter the concrete more easily [31]. The carbonation reaction increases with 

increasing slag content. Monkman and Shao demonstrated that in the presence of slag, dispersed 

OPC particles carbonated further. According to them, slag facilitated intensive carbonation of OPC 

particles by allowing CO2 to penetrate deeper into the sample before being slowed by carbonation 

products [32].  

The compressive strength behavior was accompanied by a carbon dioxide absorption study, as 

predicted by the researchers. CO2 uptake was higher in samples that developed a high compressive 

strength [27].  

1.2.4.2 Durability 

Carbonation of slag improves early strength and long-term durability, even though research on the 

reliability of a carbonated slag system is still scarce. The denser microstructure imparted by 

carbonation curing improves concrete toughness noticeably. Carbonated areas have very low 

permeability, according to measurements of surface air permeation and electrical resistivity [33]. 

Furthermore, rapid chloride permeability and natural chloride ingress after wet-dry exposure show 

that carbonation-cured concrete has a higher resistance to chloride permeation. It’s also said to be 

more resistant to freeze-thaw degradation. The effects of sulfate attacks are also reduced. Metal 

ions were also found to be less soluble in carbonation-cured cement pastes in previous studies. The 

carbonated rim surrounding the cement grains, where the immobile metal ions become confined, 

was blamed for the reduced leaching activity. Other studies involving the carbonation of hydrated 

cement materials, on the other hand, recorded a decrease in overall leaching but a possible increase 

in calcium ion leaching. Dissolution erosion can occur due to the high solubility of Ca(OH)2 and 

CSH gel. Carbonation transforms highly soluble Ca(OH)2 (approximately 1.2 g/L) to less 
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soluble/insoluble CaCO3 (approximately 4 x 10-3 g/L). As a result, carbonation curing effectively 

prevents dissolution degradation and improves durability [16]. 

1.2.4.3 Effects on microstructure 

Despite morphological similarities between carbonation-cured and normal moist-cured specimens, 

CaCO3 precipitation creates a denser microstructure in carbonated OPC-slag paste. As a result, 

total and capillary porosities are reduced, modifying the paste's transport properties to show lower 

absorption and permeability on concretes [34]. The amount of densification depends on the 

clinker’s mineral composition. Jang et al. stated that the carbonation of belite produced less pore 

volume and connectivity than that of alite [35]. 

Carbonation curing at higher temperatures increases the C3S peak in XRD, implying that the early 

and later hydration reaction is also increased [16]. Carbonation curing also improves the crystal 

structure of Ca(OH)2. Carbonation of C3S and C2S results in an 11.5% rise in volume, which 

compensates for shrinkage during carbonation [36]. 

The surface of the specimen subjected to carbonation curing has fewer cracks than the surface 

subjected to hydration curing. The carbonation-cured surface has a thick shell of rubbly CaCO3 

with particle sizes ranging from 1 to 8 µm [16]. This fine particle size creates micro aggregation, 

which improves the compactness of the carbonated matrix by providing nucleation points for C3S. 

This type of structure has high mechanical properties.  

CaCO3 appears in a variety of shapes and sizes, including spherical vaterite, needle-shaped 

aragonite, and rhomboidal calcite, with calcite being the most stable. El-Hassan et al. discovered 

the coexistence of calcite, vaterite, and aragonite in a carbonated matrix, as well as a 50-80% 

transformation of amorphous to stable calcite [37]. As shown in Figure 1.5, carbonated C-S-H gel 
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has a higher degree of polymerization than hydrated C-S-H gel. Interlayer Calcium is extracted, 

and Si-OH is concentrated into Si-O-Si during the carbonation process. As a result, C-S-H gel 

decalcification occurred, and silicate chain lengthening occurred.  

 

 

Figure 1.5: CSH structure in carbonation curing: (a) CSH from hydration, (b) decalcified CSH,  

(c) silica gel formation [14]. 

As shown in Figure 1.6, the inclusion of fiber in the cementitious matrix increases the formation 

of CaCO3 and increases the high-density region. 

 

Figure 1.6: Effects of carbonation on fiber-matrix interface (a) uncarbonated, (b) carbonated [14] 

1.3 Research objectives and thesis organization 

Based on the previous studies, it is evident that the carbonation cured calcium silicate represents 

an environmentally friendly binder system that can offer similar performance as traditional OPC 
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binders. However, as a relatively new type of binder, how different curing regimes, supplementary 

cementitious materials, and organic additives affect the performance of this binder remains 

unexplored. With the primary goal of providing a fundamental understanding of how CO2 

sequestration and mechanical performance of the carbonation cured calcium silicates can be 

enhanced, the followings are the specific research objectives of this thesis.  

Research objective 1: Understand how the combination of hydraulic calcium silicates (i.e., OPC) 

and semi-hydraulic calcium silicates (i.e., slag cement) can be capitalized to enhance the 

microstructure, mechanical performance, durability performance, and CO2 sequestration capacity 

of carbonated cured binders. The research activities associated with this objective are presented in 

Chapter 2 of the thesis.   

Research objective 3: Investigate if the application of biopolymers as an organic admixture can 

lead to superior mechanical performance and CO2 sequestration of carbonation calcium silicate 

binders.  The research activities corresponding to this objective are presented in Chapter 3 of the 

thesis. 

Research objective 2: Investigate how the Mg-based supplementary cementitious material affects 

the mechanical performance and CO2 sequestration capacity of carbonation cured calcium silicate 

binders. The research activities corresponding to this objective are presented in Chapter 3 of the 

thesis.     

As discussed above, in this dissertation, three novel routes for improving the overall performance 

of carbonation-cured calcium silicates were investigated. While the primary goal was to improve 

the performance of the binder, comprehensive experimental plans were executed to understand the 

role of microscopic phase formation in the carbonation cured system for each of the selected routes. 
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These three routes were selected based on an extensive literature survey, which is discussed in the 

corresponding chapters. 

This dissertation follows the article-based dissertation wherein chapters 2, 3, and 4 contain a full 

individual manuscript. Co-author Muhammad Intesarul Haque helped to perform durability tests 

in chapter 2 and nanoindentation for chapters 3 and 4. Prof. Ashraf supervised and reviewed all 

the experimental works and writings.  
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Chapter 2: Binary cement containing Slag and Portland 

Cement for Optimum Carbonation Curing  

This work will be submitted for publication as bellow:  

Rakibul I. Khan, Warda Ashraf, Muhammad Intesarul Haque, “Blended Slag Cement and 

Ordinary Portland Cement for Optimum Carbonation Curing”. 

2.1 Abstract 

The use of accelerated carbonation curing is a promising way to reduce the carbon footprint of 

concrete. This article presents an investigation into the potential use of ground granulated blast-

furnace slag cement (SC) as a replacement to Ordinary Portland Cement (OPC) in carbonation 

cured cement-based materials. To investigate the effects of carbonation on mechanical 

performances and microstructures, 0%-100% OPC was replaced with slag cement. 

Thermogravimetric analysis and Fourier transformed infrared (FTIR) spectra were utilized to 

investigate the carbonation reaction extent rate and microstructural phase formations. Slag cement 

was found to improve the efficiency and rate of carbonation. This study revealed that a minimum 

of 72 hours of carbonation in a CO2-containing environment yields better mechanical performance 

compared to the traditional curing method. Specifically, the incorporation of 72 hours of 

carbonation curing was observed to increase the strength of concrete up to 30% after 28 days of 

total curing duration (carbonation and hydration). The chloride permeability of the carbonation 

cured samples was observed to reduce by 80% due to the addition of SC. Finally, slag cement was 

found to increase the degree of silicate polymerization in the CSH gel and reduce the amount of 

Ca(OH)2 present in the carbonation-cured blended cement pastes.  
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2.2 Introduction 

Slag cement (SC) is a supplementary cementitious material produced as a byproduct of the steel 

industry [38]. This semi-hydraulic and calcium-rich amorphous material are found to demonstrate 

higher carbonation reactivity as it often contains hydraulic calcium silicate (Ca3SiO5, β- Ca2SiO4), 

non-hydraulic calcium silicate (γ-Ca2SiO4), and portlandite in addition to the amorphous calcium-

alumina-silica phase [38,39]. SC has latent hydraulic properties and demonstrates longer initial 

and final setting times [31]. The carbonation-curing helps to increase the early strength gain of 

slag cement. Boone et al. (2014) reported that carbonation of SC significantly reduced pore size 

and pore volume [40]. This densification had a considerable influence on compressive strength 

[38]. Previous studies also discussed that shrinkage of the carbonation-cured mortar containing SC 

was lower compared to the traditional OPC mortar [41]. The long-term durability of these materials 

is still being debated. This is the most important issue to address in order to gain the acceptance 

and confidence that these alternative materials can be used in large-scale applications. This 

research also explores the durability of a carbonation-cured OPC-slag system. 

Despite the fact that multiple studies on SC carbonation have been conducted in which researchers 

performed carbonation curing from 2 hours to 672 hours, some questions remain unexplored 

[31,42–44].  The majority of researchers focused on pressurized carbonation curing at various 

temperatures [32,38,45,46]. Carbonation under atmospheric pressure at ambient temperature is 

beneficial for the application of carbonation curing on an industrial scale. In this research, a 

potential hybrid curing (carbonation and hydration) was investigated, and it was discovered that 

hydration curing prior to carbonation yielded better performance. This research also provides 
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information on the required minimum carbonation duration for the enhanced mechanical 

performance of the concrete. The specific objectives of this study were to determine the synergic 

effects of SC and OPC carbonation on i) carbonation rate, ii) carbonation efficiency, iii) 

microstructures, iv) silica gel polymerization, v) compressive strength, and vi) durability of 

cement-based materials including paste and concrete. The findings of this study will help to better 

understand the mechanism of SC-OPC interaction in carbonated systems. 

2.3 Materials and Methods 

2.3.1 Materials 

In this study, the raw materials used are OPC, Ground Granulated Blast Furnace Slag (addressed 

as ‘slag cement’ or SC), sand, and gravel. Slag cement (SC) was supplied by Dragon Products 

Company. Based on the X-ray fluorescence measurement, the OPC contained 20.1% SiO2, 63.7% 

CaO, 4.7% Al2O3, 3.5% Fe2O3 and the SC contained 34.72% SiO2, 13.68% Al2O3, 0.88% Fe2O3, 

42.28% CaO, 5.62% MgO, 1.71% SO3. River sand with 2.61 finesse modulus (FM) was used as 

fine aggregates and gravel was used as coarse aggregates. The particle analyses of the OPC and 

SC were performed by Malvern Mastersizer 2000 using a 1.63 refractive index and deionized water 

as a solvent. The mean particle sizes of the OPC and SC were 20 μm and 14 μm, respectively. 

Figure 2.1 shows the particle size distribution. 
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Figure 2.1: Particle size distribution of Ordinary Portland Cement (OPC) and Slag cement (SC) 

2.3.2 Sample preparation 

Two categories of samples were prepared for this study as shown in Figure 2.2. The first category 

of samples included thin (2~3 mm) paste samples prepared without compaction for microstructural 

analysis. In the first category of samples, the carbonation throughout the cross-section of the 

sample can be considered uniform. This category of samples was used for carbonation reaction 

kinetics and Fourier Transform-Infrared Spectroscopy (FTIR) measurements. The second category 

included 100 mm × 200 mm cylindrical concrete samples for mechanical performance and 

durability testing. This category of samples was prepared for the compressive strength and rapid 

chloride penetration (RCPT) tests. 

For the first category, five different paste mixtures were prepared by replacing OPC with 0%, 45%, 

55%, 80%, and 100% by weight of SC. SC and OPC were mixed using a ‘Renfert Twister 

Evolution’ mixer with a w/b ratio of 0.40. The ASTM C305 [47] standard was followed during 

mixing.   
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Figure 2.2: Schematic presenting the cement paste and concrete sample preparation. Hyd-Carb 

and Carb-Hyd present ‘hydration followed by carbonation’ and ‘carbonation followed by 

hydration’ curing conditions.   

For the second category of samples, six different concrete mix designs were adopted for the 

preparation of concrete cylinders using a constant w/b ratio of 0.40. In these samples, OPC was 

replaced by 0%, 20%, 45%, 65%, 80%, and 100% by weight of SC. For the remainder of this 

article, the mixer of 100% OPC or 0% SC content will be called the control batch. Concrete mixing 

was performed in a large mechanical mixer in accordance with the ASTM C192 [48] standard. A 

fine aggregate and coarse aggregate proportion of 38% and 62%, respectively, was used for the 

second category of concrete sample. The binder (OPC + SC) and aggregate contents of the 

mixtures were 400 kg/m3 and 1890 kg/m3, respectively. Using this mixture, 100 mm by 200 mm 

cylinders were prepared for mechanical and durability testing. The cylinders were prepared into 

three layers using a mechanical vibrator and a tamping rod. Each layer was vibrated for 45 seconds 

for compaction. After casting, the cylinders were kept under different curing conditions as 

described in section 2.3.2.1 Cylinders were demolded after 24 hours of casting. 
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Slump tests to measure the workability of each batch of concrete were performed with freshly 

mixed concrete using ASTM C143 [49]. 

2.3.2.1 Curing condition 

For the first category of samples (thin paste), carbonation curing was adopted. After mixing (w/b 

ratio of 0.4), the paste was spread over a plate with a thickness and diameter of less than 3 mm and 

10 mm, respectively, and kept in 'VWR Air Jacket CO2 Incubators' for carbonation curing. A 

temperature of 25°C, relative humidity (RH) of 80%, and a CO2 concentration of 20% were 

maintained inside the carbonation chamber. Any possible compaction was also avoided in order 

to eliminate the effect of CO2 diffusion across the sample. Carbonation-curing was performed until 

300 hours. At regular intervals (such as 0.5, 3, 6, 10, 24, 72, 145, 200, and 300 hours), a small 

quantity of samples was collected for microstructural analysis. It was assumed that carbonation 

was not hampered during the sample collection process as relative humidity, temperature, and CO2 

concentration remained constant inside the carbonation chamber. 

 

 

Figure 2.3: Customized carbonation setup 

In the second category of samples, three different curing conditions were used, including hydration 

curing, hydration-carbonation curing, and carbonation-hydration curing, as shown in Figure 2.3. 

In the hydration curing condition, cylinder samples were kept in a sealed condition for 28 days. In 
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the hydration-carbonation curing condition, the cylinder samples were kept in a sealed condition 

for 3 days and afterward kept in an unsealed condition in a customized carbonation chamber 

(Figure 2.3) for carbonation curing for 4 days at 99.9% CO2 concentration, then returned to the 

sealed condition for 21 days. For the carbonation-hydration curing condition, cylinder samples 

were stored in an unsealed condition in a customized carbonation chamber (at 25°C, 80% RH, and 

99% of the CO2 was purged) for 7 days, and then kept in a sealed condition in a moist curing room 

for 21 days. A reduced CO2 concentration was used for the first category of samples, compared to 

the second category, to ensure that the carbonation reaction would be slow enough to effectively 

monitor microscopic phase formation over time. 

2.4 Results and discussions 

2.4.1 Polymerization of the calcium-silica gel product 

The peaks in the wavenumber, ranging from 800 cm-1 to 1200 cm-1, were due to the asymmetric 

and stretching vibration (ν3) of the Si-O bond [17,50]. The exact location of these peaks depends 

on the Ca/Si ratio [17].  The band of calcium silicate hydrate (C-S-H) gel can be observed at around 

950 cm-1, and this was due to the Si-O stretching vibration (ν3) of the Q2 tetrahedron [17,41,51,52]. 

Hydrated OPC primarily contains a C-S-H gel consisting of Q1 and Q2 tetrahedrons in 29Si NMR 

[8]. Details of Q0 to Q4 arrangements of silica tetrahedra can be found elsewhere [8]. 

The absorbance band at and below 800 cm-1 was due to out-of-plane and in-plane skeletal (ν4) 

vibrations of Si-O [17] and was not studied here. The band range from 1400 cm-1 to 1500 cm-1 was 

due to asymmetric stretching (ν3) of CO3
2- and the 872cm-1 band was due to out-of-plane bending 

vibration (ν2) of CO3
2- [50,53]. The Ca(OH)2 and chemically bound water were responsible for the 
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bending peak vibration at around 1639 cm-1 [50,54]. A previous study reported that this peak 

shifted to a higher wavenumber due to carbonation [50]. 

 

Figure 2.4: Normalized FTIR spectra of the OPC-SC carbonated paste after (a) 0.5 hour, (b) 24 

hours, (c) 145 hours, and (d) 300 hours of carbonation 

The main focus of this part of the study was to analyze the peaks ranging from 800 to 1800 cm-1 

to study the calcium-silica gel polymerization. The shift of the 950 cm-1 band to a higher 

wavenumber was due to the increasing degree of silica gel polymerization and the higher bond 

strength of Si-O [17,50,55,56]. Figure 2.4 shows the FTIR spectra for different carbonation 

durations for different SC content. The out-of-plane vibration (ν2) of CO3
2- at 872 cm-1 was due to 

the calcite [50,53]. The calcite peak increased in intensity with carbonation duration [ Figure 2.4 
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(a-d)], indicating higher amounts of calcite formation. Figure 2.4 (a) shows the 950 cm-1 peak, due 

to the Si-O bond in C-S-H gel, after 0.5 hours of carbonation curing [57]. This peak at 950 cm-1 

decreased and shifted to higher wavenumbers with increasing carbonation and with higher SC 

content. This is due to silica gel polymerization and the formation of Ca-modified silica gel from 

the C-S-H gel during carbonation. Due to the silica gel polymerization, additional peaks were 

observed to form around 1080 and 1115 cm-1, as shown in Figure 2.4 (c, d). These peaks were 

assigned to Q3 and Q4 sites for wavenumbers of around 1089 cm-1 and 1135 cm-1, respectively. 

The formation of these peaks indicates the decalcification of C-S-H gel and the presence of higher 

amounts of silica gel [58]. The decalcification of C-S-H and subsequent polymerization of silica 

gel during the carbonation of the OPC-SC blends were observed by the reduced intensity of Q2 

and increased intensity of Q3 and Q4 peaks (Figure 2.4). The sharp ν3 peak at around 1414 cm-1 

was due to calcite formation [59], and the overlapped stretching vibrational peak at about 1490 

cm-1 was due to vaterite formation [54,60]. As observed from Figure 2.4, an increased amount of 

SC resulted in higher amounts of vaterite formation during carbonation.  

The FTIR spectra were deconvoluted using commercially available software (OriginPro 2017) for 

quantifying the peaks due to the C-S-H gel and Ca-modified silica gel. A small peak at around 

1080 cm-1 was due to aragonite and vaterite [17] for the 100% SC batches and it was ignored 

during the deconvolution. The deconvolution results of the various SC content batches carbonated 

for 300 hours are shown in Figure 2.5. The Si-O bond shifted to 968cm-1 and another peak at 1114 

cm-1 was formed due to the silica gel polymerization of the 0% SC batch, as shown in Figure 2.5 

(a). For the 45%, 55%, 80% and 100% SC batches, the Si-O bonds shifted to 966, 979, 991, and 

993 cm-1, respectively. This indicates that with increasing SC content, the silica polymerization in 

the calcium-silica gel increased. The Q3 peaks were at 1064, 1102, 1139, 1167 cm-1 for the 45%, 



25 

 

55%, 80%, and 100% SC batches, respectively, further indicating that the final calcium-silica gel 

hydration product in SC batches has a higher degree of silica polymerization.   

 

Figure 2.5: Deconvolution of FTIR spectra of 300 hours of carbonation, (a) 0% SC content, (b) 

45% SC content, (c) 55% SC content, (d) 80% SC content, (e) 100% SC content. Dotted line, 

solid line and dashed line represent experimental FTIR spectra, simulated spectra and 

deconvoluted absorbances bands, respectively. 

The mean wavenumber due to Si-O bond was calculated based on eqn. 6  [17].  

 𝐼𝑚𝑒𝑎𝑛 =
𝐼𝑖𝐴𝑖 + ⋯ + 𝐼𝑁𝐴𝑁

𝐴𝑖 + ⋯ + 𝐴𝑁
 eqn. 6 

Here, Imean is the mean wavenumber of Si-O (ν3) vibration. Ii…IN are the wavenumbers 

corresponding to the bands i...N. Ai…AN represents the area under the bands of Ii…IN. The mean 

wavenumbers of different SC contents for 300 hours of carbonations have been plotted. Figure 2.6 

shows the variation of wavenumbers corresponding to the Si-O ν3 vibration bond with various SC 

contents. The linear fit line shows the gradual shifting of the Si-O bond to higher wavenumbers 

with increasing SC contents. Although the actual minimum and maximum wavenumbers were 964 
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cm-1 and 1139 cm-1, the average minimum and maximum wavenumbers were 991 cm-1 and 1021 

cm-1, respectively. This implies that there were a higher number of Q3 tetrahedron sites in the 

carbonated matrix. 

 

Figure 2.6: Mean wavenumber of Si-O stretching band with slag cement content 

2.4.2 Workability 

  
Figure 2.7: Concrete workability (i.e., slump) due to the addition of slag cement 

The slump of the freshly made concrete samples is shown in Figure 2.7. The slump value of the 

control batch was measured to be 92 mm. The workability of the 20% SC batch was increased by 

25% over the control batch. On the other hand, workability decreased by 22%, 72%, 86%, and 
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100% for the 45%, 65%, 80%, and 100% SC batches, respectively. This finding is similar to the 

previously reported data [61–64]. That is due to the vitreous appearance of SC, when a small 

amount of OPC was replaced by SC, the workability increased by improving the dispersion of the 

particle [65]. On the contrary, since SC has a smaller particle size than OPC, the higher amount 

(more than 45%) of OPC replacement by SC reduced its workability due to the increase in surface 

area and decrease in the inter-particle distance [63]. The angular shape of the SC particle is another 

possible reason for decreased workability [62]. 

2.4.3 Compressive strength  

The results of the cylinder compressive strength of the different curing conditions are shown in 

Figure 2.8. The compressive strength of concrete samples after 3 days, 7 days, and 28 days of 

hydration curing is given in Figure 2.8 (a). The 20% SC batch achieved the same compressive 

strength as the control batch (100% OPC) after 3 days of hydration curing. Concrete batches 

containing 45%, 65%, 80%, and 100% of slag cement provided compressive strengths that are 

19%, 13%, 35%, and 82% lower, respectively, compared to the control batch. After 7 days of 

hydration curing, the 45% SC batch showed the highest compressive strength at 5% higher than 

the control batch. The other batches, i.e., 20%, 65%, 80%, and 100% SC batches, showed a 

decrease in compressive strength of 5%, 6%, 32%, and 80%, respectively. After 28 days of 

hydration curing, the 45% SC batch showed a 16% increase in compressive strength, and the 20% 

and 65% SC batches were the same as the control batch. The 80% and 100% SC batches showed 

a reduction in compressive strength of 21% and 63%, respectively. Based on these results, it can 

be concluded that 45% of OPC can be replaced with SC cement without any detrimental effect on 

the mechanical performance in the case of hydration curing.  

Figure 2.8 (b) shows the compressive strengths of concrete cylinders cured in the hydration-
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carbonation condition. The results of the first three days of compressive strength were the same as 

for the hydration curing as, in both cases, the cylinder samples were under a sealed condition in a 

moist curing room. After 7 days of curing, the 20%, 45%, and 65% SC batches showed a 10%, 

6%, and 12% increase in compressive strength, respectively. The 80% and 100% SC batches 

showed a 20% and 74% decrease in compressive strength compared to the control batch. After 28 

days, the 80%, 20%, 45%, and 65% SC batches showed 9%, 12%, 19%, and 30% higher 

compressive strength, respectively. The 80% and 100% SC batches showed a 15% and 68% 

decrease in compressive strength compared to the control batch. Therefore, in the case of the 

hydration-carbonation curing condition, the optimum SC content is 65%.   

Figure 2.8 (c) shows the compressive strengths of concrete cylinders cured in carbonation-

hydration conditions. After 3 days of curing, the 20% SC batch showed a 5% increase in 

compressive strength. The 45%, 65%, 80% and 100% SC batches showed a 12%, 9%, 28% and 

81% decrease in compressive strength, respectively, compared to the control batch. After 7 days 

of curing, the concrete batches with 0%, 20%, 45% and 65% SC provided a 4%, 6%, 15%, 14% 

increase in compressive strength, respectively. The 80% and 100% SC batches provided 22% and 

76% less compressive strength, respectively. After 28 days, the 0%, 20%, 45%, and 65% SC 

batches provided a 12%, 17%, 16%, and 10% increase in compressive strength, respectively, 

compared to the control batch (hydration-cured 100% OPC batch). The 80% and 100% SC batches 

provided 20% and 70% less compressive strength, respectively. Therefore, in the case of the 

carbonation-hydration curing condition, the optimum SC content is 45%.  

Figure 2.8 (d) – (f) show the percentage changes in compressive strengths of the concrete samples 

with respect to the control batch due to different SC contents, curing conditions, and curing 

durations. The concrete batch with 100% OPC which was subjected to hydration only was 
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considered as the control batch. As observed from Figure 2.8 (d), after 3 days of curing, almost all 

the batches containing SC showed a lower compressive strength compared to the control batch. 

This is expected due to the slow reactivity of slag. Nonetheless, the concrete batch containing 20% 

SC shows slightly higher compressive strength compared to the control batch when subjected to 

carbonation curing. All the carbonation-cured batches also showed higher strength compared to 

the batches subjected to hydration only. After 7 days [Figure 2.8 (e)], incorporation of carbonation 

curing resulted in a higher compressive strength compared to the control batch. At this stage, the 

‘carbonation-hydration’ curing condition resulted in higher strengths compared to the ‘hydration-

carbonation’ curing condition. Further, it is evident from the plot that both ‘hydration-carbonation’ 

or ‘carbonation-hydration’ curing conditions will allow up to 65% cement to be replaced with SC 

without degrading the strength. Based on the 28 days strength results [Figure 2.8 (f)], incorporation 

of carbonation curing still provides superior strength compared to the control batch, even after 

replacing up to 65% of cement with SC. It is worth noting that for both the 7-day and the 28-day 

compressive strength results, incorporation of carbonation resulted in a higher increase in strength, 

up to 65% SC content, compared to the batch with 0% SC. Therefore, the efficiency of carbonation 

curing is enhanced when a higher amount (up to 65%) of SC is used in the concrete mixture.  

However, as observed from the compressive strength test results, the strength of the 0% slag was 

not the highest. This indicates that not only the extent of the reaction but also the types of reaction 

products play a crucial role in the mechanical performance of carbonated matrixes. Based on the 

results, a balance of Ca(OH)2 and CaCO3 results in high strength.
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Figure 2.8: Cylinder compressive strength test of curing condition (a) hydration, (b) hydration-carbonation, (c) carbonation hydration. 

Strength variation with respect to control batch of hydration curing for curing duration of (d) 3 days, (e) 7 days, and (f) 28 days. 
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2.4.4  Testing of concrete resistivity against chloride ions 

For cement concrete systems, the durability of concrete plays a significant role in controlling the 

service life [66]. Importantly, the durability of concrete mainly depends on the capacity to resist 

fluid penetration into the microstructure of the concrete, which is called permeability [66]. 

Concrete permeability has a close relationship with the intensity of microcracks at the aggregate-

cement paste interface [67]. Therefore, the rapid chloride permeability test (RCPT) test was 

performed to monitor the effects of carbonation curing on the durability performance of concrete. 

Figure 2.9 (a) shows the plot of the total charge passed versus the slag cement content. From the 

standard, it is known that, based on the amount of charge passed, there are five categories of 

chloride ion permeability. They are: high (>4000C), moderate (2000C-4000C), low (1000C-

2000C), very low (100C-1000C) and negligible (<100C). Among the batches, the higher slag 

content ones had lower total charge passed into their system. Furthermore, in the case of the curing 

conditions, it was found that the hydration-carbonation batches exhibited the lowest number of 

charges among the three curing conditions. These results showed relevance combined with the 

compressive strength results, for which the hydration-carbonation batches exhibited the highest 

strength. The more compressive strength indicates a denser matrix in the system which allows less 

charge to penetrate. The 0% SC batch exhibited the least resistance to charge, and it fell under the 

moderate range. The hydration and carbonation-hydration batches of 20% and 45% SC content 

fell under the low range, whereas the hydration-carbonation batches of the same SC content fell 

under the very low range. From the previous section 3.4, the 65% SC batch showed the highest 

strength, and here it showed the most resistance to charge passing. 

Although taking data from the rapid chloride penetration test at short time intervals (here 30 

minutes) can erase the temperature effect on the passing charge, this method may not always 
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portray a correct assessment of chloride ion permeability because concrete with low resistivity 

does not necessarily have a high chloride ion diffusivity [68]. Thus, it can be misleading to consider 

passing charges only to determine chloride ions’ penetrability in concrete. That is why a further 

investigation was conducted by extending the RCPT test. Once the rapid chloride penetration test 

ended, the average chloride ion penetration depth was determined, from which chloride ion 

diffusion due to non-steady-state migration was calculated using eqn. 7 [69].  

 𝐷 =  
0.0239(273 + 𝑇) ∗ 𝐿

(𝑉 − 2) ∗ 𝑡
(𝑋𝑑 − 0.0238 √

(273 + 𝑇) ∗ 𝐿 ∗ 𝑋𝑑

𝑉 − 2
) eqn. 7 

 

Where D = non-steady-state migration coefficient (x10-12 m2/s),  

V = applied voltage (V), 

T = average value of initial and final temperatures in the anolyte solution (°C), 

L = thickness of the specimen (mm), 

Xd = average value of penetration depth (mm), and 

t = time (hour). 

 
Figure 2.9: (a) Rapid chloride permeability test (RCPT) results; (b) Non steady state migration 

coefficient 
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Figure 2.9 (b) exhibits the plot of migration coefficients versus slag cement content, where the 

correlation was observed that the more charge passed, the more chloride ion diffusion in the 

system. As the penetration depth was measured at four spots due to its non-uniformity, the standard 

deviation was found to be slightly higher. It was found that for 45% SC content with the hydration-

carbonation curing condition, the diffusion coefficient was 27% lower than for the hydration-only 

curing batches. For 65% SC content, the coefficient for the hydration-carbonation curing was 

reduced by 60% compared to the hydration-only batch. Apart from these two superior batches, the 

other slag cement content batches also had lower diffusion coefficients compared to the hydration-

only and carbonation-hydration curing condition batches. The samples with the lowest charge 

consumption still showed the best resistance to chloride ion diffusion. 

2.5 Conclusions 

This article presented a study on the synergy between OPC and SC for carbonation systems. In 

summary, the following observation can be made based on this study, 

(1) Concrete cylinder compressive strength was measured in three curing conditions. Among 

those three curing conditions, the highest compressive strength resulted from 28 days of 

hydration-carbonation curing, which consisted of three days of hydration, four days of 

carbonation, and then the remaining 21 days of hydration. Therefore, accelerated 

carbonation curing is advantageous when the concrete is allowed to briefly hydrate first.  

(2) TGA results showed that the chemically bound water and Ca(OH)2 content remained the 

same after 72 hours of carbonation up to 300 hours of carbonation. Even after 300 hours 

of carbonation, blended batches containing less than 80% SC were found to have 

uncarbonated Ca(OH)2.  
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(3) The actual amount of CaCO3 formed in OPC-SC blended systems was higher than the 

theoretical value, indicating that the addition of SC improves the carbonation efficiency of 

the OPC-SC blended system. 

(4) The polymerization of calcium-silica gel products formed during the carbonation of OPC-

SC blend systems varies depending on the blend ratio. Specifically, increasing SC content 

increases the silica polymerization of the gel.  

(5) Increasing SC content in the OPC-SC blend was found to result in higher amounts of 

vaterite compared to the 100% OPC which only had calcite.  

(6) Incorporation of carbonation curing helps achieve higher mechanical performance from 

OPC-SC blended systems after both seven days and 28 days of curing. An SC content in 

the range of 45% to 65% was found to result in maximum benefit, with a 65% replacement 

level resulting in the highest mechanical strength using the hydration-carbonation curing 

regime.  
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Chapter 3: The effects of natural biopolymers in carbonated 

cementitious system  

This work will be submitted for publication as bellow:  

Rakibul I. Khan, Warda Ashraf, Muhammad Intesarul Haque, “The effects of natural biopolymers 

in carbonated cementitious system”. 

3.1 Abstract  

This study investigated the application of two different biopolymers; polydopamine and cellulose 

nanofibers, as a performance-enhancing additive in carbonation cured OPC-slag blended 

composites. Carbonation cured OPC-slag blended composites were found to generate stable 

CaCO3. Dopamine hydrochloride, on the other hand, facilitated the formation of metastable 

CaCO3. The inclusion of cellulose aided in increasing the reinforcing potential of this carbonated 

system. The incorporation of dopamine and cellulose nanofibers reduced the critical pore size and 

total porosity, resulting in a 36% and 66% increase in compressive and flexural strength, 

respectively. The effects of cellulose were found to be physical, whereas the effects of dopamine 

hydrochloride were found to be chemical in the OPC-Slag composites. 

Keywords: Cellulose nanofibers, Dopamine hydrochloride, Carbonation, Slag, Calcium carbonate  

3.2 Introduction  

Sustainable construction materials can be achieved by using clinker-free binder materials, which 

significantly reduce CO2 emissions associated with Ordinary Portland Cement (OPC). As an 
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alternate cementitious material, industrial byproducts such as ground granulated blast furnace slag 

(referred to as "slag") can be utilized. Slag has a latent hydraulic feature that prevents it from 

gaining early strength. It reacts slowly and gains strength through the pozzolanic activity as it 

grows older. However, slag can be activated by carbonation curing, resulting in enhanced early 

strength. 

In carbonation curing, calcium silicate reacts with CO2 in the presence of water to produce CaCO3 

and Ca-modified silica gel. The primary binding phases in this matrix are CaCO3 and Ca-modified 

silica gel. CaCO3 polymorphs (i.e., calcite, vaterite, aragonite, and amorphous CaCO3 (ACC)) 

control the composites’ mechanical performance [70]. Amorphous CaCO3 is produced first, then 

more stable polymorphs such as aragonite, vaterite, and finally calcite are formed. To control the 

formation of those polymorphs, a variety of bio-additives can be used. A few studies in 

cementitious composites used different inorganic materials to regulate the formation of 

polymorphs and investigate the effects of such polymorphs on mechanical performance. In a 

carbonated wollastonite system, Khan et al. utilized amino acids to control the polymorphs of 

CaCO3 [70]. This study showed that metastable CaCO3 significantly improves the strength and 

microstructure of carbonated composites. The application of dopamine showed a similar effect on 

the crystallization of CaCO3 polymorphs [71]. Saleh et al. utilized dopamine hydrochloride in a 

hydraulic OPC and investigated its effects on the hydration system [72]. Additionally, cellulose 

nanomaterials were used in the past with amorphous calcium carbonate to produce composite 

materials with superior properties [73]. Although cellulose nanofibers (CNF) were used in 

hydration-based cementitious materials in previous research [74], the application of this 

biopolymer in carbonation-based composites remains unclear. With the goal of providing a 

fundamental understanding of the interaction between dopamine and cellulosic biopolymers with 
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carbonated cementitious composites, the specific research objectives of this study are as follows:  

(i) Understand how the presence of dopamine and CNF affects the formation of 

carbonated phases in CO2 cured calcium silicate composites.  

(ii) Investigate the effects of the biopolymers on the microstructural phase formation in 

CO2 cured calcium silicates composites.  

(iii) Investigate the effects of the biopolymers on the macroscale performance (i.e., 

shrinkage, compressive strength, flexural strength) of the CO2 cured calcium silicates 

composites.  

3.3 Materials and methods 

3.3.1 Materials 

Samples were prepared using Ordinary Portland Cement (OPC, type I/II), Ground Granulated 

Blast Furnace Slag (addressed to as slag), and ASTM standard sand. Table 3-1 summarizes the 

chemical compositions of OPC and slag. Cellulose nanofibers (addressed as ‘CNF’) were supplied 

by a commercial company, ‘Cellulose Lab’. The CNF was extracted from bleached sulfate 

hardwood pulp. The supplied CNF was in slurry form, containing 1% by weight concentration of 

fibers in 99% water. The average width and length of the fiber were reported to be 10-60 nm and 

800-3000 nm, respectively. Dopamine hydrochloride (C18H11NO2-HCl) (addressed as Dopamine) 

was purchased from VWR. 

Table 3-1: Composition of OPC and slag 

 SiO2 CaO Al2O3 Fe2O3 MgO SO3 MnO 

OPC (%) 20.1 63.7 4.7 3.5 1.11 2.83 0.1 
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Slag (%) 34.72 42.28 13.68 0.88 5.62 1.71 0.24 

3.3.2 Sample preparation 

For the preparation of all paste and mortar samples, 50% OPC and 50% slag were mixed with 

constant water to binder ratio of 0.40. Based on the CNF and dopamine dosages, three distinct 

batches of paste samples were prepared for mechanical and microstructural investigation. In the 

first batch, 0% (control), 0.05%, 0.1%, and 0.3% CNF by weight of binder were added to mixtures 

of 50% OPC and 50% slag. In the second batch, 0.05%, 0.10%, and 0.30% Dopamine 

hydrochloride by weight of binder were added to the paste mixture. In the third batch, the paste 

combination contained 0.05%, 0.1%, and 0.3% CNF and dopamine hydrochloride (50% CNF and 

50% Dopamine) by weight. The batch that does not contain any bio-additive is referred to as the 

‘control’ batch. Those doses were determined based on earlier research that showed that lesser 

doses of bio-additives effectively improve the performance of cementitious composites [72,75–

79]. 

The following procedures were used for mixing pastes: (i) For homogenization, CNF 

slurry/Dopamine hydrochloride was mixed with water for 2 minutes, (ii) cement and slag were 

added to this suspension and mixed for 2 minutes at a speed of 140 r/min, (iii) after 30 sec of rest, 

the mixer was again mixed for 1 minute at a speed of 285 r/min, (iv) the paste mixture was used 

to cast 25 mm x 25 mm cubes and 40 mm x 20 mm x 15 mm beams in two layers on a vibrator 

table. Immediately, following the casting of the beams and cubes, the samples were placed in a 

moist curing room with a temperature of 25 degrees Celsius and a RH of 80%. After 24 hours, the 

beams and cubes were demolded and placed in a carbonation chamber with a 20% CO2 

concentration, 80% RH, and a temperature of 50°C. Flexural and compressive strengths of beam 

and cube samples were determined after 3 days, 7 days, 14 days, and 28 days of curing from the 
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date of casting. The tested samples were immersed in isopropanol for 24 hours to allow for solvent 

exchange before being dried in a vacuum desiccator. These dried samples were used for additional 

microstructural investigation, including TGA, FTIR, XRD, MIP, SEM, and DVS.  

Mortar samples were used to monitor the length change in accordance with the ASTM C 157 

standard [80]. CNF/Dopamine was first homogenized with water for 2 minutes before being used 

in the mortar samples. Following that, OPC and slag were mixed with the suspension for 2 minutes 

at a speed of 140 r/min. After the initial 30 seconds of mixing, ASTM standard sand was added 

for 30 seconds, and the mixing was continued for another 1 minute. Following a 30-second break, 

the mixer was mixed for 1 minute at a speed of 285 r/min. The mixed mortar samples were used 

to cast 25 mm x 25 mm x 285 mm prims. Those prisms were prepared in three layers per the 

standard. The prisms were immediately placed inside the above-mentioned moist room after being 

cast. After 24 hours, the prisms were demolded and placed in the previously stated carbonation 

chamber, where length variations were observed for up to 56 days.  

3.4 Results and Discussions 

3.4.1 Mechanical performances 

Figure 3.1 (a) depicts the effects of Dopamine on the compressive strength of an OPC-slag 

carbonated system with a w/b ratio of 0.40. The alkalinity of the OPC-slag system acts as an 

activator in the polymerization process of dopamine hydrochloride [72]. The polymer continues to 

develop a network within the binder matrix and propagate through the solid phases in alkaline 

conditions. This alkaline state allows for the deprotonation of the phenolic groups found in 

dopamine hydrochloride molecules, resulting in negatively charged sites along the polymer's 

backbone. During the polymerization process, negatively charged sites preferentially bond 
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electrokinetically to positively charged sites within the binder structure, such as Ca2+ and Al3+ 

sites, forming an interconnected network of polymer-binder composites. This integrated network 

contributes to a denser microstructure and higher mechanical performance. This improved 

mechanical performance could be attributed to the strong chemical interaction between the 

polymer backbone and the binder matrix, as well as the intrinsic higher strength of polydopamine 

fibers. After 3 days and 28 days of carbonation curing, adding 0.05% by weight of dopamine binder 

increases compressive strength by 20% and 4%, respectively, compared to the control batch. After 

3 days, 7 days, 14 days, and 28 days of carbonation curing, 0.1% by weight of the binder dopamine 

yields 34%, 3%, 17%, and 36% increased compressive strength, respectively. However, a higher 

concentration of dopamine can bind more Ca2+ and impede the hydration and carbonation 

processes. As a result, less hydration and carbonation products are generated, resulting in lesser 

compressive strength. As a result, the addition of 0.3% dopamine results in lower compressive 

strength than the control batch. As observed, the 0.1% dopamine-containing batch yields higher 

compressive strength. 

The effect of CNF on carbonated OPC-slag binder composites is presented in Figure 3.1 (b). 

Addition of 0.05% and 0.1% CNF aid to boost early compressive strength (3 days of curing) by 

34% and 35%, respectively. After 28 days of carbonation curing, the addition of 0.1 % CNF 

enhanced compressive strength by up to 8%. This improved strength was attributable to the effects 

of CNF’s internal curing. Internal curing results in denser microstructures with decreased porosity, 

resulting in higher compressive strength. CNF also serves as a nucleation site for hydrated and 

carbonated products in cementitious systems, which aids in the enhancement of compressive 

strength. Kavya et al. showed reduced compressive strength at later ages as a result of CNF 

degradation under elevated alkalinity conditions [76]. In this investigation, carbonation curing was 
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used, which reduced the alkalinity of the binders and the degradation of CNF compared to 

conventional cement paste. 

The combined effects of CNFs and dopamine on the compressive strength of an OPC-slag blended 

system are depicted in Figure 3.1 (c). It shows that 48% and 43% higher compressive strength is 

achieved for 0.05% and 0.1% CNF-Dopa after 3 days of carbonation curing, respectively. After 

28 days of curing, 0.3% CNF-Dopa had a 10% increase in compressive strength. The combination 

of CNF and Dopa aids in the reduction of compressive strength for higher doses. 

Figure 3.1 (d) represents the effect of Dopamine on flexural strength. Previous research showed 

that polydopamine possesses higher tensile strength due to its polymer chain and side chains of 

polymerizable catechol monomers [81]. Due to this polymerization, 18%, 48%, and 55% higher 

flexural strength can be achieved for 0.05% dopamine inclusion within 7 days, 14 days, and 28 

days of carbonation curing, respectively. A decreased in flexural strength was observed for higher 

doses of dopamine content.  

Figure 3.1 (e) shows the flexural strength of the OPC-slag binder with the addition of CNF. 23%, 

39%, and 36% higher flexural strength were achieved in 3 days of carbonation curing for 0.05%, 

0.1%, and 0.3% by wt.% addition of CNFs respectively. The maximum increase of flexural was 

achieved by 34%, 62%, and 66% after 28 days of curing for 0.05%, 0.1%, and 0.3% CNF addition, 

respectively. The higher flexural strength was due to the crack-bridging capacity of CNF [74]. So, 

CNF can be used as a nano-reinforcing material. Figure 3.1 (f) depicts the combined effects of 

CNF and Dopa. 55% higher flexural strength was achieved after 28 days of curing for 0.05% and 

0.1% addition of CNF-Dopa. It is worth noting that combining CNF with dopamine significantly 

minimizes the strength decrease of dopamine independently. 
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Figure 3.1: (a), (b), and (c) represent compressive strength of different doses of Dopamine, CNF, and CNF-Dopamine. (d), (e), and (f) 

represent flexural strength of different doses of Dopamine, CNF, and CNF-Dopamine. 



43 

 

3.4.2 Drying shrinkage 

The results of the length change in the slag-OPC blended system are shown in Figure 3.2. It can 

be shown that the carbonation of the OPC-slag blend increased the length by a maximum of 0.02%. 

Transformation of Ca(OH)2 to CaCO3 yields an 11.4% increase in solid volume [46]. The addition 

of CNF and dopamine reduces length change by slowing the carbonation reaction. Less 

carbonation yields less transformation of portlandite to CaCO3.  Despite the fact that the length 

change is less than the OPC hydrated system recorded by other researchers, who reported a 

0.08% length increase [82–84]. Therefore, the carbonation of the OPC-slag system, with or 

without bio-additives, helps to decrease the length change.   

 

Figure 3.2: Length change of (a) Control, (b) 0.1% Dopamine, (c) 0.1% CNFs, and (d) 0.1% 

CNFs-Dopamine 
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3.4.3 Chemical analysis of carbonated matrix using thermal analysis 

TGA analysis was performed for the control batch and 0.1% bio-additives batches of all curing 

durations. The amount of CaCO3 and the relative proportion of metastable CaCO3 were determined 

from the TGA and are presented in Figure 3.3. Several prior research discovered that CaCO3 

decomposes between 200 and 750 degrees Celsius [53,85,86]. The gradual weight loss from 200 

deg C to 600 deg C is due to the decomposition of amorphous CaCO3, aragonite, and vaterite 

(those polymorphs are commonly known as ‘metastable CaCO3’) [70]. The sharp weight loss from 

600 to 750 deg C is due to the decomposition of stable CaCO3, known as calcite [53]. For the 

determination of the CaCO3 amount, weight loss from 450 deg C to 750 deg C was considered in 

this study. Weight loss at temperatures ranging from 200 to 450 degrees Celsius is caused by the 

decomposition of chemically bound water and Ca(OH)2. To avoid this overlapping weight loss, 

weight loss from 200 to 450 deg C was not taken into account while calculating the amount of 

CaCO3. It is worth noting that polydopamine decomposes between 620 and 700 degrees Celsius 

[71].  

Figure 3.3 (a) shows the amount of total CaCO3 for different doses of bio-additives. Previous 

studies show that dopamine stabilizes the unstable metastable CaCO3 and blocks the transition of 

the calcite phase [71]. They have shown that the strong adhesive property due to the catechol group 

in dopamine keeps the metastable CaCO3 together, and the affinitive interaction between calcium 

ion and catechols prevents the dissolution of metastable CaCO3 and the recrystallization of calcite. 

This Ca2+ ion affinity with catechol also hinders the formation of CaCO3 during the carbonation 

process. That is why the 0.1% Dopamine containing batch has a lower CaCO3 amount than the 

control batch.  
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CNF has hydroxyl and carboxyl surface groups [87]. This hydroxyl and carboxyl group has oxygen 

atoms with unpaired electrons. Those unpaired electrons bind with the Ca2+ ion, resulting in a 

decrease in carbonation reaction in the earlier stage of curing. That is why it has lower CaCO3 

formation in the earlier curing days, as shown in Figure 3.3 (a). Due to the above-mentioned 

reasons, the 0.1% CNF-Dopa batch has a lower amount of CaCO3.  

The relative proportion of metastable CaCO3 was calculated from the ratio of the weight loss due 

to the metastable CaCO3 (450~600 deg C) and calcite (600~750 deg C). Figure 3.3 (b) shows the 

relative proportion of metastable CaCO3. Dopamine-containing batches have higher amounts of 

metastable CaCO3 as dopamine hinders the formation of calcite. With carbonation curing duration, 

the amount of metastable CaCO3 decreases, and the amount of calcite increases. Previous research 

shows that higher metastable CaCO3 has higher mechanical performance [70].  

 

Figure 3.3: TGA analysis of OPC-slag carbonated composite, (a) CaCO3 content (%) with bio 

additives doses, (b) Relative proportion of metastable CaCO3 with bio additives doses.  
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3.4.4 Identifying different minerals formed during carbonation reaction 

The peaks in the wavenumber, ranging from 800 cm-1 to 1200 cm-1, were due to the asymmetric 

and stretching vibration (ν3) of the Si-O bond [17,50]. The exact location of these peaks depends 

on the Ca/Si ratio [17].  The band of calcium silicate hydrate (C-S-H) gel can be observed at around 

950 cm-1 and this was due to the Si-O stretching vibration (ν3) of the Q2 tetrahedron [17,41,51,52]. 

Hydrated OPC primarily contains a C-S-H gel consisting of Q1 and Q2 tetrahedrons in 29Si NMR 

[8]. The band range from 1400 cm-1 to 1500 cm-1 was due to asymmetric stretching (ν3) of CO3
2- 

and the 872cm-1 and 856 cm-1 bands were due to out-of-plane and in-plane bending vibration (ν2) 

of CO3
2-, respectively [50,53]. The bending peak vibration at around 1639 cm-1 was due to the 

Ca(OH)2 and chemically bound water [50,54]. This peak was previously reported to shift a higher 

wavenumber due to carbonation [50]. 

All the samples after 3 days of curing show the formation of calcite due to the presence of 712 and 

872 cm-1 absorbance peaks. After 28 days of curing, the 0.1% dopamine-containing sample shows 

a peak at 856 cm-1, which is a characteristic peak for aragonite. Batches containing CNF and CNF-

Dopamine indicate a low level of aragonite content. The sharp absorbance peak at around 1414 

cm-1 is due to the formation of calcite, and the split peaks/broad peak is due to the formation of 

metastable CaCO3. The addition of dopamine formed metastable CaCO3, which creates split peaks 

at around 1414 cm-1.  
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Figure 3.4: FTIR spectra after curing duration of (a) 3 days, and (b) 28 days 

3.4.5 X-ray diffraction analysis 

Figure 3.5 shows the XRD patterns of 28 days cured paste samples. Portlandite, calcite, and 

aragonite are the major crystal compositions in this carbonated system. The intensity of portlandite 

was higher for the batches containing dopamine, showing that incorporation of dopamine reduces 

the rate of carbonation. Also, the intensity of calcite was reduced with bio-additives addition. This 

postulates that bio-additives reduce the formation of calcite and increase the formation of 

metastable CaCO3. Previous studies showed that the formation of metastable CaCO3 increases the 

mechanical performance [70]. 
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Figure 3.5: XRD patterns of 28 days cured paste samples. Here p: portlandite, c: calcite, a: 

aragonite 

3.4.6 Porosity and pore size distribution 

Pore structures of cement paste samples obtained by MIP are presented in Figure 3.6. The addition 

of bio-additives significantly reduces the porosity and average pore diameter. The total porosity of 

the paste samples was reduced by 13%, 20%, and 28% due to the addition of 0.1% Dopamine, 

0.1% CNFs, and 0.1% CNFs-Dopa, respectively. Such a high reduction in porosity can lead to  

higher mechanical performance. Apart from the porosity, the average pore diameter also moves 

toward the lower diameter, due to the pore size refinement.  

The pore size distribution of OPC-slag composites with the addition of CNFs and dopamine is 

shown in Figure 3.6. Figure 3.6 (a) shows that increased pore volume was observed with the 
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addition of CNFs and dopamine for pore diameters lower than 10 nm. After 10 nm pore diameter, 

pore volume was decreased with the addition of CNFs and dopamine. The control batch has a 

higher pore volume and 0.1% CNF-Dopa has a minimum pore volume. It can be postulated that 

the catechol group of polydopamine has strong adhesion and affinity interaction with calcium ions 

and offers  Ca2+ binding sites for nucleation, which leads to a denser microstructure [79]. 

Table 3-2: Effects of CNFs and dopamine on pore structure of OPC-slag 

Sample Name Porosity 

(%) 

Total Pore area 

(m2/g) 

Med. Pore Diam. 

vol (nm) 

Avg. Pore diam 

(4V/A) (nm) 

Control 20.4505 21.973 38.18 20.70 

0.1% Dopa 17.9282 24.514 19.74 16.52 

0.1% CNFs 16.4665 27.157 13.57 13.41 

0.1% CNFs-Dopa 14.7408 28.159 10.99 11.59 

 

Figure 3.6: Effects of CNFs and Dopamine hydrochloride on pore size distribution of OPC-slag 

blended carbonated composites 

3.4.7 Image analysis of carbonated OPC-slag composites 

Figure 3.7 shows the pore distribution by SEM images. The control batch shows a higher number 

of pores than the other batches where CNF and Dopamine were added. These results also aligned 
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with the pore size distribution through MIP. Figure 3.8 (a) shows the formation of Ca(OH)2 and 

CaCO3. Figure 3.8 (b) shows the formation of Ca-modified silica gel and vaterite formation. Figure 

3.8(c) shows the presence of CNF inside the microstructure. Figure 3.8(d) shows the formation of 

vaterite and other CaCO3. 

 

Figure 3.7: Porosity distribution through SEM images of (a) control, (b) 0.1% Dopamine, (c) 

0.1% CNF, and (d) 0.1% CNF-Dopa. The scale bar represents 10 µm. 
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Figure 3.8: Mineral formation in slag-OPC composites of (a) control, (b) 0.1% Dopamine, (c) 

0.1% CNF, and (d) 0.1% CNF-Dopa. The scale bar represents 2 µm 

3.5 Conclusion 

Based on this research, the following conclusion can be drawn, 

(i) Dopamine helps to increase the formation of metastable CaCO3 in CO2-cured composites 

and reduce the carbonation rate. 

(ii) A small dosage (0.05%) of dopamine can increase the flexural strength by nearly 50%. 

However, a dopamine dosage of more than 0.05% drastically reduced the flexural strength 

of the composites by reducing the degree of carbonation 
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(iii) The application of CNF as an additive can increase the flexural strength of the composites 

by 66%. The application of only CNF did not show any significant influence on the 

compressive strength of the carbonated composites. The flexural strength enhancement of 

the composite containing CNF was expected due to the reinforcing effect of these 

nanofibers. 

(iv) Carbonated composite containing CNF have high amounts of nano porosity compared to 

the control batch, indicating a denser microstructure of these composites.   

(v) The addition of the selected biopolymer did not affect the dimensional stability (i.e., length 

change) of the carbonated composites. The results indicated that the CO2 cured composites 

do not experience any significant shrinkage as also observed in Chapter 4.  

In summary, this study revealed that the application of either dopamine or CNF biopolymer in 

carbonated composites can be beneficial in two aspects: (i) to improve early age (i.e., 3 days) 

compressive and flexural strengths, and (ii) to improve the flexural strength of the composites.  
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Chapter 4: Effects of MgO in a semi-hydraulic and non-

hydraulic system during carbonation curing 

This work will be submitted for publication as bellow:  

Rakibul I. Khan, Warda Ashraf, “Effects of MgO in a semi-hydraulic and non-hydraulic system 

during carbonation curing”. 

4.1 Abstract 

This study presented an insight into the mechanical and microstructural properties of carbonated 

composites produced using slag, wollastonite, and MgO. Different batches containing 100% 

Wollastonite, 100% MgO, 100% slag, 50% Wollastoniote-50% MgO, 50% slag-50% MgO, 75% 

wollastonite-25% MgO, and 75% slag-25% MgO were subjected to carbonation curing at a 

concentration of 20% CO2, 50°C temperature, and 80% relative humidity. The microstructure of 

the samples was evaluated using scanning electron microscopy (SEM), thermogravimetric analysis 

(TGA), Fourier transformed infrared spectroscopy (FTIR), and X-ray diffraction. TGA with mass 

spectroscopy (MS) was used for the identification of volatile gas during the decomposition of 

minerals. It was observed from dynamic vapor sorption (DVS) that the formation of hydrated 

magnesium carbonates (HMCs), i.e., needle-shaped nesquehonite and Rosset-like 

hydromagnesite, have increased the carbonated matrix density due to its expansive nature and by 

forming an interconnected network. The change in total and critical pore size distribution was 

observed with the addition of MgO. The compressive strength was also observed to increase by 

309% when 50% MgO was incorporated into wollastonite and slag composites.  
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Keywords: Slag, wollastonite, MgO, carbonation, Hydro-magnesite  

4.2 Introduction  

Slag is known as green cement due to its lower CO2 footprint during the production process [88]. 

It has superior durability as represented by good resistance against chemicals and chloride 

penetration. On the other hand, MgO can be a potentially sustainable alternative cementitious 

material to ordinary Portland cement due to its ability to absorb CO2 when cured in a CO2-rich 

environment [89]. MgO cement can also be produced at a lower calcination temperature [90]. 

Some researchers showed that MgO in slag improves the hydration reaction and increases CO2 

sequestration [88]. Increasing amounts of MgO in combination with slag increase the formation of 

CSH gel in a hydrated system and increase compressive strength. Apart from slag and MgO, 

wollastonite, which is a calcium silicate mineral, can also be a potential alternative cementitious 

material. Wollastonite is a non-hydraulic material that will act as inert material in the hydration 

system. But it can be activated by carbonation curing.  

Carbonation curing is a different type of curing system, where casted samples are kept in a CO2-

rich environment. During this carbonation curing process, Ca and Si-rich materials (e.g., slag, 

wollastonite) will react with CO2 in the presence of moisture and produce CaCO3 and Ca-modified 

silica gel. Those two are the main binding phases in this curing system. In this study, the effects 

of MgO in slag and wollastonite systems under CO2 curing were investigated through various 

nano-to-macro scale experimental techniques.  

The carbonation of MgO also increased the strength of the matrix. In such formulations, 

carbonation is preceded by hydration, during which the dissolution of MgO is associated with an 

increase in the pH of the pore solution. The increased pH then promotes the dissolution of CO2 for 
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the subsequent carbonation process. During carbonation-curing, dissolved CO2 reacts with 

Mg(OH)2 to form hydrated magnesium carbonates (HMCs). The formation of HMCs is associated 

with their expansive formation that reduces the porosity and establishes an interconnected network 

to provide binding ability, thereby increasing the strength of these binders. The most common 

HMCs in carbonated MgO are rosette-like hydro-magnesite (Mg5(CO3)4.(OH)2.4H2O)) and 

needle-like nesquehonite (MgCO3.3H2O). The above findings on the carbonation of MgO and its 

effects on mechanical and microstructural performance have been confirmed by several studies 

[91–95]. 

The current study focuses on the comparative analysis between the effects of MgO in the semi-

hydraulic system (i.e., slag) and non-hydraulic system (i.e., wollastonite). The objectives of this 

study are to (i) Investigate the formation of carbonation products in semi-hydraulic and non-

hydraulic systems in the presence of MgO, (ii) Monitor the effects of MgO addition on the pore 

size distributions of the carbonated composites, and (iii) Evaluate the mechanical performances of 

the carbonated composites produced using a slag-MgO-wollastonite system. 

4.3 Materials and methods 

4.3.1 Materials 

Ground granulated blast furnace slag (addressed as slag), Wollastonite (CaSiO3), and Magnesium 

oxide (MgO) were utilized as raw materials in this research. Cemex provided the grade 120 slag, 

while Nico Minerals provided the wollastonite. MgO was purchased from VWR. It is worth noting 

that slag is a semi-hydraulic material, but wollastonite is a non-hydraulic substance.  
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4.3.2 Sample preparation 

For this study, two types of samples were prepared. The thin plate samples without compaction 

belonged in the first category, while the compacted paste cube and beam samples were classified 

into the second. The mechanical performance and microstructural analysis were determined using 

the second category of samples. The pore size distribution analysis was determined using the 

first category of samples. 

Five distinct batches of the first category of samples were prepared using a 0.80 w/b ratio. These 

batches are 100% slag, 100% MgO, 100% wollastonite, 50% slag-50% MgO, and 

50% wollastonite-50% MgO. A relatively high w/b ratio was required for this system to achieve 

adequate workability. Different binders were mixed with water at a ratio of 0.80 w/b for all batches 

and then mixed for 3 minutes at 400 rpm using a ‘Renfert Twister Evolution mixer’. After mixing, 

the paste samples with a thickness of 1 mm were placed on a glass plate and exposed to 

carbonation-curing. Carbonation-curing was performed at 80% RH, 20% CO2 concentration, 50 

deg C, and at atmospheric pressure. A commercially available ‘VWR air jacket CO2 incubator’ 

was used to control these environmental parameters. Carbonated samples were collected after 300 

hours, 600 hours, and 1200 hours of carbonation curing in the carbonation chamber. Before the 

experiments, the samples were maintained in a laboratory sealed environment for 24 hours after 

being collected from the carbonation chamber. 

The second category of samples included 100% slag, 75% slag-25% MgO, 50% slag-50% MgO, 

100% wollastonite, 75% wollastonite-25% MgO, 50% wollastonite-50% MgO, and 100% MgO. 

100% MgO was used for microstructure analysis purposes. For the rest of this article, 50% slag 

and 50% MgO will be referred to as slag-MgO and 50% wollastonite, and 50% MgO will be 

referred to as wollastonite-MgO, respectively. Binder was mixed with water at a w/b ratio of 0.80 
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for 3 minutes in each batch using a commercially available Hobart rotatory mixture. The paste 

sample was placed into 25 mm cubes and 40 mm x 20 mm x 15 mm beam molds after mixing. A 

higher w/b ratio was chosen to maintain low viscosity so that it could be compacted easily. The 

cube and beam samples were immediately exposed to a CO2-containing atmosphere after casting. 

The carbonation environment was identical to that of the category one samples. After 24 hours of 

carbonation, the samples were demolded and continued carbonation in the same condition as 

before. Compressive and flexural strength tests were performed on beam samples and cube 

samples taken from the carbonation chamber after 300, 600, and 1200 hours. Following testing, 

the samples were immersed in isopropanol for ~6 hours before being placed in a vacuum desiccator 

for 36 hours to prevent any additional hydration reactions. After that, those samples were used to 

perform Thermogravimetric analysis (TGA), Thermogravimetric analysis coupled with mass 

spectroscopy (TGA-MS), Fourier Transformed Infrared spectra (FTIR), X-ray diffraction (XRD), 

and scanning electron microscopy.  

4.4 Results and discussion 

4.4.1 Chemical analysis of carbonated matrix using thermal analysis 

Wollastonite and slag react with CO2 in the presence of water during the carbonation process, 

producing CaCO3 and Ca-modified silica gel. Mechanical performance and microstructural 

hardness are determined by these two carbonated products. The mechanism of strength gain in 

carbonated MgO is dependent on the progression of hydration and subsequent carbonation. MgO 

is hydrated into brucite [Mg(OH)2], which is then carbonated in the presence of moisture and CO2, 

resulting in the creation of hydrated magnesium carbonates (HMCs). Nesquehonite 

(MgCO3.3H2O), hydro-magnesite [4MgCO3.Mg(OH)2.4H2O], and dypingite [4MgCO3. 
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Mg(OH)2.5H2O] are the most commonly observed HMCs. Mg(OH)2 was preferentially carbonates 

to HMCs [96] as the ΔG of MgCO3.3H2O generation (-38.7 kJ/mol) was lower than the energy of 

MgCO3 generation (-30.2 kJ/mol).  The strong and fibrous structures of HMCs present interlocking 

properties that decrease the initial porosity and provide binding strength within cement-based 

samples. 

Chemically bound water decomposes in slag and wollastonite at temperatures ranging from 100 to 

600°C [97–99]. Ca(OH)2 decomposes to CaO and H2O at around 450°C [97,99,100]. CaCO3 

decomposes to CaO and CO2 at 600~800°C [97,99]. The evaporation of physically absorbed water 

and bonded water from hydrated magnesium carbonates (HMCs) can be attributed to the weight 

loss from 100 to 300 deg C. The sharp peaks at around 370°C and 390°C correspond to the 

dehydroxylation of Mg(OH)2 and the decarbonization of HMCs respectively [89,100–102]. The 

gradual mass drop from 500 to 600°C is associated with the decomposition of metastable Ca, Mg-

carbonates. The peak at around 600°C is due to well-crystallized  stable MgCO3 [89,100,103]. 
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Figure 4.1: TGA-MS plots showing the releasee of H2O and CO2 gases from 300 hours 

carbonated matrixes: (a) wollastonite, (b) slag, (c) MgO, (d) 50% wollastonite-50% MgO, (e) 

50% slag-50% MgO. Here, I: Physically absorbed & chemically bound water, II: Decomposition 



60 

 

TGA-MS plots of 300-hour carbonated matrixes are shown in Figure 4.1. The evaporation of H2O 

and CO2 from various minerals generated during carbonation curing at different temperatures is 

depicted in Figure 4.1.  In the case of wollastonite, slag, and MgO, weight loss below 200°C was 

attributable to chemically bound water and physically absorbed water. Wang et al. showed that 

HMCs were also dehydrated at around 250℃ [89,102]. After 200°C, there was no evaporated 

water in the case of carbonated MgO, as illustrated in Figure 4.1 (c). This indicates that the HMCs 

were not dehydrated or were not present in that region. As illustrated in Figure 4.1 (e), the same 

thing happened in the slag-MgO carbonated system. In the slag-MgO system, HMCs endured very 

little dehydration, or the presence of HMCs was negligible. However, the higher amount of H2O 

has evaporated in wollastonite-MgO, as seen in Figure 4.1 (d), indicating a higher amount of 

HMCs. From 400 to 600 ℃, there was a gradual weight loss due to H2O and CO2, indicating the 

development of metastable Ca, Mg-carbonates. Figure 4.1 (a-b) depicts a significant weight loss 

owing to CO2 evaporation at around 750 ℃. This weight loss was due to the decomposition of 

calcite (CaCO3). Because MgCO3 decomposes before 600°C, there was no weight loss in the case 

of carbonated MgO at this temperature. The gradual weight loss of slag-MgO and wollastonite-

MgO from 600 to 750℃ was noticed, which denotes the metastable CaCO3 (mCaCO3) 

decomposition [70].  

According to the TGA-MS and DTG plots, more metastable CaCO3 was generated when MgO 

was incorporated into slag and wollastonite. In a CO2-cured environment, this metastable CaCO3 

provides better mechanical properties. It can therefore be inferred that a non-hydraulic system 

produces more HMCs than a semi-hydraulic system combined with MgO. 
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4.4.2 CO2 sequestration 

Carbonated activated binders, such as slag, wollastonite, and MgO, are known as carbon-negative 

cementitious materials due to their ability to sequester CO2 and improve binding characteristics. 

The CO2 sequestration capacity of MgO is 92.8 wt%, which is higher than the capacity of ordinary 

Portland cement (50.4 wt%) [102]. The carbonated matrix's CO2 sequestration was calculated 

using thermogravimetric analysis (coupled with mass spectroscopy) in this investigation. Because 

Ca(OH)2, Mg(OH)2, and MgCO3 decompose within a relatively narrow temperature range, 

calculating CO2 sequestration solely from TGA was difficult in this study. As a result, TGA was 

utilized in conjunction with MS to identify and quantify the CO2 gas released from the carbonated 

matrix. 

The amount of CO2 sequestration for 300 and 1200 hours of carbonation is shown in Figure 4.2. 

Wollastonite, slag, and MgO sequester 16%, 13%, and 88% (per gram of sample) CO2 after 300 

hours of carbonation, respectively. However, the addition of wollastonite-MgO and slag-MgO 

resulted in 60% and 50% CO2 sequestration, respectively. Wollastonite-MgO sequestered 

significantly more CO2 than slag-MgO. The possibility was that the wollastonite-MgO system 

produced more HMCs than the slag-MgO system. After 1200 hours of carbonation, wollastonite, 

slag, MgO, wollastonite-MgO, and slag-MgO sequestered 45%, 116%, 7%, 8%, and 5% more CO2 

than after 300 hours of carbonation, respectively. Based on these findings, it is possible to conclude 

that incorporating MgO into a non-hydraulic system resulted in greater CO2 sequestration than a 

semi-hydraulic system. 
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Figure 4.2: CO2 sequestration after, (a) 300 hours, (b) 1200 hours carbonation. WM: denotes 

wollastonite, WM-MgO denotes: 50% wollastonite-50% MgO, Slag-MgO denotes: 50% slag-

50% MgO 

4.4.3 Identifying different minerals formed during carbonation reaction 

From the thermal analysis, CaCO3, HMCs were detected in the carbonated composites. However, 

distinct HMCs and different polymorphs of CaCO3 in the carbonated system could not be 

distinguished using thermal analysis, and therefore FTIR spectra were used for this purpose. The 

absorbance at around 1420 cm-1 and 872cm-1  are due to the asymmetric stretching vibration (v3 

mode) and out-of-plane bending (v2)  of CO3
2- [103], respectively. The broad peak or split peak at 

1420 cm-1 denotes amorphous calcium carbonates (ACC), and on the other hand, the sharp peaks 

at 1420 and 872 cm-1 denote more stable CaCO3 i.e., calcite. Figure 4.3 shows the FTIR spectra 

after 300 hours and 1200 hours of carbonation. In Figure 4.3 (a), wollastonite shows a broad peak 

at around 1420 cm-1 which becomes sharper after 1200 hours of carbonation (Figure 4.3 (b)). This 

shows the conversion of ACC to calcite in the case of wollastonite due to the longer duration of 

carbonation. Although in both cases, 872 cm-1 was present, which indicates that a lesser amount 

of calcite will form after 300 hours of carbonation. An extra aragonite v2 bending peak at around 
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850 cm-1 absorbance was observed for slag after 300 hours of carbonation curing. For 300 hours 

of carbonation and 1200 hours of carbonation, the spectra of slag did not change. As a result, in 

the case of slag, no mineralogical change has occurred after 300 hours of carbonation.  

The absorbance at 1423 and 1484 cm-1 corresponds to the antisymmetric stretching vibration (v3 

mode) of CO3 for hydro-magnesite [89,94,104,105] and the shoulder at 1517 cm-1 is due to 

nesquehonite [89,94]. Low-intensity bands at 850 and 880 cm-1 correspond to the bending 

vibration of CO3  represents the formation of hydro-magnesites  [103][105]. 300 hours carbonated 

MgO contains 1423, 1484, 850, 879 cm-1 peaks of hydro-magnesite. The 1517 cm-1 peak for 

nesquehonite was only present for 1200 hours of carbonated MgO. 

 

Figure 4.3: FTIR spectra, (a) 300 hours, (b) 1200 hours carbonation 

Aragonite and hydro-magnesite both show an absorbance peak of 850 cm-1. Carbonated 

wollastonite did not show this peak. However, wollastonite-MgO composite had this peak, 

indicating the presence of wollastonite and MgO in the carbonated environment could lead to the 

formation of aragonite or hydro-magnesite. This peak at 850 cm-1 exhibits a lower intensity in the 

slag-MgO carbonated system than in the slag carbonated system. This indicates the MgO inhibited 

aragonite development in a carbonated slag system, or it aided the conversion of aragonite to 
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calcite. The 1484 cm-1 hydro-magnesite peak was prominent for the wollastonite-MgO system but 

was absent or merged with CaCO3 peaks for the slag-MgO carbonated system. This demonstrates 

that there was little or no hydro-magnetite in the slag-MgO system. This paved the path for the 

formation of other HMCs in the slag-MgO carbonated system. 1517 cm-1 absorbance peak of 

nesquehonite was absent in the slag-MgO and wollastonite -MgO systems after 1200 hours of 

carbonation. It's worth noting that after 1200 hours of carbonation, the absorbance peak at 879 cm-

1 merges with the calcite peak and the form marge peak at 876 cm-1. 

Based on the presented FTIR spectral analysis, it is possible to conclude that the generation of 

hydro-magnesite is greater in non-hydraulic carbonated systems than in semi-hydraulic systems. 

These hydro-magnesites are responsible for the reduction in pore size in the MgO-included 

carbonated system. MgO also influences the polymorphic transition of CaCO3 polymorphs. 

 

Figure 4.4: XRD plots of carbonated matrix after 1200 hours of carbonation. Here, a: aragonite, 

b: brucite, c: calcite, h: hydro-magnesite, m: magnesite, mg: MgO, n: nesquehonite, w: 

wollastonite 
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4.4.4 X-ray diffraction analysis 

Figure 4.4 illustrates the XRD pattern of 1200 hour carbonated wollastonite, slag, MgO, 

wollastonite-MgO, slag-MO respectively. Carbonated wollastonite mostly has unreacted 

wollastonite and calcite phases. Although very small peaks of aragonite can be seen, this suggests 

that aragonite may be present in the composites. Carbonated slag mostly has aragonite and calcite 

in the system. The formation of vaterite was also seen in slag at 50 deg diffraction angle [88].  

Carbonated MgO is primarily composed of brucite (Mg(OH)2) and magnesite (MgCO3). Hydro-

magnesite and nesquehonite with very small intensities were observed as well. When MgO and 

wollastonite were combined, the amount of calcite and magnesite drastically decreased. Although 

there was no aragonite or vaterite in carbonated wollastonite, both phases were present when 

wollastonite and MgO were combined. There was no brucite in this mixture, which provides 

another important aspect of the increasing formation of HMCs from brucite with wollastonite 

incorporation. In the case of the slag-MgO carbonated system, the formation of calcite and 

magnesite are both reduced significantly. Magnesite was also formed in this case. 

4.4.5  Pore structure analysis using dynamic vapor sorption  

Vapor sorption analysis is usually performed for gel phase (C-S-H or Ca-modified silica gel) 

characterization. The advantages of using this technique rather than MIP or nitrogen sorption were 

discussed elsewhere [106]. A typical plot of the hysteresis loop of desorption and adsorption 

isotherm is shown in Figure 4.5 (a). The hysteresis loop between adsorption and desorption is 

found in all the matrixes and it contributes to the complex nature of pore connectivity [107][108]. 

The specific surface area (SBET) of the matrixes was determined using the BET method [109]. 

Pore size distribution was determined using the BJH model, incorporating the statical water layer 

thickness proposed by Hagymassy [110][111].  
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Figure 4.5: (a) A typical plots of vapor desorption and adsorption curves for wollastonite-MgO 

carbonated matrix, (b) specific surface area (SBET) of 300 hours carbonated matrixes 

The specific surface area of the carbonated matrix is given in Figure 4.5 (b). It can be observed 

from the figure that carbonated wollastonite has a higher surface area (85.3 m2/g) than carbonated 

slag (33.4 m2/g) and MgO (44.7 m2/g). However, the inclusion of MgO in slag and wollastonite 

yielded 74 m2/g and 84.1 m2/g specific surface area, respectively. This indicates that higher 

crystalline carbonated products were formed when MgO was added in the slag system as well as 

the wollastonite system.  

Figure 4.6 shows the pore size distribution of the carbonated calcium silicate matrixes. Carbonated 

wollastonite and slag show a major peak before 1 nm and another peak at around 1.5 nm. On the 

other hand, carbonated MgO shows three peaks, i.e., before 1 nm, 1.5 nm, and 3 nm. However, 

when MgO was added with wollastonite or slag, all the peaks merged into one large peak before 

1 nm.  This concludes that when MgO was added with slag and wollastonite, it formed more 

carbonated products which reduced the large pore size and formed smaller pores.  
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Based on the previous study, the pores in the carbonated matrix were divided into the following 

groups (based on the pore diameter), (i) inter-cluster spaces (diameter: < 2 nm), (ii) gel pores 

(diameter: 2-10 nm), (iii) capillary pores (diameter: 10 -41 nm), and large pores (diameter: >41 

nm) [112][106]. The pore diameter below 2 nm is assumed to contain physiosorbed and 

chemisorbed water within an outer layer of Ca-modified silica gel clusters [106]. From Figure 4.7, 

it can be observed that carbonated wollastonite has a minimum volume of large pores and capillary 

pores, and carbonated slag has a maximum volume of large pores and carbonated MgO has a 

maximum volume of capillary pores. Carbonated Wollastonite-MgO contains the highest volume 

of inter particle porosity, and carbonated MgO has the minimum volume of inter-particle porosity. 

The reason behind those variations may be their pore size distribution and extent of carbonation. 

Previous studies show that lower specific surface areas containing carbonated matrixes have higher 

amounts of metastable CaCO3 and lower crystallinity [106]. From an FTIR study, it was observed 

that carbonated slag has a higher amount of aragonite and wollastonite has a higher amount of 

calcite. From the DVS results, it was observed that carbonated wollastonite has a higher SBET 

than carbonated slag. Carbonated minerals with higher crystallinity have higher SBET. The 

addition of MgO to slag and wollastonite increased the crystallinity.  

Agglomeration between particles will also reduce the interparticle porosity. Here, interparticle 

porosity has increased, and this was due to less agglomeration of interparticle porosity. The gel 

pores are attributed to the pores between Silica, MgO, and CaCO3. As the inclusion of MgO 

increases the crystallinity, it also increases the pores between carbonate and silica.  
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Figure 4.6: Pore size distribution of 300 hours carbonated matrixes: (a) wollastonite, (b) slag, (c) 

MgO, (d) Wollastonite-MgO, (e) slag-MgO. 
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Figure 4.7: Pore size distribution of 300 hours carbonated matrixes 

4.4.6 Image analysis of carbonated slag-wollastonite with MgO incorporation 

Figure 4.8 reveals the microstructures of wollastonite, slag, and MgO subjected to carbonation 

curing for 300 hours and 1200 hours. Carbonated wollastonite mostly contained calcite (Figure 8 

(a-b)). No mCaCO3 was found in the wollastonite matrix. Aragonite was found in a carbonated 

slag system. Most of the magnesite was found in the carbonated MgO system. The carbonated 

wollastonite-MgO system has mostly hydro-magnesite and CaCO3. Slag-MgO has few hydro-

magnesite and mCaCO3. 
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Figure 4.8: SEM images of carbonated matrixes, (a-b) wollastonite, (c-d) slag, (e-f) MgO 
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Figure 4.9: SEM images of carbonated matrixes: (a-b) wollastonite-MgO, (c-d) slag-MgO 

4.4.7 Mechanical performances 

The compressive strength of wollastonite and slag with different MgO content for different curing 

conditions was shown in Figure 4.10. The use of higher carbonation duration significantly 

improved the compressive strength. There was a significant increase in compressive strength from 

300 hours of carbonation duration to 600 hours of carbonation duration. There was not any 

significant difference in compressive strength from 600 hours of carbonation duration to 1200 
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hours of carbonation duration. So, in this system, a maximum of 600 hours of carbonation duration 

was found to be the maximum for achieving the highest compressive strength. 

The inclusion of MgO in the wollastonite system has significant effects on increasing compressive 

strength. 25% MgO increased compressive strength by 56%, 55%, and 48% after 300 hours, 600 

hours, and 1200 hours of carbonation curing respectively. On the other hand, 50% MgO in the 

wollastonite system increased compressive strength by 626%, 326%, and 304% after 300 hours, 

600 hours, and 1200 hours of carbonation duration. In the case of slag, MgO has increased 

compressive strength significantly. 25% of MgO in slag increased compressive strength by 174, 

164%, and 188% after 300 hours, 600 hours, and 1200 hours of carbonation, respectively. 324%, 

290%, and 309% increased compressive strength was observed for 50% MgO for 300 hours, 600 

hours, and 1200 hours of carbonation.  

The compressive strength of mortar samples shows a significant increase in strength after 600 

hours of carbonation. 25% inclusion of MgO in wollastonite provided a 27.5 MPa compressive 

strength, which is 44% higher than only wollastonite. In the case of slag, 25% MgO gave a 26.5 

MPa compressive strength, which is 26% higher than the only slag batch. The higher mechanical 

performance in the case of mortar was due to the higher diffusion of CO2 inside the core structure.  

A significantly increased flexural strength was also observed in this system. 25% MgO increased 

flexural strength by 141% and 108% after 300 hours of carbonation for wollastonite and slag, 

respectively. A 248% and 108% increase in flexural strength were observed at 50% MgO in 

wollastonite and slag after 300 hours of carbonation. A 5% and 47% increase in strength was 

observed for 25% and 50% MgO in the wollastonite system after 600 hours of carbonation. 224% 

and 232% increase in flexural strength was observed after 600 hours of carbonation for 25% and 

50 % MgO in slag. There was a significant increase in flexural strength for more than 25% of MgO 
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in the slag system, whereas, in the wollastonite system, an increasing amount of MgO increased 

the flexural strength. The possible reason is that the increasing amount of MgO in wollastonite 

will increase the production of Patel like hydro-magnesite which gives reinforcing ability in this 

system. On the other hand, the production of hydro-magnesite is lower in the case of slag, that’s 

why flexural strength did not increase after 25% of MgO.  

 

Figure 4.10: Compressive strength: Carbonated (a, c) wollastonite, and (b,d) slag with different 

MgO content. Plot (a,b) are of paste samples and (c,d) are of mortar samples. 
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Figure 4.11: Flexural strength: Carbonated (a) wollastonite, and (b) slag with different MgO 

content 

 

Figure 4.12: Length changes with carbonation duration, (a) slag blended with magnesia, (b) 

wollastonite blended with magnesia 
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4.4.8 Drying shrinkage 

The results of the length change in the slag-magnesia blended system are shown in Figure 4.12 (a). 

Adding magnesia to a slag system increases the length change significantly due to the development 

of hydrated magnesium carbonate. Transformation of Ca(OH)2 to CaCO3 yields an 11.4% increase 

in solid volume. Transformation of MgO to Mg(OH)2 and MgCO3.3H2O yield 131.4% and 614.3% 

solid volume increase respectively [46]. Despite the fact that the length change is within the OPC 

hydrated system, recorded by other researchers, who reported a 0.08% length increase 

[82][83][84].  The length change of the wollastonite-magnesia blended system is depicted in 

Figure 4.12 (b). Wollastonite, for example, shrinks at first and then expands after 7 days of 

carbonation. Despite the fact that the length expansion was less than 0.01%. The addition of 

magnesia to wollastonite results in a 0.08% increase in length. Overall, this finding suggests that 

typical shrinkage cracking, as observed in traditional hydraulic cement, is not a concerning factor 

for carbonated composites. Nevertheless, due to the increasing trend in the expansion, such 

measurements will be continued for a longer duration in the future.  

4.5 Conclusion 

From this study, the following concluding points can be drawn, 

(i) The dosage of MgO can significantly affect the carbonate phases formed in the CO2 cured 

cementitious composites. Specifically, it was observed that the addition of MgO increased the 

formation of HMCs in carbonated wollastonite and slag composites. change the CaCO3 

polymorphs in the wollastonite carbonated system. 

(ii) Formation of HMCs in carbonated composites was found to refine the pore size distribution 

by reducing the critical pore diameter. The relative amounts of nano-porosity were also found to 
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be higher in MgO-slag and MgO-wollastonite binary systems compared to those present in a single 

type of binder. 

(iii) The addition of MgO in carbonated calcium silicates (either slag or wollastonite) was found 

to increase the compressive and flexural strengths of the composites by more than 200%. Such a 

drastic increase in the mechanical performances of the composites was attributed to the pore size 

refinement due to the addition of MgO in these systems.  

(iv) The addition of MgO was observed to increase the expansion of the carbonated composites 

produced using either slag or wollastonite. The increase in the dosage of MgO also increased the 

expansion. Such expansion of the composites was expected due to the formation of expansive 

HMCs in these matrixes. The maximum expansion of the samples remained below 0.1% for the 

tested duration. However, for the future study, a longer measurement duration is recommended.  

The most interesting finding of this study is that for carbonation cured composites, the combination 

of calcium silicates with MgO binders offer significantly better mechanical and microstructural 

characteristics compared to the composites produced using a singly type of binder (i.e., calcium 

silicates or MgO). Therefore, MgO offers a potential pathway to significantly improve the 

performance of the carbonation cured composites when used as an additive.   
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Chapter 5: Conclusions, future direction, and practical 

application 

5.1 Concluding Remarks 

The outcomes of specific tasks accomplished during this research are listed at the end of each 

chapter (Chapter 2 to Chapter 4). The significant findings of this study are summarized below: 

(I). According to the results provided in Chapter 2, the combination of hydraulic and semi-

hydraulic calcium silicate produces cementitious composites with improved mechanical 

performance under carbonation curing. Semi hydraulic calcium silicate produced a denser 

and less porous microstructure with higher durability due to enhanced carbonation kinetics. 

Semi hydraulic calcium silicate has a stronger affinity for the carbonation reaction, 

resulting in increased CO2 sequestration. The amount of semi hydraulic calcium silicates 

and the degree of carbonation affect the polymerization of silica gel. All of the research 

findings contribute to the achievement of the first research objective, as mentioned in 

Chapter 1. 

(II). Biopolymers (e.g., dopamine hydrochloride, cellulose nanofibers) have a considerable 

impact on calcium silicate carbonation kinetics. They were able to generate an organic-

inorganic hybrid composite with improved mechanical properties. CSH polymerization is 

also increased by these biopolymers. By lowering critical pore size distribution and 

offering crack-bridging capacity, cellulose nanofibers significantly enhance flexural 

strength. These findings corresponded to the second research objective indicated in Chapter 

1. 
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(III). According to the results presented in Chapter 4, adding MgO-based cement to semi/non-

hydraulic calcium silicate has a substantial impact on the development of CaCO3 

polymorphs. Previous studies have demonstrated the influence of CaCO3 polymorphs on 

mechanical performance. MgO-based cement produces hydrated magnesium-based 

carbonates during the carbonation curing process, which has a 600% larger solid volume 

than MgO. The critical and total porosity of the composite fluctuates as the solid volume 

increases. This also aids in the reduction of shrinkage caused by carbonation curing. These 

findings backed up the third research goal indicated in Chapter 1. 

5.2 Suggested future research directions 

This research uncovered numerous elements of carbonation and CO2-activated binders. A number 

of potential study directions can be identified based on the findings and limitations. 

Carbonation curing is a diffusion process. Relying entirely on an external source of CO2 for 

carbonation may not result in consistent carbonation of the entire cross-section. Existing chemical 

engineering techniques, such as the use of gas absorption polymers, microcapsules, and zeolite 

impregnated with CO2, should be fully investigated for internal carbonation of the matrix. These 

materials/polymers have the ability to store CO2 and release it when admixed with concrete. To 

obtain the same results, inorganic salts with a higher dissolving rate might be utilized.  

There was not enough mix design/standard for concrete carbonation curing, to the best of the 

author's knowledge. To establish a standard or mix design technique for this system, several sets 

of experiments with varied w/b ratios, CO2 concentrations, temperature, and RH can be used for 

hydraulic, semi-hydraulic, and non-hydraulic materials. A data-driven approach can be used for 

proposing a CO2 mix design using thermodynamics modeling and machine learning.  
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5.3 Practical applications 

Novacem is one of the companies that uses a magnesium oxide material to make a cement-free 

binder that captures CO2 when combined with water in a CO2 atmosphere. Novacem's binder's 

main product was magnesium carbonate, which was responsible for its strength [113]. Solidia uses 

carbonation curing to activate non-hydraulic Solidia cement, resulting in calcite and silica as 

binding materials. When compared to OPC, this Solidia cement can reduce carbon footprint by 

70%. Calera is yet another company that manufactures a calcium carbonate CO2-activated binder 

system for concrete products. Its cement contains no traditional Portland cement and has a higher 

compressive strength. The carbon cure company extracted CO2 from manufacturing processes and 

inflated it into an OPC and water mixture. 

For concrete paver blocks, efflorescence is a prevalent issue. Carbonation at an early age can help 

to minimize or eradicate efflorescence [114]. This slag carbonation technology can be utilized to 

make environmentally friendly paver blocks with a minimal CO2 footprint. 

Carbonation curing can be used on a wide range of precast structures, including concrete pipes, 

blocks, masonry units, and reinforced concrete. Carbonation can be utilized as an auxiliary curing 

regime for concrete pipes to minimize steam curing time, increase durability, and investigate the 

feasibility of using concrete pipes to sequester carbon dioxide [115]. Furthermore, regulated 

carbonation curing can improve the long-term durability of concrete pipes. Carbonating agents can 

be made from CO2 captured at industrial point sources. Because carbonation is essentially a lime-

consuming process, carbonated concrete pipes made in this manner are believed to be more durable 

due to a reduction in reactive lime. 
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Cement blocks are frequently utilized and manufactured in large quantities. The annual production 

of 200-mm block equivalents in the United States and Canada is around 4.3 billion units. The 

annual use of Portland cement is estimated to be around 6 Mt. Clean production could make major 

contributions to sustainable development if this volume of cement could be substituted by slag 

activated by carbon dioxide [29]. 

Concrete masonry units (CMUs) have long been utilized as load-bearing and non-load-bearing 

walls in construction. In 2014, the North American market for concrete blocks and bricks is 

expected to grow to 4.3 billion units. Compared to cast-in-place concrete, masonry block 

construction not only functions better due to its precast quality, but also has a lower environmental 

impact. In North America, CMUs are commonly steam cured. While steam curing increases 

strength and shortens the production cycle, it is an energy-intensive procedure. It is estimated that 

atmospheric pressure steam curing consumes 0.59 GJ/m3 (12.3 ft-lb/ft3) of concrete and autoclave 

curing consumes 0.71 GJ/m3 (14.7 ft-lb/ft3) of concrete for 1 m3 (35.3 ft3) of concrete in block 

form. Carbonation curing, which uses high-purity carbon dioxide (99.5% CO2) or low-purity flue 

gas (14% CO2) for rapid hydration and durability improvement, is an alternate curing process for 

CMU manufacture [116]. 

Carbonation is thought to be harmful to reinforced concrete. However, if carbonation is done at a 

young age by curing, the process may be advantageous. Carbonation curing was created for precast 

reinforced concrete carbonation curing at an early age to maximize performance improvement and 

carbon storage capacity. Early carbonation curing differs from weathered carbonation. It is added 

to fresh concrete within 24 hours of casting. As a result, additional hydration will occur following 

early carbonation [117]. 
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Appendix: Experimental Methods  

Thermogravimetric analysis (TGA) 

The commercially available TGA 550 TA instrument was used in this study. Thin carbonated plate 

samples (category 1) were used for this test. The thin carbonated sample was first ground using a 

mortar pestle. Approximately 35 ~ 40 mg of ground power sample was loaded into a platinum pan 

and kept in an isothermal condition at around 25°C for 5 minutes. Afterwards, the temperature of 

the TGA chamber was increased to 980°C with a ramp of 15°C per minute. N2 gas was purged in 

the entire process. Initially, for a few batches, three replicate samples were tested through TGA to 

validate for any deviation in carbonation across samples. The test result deviations were less than 

2% by weight of total carbonated samples. Due to the low deviation, TGA was performed only 

with one sample for the remainder of the batches. The following decomposition temperatures were 

used for analysis of TGA data in this current study. Chemically bound water decomposes from 

100~600°C [97–99]. Ca(OH)2 decomposes to CaO and H2O at around 450°C [97,99]. CaCO3 

decomposes to CaO and CO2 at 600~800°C [97,99]. The amount of CaO content in the paste was 

calculated from the summation of CaO from Ca(OH)2 and from CaCO3. 

Fourier transform infrared spectroscopy (FTIR) 

Thin carbonated plate samples (category 1) were ground for this measurement. The commercially 

available Nicolet iS50 FTIR from Thermo Scientific was used for this test. The spectra were 

collected using the Attenuated Total Reflection (ATR) mode with 4 cm-1 resolution and 32 scans 

per sample. 
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TGA with coupled mass spectrometer (TGA-MS) 

For few samples TGA was coupled with a mass spectrometer (MS). This coupled TGA-MS system 

enabled the separation and identification of any volatile species coming off the sample during the 

heating process. In this case, TGA was performed using a Netzsch STA 449 F3 Jupiter 

Simultaneous Thermal Analysis (STA) instrument. All samples were measured under ultra-high 

purity helium gas (flow of 50 ml/min). The temperature was increased at a rate of 10 ºC/min and 

gases were transferred to the GC/MS instrumentation via a heated (250 ºC) transfer line. An 

Agilent Technologies 7890A GC system equipped with a non-polar capillary column (Agilent J&B 

HP-5 packed with [5%-Phenyl-methylpolysiloxane]) coupled with a 5975 MSD spectrometer was 

used for the analyses of the gases released from the samples. A gas injection was triggered every 

minute (60 sec) from the beginning of the heating cycle, and 0.25 ml of gas was sampled from the 

gases released by the compound and carrier gas (He). 

X-ray Diffraction (XRD) 

X-ray diffraction patterns were collected via Bruker D-500 spectrometer using a Cu Kα radiation 

(40 kV, 30 mA). The diffraction patterns were obtained for the 2θ range of 5° to 80° using a step 

size of 0.02 (2θ) per second. 

XRD analysis was performed using commercially available software (Match! Phase Analysis 

using Powder Diffraction). The used PDF card numbers were PDF #96-900-1298, PDF #96-901-

5894, PDF #96-900-2349, PDF #96-900-7621, PDF #96-901-2402, PDF #96-900-2821, PDF #96-

101-1118, and PDF #96-900-5779 for calcite, aragonite, brucite, hydro-magnesite, nesquehonite, 

magnesite, MgO, and wollastonite respectively. 
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Dynamic vapor sorption (DVS) 

Commercially available DVS equipment (TA instrument, Q5000) was used to obtain adsorption-

sorption isotherm of carbonated samples prepared in section 2.2 (category one). The samples were 

soaked in DI water for 48 hours before testing to ensure full saturation. After soaking 

approximately 15~20 mg of sample was loaded in a quartz pan. The sample was first equilibrated 

at 97.5% RH for 5760 seconds. After this point, the RH was gradually reduced (with 5~10% RH 

steps) to obtain the desorption isotherm. After reaching 0% RH, the RH was gradually increased 

(with 5 to 10% RH steps) up to 97.5% to obtain adsorption isotherms. Mass equilibrium was 

reached at each RH when the mass fluctuation was less than 0.001% for 15 minutes. Throughout 

the experiment, the temperature was kept constant at 23 deg Celsius. During the experiment, N2 

gas was purged.   

Scanning electron microscope (SEM) 

The microstructures of 300 hours and 1200 hours carbonated cured samples were evaluated using 

Hitachi 3000N SEM. The instrument was operated in high vacuum mode with a 30 kV accelerated 

voltage and a working distance of about 10 mm. The cement paste sample was coated with 

Platinum (Pt) before capturing the SEM images. 

Mercury intrusion porosimetry (MIP) 

Mercury intrusion porosimetry is used to determine the meso-porous (pore radius 2~50 nm) and 

macro-porous (> 50 nm) structure of cementitious materials. The MIP test was performed on 

control batch, and binder paste samples containing 0.1% CNF, 0.1% Dopamine, and 0.1% CNF-

Dopamine dosages after 28 days of carbonation curing. The sample size was around 15 ×15×15 
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mm. The surface tension γ of mercury is 0.485 N/m, and the average contact angle θ between 

mercury and the pore wall is 130. MIP tests were conducted on an AutoPore IV 9500 V2.03.01, 

from Micrometrics Instrument Corporation, under a maximum pressure of 413 MPa to reach pores 

with a diameter of 3.02 nm. 

Mechanical performances 

The compressive and flexural strength of 25 mm x 25 mm cube and 40 mm x 20 mm x 15 mm 

beam samples prepared from paste were measured after 300 hours, 600 hours and 1200 hours of 

carbonation curing. The compressive strength was measured via MTS Landmark servo hydraulic 

test system using a displacement rate of 0.02mm/sec. The flexural strength was measured via MTS 

Criterion Model 43 using displacement rate of 0.2 mm/min. 

Compressive strength test 

The compressive strength of the concrete cylinders (sample category 2) was measured using 

ASTM C39/C39M after 3 days, 7 days and 28 days of curing [118]. The average compressive 

strength of the four cylinders was used for each test data presented in this study. A loading rate of 

1780~2670 N/s was used during the compressive strength test. 

Length change 

The length change was measured using the mortar samples indicated in the sample preparation 

section in accordance with the ASTM C 157 standard [80]. The length was calculated using the 

following equation in accordance with ASTM C157,  
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𝐿𝑒𝑛𝑔𝑡ℎ 𝑐ℎ𝑛𝑎𝑔𝑒 (%) =

𝐶𝑅𝐷𝑓 − 𝐶𝑅𝐷𝑖

250
× 100 

eqn. A1 

Where, CRD=difference between the comparator reading of the specimen and the reference bar at 

any age. 

Rapid chloride penetration test (RCPT) 

To perform the rapid chloride penetration test, the ASTM C1202 standard test method was 

followed [119]. The diameter and thickness of the sample specimens were 100 mm and 50 mm, 

respectively. First, sample specimens of corresponding curing conditions were collected from the 

core of the cylinder specimens (category 2) following the ASTM C42 standard [120]. Coring was 

done with a drilling rig equipped with a diamond dressed core bit so that the microstructure would 

be undisturbed. Once the specimen was ready, it went through the conditioning process as per the 

standard before starting the test. To conduct the rapid chloride penetration test, a commercially 

available device called Giatec-Perma was used. The test specimen was placed between two cells 

containing 3% NaCl solution and 0.3 N NaOH solution.  

 

Figure 0.1: Measurements of chloride penetration depth 
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Upon completion of the 6-hour test, the specimens were removed from the test setup, split in the 

middle, and then an AgNO3 solution was sprayed on the wet specimens after cutting them. This 

helped to form a white AgCl layer which indicated the chloride penetration into the system [121]. 

The thickness of the AgCl layer was measured for further analysis in which the correlation between 

the chloride penetration depth and the durability of the supplementary cementitious materials was 

investigated. For determining the chloride ion penetration depth, at least four measurements were 

taken from each half (Figure 0.1); so, a total of 8 measurements were taken from each specimen 

to find the average. 

Beam failure criteria 

To determine the flexural capacity of carbonation cured composites, the author performed a 3-

point bending test of paste samples as shown in Figure 0.2. The beam size for this test was 40 x 

20 x 15 mm. The beam depth was 20 mm, which satisfied the ACI minimum beam depth criteria 

(ACI 9.3.1.1). Figure 0.2 (a) shows that the beam has maximum shear force at support and moment 

at its center. Shear failure occurs at the support with an inclined crack and flexural failure occurs 

at mid-span with a vertical crack [122,123]. Based on the crack pattern, it was assumed that the 

beam failure was due to the flexure as the beam failed at the center. ACI shear capacity equations 

will not be applicable in this case as those ACI equations are based on concrete samples. Hence, 

the author assumed the beam failure of the 3-point bending test was due to flexure. 
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Figure 0.2: (a) Shear force and bending moment diagram, (b) experimental setup for 3-point 

bending test 

 


