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Abstract

This study introduces an innovative approach to mitigate carbonation-induced degradation of C-
S-H and to enhance the carbonation properties of low calcium based cementitious materials by
utilizing specific biomimetic molecules. In this study, four different biomimetic molecules were
utilized. Details about their chemical formula and chemical structure can be found in Chapter 1.
The dissertation is broadly focused on two aspects, Part 1 (Chapter 2 and 3) evaluated the role of
biomimetic molecules in reducing the carbonation degradation of C-S-H. Part 2 (Chapter 4 and 5)
assessed the effectiveness of the biomimetic molecules as performance enhancing admixture of

carbonation cured dicalcium silicates.

For part 1, synthetic C-S-H samples were prepared, incorporating biomimetic molecules M-1 and
M-2. The impact of these biomimetic molecules on C-S-H, both before and after carbonation, was
examined using various analytical techniques, such as 2°Si NMR, TEM, nanoindentation, and
FTIR. Without these molecules, unmodified C-S-H underwent complete polymerization into silica
gel after 168 hours of carbonation. However, C-S-H modified with biomimetic molecules retained
its original structure even after 28 days of carbonation. The organic molecules also substantially
increased the elastic modulus of C-S-H, a property that further improved after carbonation.
Furthermore, this study addresses knowledge gaps by demonstrating the application of in-situ
ATR-FTIR for monitoring decalcification kinetics of C-S-H, evaluating the influence of C/S ratio,
pH, and the presence of M-1 on decalcification kinetics, and monitoring in-situ CaCO3 formation

and polymorph conversion during C-S-H carbonation for various experimental conditions.

For part 2 of the dissertation, this research investigated the effectiveness of different biomimetic
molecules, including M-1, M-3, and M-4, to enhance the properties of carbonated dicalcium

silicate-based cementitious systems. Low dosages (2.5% and 5%) of these molecules were

XVI



incorporated into the y-C,S paste. XRD and SEM analysis confirmed alterations in CaCO3
polymorphs formation, with M-4 exhibiting the highest CaCOs content. While porosity
measurements from MIP and DVS were higher, the modified batches showed increased
compressive and flexural strengths. Specifically, the 2.5% M-4-modified batch displayed a 61%
higher compressive strength than the control batch. Additionally, 5% M-3 and 5% M-1 batches
demonstrated the highest flexural strength, 53% greater than the control batch, aligning with
nanoindentation results that revealed an enhanced elastic modulus due to the formation of organic-
inorganic hybrid phases. Finally, the study comprehensively explores the effects of M-4 with
different molecular weights (MW 2000, MW 5000, and MW 240000) and dosages (0.5%, 1%, and
2.5%) on the carbonation of B-C2S binders. It highlights the influence of M-4 on calcium carbonate
(CaCO03) formation, crystal polymorphs, microstructure, and mechanical strength. MW 5000 and
MW 240000 significantly promoted CaCO3z formation and controlled crystal polymorphs,
particularly at the 1% dosage. The study employs various analyses to observe carbonation
properties, revealing the potential of M-4-modified B-C-S to enhance microstructural integrity and
mechanical properties. Even under elevated temperature curing (50°C), M-4-modified B-CzS
binders maintained impressive mechanical strength, illustrating their adaptability across diverse
environmental conditions. In summary, this research underscores the potential of biomimetic
molecules to enhance construction materials, offering opportunities to optimize phase formation

and boost mechanical properties.
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Chapter 1: Research background and literature reviews

1.1 Introduction

Concrete produced using a high volume of supplementary cementitious materials (SCMs) and Ca-
rich alkali-activated materials are sustainable alternatives to ordinary Portland cement (OPC)-
based materials due to their lower carbon footprint [1], [2]. These sustainable cementitious
materials contain C-S-H (or C-A-S-H) as the primary binding phases and are devoid of Ca(OH),
because of which they are more susceptible to deterioration caused by atmospheric CO2 compared

to the OPC [3]-[9].

In hardened cementitious composites, CO> can diffuse into the empty pores, where it reacts with
water from the pore solution and forms bicarbonate ions. The bicarbonate ions react with
portlandite (Ca(OH).) and C-S-H, forming CaCOz and water. The reaction between CO present
in atmosphere with C-S-H results in decalcification and polymerization of the binding phases
followed by the formation of calcite [10]. The low molecular volume of calcite compared to that
of C-S-H eventually leads to increased porosity in the matrix [7], [11]-[13] in addition to lower
compressive strengths [14], carbonation shrinkage [15], [16], and increased vulnerability of
reinforcement to corrosion due to the reduction of alkalinity [17], [18]. The increase in large
porosity in the cementitious matrixes due to carbonation also increases the diffusivity of
detrimental chloride/sulfate ions into the matrix, resulting in the further degradation of the

durability performances of the matrix [19]-[21].

Nevertheless, carbonation technology is a promising way to enhance the performance of cement
concrete composites. With more than 30 billion tons of carbon dioxide (CO2) emissions into the

atmosphere every year, global climate change has led to various environmental problems that need



immediate attention. Carbon capture, utilization, and storage (CCUS) technologies will play a key
role in mitigating these adverse effects. Hence, carbonation has to be applied in such a way that
the detrimental effects are well controlled. One impactful way is to control the calcium carbonate

polymorphs formation in the cement concrete system.

1.2 Carbonation technology

Carbonation can be incorporated into both fresh and mature Portland cement (PC) concrete during
the curing process, which involves applying it within the first few hours after casting and during
long-term curing. The accelerated carbonation reaction is a highly exothermic and diffusion-
controlled process, subject to the influence of both material properties, like physical attributes and
chemical composition, as well as carbonation conditions, such as CO> concentration, pressure, and
temperature [22]. This chemical reaction between CO; and calcium-based compounds in cement
releases heat and offers several advantages, including (i) rapid strength improvement, (ii) enhanced

durability, and (iii) the permanent sequestration of CO2[23], [24].

Furthermore, carbonation can be harnessed to improve the quality of recycled concrete aggregates
(RCAs) and stimulate the strength development of artificial aggregates (AAs) [25]-[27]. These
outcomes can greatly reduce CO2 emissions in the construction industry over the long term, thus
mitigating its impact on global warming and the environment. Nevertheless, the commercial
application of COz in construction materials and associated technologies remains in its early stages
of development, currently confined to prefabricated products like concrete blocks [28]. These
advancements require ongoing support from additional research endeavors to address the obstacles

hindering large-scale implementation [29].
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Figure 1.1: Schematic diagram showing the carbonation curing of cementitious materials

[30]

The carbonation reaction follows these equations -

CasSiOs + 3CO; + nH20 — 3CaCOs + SiO2 » NH0 1)
f — CasSiO4 + 2CO; + nH20 — 2CaCOs + SiOz « NH20 )
y— Ca,Si04 + 2COz + NH,0 — 2CaCOs + Si0; * nH20 3)
Ca(OH); + CO, + H,0 — CaCOs + 2H,0 (4)
CaxSiyH; Opr2y+z2) + XCO2 — XCaCOs + Y(SiOz * tH20) + (2/2 - yt)H,0 (5)

Accelerated carbonation techniques have been developed for RCAs to achieve rapid carbonation
within hours [31] . Generally, the optimal conditions for carbonation involve a CO2 concentration
of 40-60% [32]-[34], humidity of 40-70% [34] and temperature of 20-30°C [25], [35]. To further
improve the carbonation efficiency of RCAs, pressurized carbonation technologies involving high
CO: pressures are also employed [36]. CO2 Concrete exhibits increased quality in concrete
shrinkage and permeability when examining recycled aggregate concrete. The sequestration of

CO: allows for the reduction of water absorption of recycled aggregate, which permits a great



improvement in drying shrinkage and water permeability [37]. Accelerated carbonation of RCAs

consists of the following key steps shown in Figure 1.2.
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Figure 1.2: Reaction process involved in the accelerated carbonation treatment of RCA [38]

In the context of early-age carbonation, CO- is integrated into the production of concrete masonry
units (CMUs), promoting an immediate carbonation reaction that occurs concurrently with the heat
of hydration reaction of cement. CMUs are particularly suitable for CO2 sequestration due to their
relatively porous nature. This approach encompasses two methods for introducing CO: into the

production process.

The first method entails introducing CO2 during the curing phase by delivering it into a
conventional curing chamber, which operates under either low- or high-pressure steam conditions.
The second method involves injecting controlled quantities of gaseous CO2 directly into the mixer,
which feeds into a masonry unit production machine. In both methods, carbon dioxide becomes

permanently sequestered in the form of solid limestone within the concrete matrix.

Early-age carbonation involves the introduction of carbon dioxide (CO2) during concrete

production, specifically targeting the early stages of fresh concrete. This process can initiate as



early as during concrete mixing and continue until the completion of accelerated curing, offering

a greater degree of control.

Carbonation curing offers environmental benefits by reducing shrinkage, minimizing defects in
finished block units, and decreasing the energy required for concrete curing when applied to
concrete blocks. Additionally, the incorporation of CO into concrete production can lead to higher
early strength, enabling producers to reduce their cement usage and, in turn, decrease their carbon

footprint. Pre-cast concrete elements produced by CO: curing are shown in Figure 1.3,

2 ,' r’;'.,‘?

Figure 1.3: Precast concrete elements produced by CO2curing mitigate shrinkage [39]

Nevertheless, carbonation can cause degradation in the cementitious phases if the calcium
carbonate polymorphs formation is not well controlled. Hence, controlling the calcium carbonate
polymorph in cementitious phases can show new avenues of improvement in the promising sector

of carbonation curing and utilization.

1.3 Biomimetic molecules to resist carbonation degradation in calcium silicate hydrates

One of the potential solutions for reducing the extent of carbonation damage in cementitious
materials is to control the polymorphs of the precipitated CaCOs particles [40]. Calcite, aragonite,
vaterite, and amorphous calcium carbonate (ACC) are the primary polymorphs that can form

during the carbonation of cementitious matrixes containing C-S-H or C-A-S-H as the primary



binding phases [41]-[43]. Other crystalline polymorphs, including ikaite (CaCO3e6H,0) and
mono-hydrocalcite (CaCOze1H>0), may also form [44], [45], but these are very rare. Even though
this polymorph selection route is affected by several factors, including relative humidity (RH) [46],
CO2 concentration [47], and pH [48], in general, the final polymorph is calcite as it is the most
stable form of CaCOz. However, these polymorphs have different intrinsic characteristics,
including solubility. The solubility constants for calcite, aragonite, and vaterite are 107848107834
and 10779, respectively [49], [50], and ACC is 120 times more soluble than calcite [51]. As
suggested by Morandeau and White [40], the formation of ACC can reduce the extent of
carbonation in cementitious matrixes due to the higher solubility of this phase and consequent
saturation of solution. In support of this, a few recent studies have also shown that magnesium-
stabilized ACC formation can lead to lower carbonation damage in alkali activated materials

(AAM) [40], [52].

An alternative method of controlling the crystallization of CaCOs can be learned by studying the
natural biomineralization process [53]. A series of biomimetic molecules have already been
identified that can stabilize typically metastable ACC, aragonite, and vaterite during the
biomineralization process by forming organic-inorganic hybrids [54]-[57]. However, the
effectiveness of those biomimetic molecules in cementitious environments to control the
crystallization of CaCOs is not well studied yet. In a previous study, it was observed that a few
amino acids can control the crystallization of CaCOs in carbonation-cured wollastonite composites
[58]. Among the tested amino acids, L-aspartic was found to stabilize ACC in carbonated
composites. Such stabilization of ACC resulted in a reduced degree of carbonation, as expected,
but also significantly improved mechanical performances of the carbonated composite [58]. The

improved mechanical performance was attributed to the formation of organic-inorganic hybrid



phases [58]. Additionally, several past studies suggested that polydopamine can be used to control
the crystallization of CaCO3 and stabilize vaterite and ACC [59]-[62]. The additional benefit of
polydopamine is its self-adhesive characteristics that results from its polymerization in an alkaline
environment [63]. Because of these adhesive characteristics, Fang et al. applied polydopamine in

fine sand to improve its adherence to cement particles [64].

1.4 Biomimetic molecules to enhance properties of carbonation in calcium silicates

On the contrary, the carbonation activated low-lime calcium silicate binder is a recent addition to
these alternative cementitious systems [65]. These low-lime phases are often not used in OPC
because they lack hydraulic properties. However, in the presence of CO., these low-lime calcium
silicates show increased reactivity [66]-[68]. Compared to the manufacturing of OPC, utilization
of these low-lime calcium silicates can reduce the carbon footprint of cement by minimizing the

temperature and clinker production [65].

Among the calcium silicates, dicalcium silicate (C2S) can potentially lower the energy needed for
cement manufacturing by 0.29 to 0.42 GJ/ton of clinker when used as the major cement compound
(for example, belite-based binders) [69]. Even though Portland cement largely comprises B-CzS,
in recent studies, y-C>S has received attention for several reasons. First, y-C»S is less active than
B-C2S [69]. If an activation method is identified to be effective for y-C>S, it is expected to be
equally or more effective for 3-C,S activation. Second, even though both y-C>S and 3-CzS have
lower production temperature requirements, -C2S often requires more energy to grind than CsS
[69]. It is well-known that the production of y-C>S promotes the formation of fine powder due to
‘dusting’ effect lowering the grinding energy requirement when used as the primary cement

component. Finally, studies showed that wollastonite (CS) and rankinite (CsS2) behave similarly



as that of y-C>S when exposed to carbonation curing owing to the common non-hydraulic behavior
[65]-[67]. Therefore, knowledge of C>S’s reactivity can give direction for activation of low-carbon

calcium silicate-based cementitious materials.

Crystalline characteristics of CaCO3 have a substantial impact on the mechanical performances of
carbonated cement composites [70], [71]. Formation of the polymorphs of CaCO3 ideally should
follow the Ostwald's process; the least stable polymorph amorphous calcium carbonate (ACC) is
the first to nucleate, which then crystallizes to form metastable vaterite or aragonite, and finally,
forms the most stable polymorph — calcite [72], [73]. It is difficult to control the relative
proportions of the different CaCOs polymorphs formed in the carbonated composites due to
relative humidity, CO, concentration, pH etc. [74]-[78]. The variation of different CaCOs
polymorphs results in significant variability in the mechanical performance of carbonated cement
composites [65]. The idea of controlling the polymorphs of CaCOs in carbonated cement
composites is a relatively new concept, however, this approach has been widely used to produce
bio-inspired materials [79]. The stabilization of metastable ACC, aragonite, and vaterite
polymorphs by living creatures is demonstrated through studies on the mechanisms of
biomineralization [80]-[82]. A number of organic molecules have been explored that can control
the nucleation, crystal growth, and polymorphic selection of the CaCOs in biominerals [83], [84].
It has also been demonstrated that this method of using organic molecules to regulate the
crystallization of inorganic CaCOs results in "organic-inorganic™ hybrid phases that are incredibly
strong, resilient, and resilient [85]. Amino acids, including aspartic acid [81], [86]-[88], serine
[84], arginine [89] and glutamic acid [90] showed the ability to control the crystallization of
CaCOa. Several of these amino acids have been successfully utilized to improve the performances

of carbonated wollastonite composites[91].



In addition to amino acids, polyacrylic acid can be an alternative since it also showed potential to
control the crystallization of CaCOs [92]. From this motivation, the idea of incorporating
biomimetic molecules into g-C2S and b-C2S to enhance the properties of carbonation was

considered.

1.5 Research goals

To conduct these studies, a list of previously used biomimetic molecules had been chosen based

on their different chain length and chemical structures. They are shown in Table 1.1.

Table 1.1: List of biomimetic molecules used in this study

Structures of the biomimetic molecules
O
M-l OY\I)J\
OH
OH NH,
HO. NH;
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Based on the hypotheses and motivation, the research goals are —

Q) By controlling the crystallization of CaCOg, it can potentially reduce the carbonation
damage of calcium silicate hydrates (C-S-H) [Part 1: Chapter 2 and Chapter 3].
(i) By controlling the crystallization of CaCOg, properties of carbonation cured low

calcium silicate cements can be enhanced [Part 2: Chapter 4 and Chapter 5].
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Chapter 2: Reducing carbonation degradation and enhancing elastic properties of calcium

silicate hydrates using biomimetic molecules

2.1 Research objectives

The significance of sustainable cementitious materials, utilizing supplementary cementitious
materials (SCMs) and Ca-rich alkali-activated compounds, as eco-friendly alternatives to
conventional Portland cement (OPC), owing to their reduced carbon footprint. These sustainable
materials, primarily comprised of C-S-H or C-A-S-H binding phases and devoid of Ca(OH),, are
more vulnerable to atmospheric CO2-induced deterioration. CO2 permeates the cementitious
composites, triggering reactions with water and leading to the formation of bicarbonate ions. This
process results in decalcification and polymerization of binding phases, ultimately giving rise to
calcite. The formation of calcite, with a lower molecular volume than C-S-H, leads to increased
matrix porosity, reduced compressive strengths, carbonation shrinkage, and heightened
susceptibility to reinforcement corrosion. The augmented matrix porosity facilitates the
penetration of detrimental chloride and sulfate ions, further undermining durability. One approach
to mitigate carbonation damage is to control the polymorphs of precipitated CaCOs3 particles.
Different polymorphs, such as calcite, aragonite, vaterite, and amorphous calcium carbonate
(ACC), can form during carbonation. Of these, ACC, being highly soluble, can reduce carbonation
extent and damage in cementitious matrices. Biomimetic molecules, like M-1 and M-2, can
stabilize these polymorphs through organic-inorganic hybrids. The study explores the role of these
biomimetic molecules, particularly M-1 and M-2, in controlling CaCOs crystallization during C-
S-H carbonation. These molecules mimic biomineralization processes and can interact with

different functional groups, making them promise for manipulating C-S-H properties. The study's
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primary objective is to assess the efficacy of these biomimetic molecules in resisting atmospheric

carbonation degradation of C-S-H.

The specific research objectives of this study are: (i) to investigate the effects of biomimetic
molecules if they can reduce or prevent carbonation degradation of C-S-H by forming the meta
stable calcium carbonates, (ii) to understand how biomimetic molecules can play role to enhance

the elastic properties of C-S-H.

2.2 Materials and methods

2.2.1 Raw materials

Commercially available calcium nitrate (Ca(NOz)2#4H20) and sodium silicate (Na2SiO3¢9H-0)
were used as the raw ingredients to synthesize pure C-S-H. For synthesizing biomimetic molecule-
modified C-S-H, high purity grade biomimetic molecules, M-1 and M-2 were purchased from
VWR and 10% dosage (by weight percentage of C-S-H) was chosen to prepare M-1 and M-2

modified C-S-H. Figure 2.1 displays the schematic drawing of the C-S-H structure.

Interlayer

Dreierketten unit

Figure 2.1: (a) schematic CSH structure
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2.2.2 CSH synthesis
Previously published studies [93], [94] were followed to synthesize pure and biomimetic molecule-
modified C-S-H. Figure 2.2 shows the steps of laboratory synthesis of C-S-H (with and without
biomimetic molecules). For the pure CSH preparation, at first, 250 ml deionized water was poured
into a beaker. The water was boiled to get rid of the air bubbles and dissolved CO> gas. Next, the
temperature of the solution was lowered to 50°C. Sodium hydroxide (NaOH) was then added to
the water to increase the pH to 11.5. After that, 10 g of calcium nitrate salt was dissolved in the
water. Meanwhile, sodium silicate salt was dissolved in 250 ml of deionized water and poured in
a separate beaker. The amount of sodium silicate salt was calculated based on the calcium to silica
(C/S) ratio of 1.5. Next, the calcium nitrate solution beaker was placed on the hotplate magnetic
stirrer. The stirrer was rotated at 450 rpm and the temperature was set at 50°C. After that, the
sodium silicate solution was added drop by drop to the calcium nitrate solution with a burette.
Once the addition of sodium silicate solution was done, the beaker was kept on the hotplate
magnetic stirrer, maintaining the same rotation and temperature for 48 h. After 48 h, the CSH gel
was filtered and then put inside the oven at 50°C for 24 h. After that, the CSH gel was dried and
formed solid chunks. The chunks were ground using mortar-and-pestle. All the above activities
were performed in a nitrogen gas purging environment to avoid carbonation degradation of the

synthesized CSH.
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Control
CSH

Figure 2.2: (a) Sodium silicate solution being added to calcium nitrate solution with burette;
(b) calcium nitrate and sodium silicate solution kept on hotplate for 48 h; (c) filtering out the
C-S-H gel; (d) C-S-H gel (e) oven dried C-S-H; (f) ground synthetic C-S-H (from left: pure

C-S-H, M-2 modified C-S-H and M-1 modified C-S-H); (g) prepared pellet

A 10% dosage (by weight percentage of CSH) of M-1 and M-2 was chosen for the biomimetic
molecules modified CSH preparation. This 10% dose was selected based on our preliminary study
using portlandite carbonation. In this case, biomimetic molecules were added to the boiled pH 11.5
water, prior to adding the calcium nitrate salt. The solution was mixed for approximately 2 minutes
to ensure the biomimetic molecules were visibly dissolved in the solution. After that, the calcium
nitrate salt was added to the solution. All other steps remained the same as those for the pure CSH.

Worth noting, both pure CSH and M-1 modified CSH had a whitish color. However, M-2 modified
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CSH had darkish color. The conversion of dopamine hydrochloride to M-2 is known to be

responsible for the dark grey appearance [64].

2.2.3 Sample preparation
The obtained pure and modified C-S-H were in powder form. These powders were used to prepare
pellets of approximately 2 mm thickness and 10 mm diameter using a pellet press by applying a 5
MPa load. These pellet C-S-H samples were then subjected to accelerated carbonation using a
commercially available carbonation chamber. The chamber was operated to maintain a 4% CO;
concentration at 25°C and 75% relative humidity (RH). The pellet samples were extracted from
the carbonation chamber after certain intervals as listed in Table 2.1. Since most of the
characterization tests required powder samples, the collected carbonated pellets were ground using
a mortar-and-pestle inside a glove box. The collected powder samples were preserved inside a
vacuum chamber, ensuring an airtight environment and maintaining 11% RH controlled by a LiCl
salt solution. Table 2.1 presents the test matrix for the various carbonation durations of the C-S-H
pellets. As observed, the actual C/S ratios were lower than the target 1.5. Such reduced C/S ratios
were expected as the efficiency of the C-S-H synthesis approach is not 100%. Below are the list

experiments that were performed to achieve the research goals.

Table 2.1: Matrix of experiments before and after carbonation of the samples

Tests Carbonation duration

Transmission Electron Microscopy (TEM) 0h, 168 h

Thermogravimetric analysis with mass
spectroscopy (TGA-MS)

Nuclear Magnetic Resonance (NMR) 0 h, 168 h, 28 days

Fourier Transform Infrared Spectroscopy (FTIR) | 0 h, 6 h, 24 h, 72 h, 168 h, 28 days

168 h, 28 days
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Nanoindentation 0 h, 168 h, 28 days

Scanning electron microscopy (SEM) 168 h, 28 days

X-Ray diffractions (XRD) 0 h, 28 days

2.2.4 Test methods

For TEM images, the CSH (either immediately after synthesizing or carbonated) powder was
dispersed into an isopropanol solution. The solution was then ultrasonicated for 10 minutes using
a commercially available sonicator (Cole-Parmer 8890). The samples were placed on a lacey
carbon 300 mesh gold grid (Ted Pella Inc, USA) using a dropper. The images were collected using

a Hitachi H-9500 transmission electron microscope and the operating voltage was 300 kV.

Solid state magic angle spinning nuclear magnetic resonance was performed on the samples to
characterize the local atomic structure of 2°Si. The NMR test was performed on 0 h, 24 h and 168
h carbonated samples. All the 2°Si solid-state NMR experiments were conducted at 7.05 T on a
Varian Unity Inova 300 MHz spectrometer at the SCS NMR Facility of the University of Illinois
at Urbana-Champaign, operating at a resonance frequency of vo (?°Si) = 59.6 MHz, at room
temperature. A Varian/Chemagnetics 7.5 mm double-resonance APEX HX magic-angle spinning
(MAS) probe was used for all MAS experiments under a spinning rate of 4 kHz and TPPM 1H
decoupling. All samples were finely ground and packed into 4 mm o.d. standard zirconia rotors
(typically around 210-580 mg). Experimental silicon chemical shift referencing, pulse calibration
and setup were done using powdered octakis (trimethylsiloxy) silsesquioxane (Q8M8), which has
a chemical shift of 11.45 ppm, relative to the primary standard, TMS at 0 ppm. The 2°Si pulse
width used was 1.5 s, corresponding to a 45-degree pulse. A recycle delay of 30 s was used and

1920 scans were acquired for each sample.
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The Fourier-Transformed Infrared (FTIR) spectra of the powder samples were collected using the
Attenuated Total Reflection (ATR) mode with 4 cm™ resolution and 32 scans for each sample.
Signal to noise ratio was lower than 3:1. FTIR test was conducted on 0 h, 6 h, 24 h, 72 h, 168 h

and 28 days carbonated samples.

TGA was coupled with a mass spectrometer (MS) for 168 h and 28 days carbonated samples. This
coupled TGA-MS system enabled the separation and identification of any volatile elements
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°C/min, and gases were transferred to the GC/MS instrumentation via a heated
(250°C) 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 s) 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).

For grid nanoindentation, 0 h, 168 h and 28 days carbonated samples were chosen. Because of the
mirror like finishing of the pellet press die set, the CSH pellets could be used for nanoindentation
measurements without any further surface preparation of the samples. The load function had three
segments: (i) loading from zero to maximum load in the span of 5 s, (ii) holding at the maximum
load for 5 s, (iii) unloading from maximum to zero load within 5 s. Since the depth of the
indentations should also be small enough to determine the mechanical properties of the individual
microscopic phases (i.e. indentation depth <« characteristic size of each microscopic phases) [95],

a maximum of 300 u-N force was selected for the SNI technique during this study. The average
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indentation depth for this load function was around 100-300 nm for a 30 um x 30 um area. The
elastic moduli were determined from the load-depth plots using the Oliver and Pharr method [96].
Nanoindentation tests were performed using a Hysitron Triboindenter UB1 system (Hysitron Inc.
Minneapolis, USA) fitted with a Berkovich diamond indenter probe. The tip area function was
calibrated by performing several indents with various contact depths on a standard fused quartz
sample. In all cases, a surface RMS roughness lower than 80 nm (measured with the Berkovich

tip) was detected over an area of 60 um x 60 um.

The microstructures of 168 h and 28 days carbonated samples were evaluated using a 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.

X-ray diffraction patterns of the paste samples were collected with a Bruker D-500 spectrometer
using Cu Ka radiation (40 kV, 30 mA). Diffraction patterns were obtained for a 20 range of 5° to
60° with a step size of 0.03 (20) per second. XRD patterns were only obtained to ensure the quality

of the synthesized CSH.

2.3 Results and discussions

2.3.1 Characteristics of biomimetic molecules modified C-S-H
The chemical environment of 2°Si is generally expressed as Q" in silicate minerals, where Q
denotes the silicon atom bonded tetrahedrally to four oxygen atoms and the subscript n refers to
the number of the other [SiO4]* attached to the SiO4 tetrahedron being investigated [97], [98].
Figure 2.3 represents the 2°Si NMR spectra of the freshly prepared pure C-S-H and biomimetic-

modified C-S-H. Based on the literature [99], [100], the 2°Si NMR peaks were assigned as below:
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end groups and dimers (Q%): -79.7 ppm; the bridging sites (Q%): -82 pp; and pairing sites (Q%): -
85 ppm. The pure C-S-H was found to contain a relatively high intensity of Q? compared to that
of QL. Such a high Q%Q! ratio is expected for C-S-H synthesized with a low C/S ratio [99]. The
actual C/S ratios of the synthesized samples were significantly lower than the target ratio of 1.5,
thus resulting in relatively high intensity for Q? in all the CSH samples. In the M-2 modification,
the intensities for Q' and Q2 present in the CSH were increased. Therefore, the addition of M-2
increased the non-uniformity in CSH structure. The effects of M-1 addition were similar to those
of M-2. Additionally, M-1 modified CSH showed the highest intensity of Q° species. Considering
that the addition of biomimetic molecules increased the intensities for both low polymerized (Q°,
QY and highly polymerized (Q%) units, it was not possible to conclude whether such molecules

increase or decrease the overall chain length of the CSH.

M-2 CSH

M-1CSH

Control CSH

-0 -70 -80 90 -100 -110 -120 -130
Chemical shift (ppm)

Figure 2.3: 2°Si MAS NMR spectra of pure and modified C-S-H at 0 h carbonation period
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Figure 2.4 shows the TEM images of the pure C-S-H and biomimetic-molecule modified C-S-H
nanostructures. The images were taken at two different magnification levels: 100 nm and 50 nm.
Pure C-S-H was found to have lath or globule-like structure. Such morphology of CSH matches
previous observations [101]. Interestingly, the addition of biomimetic molecules had distinct
effects on the morphology of the CSH. The synthetic CSH with 10% M-2 showed a foil-like
morphology. Additionally, the CSH deposition appeared to have become denser due to the addition
of M-2. Such an effect was more prominent in the case of the M-1 modified CSH. Specifically,
the TEM image of the M-1 modified CSH showed the formation of randomly oriented needle-like
shapes. The molecules interacted differently due to different chain length and charges. The M-2

has a longer chain length than the M-1.
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Figure 2.4: TEM image of (a) Control CSH (100 nm), (b) Control CSH (50 nm), (c) M-1 -

CSH (100 nm), (d) M-1 - CSH (50 nm), (e) M-2 - CSH (100 nm), and (f) M-2 - CSH (50 nm)
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Figure 2.5: Percent frequency vs elastic modulus of (a) pure C-S-H (b) M-1 modified C-S-

Elastic modulus (GPa)
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H, (c) M-2 modified C-S-H without any carbonation.

The compacted C-S-H pellets were subjected to nanoindentation over two different 30 um x 30
pum areas in a grid pattern resulting in a total of 120 indentations per sample. Based on the results
from those 120 indentations, the frequency distribution of the elastic modulus of the pure C-S-
H(control), M-2 modified C-S-H, and M-1 modified C-S-H are given in Figure 2.5. The pure C-
S-H was found to have a mean modulus of 3 GPa. This value exactly matches a recently reported
measurement of a modulus of C-S-H with a C/S ratio of 1.0 [102]. M-2 modified C-S-H showed
a higher elastic modulus of 25 GPa which is around 8 times higher than the pure C-S-H. Worth

noting, M-2 is also well known for its adhesive properties [103]. The self-polymerization of

22

0 10 20 30 40 50 60
—e— M-2 CSH
.
= S @, vl
eV
ua_.-h./l. Il " Il \,. B on | o o 4
—A— M-1 CSH
B A ]
\‘\
A 1 \A 7T O i ey S I N = I Y 1
i —s— Control - CSH
.\_ . 1 - 1
0 10 20 30 40 50

60



dopamine hydrochloride to M-2 in an alkaline environment creates a polymer network with strong
adhesive properties [103]. We suggest that due to this adhesive nature, the M-2 modification of C-
S-H resulted in the observed increase in the modulus of C-S-H. The M-1 modified C-S-H was
found to have an elastic modulus of around 9 GPa which is around 3 times higher than the control
sample. This increased modulus could be due to the formation of higher amounts of Q® as observed
from the 2°Si NMR spectra. Considering the above results, it is interesting to note that the addition
of biomimetic molecules can significantly enhance the elastic properties of C-S-H. These findings
point toward a new approach for nano-engineering cement-based materials for superior mechanical
performance. However, it is important to note that a previous study by Kamali and
Ghahremaninezhad [104] reported that the modification of CSH by biomolecules reduced the
elastic modulus of this phase. In that study [104], the used biomimetic molecules were arginine,
leucine, glutamic acid, albumin, and hemoglobin. Therefore, the type of organic molecules used
plays an important role in whether the elasticity of the modulus of CSH is enhanced or not. Based
on the current findings, it can be suggested that biomimetic molecules with distinct Ca?* binding
properties can enhance the modulus of CSH. However, additional investigations are required to

confirm this observation.
2.3.2 Effectiveness of biomimetic molecules to resist carbonation.

The 2°Si NMR spectra of the 168 h and 28 days carbonated C-S-H samples are given in Figure 2.6
(a) and (b), respectively. After 168 h of accelerated carbonation at a 4% CO2 concentration, the
pure C-S-H batch contained only Q® (around -100 ppm) and Q* (around -112 ppm) species. The
complete absence of Q! and Q? species confirmed that the original C-S-H structure was fully
deteriorated and had formed a highly polymerized 3-dimensional silica gel network. The NMR

spectra for the control batch remained similar after 28 days of carbonation (contained only Q3 and
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QY. Interestingly, in the case of the M-1 and M-2 modified batches, the original C-S-H structure
containing Q? species were retained after 168 h of carbonation, and there was no Q* formation.
After 28 days of carbonation, minor peaks corresponding to Q3 and Q* species were observed,
even though the intensities of Q* and Q? remained prominent. Accordingly, the M-2 and M-1

modifications were successful in significantly lowering the carbonation degradation of C-S-H.

(b)

9% M2-CSsH

M-1-CSH

Control CSH _"_"__“"_6; o Control CSH

T T
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Figure 2.6: 2°Si MAS NMR spectra of pure and modified C-S-H at (a) 168 h and (b) 28 days

of carbonation

However, the chemical shift corresponding to Q* were in a lower range (- 90 to -100 ppm) for the
modified CSH batches compared to those observed in the control batch (-104 ppm). This indicates
the difference in the environment of the Q2 species formed during the carbonation of CSH with
and without the presence of biomimetic molecules and can correspond to the formation of organic-

inorganic hybrid phases (CSH-organic molecule-CaCOs3) as hypothesized earlier.
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The TEM images of the CSH samples after 168 h of carbonation are given in Figure 2.7. In the
case of the carbonated CSH batch, the presence of a crystalline phase within the disordered matrix
is visible (Figure 2.7(a)). This indicates the intermixing of CaCOs crystals in the carbonated CSH
matrix. Such formation of a crystalline phase within the disordered matrix due to the carbonation
of CSH has been reported in the past [105]. In the zoomed-in version (Figure 2.7(b)), small
globules with dense borders or periphery were observed. Such globules can be considered as the
characteristic morphology of polymerized silica gel. In the case of M-2 and M-1 modified CSH,
formation of such globules was not visible. It was observed that even after carbonation, the original
foil-like morphology was retained for these batches, thus confirming other experimental
observation that the biomimetic molecules modified CSH were able to retain the original molecular

arrangements even after carbonation.
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Figure 2.7: TEM image of (a) pure CSH (100 nm), (b) pure CSH (50 nm), (c) M-1 modified
CSH (100 nm), (d) M-1 modified CSH (50 nm), (e) M-2 modified CSH (100 nm), and (f) M-2

modified CSH (50 nm) after 168 h of carbonation period.

ATR-FTIR measurements has proven to be a highly valuable tool to monitor the polymerization
of CSH [106] as well as the formation of various CaCOs polymorphs [58] during the carbonation
reaction. In this work, FTIR spectra were collected from the carbonated CSH samples at certain
intervals as shown in Figure 2.8. The FTIR spectra for CSH exhibit a broad absorption between

800 cm™* and 1200 cm™ which corresponds to the asymmetrical stretching vibration (vs) of the Si-
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O bond present in silicate [106]. Based on the literature [107], the various polymerized silicate
units in CSH were assigned as followings: the 960 ~ 980 cm™ peaks are the Q? units, the 1050 ~
1080 cm™ peaks are the Q2 units, and the 1100 ~ 1200 cm™ are the Q* units. The CaCOs
polymorphs can be identified by studying the asymmetrical stretching vibration (v3), the out-of-
plane bending (v2), and the in-plane bending (v4) of the CO3* bond in the ranges of 1300 ~ 1500

cm, 800 ~ 900 cm™ and 700 ~ 750 cm™, respectively [58] [108].

With increased carbonation duration, the asymmetrical stretching vibration (vs) of COs? started
forming at around 1420 cm™ in the pure CSH sample (Figure 2.8(a)). Additionally, sharp peaks
at around 872 cm™ and 711 cm™ were also formed. These are characteristics peaks of calcite
[58][109], [110]. However, the minor peaks of out-of-plane bending at 858 cm™ and in-plane
bending at 700 cm* indicate the presence of a small amount of aragonite in the control batch after
168 h of carbonation. Additionally, the in-plane bending peak at around 745 cm™ also represents
the formation of vaterite in these samples. Regardless, the characteristic peaks of calcite were most
prominent in the control batch indicating that these samples primarily formed calcite but contained
small amounts of vaterite and aragonite after 168 h of carbonation curing. The 28 days carbonated
CSH samples also primarily contained the characteristic peaks for calcite (1410 cm™, 873 cm™,
and 712 cm™). This indicates that the initially formed vaterite and aragonite were converted to

stable calcite polymorph in the case of the pure CSH carbonated sample.

The FTIR spectra of the M-2 modified, and M-1 modified CSH samples before and after
carbonation were very similar (Figure 2.8(b) and (c)). Unlike the pure CSH sample, the
asymmetrical stretching vibration (vs) of COs? bond started forming a split peak at around 1350
cm™ and 1390 cm™. Such split peaks are the characteristic of ACC as well as vaterite [110], [111].

The formation of out-of-plane and in-plane bending peaks at around 834 cm™ and 744 cm™,
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respectively, in these samples also indicate the formation of vaterite in the biomimetic molecules

modified CSH after carbonation. Unlikely the pure CSH samples, the characteristics FTIR peaks

for ACC and vaterite were found to persist in the biomimetic-molecule modified CSH samples

even after 28 days. Accordingly, it can be postulated that the presence of M-1 and M-2 stabilized

the formation of ACC and vaterite in the carbonated CSH samples.
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To understand the carbonation induced polymerization of C-S-H, the asymmetrical stretching
vibration (v3) of the Si-O bond formed in the range of 900 cm™ to 1200 cm™ was analyzed. As
observed in Figure 2.8(a), the control batch initially had an asymmetrical stretching vibration (v3)
of Si-O bond at around 960 cm™ which is characteristic of the C-S-H structure. With increased
carbonation duration, a peak at around 1100 cm™, corresponding to the Q3 species, started forming.
After 168 h of carbonation, the carbonated C-S-H sample contained primarily Q® and Q* peaks, in
addition to Q? peaks. However, after 28 days of carbonation, only the absorption bands
corresponding to Q% and Q* were visible, indicating the complete molecular arrangement of C-S-
H was damaged and formed a highly polymerized silica gel network. This observation also
matches the finding of the 2°Si NMR spectra. In the case of the modified C-S-H samples, the
original Q? structure of C-S-H was retained even after 28 days of carbonation, thus, corroborating
the findings of 2°Si NMR, that the presence of biomimetic molecules was able to aid C-S-H in

resisting carbonation-induced polymerization.

To obtain a semi-quantitative comparison, the FTIR absorption peak corresponding to the Si-O
bond in the range of 900-1200 cm™ was deconvoluted to get the mean wavenumber. The
deconvolution method was presented in a previous publication [106]. The absorption bands below
900 cm™ wavenumbers were not considered in the calculation to avoid the effect of the C-O bond
which has an absorption band at around 870 cm™. The mean wavenumbers for the different C-S-
H batches along with their carbonation durations are presented in Figure 2.8(d). From this plot, it
can be seen that the accelerated carbonation only slightly changed the chain silicate structure
present in the M-1 and M-2 modified CSH samples. The original molecular arrangements of CSH
were retained even after 28 days. However, in the case of the pure CSH sample, the conversion of

CSH to the polymerized 3D network for silica gel happened within 168 h.
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The TGA-MS plots of CSH carbonated for 168 h and 28 days are presented in Figure 2.9 and
Figure 2.10, respectively. Nearly all the CSH showed gradual weight loss due to the release of
chemically bound water within the temperature range of 100°C to 600°C, and the release of CO>
due to the decarbonation of CaCOs3 within the temperature range of 200°C to 800°C. As suggested
previously, the gradual weight loss due to the decarbonation is primarily associated, including
vaterite and ACC [58]. The decomposition (recrystallization to a stable phase) of ACC occurs in
the temperature range of 170°C to 350°C, depending on the particle size and pH [112], [113]. In
the case of vaterite, recrystallization occurs at around 450°C and exhibits multiple stages [114].
Based on this literature information, we mark four stages in the CO2 mass spectra of the carbonated
CSH samples and assign those stages as follows, I recrystallization of ACC, Il and IlI:
recrystallization of vaterite, and IVV: decomposition of calcite. Aragonite was not observed in these
samples using XRD (see supplementary data). From Figure 2.9(a), it can be observed that the
carbonated control CSH contained vaterite, ACC, and calcite after 168 h of carbonation. The CO>
spectra for M-1 and M-2 were similar to that of the control batch, except the intensity
corresponding to vaterite was low. Based on the TGA-MS plots, the weight loss associated with
the CO> release was further calculated and presented in Figure 2.9(d). It can be observed that due
to carbonation, pure CSH was able to sequester around 20% CO2. On the other hand, the CO;
sequestration in the M-1 and M-2 modified CSH samples was around 11% and 15%, respectively.
After 28 days of carbonation, the CO: release corresponding to ACC (stage 1) was not observed in
the control CSH batch [Figure 2.10(a)], but the intensity corresponding to vaterite was increased.
In the case of the M-1 modified CSH, after 28 days of carbonation, the intensity of CO> spectra
corresponding to ACC was increased, whereas, in the case of the M-2 modified CSH it remained

the same as at 168 h. Accordingly, we suggest that while all the carbonated batches contained
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vaterite and calcite, only the biomimetic molecules modified batches produced a stable form of
ACC. It was further observed that after 28 days of carbonation, the CO2 sequestered in the control
batch and M-2 modified batch increased to 27% and 20%, respectively. On the other hand, the M-
1 modified CSH did not show any increase in CO2 sequestration capacity after 28 days of
carbonation. Accordingly, M-1 modification was able to resist further carbonation of the samples
after 168 h, and M-2 modification slowed down the carbonation rate compared to that of the control
batch. Interestingly, the biomimetic molecules modified CSH samples were able to sequester CO>

without deteriorating the original chain like structure of the CSH.
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The frequency distribution of the elastic modulus in the C-S-H pellets after 168 h and 28 days of
carbonation are presented in Figure 2.11(a) and Figure 2.11(b), respectively. Considering the
pure C-S-H batch, with an increased degree of carbonation, the average elastic modulus was

observed to increase. This is expected considering calcite has a higher modulus compared to that

of C-S-H.
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It is postulated that after 168 h of carbonation, the pure CSH pellets consist of CaCO3 crystals,
remaining original CSH, and polymerized silica gel. Considering the combination of these phases,
the average elastic modulus was increased to around 15 GPa (original CSH average was 3 GPa).
The average modulus remains close to the previously reported value for the carbonated compact
CSH disc [115]. At this stage, the pure CSH also contained vaterite and ACC, which may have
also resulted in a lower modulus compared to those of calcite. However, after 28 days of
carbonation, the formation of calcite evidently caused a significant increase in the modulus.

Interestingly, considering the frequency distribution of the elastic modulus, the presence of three
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distinct phases were clearly identifiable (as marked in Figure 2.11(b)). This indicates that the
carbonated pure CSH pellet contained a mixture of these three phases. In contrast, in the M-2
modified CSH, the elastic modulus increased from 23 GPa to 36 GPa after 168 h of carbonation.
Upon carbonation for 28 days, the average elastic modulus distribution shifted further to ~ 40 GPa.
In the case of M-1 modified CSH, this increase in elastic modulus was significantly more
prominent. Specifically, M-1 CSH had an average elastic modulus of 9 GPa before carbonation,
which increased to 45 GPa after 168 h of carbonation. After 28 days of carbonation, the elastic

modulus increased further to 55 GPa.

Worth noting, pure calcite crystals have an elastic modulus of around 60 to 70 GPa [116].
Therefore, the frequency distribution of the observed elastic modulus of the control batch can be
statistically deconvoluted to three phases and assigned as follows: 20 GPa — remaining CSH and
silica gel, 35 GPa — intermixed gel phase and calcite, and 65 GPa — calcite. In contrast, in the case
of the M-2 modified batch, there weren’t any separable phases observed in the frequency
distribution after 28 days of carbonation. Specifically, the frequency distribution appeared to have
a normal distribution with mean modulus of around 36 GPa. A similar pattern was observed in the
case of the M-1 modified batch, except the mean modulus was higher (45 ~ 55 GPa). This
observation further indicates the potential formation of a single hybrid phase, instead of separate

microscopic phases.

The morphologies of the CaCOs crystals formed in the carbonated CSH are shown in Figure 2.12.
Individual crystal sizes and shapes were visible in all the CSH batches [Figure 2.12(a to f)]. In
the case of the control batch, CaCOs crystals were mostly embedded in the silica gel phase [Figure
2.12(a, b)]. However, sharp rhombohedral edges of calcite crystals were identifiable in the control

batch. In contrast, in the cases of the M-1 modified samples, spherical ACC were visible [Figure
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2.12(c, d)]. On the other hand, M-2 batches were mostly found to contain vaterite plates. Based on
the several SEM images, it was apparent that M-1 and M-2 primarily stabilized ACC and vaterite,

respectively. However, both of the batches also found to contain calcite crystals.
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Figure 2.12: SEM images showing the CaCOs morphology in carbonated (a and b) control;

(c and d) M-1 modified CSH; and (e and f) M-2 modified CSH samples
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2.4 Discussion

The primary finding of this study is that the carbonation-induced decalcification and subsequent
polymerization of CSH can be reduced by biomimetic-molecule modifications. The enhanced
carbonation resistance of CSH due to this modification can be attributed to the following
mechanisms. The presence of the selected biomimetic molecules ensures the stabilization of ACC
and vaterite during the early stages of carbonation of the CSH. The governing mechanism for how
the molecules interact with the CSH is shown in Figure 2.13. The negative OH" from the
biomimetic molecule gets attached with the positive Ca?* from the CaO sheet of CSH and later
forms the organic-inorganic hybrid phase while carbonation. The formation of organic-inorganic
hybrid phase due to the presence of biomimetic molecules and CaCOs are discussed in a previous

publication [58].

Before carbonation

o~ — M-UM2
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Figure 2.13: Interaction of biomimetic molecules with the CSH and formation of organic-

inorganic phase
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Stabilization of these metastable CaCOz polymorphs have multiple consequences:

Q) These polymorphs have lower solubility compared to that of calcite. Specifically, the
solubility constants for calcite, aragonite, and vaterite are 107848, 10783 and 10771,
respectively [49], [50]. ACC is 120 times more soluble than calcite [51]. Due to the
high solubility of ACC and vaterite, formation of these phases can reduce the extent of
carbonation [40].

(i)  ACC (1.62~2.59 gl/cc, depending on the H2O content) and vaterite (2.66 g/cc) have
lower density compared to that of calcite (2.71 g/cc) [117]. Accordingly, formation of
same weight of metastable CaCO3z occupies a higher volume compared to calcite, and
therefore, formation of these mCaCOs reduces the CO2 diffusion in the matrix.

(iii)  Asreported by Kim et al. [118], this approach of controlling the in-situ crystallization
of CaCOs using biomimetic molecules results in the formation of organic-inorganic
nanohybrids with superior elastic modulus and hardness compared to that of the pure

calcite crystal.
We suggest that due to mechanisms (i) and (ii), the biomimetic molecule modified CSH showed
notable resistance to the carbonation degradation compared to that of the pure CSH. In addition,
the above mechanism (iii) is responsible for the increased modulus of elasticity of the modified
CSH after carbonation. We further suggest that the biomimetic-molecule CaCO3 was not the only
hybrid phase, but rather a nanocomposite phase containing the CSH-biomimetic molecule-
mCaCOs was formed which had excellent elastic modulus compared to the pure CSH. A brief
comparison of Figure 2.11 and Figure 2.5 reveals that the elastic modulus of the above hybrid
phase is 16 times higher than the pure CSH (a 49 GPa average modulus of carbonated M-1

modified CSH vs. the 3 GPa of pure CSH).
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The above findings can be highly beneficial for cementitious materials that contain CSH/C-A-S-

H as the primary binding phases. These cementitious materials show degradation and strength loss

due to carbonation-induced degradation of CSH. By utilizing the biomimetic molecules, it can be

possible to reduce the carbonation degradation of the cementitious composites. Additionally, as

observed due to the presence of biomimetic molecules, the mechanical properties of the CSH

compacts were improved after carbonation. Thus, when the cementitious composites are exposed

to atmospheric COz, the mechanisms of the biomimetic molecules will allow a denser outer layer

to form which can work as an in-situ sealant layer for the composite.

2.5 Conclusions

The following are the concluding remarks from the present study:

M-1 and M-2-modified C-S-H showed foil-like morphology and similar silicate
polymerization as that of the pure C-S-H. However, C-S-H modified with M-1 and M-2 had
nearly 3 times and 8 times higher elastic modulus, respectively, compared to that of the pure
C-S-H.

From TEM image analysis, it was seen that the morphology of the modified C-S-H samples
were unaffected even after 168 h carbonation duration. On the other hand, after 168 h of
carbonation, pure C-S-H converted to spherical silica gel particles with distinguishable
periphery.

29Si NMR of the C-S-H samples before and after carbonation showed that within the
carbonation duration, pure C-S-H was fully converted to polymerized silica gel containing
Q3 and Q* species. In the cases of M-1 and M-2 modified C-S-H, no significant change in
the C-S-H polymerization was observed despite the increased amount of CaCO3 formation

after 28 days of carbonation. Accordingly, we suggest that the carbonation of C-S-H took
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place by the removal of interlayer Ca?* from the C-S-H, which does not significantly alter
the cross-linking/polymerization of the C-S-H.

The modified C-S-H showed significantly increased elastic modulus after carbonation. The
increase in the modulus of the M-1 modified C-S-H batch was higher than that of the M-2
modified C-S-H. The increase of modulus during carbonation was attributed to the formation
of an organic-inorganic nanohybrid phase in the presence of the biomimetic molecules.
Under the tested experimental scenario, the modification by M-1 and M-2 reduced the CO-
sequestration capacity of C-S-H by 45% and 25%, respectively. It is important to note that
the result of this reduced CO> sequestration capacity was that the biomimetic-molecule
modification allowed the C-S-H to retain its original structure and increased the elastic

modulus after carbonation.
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Chapter 3: In-situ FTIR experimental technique for monitoring the effect of different pH,

Ca/Si ratio, and addition of biomimetic molecules on carbonation degradation of C-S-H

3.1 Research objectives

Calcium silicate hydrate (C-S-H) is a critical component in Portland cementitious materials, and
its characteristics are pivotal for the physical performance, sustainability, and longevity of concrete
infrastructures. One common degradation process of C-S-H is decalcification, wherein calcium
leaches from its structure, leading to an increase in the degree of polymerization. Different
decalcification mechanisms can result in varying physical performances of C-S-H. For example,
decalcification induced by NH4NO3 has been observed to reduce the indentation modulus of C-S-
H, while carbonation-induced decalcification increases the indentation modulus by forming
CaCOs within the matrix. Carbonation also leads to matrix shrinkage due to C-S-H polymerization
and increased porosity, which provides pathways for detrimental ions to penetrate, further
degrading durability. Various polymorphs of CaCO3 can form during carbonation, such as calcite,
vaterite, aragonite, and amorphous calcium carbonate (ACC). Recent studies suggest that the use
of specific biomimetic molecules can stabilize the C-S-H structure during carbonation, enhancing
the indentation modulus and forming a hybrid phase comprising C-S-H, organic molecules, and
CaCOz. Given that carbonation is an inevitable process for most concrete structures due to
atmospheric CO, exposure, extensive ex-situ research has been conducted to comprehend the
carbonation mechanism of C-S-H, relying on techniques like NMR, X-ray diffraction, XPS,
Raman spectroscopy, TEM, and thermal analysis. The calcium to silica ratio (C/S) emerged as a
primary factor influencing C-S-H carbonation behavior, with different C/S ratios leading to distinct
carbonation products. In-situ studies, despite their challenges related to C-S-H's semi-crystalline

structure, are crucial for understanding early-stage carbonation behavior and CaCOgz polymorph
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formation. Notably, it was conducted the only in-situ carbonation study of C-S-H using X-ray total
scattering measurements and PDF analysis, providing insights into the kinetics of C-S-H
carbonation for a specific C/S ratio of 1.4. However, the in-situ carbonation kinetics of C-S-H for
different C/S ratios and pH levels remain unexplored, presenting a promising avenue for future

research.

To address the above discussed knowledge gap, the primary objectives of this study are as follows
(1) demonstrate the application of in-situ ATR-FTIR as a simple method to monitor decalcification
kinetics of C-S-H, (ii) evaluate the roles of C/S, pH, and the presence of M-1 on the decalcification
kinetics of C-S-H, and (iii) in-situ monitoring of CaCO3 formation and polymorph conversion

during the carbonation of C-S-H for various experimental parameters.

1.1 Materials and methods

3.2.1 Raw materials

To prepare the laboratory synthesized C-S-H, the same procedures mentioned in Chapter 2 had
been followed. This time, primarily the focus was on C-S-H containing Ca/Si = 1.5. However, to
observe the effects of different Ca/Si, two more batches were prepared — Ca/Si = 1.0 and Ca/Si =
2.0. High purity grade biomimetic molecule, M-1 was purchased from VWR. For biomimetic
molecule doped batch, 2.5% of M-1 (by percent weight of C-S-H) was added to the matrix before
starting the in-situ FTIR experiment. NaOH pellets were used to prepare different pH water
solution. To investigate the effects of different pH, four different pH water solutions were prepared

—pH 7,pH 9, pH 11.5 and pH 13.

3.2.1 Methods

3.2.1.1In-situ FTIR
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The in-situ Fourier-Transformed Infrared (FTIR) spectra of the powder samples were collected
using the Attenuated Total Reflection (ATR) mode with 4 cm™ resolution and 32 scans for each
sample. The test was conducted with freshly prepared samples. To perform the in-situ FTIR, first
the background spectrum was collected using a 1 uL water drop in CO. atmosphere. The samples
were taken in powder form. Around 15 mg samples were taken. 1 puL water was put on top of the
powder sample before starting the test. CO, gas purging commenced immediately upon the
placement of the paste sample onto the ATR tip. A total of 280 spectra was collected maintaining
atime interval of 3.75 mins between two spectra. 99% CO. gas purging was maintained. The signal

to noise ratio was maintained lower than 3:1.
3.2.1.1 Thermogravimetric analysis (TGA)

After the completion of the in-situ FTIR test, samples were collected and ground using a mortar
and pestle, and the resulting powder was immediately utilized for TGA measurements. TGA
measurements were conducted using a commercially available instrument (TA instrument, TGA
550). Approximately 15 mg of powder sample was tested for each batch. The powdered sample
was loaded into a platinum pan and was kept under isothermal conditions at room temperature for
5 minutes. The temperature of the TGA furnace chamber was then incrementally raised to 980°C
at a rate of 15°C per minute. Nitrogen was employed as purging gas throughout the experiment to

maintain an inert environment.
3.2.1.1 Scanning electron microscopy (SEM)

The assessment of calcium carbonate crystal morphology was conducted using the Hitachi S4800
Il FE-SEM. The equipment was operated under high-vacuum conditions, employing a 30-kV

accelerated voltage and maintaining a working distance of approximately 12 mm. Prior to SEM
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image capture, a Gold (Au)-Platinum (Pt) coating was applied to the sample. In this examination,

the fractured surface of the carbonated samples was employed.

3.3 Results
3.3.1 Data repeatability
The obtained FTIR spectra range is too wide, from 400 cm™ to 4000 cm™*. We focused on two

certain ranges to investigate the carbonate formation and silica gel polymerization. They are — 700

cmto 750 cm™ range and 900 cm™ to 1200 cm™ range respectively (Figure 3.1).
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Figure 3.1: FTIR full range plot (700-4000 cm* range)

One of the major challenges of this in-situ FTIR work is to ensure the data repeatability. Every
time, same steps were followed. However, to prove the acceptability of the datasets, we ensured
data repeatability by repeating the control C-S-H batch (pH 7) thrice. They were labelled as — CSH

T01, CSH T02, and CSH T03. Figure 3.2(a) shows all the collected spectra at 900 cm™ to 1200

cm? range.
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One of the major challenges of this in-situ FTIR work is to ensure the data repeatability. Every
time, same steps were followed. However, to prove the acceptability of the datasets, we ensured
data repeatability by repeating the measurements for the control C-S-H batch (pH 7) thrice. They
were labelled as — CSH T01, CSH T02, and CSH T03. Figure 3.1 shows all the collected spectra

at 900 cm™to 1200 cm™ range.

The Q? peak was found at 957 cm™ and Q3 was found at 1050 cm (already mentioned in Chapter
2). Figure 3.2(b) presents the Q% to Q® degradation with time. During this convergence phase, it
was observed that, the degradation occurred in two distinct phases: initial dormant period and then
rapid convergence period. To compare among the repeated batches, the slope was taken at the
rapid convergence period (Figure 3.2(c) and (d)). It was found that, 50% Q? degradation happened
after 204 mins on average (with only 3.8% coefficient of variance). Besides, the mean slope value
was obtained -0.2826 which was also within a very low coefficient of variance (only 2.4%). These

results prove the repeatability of the datasets at 900 cm™ to 1200 cm™ range.

44



(b)

1080 mins Q] 80 15 mins (195~210) 180
| ; ] | iy o« i
I ,l\ A g 70 e /,;,:-_:::t —————————————— 70 =
> A T i ot =
£ . C * 60 60 %
a min 1 & —
ks ] £, 50 s0 §
~ i o
<:'\ 40' e 40 S
. < 1 o
! 30+ i 30
i g
| . . : . . ! 20 i 120
1200 1150 1100 1050 1000 950 900 I E—
1 0 120 240 360 480 600 720 840 960
Wavenumber (cm™)
Time (mins)
(d)
(C) Q’to Q® Coefficient
Data set | Convergence Mean | of variance
80+ —  CSH TO1 time (mins) (CoV)
= 70 CSH TO1 195
= 6l e CSHTO2 | 206 204 | 38%
o ] CSH T03 210
(\j— 50—
=
8 401 Coefficient
~ 304 Data set | Slope value | Mean | of variance
(CoV)
20
. . ; y . . ' . CSH TO1 -0.2773
0 120 240 360 480 600 720 840 960 CSH T02 20.2804 -0.2826 2.4%
TiniE (friins) CSHTO3 |  -0.2901

Figure 3.2: (a) CSH 900-1200 (b) Q? vs Q% convergence (T01, T02, T03) (c) obtained slope

value (d) Summary of Q? vs Q3 convergence and slope values

The Q? peak was found at 957 cm™ and Q® was found at 1050 cm™ [119]. Figure 3.2(b) presents
the Q2 to Q° degradation with time. During this convergence phase, it was observed that
degradation occurred in two distinct phases: initial dormant period and then rapid convergence
period. During the rapid convergence period, C-S-H degradation starts happening and silica gel
formation begins. The remaining percent C-S-H and silica gel percentage at the corresponding

time were calculated following the equations (1) and (2).
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.. Q?
Remaining percentC —S — H = PO x 100 (Eq 1)

3
Silica gel percentage = # x 100 (Eq 2)

To compare among the repeated batches, the slope was taken at the rapid convergence period
(Figure 3.2(c) and (d)). It was found that, 50% Q? degradation happened after 204 mins on average
(with only 3.8% coefficient of variance). Besides, the mean slope value was obtained 0.2826 which
was also within a very low coefficient of variance (only 2.4%). This slope value indicates the rate
of C-S-H degradation. These results prove the repeatability of the datasets at 900 cm™to 1200 cm-

! range.

To ensure data repeatability at low range (700 cm™ to 750 cm™), percent calcium carbonate
formation among the batches with standard deviation versus time plot has been generated in

Figure 3.3. Percent calcite and vaterite were calculated following the equation (3).

Calcium carbonate (e.g. calcite)

% Calcium carbonate = x 100 (Eq 3)

Calcite + Vaterite + Aragonite + Bicarbonate

Based on the literature [58], [66], [119], [120], aragonite forms at around 700 cm, calcite forms
at around 713 cm™ and vaterite forms at around 740 cm™. Figure 3.3(a) and (b) are presenting the
2D contour and 3D plotting at this range. Prominently, it is forming calcite at 713 cm™ and vaterite
formation is also visible at 740 cm™. Figure 3.3(c) shows the percent calcium carbonate formation
with time. Since, calcite is the most thermos-dynamically stable calcium carbonate polymorph, it
is showing low standard deviation. On the other hand, vaterite is metastable calcium carbonate

polymorph and thermodynamically unstable, due to which, the standard deviation is higher.
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To ensure data repeatability at low range (700 cm™ to 750 cm™), % calcium carbonate formation
among the batches with standard deviation versus time plot has been generated in Figure 3.3.
Based on the literature [58], [66], [119], [120], aragonite forms at around 700 cm, calcite forms
at around 713 cm™ and vaterite forms at around 740 cm™. Figure 3.3(a) and (b) are presenting the
2D contour and 3D plotting at this range. Prominently, it is forming calcite at 713 cm™ and vaterite
formation is also visible at 740 cm™. Figure 3.3(d) shows the percent calcium carbonate formation
with time. Since, calcite is the most thermos-dynamically stable calcium carbonate polymorph, it
is showing low standard deviation. On the other hand, vaterite is metastable calcium carbonate

polymorph and thermos-dynamically unstable, due to which, the standard deviation is higher.
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Figure 3.3: Plots for repeatability at 700cm™ to 750 cm™ range
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Figure 3.4: Water drop at 720 cm™

However, another prominent peak is noticeable at 720 cm™. It was bicarbonate peak. To ensure it,

in-situ FTIR experiment was conducted on a drop of water for 150 mins, and the outcome is
presented in Figure 3.4.

3.3.2 Role of pH on decalcification

To investigate the effects of pH on decalcification, four different pH environments were chosen
on the control C-S-H sample. They are — pH 7, pH 9, pH 11.5 and pH 13. The same in-situ FTIR

technique was applied for these batches.
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Figure 3.5: (a) Change of Q? vs time of control pure CSH at different pH, (b) slopes at

different pH, (c) 50% Q? degradation vs different pH

Figure 3.5(b) shows that, increasing the pH increases the slopes as well which means faster Q2
degradation. Figure 3.6 shows the percent formation of different calcium carbonate polymorphs at
different pH environments. Among the batches, at pH 9 environment, percent vaterite formation
was the highest while, the pH 7 formed the lowest amount of vaterite. From this outcome, pH 9

environment has been chosen to observe the effects of different Ca/Si ratio.
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3.3.3 Role of Ca/Si on decalcification

The effects of different Ca/Si on decalcification are presented in Figure 3.7. Three different

batches of C-S-H were synthesized following the ratio 1.0, 1.5 and 2.0 at pH 9 environment.
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Figure 3.7: (a) Change of Q? vs time of pure CSH at different Ca/Si; (b) slope values at
different Ca/Si

Except Ca/Si = 1.5, the other two showed higher degradation rate. Higher Ca/Si indicated higher

Ca™ in the system, therefore, carbonates formation was easier due to the more available calcium

ions in the system. Due to this phenomenon, Ca/Si = 2.0 did not resist for more than an hour.

However, Ca/Si = 1.5 took the highest amount of time to degrade among the three batches. From

Figure 3.8, it also exhibits that, percent vaterite formation was the maximum for the Ca/Si ratio

batch. The other two ratio batches formed less amount of metastable calcium carbonates with

higher calcite formation.
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3.3.4 Role of biomimetic molecule on decalcification

Role of biomimetic molecule on decalcification was observed in presence of M-1 molecule at a

very low dosage (2.5%). Then, it was compared with respect to the control batch to see any further

improvement.
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Figure 3.9: (a) Change of Q2 vs time of biomimetic modified CSH at different pH; (b) slope
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Figure 3.9(a) shows Q? degradation of 2.5% M-1 modified C-S-H batches with respect to different
pH environment. With the increase of the pH, the degradation is happening faster. However, it
showed better performance with respect to control batches at lower pH dosages (pH 7 and pH 9).
At higher pH dosages (pH 11.5 and pH 13), it could resist the degradation well (Figure 3.9(b)).
However, it resisted faster degradation compared to the control batch (Figure 3.9(b)). Figure 3.10

shows that, all the M-1 modified batches formed significant amount of metastable calcium

(b)
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% 3 /
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./
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carbonates (vaterites) compared to the control batches (Figure 3.6).
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3.3.4 COz sequestration
Figure 3.11 presents the TGA-DTG plots of the samples after the completion of in-situ FTIR

experiments. The weight loss range has been taken into consideration from 200°C to 780°C where

the decomposition was occurred due to the chemically bound H20 and CO..
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Figure 3.11: (a) TGA-DTG of Control CSH different pH batches; (b) TGA-DTG of 2.5% M-

1 dosage different pH batches; (c) percent chemically bound H20 and CO2 contents

In the Figure 3.11(a) and (b), TGA DTG plots of the control and M-1 modified batches at different
pH environments are shown. From the decomposition range 200°C to 780°C, percent chemically

bound H20 and CO; are calculated using the area under the curve method and presented in Figure
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3.11(c). Significant amount of CO2 uptake can be observed at high pH and after the addition of M-
1 molecules which shows the promising avenue of carbon sequestration while the CSH is

incorporated with a very low dosage of biomimetic molecules.

The CSH samples with Ca/Si = 1.5 were tested for thermogravimetric analysis with or without the
M-1 addition. It was calculated from the before carbonation fresh CSH sample that, the amount of
chemically bound H20 was around 20%. However, theoretically, maximum CO; binding capacity
of the CSH with Ca/Si = 1.5 is around 29.6%. Therefore, we can see the combined storage capacity

of chemically bound H20 and CO2 from the plots.

3.3.4 Scanning electron microscopic observations

Control 2.5% M-1
SEM

c |pH 11.5 |8

d| pH13

Figure 3.12: Scanning Electron Micrographs (SEM) of C-S-H (Ca/Si = 1.5) with and without

M-1 of different pH environments. The scale bar represents 1 pum.
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The Scanning Electron Micrographs (SEM) of the different samples after 18 hours of exposure to
carbonation are presented in Figure 3.12. Here, columns 1 and 3 represent agglomerated, and
columns 2 and 4 represent single crystals of different calcium carbonate polymorphs. For all the
control samples, calcite crystals were prominent irrespective of the pH environment. The crystal
sizes varied from 400 nm to 1.6 um. The crystals co-existed with the C-S-H gel phase. On the
other hand, C-S-H with 2.5% M-1 sample exhibited primarily amorphous calcium carbonate

(ACC) phase. The size of the ACC crystal varied from 250 nm to 1.7 pum.

3.4 Discussions

In our experimental investigation, the influence of varying pH levels on the process of
decalcification was explored. To do this, four distinct pH environments - pH 7, pH 9, pH 11.5, and
pH 13 - were selected, and the same in-situ FTIR technique was applied to the control calcium-
silicate-hydrate (C-S-H) sample. Observations revealed that an increase in pH was associated with
an elevated rate of decalcification, as evidenced by steeper slopes, indicating faster degradation of
the Q2 component. Additionally, the percentage formation of various calcium carbonate
polymorphs under different pH conditions was illustrated in our findings. Remarkably, at a pH
environment of 9, the formation of vaterite was most pronounced, while pH 7 resulted in the lowest
vaterite formation. Consequently, pH 9 was selected as the optimal environment for the

examination of the effects of different Ca/Si ratios on decalcification.

The effects of diverse Ca/Si ratios on decalcification were subsequently investigated in a pH 9
environment, with three distinct C-S-H batches synthesized according to ratios of 1.0, 1.5, and 2.0.
Except for Ca/Si = 1.5, a higher degradation rate was exhibited by the other two ratios. This trend
was attributed to higher Ca++ content in the system, which facilitated the formation of carbonates

due to the increased availability of calcium ions. As a consequence, Ca/Si = 2.0 showed limited
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resistance to degradation, lasting no longer than an hour. In contrast, Ca/Si = 1.5 demonstrated the
longest time to degrade among the three batches. Furthermore, our analysis indicated that the Ca/Si
= 1.5 batch displayed the highest percentage of vaterite formation, whereas the other two ratio
batches exhibited reduced metastable calcium carbonate formation and a greater prevalence of

calcite formation.

To delve into the role of biomimetic molecules in decalcification, a biomimetic molecule, M-1,
was introduced at a low dosage (2.5%) and its performance was compared with the control batch.
Findings unveiled that Q% degradation in the 2.5% M-1 modified C-S-H batches was influenced
by the pH environment, with faster degradation observed as pH levels increased. Nevertheless, at
lower pH values, specifically pH 7 and pH 9, enhanced performance compared to the control
batches was displayed by the 2.5% M-1 modified batches. At higher pH levels, namely pH 11.5
and pH 13, resistance to degradation was exhibited by the modified batches, although they still
degraded faster when contrasted with the control batch. Additionally, analysis demonstrated that
a significant amount of metastable calcium carbonates, specifically vaterite, was formed by all M-

1 modified batches in comparison to the control batches.

In the pursuit of carbon dioxide (COz) sequestration, TGA-DTG plots of the samples after in-situ
FTIR experiments were provided. The weight loss range considered was between 200°C and
780°C, reflecting the decomposition attributable to chemically bound H,O and CO>. Notably, it
was observed that a substantial uptake of CO2 occurred at higher pH levels and with the addition
of M-1 molecules. This outcome suggests a promising avenue for carbon sequestration when
employing C-S-H with a very low dosage of biomimetic molecules. Furthermore,
thermogravimetric analysis was performed on C-S-H samples with a Ca/Si ratio of 1.5, both with

and without the addition of M-1. Analysis indicated that the chemically bound H20 content in
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fresh C-S-H samples, prior to carbonation, was approximately 20%. However, the maximum CO-

binding capacity of C-S-H with a Ca/Si ratio of 1.5 was theoretically estimated to be around 29.6%.

But the total amount of chemically bound H,O and CO2 was more than that. Therefore, it is evident

that a significant amount of CO2 was sequestered in the system.

3.5 Conclusions

Based on the findings, the concluding remarks are —

(i)

(i)

(iii)

(iv)

In-situ FTIR experiment is a novel technique to monitor the carbonation effects on
calcium silicate hydrates samples. However, ensuring strict quality control cannot be
compromised.

pH has effects on C-S-H degradation. Higher pH environment occurs the degradation
faster. pH 9 environment showed fastest degradation.

Ca/Si has noticeable effects on C-S-H decalcification. Ca/Si = 1.5 showed a low
degradation rate compared to Ca/Si = 1.0 and 2.0.

Even though, higher pH environment makes the degradation faster, it can be reduced
with a very low dosage (2.5%) of M-1 biomimetic molecule. Addition of M-1
biomimetic molecule showed improved resistibility to C-S-H degradation. However,
lower pH environment needs to be ensured.

The addition of M-1 biomimetic molecule showed significant improvement in CO-

sequestration as well.

59



Chapter 4: Utilization of biomimetic molecules to enhance the properties of carbonation

cured gamma dicalcium silicates (y-C2S)

4.1 Research objectives

In response to the escalating need for eco-friendly binder systems, there has been a growing push
to address the substantial carbon footprint associated with conventional Portland cement (OPC).
An emerging alternative in this regard is the carbonation-activated low-lime calcium silicate
binder, which has gained attention for its potential to reduce the environmental impact of cement
production by lowering temperature requirements and clinker production. Among the calcium
silicates, dicalcium silicate (C.S) has emerged as a candidate for reducing energy consumption in
cement manufacturing, particularly when used as the primary cement constituent. Of note, y-CS,
has garnered interest due to its unique characteristics, including the "dusting™ effect, which reduces
grinding energy requirements, and its remarkable CO> absorption abilities, making it a sustainable
construction material. Research also indicates similarities in the behavior of wollastonite (CS) and
rankinite (CsS2) to that of y-C>S when subjected to carbonation curing, underscoring the
importance of understanding y-C.S's carbonation reactivity for low-carbon calcium silicate-based
cementitious materials. The mechanical properties of carbonated cement composites are
significantly influenced by the formation of different CaCOs polymorphs, with amorphous calcium
carbonate (ACC) as an initial precursor that transforms into metastable phases like vaterite or
aragonite before stabilizing as calcite, ultimately contributing to improved mechanical strengths.
However, controlling the formation of these polymorphs is a complex task, influenced by factors
such as humidity, temperature, CO concentrations, and water content. To address this challenge,
researchers have explored the use of organic molecules, including amino acids and biomimetic

molecules, to influence polymorph formation in carbonated cementitious composites. Amino acids
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like ovalbumin, lysozyme, and bovine serum albumin (BSA) have been employed to modify
CaCOs polymorphs, demonstrating potential for enhancing mechanical properties. Previous
studies on carbonated y-C,S samples have been carried out under molding pressure and high-
temperature curing conditions, resulting in substantial strength gains when exposed to high CO;

concentrations.

Biomimetic molecules, M-1 and M-3 were chosen along with M-4 to observe their ability to
enhance the nano and micro-structural properties of carbonated y-C>S composites. The hypothesis
is - these biomimetic molecules can alter the CaCO3 polymorphs formation which will eventually
enhance the micro and nano-mechanical performance of the carbonated y-C,S composites. For
this, micro to nano structural analyses were performed on carbonated y-C>S composites to verify

the hypothesis.

4.2 Materials and methods

4.2.1 Raw materials and sample preparation

There are several methods for synthesizing pure calcium silicate phases [121]-[123]. Most of these
methods use the technique of sintering the stoichiometric mixture of lime and silica. In this study,
CaCO3 (>99% purity) and fumed silica (>99% purity) were used to synthesize y-C.S. High purity

grade M-1, M-3 and M-4 were purchased from VWR.
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Figure 4.1: Particle size distribution of the synthesized y-C2S
Uniform mixing of CaCOsz and fumed silica was prepared to obtain a molar ratio of 2:1 in the
presence of water (w/b was maintained 0.65 to ease the mixing procedure). This paste mixture was
then placed inside a high temperature furnace and sintered up to 1400°C for 4h. After this, it was
left inside the furnace until it cooled down to a room temperature following a slow cooling process
to ensure the stabilization of y-C.S. The resulting products were ground, sieved through mesh #200
(74 um) and fried twice to maximize the chemical reaction of available lime and silica. After each
sintering cycle, powder sample was evaluated by the X-ray diffraction (XRD) to check the
presence of any free lime contents. From thermogravimetric analysis (TGA), it was checked that
the free lime content of the synthesized y-C>S was maintained to be below 3%. The particle size
distribution of the synthesized y-C.S is shown in Figure 4.1 which was determined using a
commercially available laser particle size analyzer. Two types of samples were prepared for
carbonation curing: (i) thin disc from paste samples (~5 mm thick and 20 mm dia) and (ii)

compacted paste cube and beam samples.
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Figure 4.2: Schematic diagram of the sample preparation
First type of samples was used to monitor the CaCOs polymorph formation and evolution along
with nanomechanical properties during the carbonation period. The second category was prepared
for mechanical strength and pore size distribution analysis. For preparing the paste samples, dry
biomimetic molecules were first mixed with water at 2.5% and 5% concentration (by weight
percentage of y-C,S). Figure 4.2 shows the schematic diagram of the sample preparation of each

experiment.

4.2.2 Test methods

Samples of carbonated paste were gathered after 7 days and subsequently ground to prepare them
for X-ray diffraction (XRD) analysis. These powdered samples were loaded into a Bruker D500
spectrometer, where a Cu Ka radiation (40 kV, 30 mA) was employed. The diffraction patterns

were then recorded in the 26 range of 10° to 60° with a step size of 0.03 (20) per second.

Phase identification through X-ray diffraction (XRD) was carried out using commercially

available software known as "Match! Phase Analysis using Powder Diffraction." The PDF card
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numbers used for reference were as follows: PDF #96-900-0967 for calcite, PDF #96-901-3802

for aragonite, PDF #96-150-8972 for vaterite, and PDF #96-154-6026 for y-C>S.

The microstructures of the carbonated y-C»>S pastes were analyzed using the Hitachi S4800 Il FE-
SEM. Operating in high-vacuum mode, the instrument employed a 30-kV accelerated voltage and
maintained a working distance of approximately 11 mm. Before capturing the SEM images, the
cement paste sample was coated with Gold (Au)-Platinum (Pt). The analysis utilized the powder

form of the paste samples.

Fourier-Transformed Infrared (FTIR) spectra of the ground paste sample were obtained using the
Attenuated Total Reflection (ATR) mode, employing a resolution of 4 cm™ and conducting 32
scans for each sample. The signal to noise ratio was maintained below 3:1. The FTIR test was

performed on carbonated samples collected after 7 days.

The TGA experiment of the paste sample was conducted using a commercially available
instrument (TA instrument, TGA 550). The paste samples, which had been stored in a vacuum
desiccator, were used for this test. To prepare the samples, they were ground with a mortar pestle
until a fine powder was obtained. Around 25-30 mg of the powdered sample, passing through a
#200 sieve, was loaded into a platinum pan. The pan was subjected to an isothermal condition at
25°C for 5 minutes before gradually increasing the chamber temperature to 980°C at a rate of 15°C

per minute. To ensure an inert environment, nitrogen gas was purged during the process.

To validate the consistency of carbonation across samples, the TGA test was initially performed
with three replicate samples. The results showed a deviation of less than 2% by weight of total
carbonated samples, indicating good reproducibility. Consequently, for the remaining batches,

TGA was performed with only one sample due to the low level of deviation.
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The Micrometrics Instrument Corporation AutoPore 1V 9500 V2.03.01 was utilized to conduct
Mercury intrusion porosimeter (MIP) experiments on cementitious composites. This technique is
employed to determine the structure of meso-porous (pore radius 2~50 nm) and macro-porous (>
50 nm) materials. The MIP test was carried out on three sets of samples: the control batch, and
paste samples with 2.5% and 5% dosages, all subjected to carbonation curing for 7 days. The

sample size was standardized to 15 x 15 x 15 mm.

In the MIP experiment, mercury was used with a surface tension of 0.485 N/m and an average
contact angle of 130° with the pore wall. The maximum pressure applied was 413 MPa, allowing
the examination of pores with a diameter as small as 3.02 nm. This analysis helps in characterizing
the pore structures of the cementitious composites in different dosage conditions after the

carbonation curing period.

To obtain the moisture desorption isotherm of carbonated paste samples, the commercially
available DVS equipment (TA instrument, Q5000) was employed. Prior to testing, the samples
were immersed in DI water for 6 hours to ensure complete saturation. About 4-5 mg of the

saturated sample was loaded into a quartz pan.

The desorption isotherm was obtained by first equilibrating the sample at 97.5% relative humidity
(RH) for 5760 seconds. Subsequently, the RH was gradually reduced in steps of 5-10% to achieve
desorption. At each RH level, mass equilibrium was considered reached when the sample's mass
fluctuation remained below 0.001% for 15 minutes. The entire experiment was conducted at a
constant temperature of 23°C, and nitrogen gas was consistently purged during the process to

maintain a stable environment.
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DVS is the favored method for assessing meso and gel pore structures in cementitious phases, as
opposed to mercury intrusion porosimetry (MIP) [124]. When compared to water sorption, the
nitrogen sorption technique significantly underestimates the surface area of cementitious matrix.
This article utilized the BET method to determine the surface area (Sger) of carbonated
composites. [125] and pore size distribution was determined based on the BJH model [126]. The

calculation of the BET and BJH methods can be found elsewhere [77], [127].

For the nanoindentation tests, a Hysitron Triboindenter UB1 system (Hysitron Inc., Minneapolis,
USA) equipped with a Berkovich diamond indenter probe was utilized. To ensure accurate
measurements, the tip area function was calibrated using multiple indents with varying contact
depths on a standard fused quartz sample. The surface roughness was evaluated using the
Berkovich tip, and in all instances, it was found to be below 80 nm over an area of 60 um % 60

um. This level of surface quality was deemed suitable for conducting nanoindentation tests.

For grid nanoindentation, 7 days carbonated samples were specifically chosen. The load function
adopted a three-segment approach: (i) a 5-second loading process from zero to maximum load, (ii)
a 5-second hold at the maximum load, and (iii) a 5-second unloading from maximum to zero load.
To accurately determine the mechanical properties of individual microscopic phases, it was
essential to ensure that the depth of indentations remained considerably smaller than the
characteristic size of each microscopic phase (indentation depth < characteristic size of each
microscopic phase) [128]. Therefore, for this study using the SNI technique, a maximum force of
2000 puN was selected. As a result, the average indentation depth within a 30 um x 30 um area

ranged from approximately 100-300 nm.

To measure the compressive strength, a Gilson compressive strength testing machine was

employed, applying a loading rate of 450 N/s. On the other hand, the flexural strength, determined
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through the 3-point bending test, was measured using a laboratory-made micro-mechanical tester

with a displacement rate of 1 mm/min.

After 7 days of carbonation curing, the compressive and flexural strength of paste samples were
evaluated. The cube-shaped samples measured 25 mm x 25 mm x 25 mm, while the beam-shaped

samples were 40 mm x 20 mm x 15 mm.

To observe the effects of high temperature curing, another set of samples were prepared for both
compressive and flexural strength testing and kept inside the carbonation chamber at 50°C for 7

days (maintaining the same other parameters; 20% CO> concentration, 80% RH).

4.3 Results and discussions

4.3.1 Effects on the carbonation extent and CO: sequestration

The thermogravimetric analysis graphs (TGA and DTG) of 7 days carbonated samples are shown
in Figure 4.3. Mass losses in the temperature range of 500-800 °C of 7 days cured paste samples
were due to the decomposition of CaCOs phases [69]. Presence of multiple DTG peaks in this
temperature range were attributed to the decomposition of different polymorphs of CaCOs [77],
[91], [129]. From SEM and XRD analysis, multiple CaCO3z polymorphs formation was also
confirmed. TGA results were eventually used to calculate the total CaCOs3 contents decomposed

in the system Figure 4.3(c).
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Figure 4.3: Thermogravimetric analysis of 7 days carbonated y-C2S paste samples; (a) 2.5%

batches, (b) 5% batches, (c) comparison of CaCOs3s contents formation among the batches

The observed mass losses in the temperature range of 500-800°C for the 7 days cured paste samples
can be attributed to the decomposition of CaCO3 phases [69]. The occurrence of multiple DTG
peaks within this temperature range was associated with the decomposition of various polymorphs

of CaCOs [77], [91], [129]. From SEM and XRD analysis, multiple CaCO3z polymorphs formation

was also confirmed. The TGA results were utilized to determine the total CaCOs3 content that

underwent decomposition in the system (Figure 4.3 (c)).

It was observed that with the increase of the dosage in M-1 batches, the CaCO3 contents decreased.

This observation matches with previous findings on the role of M-1 in carbonated wollastonite
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composites [91]. For M-3 batches, the observation was opposite to that of M-1. Increasing the
dosage of M-3 increased carbonate formation, and therefore, the degree of carbonation. In M-4
modified batches, 2.5% batch showed the highest amount of CaCOs3 contents. Accordingly, while
the addition of M-1 reduced the CO> sequestration capacity of y-C.S, the other two molecules
increased the sequestration capacity. The CO> stored in the carbonated composite increased by
nearly 46% due to the addition of 5% M-3 and by around 110% due to the addition of 2.5% M-4.

4.3.2 Effects of molecules on the CaCOs polymorphs: Observations from XRD, FTIR and
SEM

Figure 4.4 shows the XRD patterns of the 7-days carbonated y-C,S paste samples. The XRD
pattern of the synthesized y-C>S matched with previously published literature [69], [130]. Both the
v-C2S and the calcite peak are identified at a very close range (~ 29° 20). From Figure 4.4Error! R
eference source not found.(a), it is observed that 2.5% M-4 modified y-C,S batch showed the
highest calcite peak (~ 29° 20). Nevertheless, 2.5% M-4 modified batch showed the formation of
aragonite and vaterite as well. The other 2.5% biomimetic molecule modified batches showed

comparatively less prominent calcite peak formation. However, all the 2.5% batches showed

metastable CaCOs polymorphs (vaterite and aragonite) formation.

From Figure 4.4(b), it can be observed that calcite peak (around 29.6°) got reduced for the 5%
molecule containing batches. With the increase of the dosage, the y-C,S peak intensity got
decreased as well. Other metastable CaCO3 polymorphs peak was also observed in the 5% batches,

but those were not prominent. Aragonite formation was also observed on the control batch.

Apart from XRD, the formation of carbonate polymorphs in biomimetic molecule modified y-C.S

binders was also investigated with FTIR spectra (Figure 4.5). Noteworthy, the background was
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removed and only the 690 cm™ to 755 cm™ range was focused for this work to clearly distinguish
the carbonate polymorphs. The peak at around 1450 cm™ (corresponding to asymmetric stretching
(vs) of CO3%) are often used to identify the presence of vaterite/ACC in the carbonated composite

in literature [91].
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Figure 4.4: X-ray diffraction pattern of the y-C2S paste, (a) 2.5% batch and (b) 5% batch

However, the peak at 1450 cm™ is generally overlapped by the presence of all carbonate
polymorphs. The peaks in the 690 cm™ to 755 cm™ range shows clearly distinguishable peaks for
different carbonate polymorphs. They are at 700 cm™ for aragonite, at 712 cm™ for calcite and at
746 cm! for vaterite (all these bands are due to the in-plane bending vibration (va4)) [120], [131]-
[135]. ACC formation does not show any peak in this wavenumber range, and therefore, allowing

clear distinction between vaterite and ACC.

From the observation, both the 2.5% and 5% M-4 and M-3 modified y-C>S carbonated paste
samples showed calcite peak at 712 cm™. A small aragonite peak was identified in the control and
2.5% M-4 containing batches. The 2.5% M-1 batch showed low intensity calcite and vaterite
peaks. However, at 5% M-1 dosage, the calcite peak disappeared and the intensity of vaterite peak
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was significantly reduced. The absence of any peak in this range can be considered as an indication

of ACC stabilization, formation of carbonates was confirmed using TGA.
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Figure 4.5: FTIR spectra of 7 days carbonated biomimetic molecules modified y-C2S paste
samples; (a) 2.5% batch at 700-750 cm!; (b) 5% batch at 700-750 cm™; (c) 2.5% batch at

1400 cm™; (d) 5% batch at 1400 cm™

The morphology of the paste samples of gamma dicalcium silicate with and without different
dosages of different biomimetic molecules was evaluated using SEM. The control sample

exhibited calcite crystals with sharp rhombohedral edges (Figure 4.6(a)). The 2.5% M-1 (Figure
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4.6(b)) and 2.5% M-4 (Figure 4.6 (d)) contained spherical ACC and vaterite phases. In 2.5% M-
1 sample, the ACC spheres were larger in diameter (200 nm, 20-point average with a standard
deviation of 38 nm) and agglomerated together, whereas in 2.5% M-4, the crystal sizes were
smaller (60 nm, 20-point average with a standard deviation of 17 nm), and spheres were
agglomerated. It was interesting to note that both 2.5% and 5% M-3 (Figure 4.6 (c) and Figure

4.7(c), respectively) samples contained vaterite with different crystal sizes.

Figure 4.6: Morphology of the calcium carbonate polymorphs in (a) control, (b) 2.5% M-1,
(c) 2.5% M-3, and (d) 2.5% M-4 samples. The scale bar represents 500 nm.
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Figure 4.7: Morphology of the calcium carbonate polymorphs in (a) control, (b) 5% M-1,
(c) 5% M-3, and (d) 5% M-4 samples. The scale bar represents 1 um.

A relatively larger crystal of calcite with rounded edges compared to the control sample was
observed in 5% dosages of M-1 and M-4 (Figure 4.7(b) and Figure 4.7(d), respectively). In the
5% M-1 sample, there were no individual crystals of calcium carbonate observed throughout the
sample. However, it appeared that the carbonate phases were covered with extra deposition, as
presented in Figure 4.7(b). Therefore, it can be concluded that smaller dosages of M-1 and M-4
were able to stabilize the ACC, whereas M-3 stabilized vaterite in all of the dosages after 7 days

of carbonation.

4.3.3 Effects on the micro and nanoscale pore size distribution

Pore size distributions of the 7 days carbonated y-C>S composites as obtained using MIP are
presented in Figure 4.8. Compared to the control batch, the addition of 2.5% M-3 increased the
total porosity by 19% and also reduced the critical pore diameter. The addition of 2.5% M-4 and
2.5% M-1 reduced the total porosity by 23% and 5%, respectively compared to the control batch.

Therefore, the addition of these molecules enabled the formation of a denser microstructure. The
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addition of 5% M-1 showed nearly the same total porosity as compared to the control batch,
however with a significant increase in the large porosity. Such formation of large porosity is due
to the reduced degree of carbonation (as observed from TGA) after the addition of 5% M-1. The
5% M-3 containing batch showed a reduced porosity compared to the control batch. The addition
of 5% M-4 resulted in an increase of the total porosity without altering the critical pore size
compared to the control batch. The pore size distribution as obtained from MIP matches well with
the observations from TGA. Specifically, at 2.5% dosage, M-4 showed the highest degree of
carbonation and the lowest total porosity. In the case of 5% dosage, M-3 showed the highest

carbonate formation and the lowest total porosity.
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Figure 4.8: Effects of biomimetic molecules on pore size distribution of 7 days carbonated y-
C2S paste samples

The nano pore size distributions of the carbonated y-C>S composites with and without the

biomimetic molecules are shown in Figure 4.9. Compared to the control batch, the addition of
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2.5% M-3 increased the total porosity by 19% and also reduced the critical pore diameter. The
addition of 2.5% M-4 and 2.5% M-1 reduced the total porosity by 23% and 5%, respectively
compared to the control batch. Therefore, the addition of these molecules enabled the formation
of a denser microstructure. The addition of 5% M-1 showed nearly the same total porosity as
compared to the control batch, however with a significant increase in the large porosity. Such
formation of large porosity is due to the reduced degree of carbonation (as observed from TGA)
after the addition of 5% M-1. The 5% M-3 containing batch showed a reduced porosity compared
to the control batch. The addition of 5% M-4 resulted in an increase of the total porosity without
altering the critical pore size compared to the control batch. The pore size distribution as obtained
from MIP matches well with the observations from TGA. Specifically, at 2.5% dosage, M-4
showed the highest degree of carbonation and the lowest total porosity. In the case of 5% dosage,
M-3 showed the highest carbonate formation and the lowest total porosity.

From these graphs, three major peak locations were noticed. They are at 5 A, 8 A and 11.5 A. The
peak location at 11.5 A is the corresponding peak due to the porosity of the interlayers in calcium
silicate hydrates (CSH) or Ca-modified silica gel structures [131]. After the addition of the
biomimetic molecules, no peak shift was occurred which indicates the biomimetic molecules do
not affect the silicate structure. However, addition of these biomimetic molecules resulted in
reduced interlayer porosity indicating lower amount of CSH/Ca-modified silica gel formation. The
specific surface area is correlated with the quantity of water-accessible fine pores [127]. The
specific surface area (Sget) of fully hydrated cement paste is approximately 100-200 m?/g [136].
The carbonated calcium silicates are known to have lower Sger compared to the hydrated cement
paste[137]. As observed from Figure 4.9 (c) and (d), the addition of biomimetic molecules

decreased the specific surface area of the carbonated matrices compared to the control batch. In a
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past study [137], it was reported that the formation of metastable carbonates shows a lower surface

area compared to the matrix primarily containing calcite.
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Figure 4.9: Pore size distribution (a) 2.5% batch and (b) 5% batch; specific surface area (c)
2.5% batch and (d) 5% batch

This is because the stabilization of typical metastable carbonates (vaterite and ACC) often occurs
due to the coating of the particle by silica gel or the biomimetic molecules. Such a process makes
the surface area of the metastable carbonated inaccessible by water molecule and therefore, shows
a lower surface area measurement. Accordingly, the reduced surface area in the cases of M-3 and
M-4 containing batches can be attributed to the formation (and stabilization) of typical metastable

carbonates and agglomeration of carbonate particles as observed in the SEM. In the case of M-1
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containing batch, the reduced surface area can be attributed to the similar agglomeration of the

phases along with reduced degree of carbonation as observed from the TGA.

4.3.4 Effects on Nanomechanical properties

Grid nano-indentation technique was applied to each sample over two 60 um x 60 um sections,
with a total of 200 indentations. Figure 4.10 shows the elastic modulus (GPa) frequency
distribution for the control and biomimetic molecules-modified y-C2S paste samples after 7 days
of carbonation period. According to previous literature, the elastic moduli of Ca-modified silica
gel and CaCOg present in carbonated cured cementitious composites are around 32-42 GPa and
54-79 GPa, respectively [65], [77], [138]-[140]. Additionally, carbonated calcium silicates form
a composite phase by the mixture of CaCOs and Ca-modified silica gel, which shows the mean
elastic modulus of around 40 GPa [139]. Noteworthy, due to the formation of different CaCOs3
polymorphs, the range of CaCOs elastic modulus is wide. The elastic modulus are 39 GPa, 67 GPa

and 72 GPa for aragonite, vaterite and calcite, respectively [141].

From Figure 4.10 (a), it can be observed that the control batch contains tentatively two peaks: one
at around 22 GPa, corresponding to HD C-S-H or Ca-modified silica gel and another around 30
GPa, which can be attributed to the carbonate phases with and without mixing with the gel. The
2.5% M-1 containing batch showed a single peak at around 30 GPa elastic modulus, indicating the
formation of a single hybrid phase instead of two microstructure phases. The mean modulus due
to the addition of 2.5% M-1 was increased by 8.5%. In the case of 2.5% M-3 containing batch,

two peaks corresponding to the gel and carbonate phases are clearly visible.

However, the elastic modulus corresponding to the carbonate phase (~ 40 GPa) was higher in this

batch compared to that of the control batch. The mean modulus of the 2.5% M-3 containing batch

7



was 3.5% higher than the control batch. The frequency distribution plot for 2.5% M-4 containing

batch was similar to that of the 2.5% M-1 batch, as this sample also showed a single peak instead

of separate carbonate and gel phases. Therefore, the addition of 2.5% M-4 also led to the formation

of hybrid phase, i.e., mixture of silica gel and different CaCO3 polymorphs.
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Figure 4.10: Percent frequency versus elastic modulus (a) 2.5% batches, (b) 5% batches

All of the molecules at 5% dosage showed an increase in the elastic modulus compared to the

control batch. Specifically, the highest mean modulus was obtained for the batch containing 5%

M-3 batch. This study confirms that all of the molecules can effectively enhance the

nanomechanical properties of the carbonated y-C>S composites.
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4.3.5 Effects on Compressive and flexural strengths at 25°C (room temperature)

Figure 4.11(a) and (b) exhibits the compressive and flexural strength properties of the 7 days
carbonated y-C»S paste samples with and without the addition of biomimetic molecules. Figure
4.11(a) shows that 2.5% M-4 and 5% M-1 modified y-C.S paste samples resulted in 61% and 52%
higher than the control batch, respectively. Not only these two batches, but all other biomimetic
molecules also modified batches increased the compressive strength as well. Figure 4.11(b) shows
the flexural strength properties of the 7 days carbonated paste samples. Both 2.5% and 5% dosage

increased the flexural strength in the carbonated cementitious system.

(a) Curing temperature 25°C (b) Curing temperature 25°C
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Figure 4.11: (a) Compressive strength and (b) flexural strength at 25°C curing (after 7 days

of carbonation period)

The flexural strength of the beam samples got increased by 54% by the addition of 5% M-3 and
5% M-1. Even though M-1 modified batch did not show significant CaCO3 polymorphs formation
in the microstructure, it enhanced the strength properties because of the adhesion characteristics

of aspartic acid [142]-[144].
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4.3.6 Effects of elevated temperature (50°C) on strength properties

(a) Curing temperature 50 °C (b) Curing temperature 50 °C
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Figure 4.12: (a) Compressive strength and (b) flexural strength (cured at 50°C temperature

and after 7 days of carbonation period)

Another set of samples were cured at elevated temperature (50°C) to observe the effect of
temperature curing on the samples. It was observed that elevated temperature enhanced strength
gain for both compressive and flexural strength to a great extent. From Figure 4.12(a), the results
revealed a substantial improvement in strength with increasing temperature. Of particular interest
is the effect of different additives, specifically 5% M-1 and 2.5% M-3, on the strength gain

compared to the control batch.

When exposed to elevated temperature curing, 5% M-3 demonstrated the most significant strength
enhancement, exhibiting a remarkable 100% increase in strength compared to the control batch.

Additionally, 2.5% M-3 exhibited a substantial improvement, with a 69% increase in strength.

Conversely, the M-1 batches did not exhibit any noticeable improvement in strength when

subjected to elevated temperature curing. This suggests that the efficacy of M-1 diminishes under
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high-temperature curing conditions. In contrast, the M-4-induced batches displayed a similar
percentage increase in compressive strength compared to the batches cured at ambient temperature,

indicating that the effects of M-4 are consistent regardless of curing temperature.

The influence of temperature (50°C) curing on the flexural strength properties of the biomimetic
molecules-induced batches is depicted in Figure 4.12(b). It was evident that the batches subjected
to high-temperature curing exhibited improved flexural strength when compared to their

counterparts cured at ambient temperature.

Among all the batches, the 2.5% M-3 modified batch demonstrated the most significant increase
in flexural strength, registering an impressive 126.5% improvement compared to the control batch.
Similarly, the 5% M-3 induced batch exhibited a noteworthy increase of 104.5% in flexural
strength. Interestingly, the M-4 modified batches, in contrast to previous observations, displayed
a higher increase in strength when exposed to elevated temperature curing, with increments of
53.5% and 64.5% compared to the control batch. Furthermore, the 5% M-1 modified batch also

showed a notable improvement in flexural strength, achieving a 73.5% increase.

These findings underscore the positive impact of high-temperature curing on the flexural strength
properties of the biomimetic molecules-induced batches, with specific additives such as M-3, M-

4, and M-1 contributing significantly to these enhancements.
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Figure 4.13: Percent increase of strength after applying temperature curing (a) compressive

strength, (b) flexural strength

Figure 4.13 is showcasing the percent increase of the strength compared to the room temperature
cured batches. Figure 4.13(a) shows that, 2.5% M-3 batches improved both compressive strength
and flexural strength properties to the maximum. For compressive strength, the percent increase is
almost same for the 2.5% and 5% batches. However, for the flexural strength (Figure 4.13(b)),

2.5% dosage batches enhanced the strength maximum compared to the 5% induced batches.

4.4 Discussions

This study showed that the selected biomimetic molecules can affect the amounts and polymorphs
of the carbonates form in the carbonated y-C.S composites. However, effects of these molecules
are substantially different due to their different characteristics including surface charge and chain
lengths. The observed role of M-1 on carbonated y-C>S composites is similar to those observed in
the case of carbonated wollastonite [91]. Specifically, with the increasing amounts of M-1, an

increase in the mechanical performance was observed, even though the degree of carbonation was
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reduced. The negatively charged M-1 forms complex phases with Ca?* surface sites of CaCOs and
subsequently, stabilizes typical metastable polymorphs of CaCOs, including vaterite and ACC,
which cause the strength enhancement due to the addition of this molecule [91]. However, due to
the same mechanism, M-1 can also form complex with the Ca®" surface sites of y-C2S and
therefore, reduced the reacting surface area resulting in a reduced degree of carbonation. While
M-3 is also negatively charged as that of M-1, the effects of M-3 on the carbonated y-C>S
composites were different. The increased dosage of M-3 enhanced the mechanical performance as
well as the degree of carbonation of the composites, and therefore making M-3 a more effective
admixture for y-C,S compared to the M-1. Such differences in the roles of M-1 and M-3 are due
to their different chain length and solubility. A higher solubility limit is likely to make M-3 more

effective in controlling the carbonate polymorphs.

The role of M-4 in carbonated composite is different than that of the M-3 and M-1. Worthy to note,
M-4 is also negatively charged molecule and a very well-known viscosity modifying admixture
for Portland cementitious materials [145], [146]. In the case of Portland cement paste, the
negatively charged M-4 can be adsorbed on the surface of cement particles, which stabilizes the
particles in water and therefore, improves the workability of the mixture [145], [146]. M-4 is also
well-known for its ability to alter the CaCOs crystallization pathway [147], [148]. M-4 can enable
forming CaCOs with variable crystal shapes, sizes, and polymorphs (vaterite, aragonite, ACC)
depending on the dosage, molecular weight, and temperature [147]-[149]. At 2.5% dosage, M-4
increased the compressive strength of the composite by 61% and CO> sequestration capacity by
nearly 110%. Unlike M-1 and and M-3, the addition of 2.5% M-4 enabled the stabilization of
aragonite (observation from FTIR and XRD). Accordingly, the enhanced role of M-4 compared to

the M-1 and M-3 was attributed to its ability to stabilize aragonite. However, with an increased
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dosage (5%) of M-4, the strength and CO> sequestration capacity were reduced compared to the
2.5% dosage (remained higher than the control and similar to 5% M-3). This performance
reduction at high dosage of M-4 was attributed to the excessive adsorption of this molecule on vy-

C>S surface.

To sum up, a variety of organic molecules have been used in the past to mimic the
biomineralization process of stabilization of CaCOz polymorphs in carbonation cured calcium
silicates [91], [150]. The application of all of these molecules resulted in improved mechanical
performances of the carbonated composites but reduced the CO; sequestration in those composites
[91], [150]. One of the most interesting observations of the presented study is that both M-3 and
M-4 were able to enhance the mechanical performance of the composites while also increasing the

amounts of CO2 sequestered in the carbonated y-C,S composites.

4.5 Conclusions

The following are the concluding remarks from the present study:

i.  From XRD, y-C,S formation is verified with prominent peaks. It indicates the proper

laboratory synthesis of the y-C»S materials.

ii.  FTIR inthe 700 cm™ wavenumber range showed that M-1 batches showed delayed calcium
carbonate formation.

iili.  TGA results showed that M-4 and M-3 formed higher amount of calcium carbonate
formation compared to the control batch. Addition of biomimetic molecules accelerated
the degree of reaction.

iv.  Among the batches, both 5% M-1 and 5% M-4 batches showed an increase of compressive

strength by around 50%. 2.5% M-4 increased the strength by around 60%.
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Vi.

Vii.

From nanoindentation results, 5% M-1 and 5% M-3 showed improved modulus of
elasticity. However, all the 2.5% batches showed higher mean modulus of elasticity
compared to the control batch.

2.5% M-4 produced the highest amount of calcium carbonate contents and resulted in the
highest compressive strengths at room temperature.

At a curing temperature of 50°C, both 2.5% and 5% M-3 demonstrated substantial
enhancements in both compressive and flexural strength. Specifically, the addition of 2.5%
M-3 resulted in a 69% increase in compressive strength and a remarkable 126.5%
improvement in flexural strength. Similarly, the incorporation of 5% M-3 led to a doubling

of compressive strength (100%) and a notable increase of 104.5% in flexural strength.
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Chapter 5: Role of different molecular weight of M-4 on performance enhancement of

carbonated beta-dicalcium silicates (B-C2S)

5.1 Research objectives

In recent years, the imperative need for environmentally sustainable construction practices has
intensified, driven by growing concerns over the substantial carbon footprint associated with
ordinary Portland cement (OPC). As a pivotal component of concrete, OPC holds the distinction
of being the second most utilized substance worldwide, just after water [151]. The staggering
statistics from 2015, with a total cement mass of 4.6 billion tons and a per capita average of 626
kg, resulting in the production of 2.1-2.3 m® of cement-based materials, underscore the scale of its
impact [152]. The production of OPC is further compounded by its significant contribution to
global CO; emissions, accounting for 7%-10% of anthropogenic CO_ emissions and 2%-3% of
energy consumption [151], [153], [154]. Disturbingly, projections indicate a 50% increase in

cement production by 2050, with an additional 85-105 Gt of CO2 emissions anticipated [153].

The primary source of CO2 emissions in OPC production stems from the calcination of raw
materials, notably limestone, in the kiln feed, as well as energy-derived CO, from fuel
consumption during feed heating [155]. Consequently, the quest for sustainable alternatives has
driven the development of low carbon footprint cementitious systems. These systems exploit non-
hydraulic low-lime phases such as calcium silicates, which exhibit remarkable reactivity in the
presence of CO, [66]-[68]. Utilizing these low-lime calcium silicates offers a promising solution
to reducing the carbon footprint associated with cement production, primarily by decreasing the

demand for limestone and the temperature requirements for clinker production [156].

In this context, it is paramount to recognize that CzS, constituting approximately 15 wt% of cement
clinker, is integral to the long-term properties of cement [157]. Traditionally, CsS, accounting for
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about 65 wt% of cement clinker, has been favored over C,S for its rapid hydration and early
strength development [66], [158]. However, C.S has the potential to reduce limestone
consumption, save energy, and mitigate CO2 emissions. Enhancing the early strength development
of C>S has led to the exploration of carbonation technology, which accelerates mineral transitions

in C,S and sequestrates CO> into chemically stable carbonates for extended periods [30].

A pivotal distinction arises from the various polymorphs that CS can adopt, including o, oH', al',
B, and vy, each influenced by chemical impurities and cooling transition temperatures [159][160],
[161]. Among these, B-C.S emerges as the principal mineral component of Portland cement,
reacting with water to contribute to medium and long-term strength development. Both 3-C»S and
v-C2S have demonstrated their ability to sequestrate CO2 and generate CaCOz and gel phases,
thereby contributing to early strength development [30], [162], [163]. The distinction between the
carbonation properties of B-C2S and y-C>S has been subject to rigorous investigation [164],
underscoring the potential for optimizing their performance by understanding and controlling the

associated variables [163] [165] [166].

The mechanical properties of carbonated cement composites are significantly influenced by the
formation of different CaCOz polymorphs. Among these, amorphous calcium carbonate (ACC)
serves as the precursor, transitioning into metastable phases such as vaterite or aragonite before
ultimately stabilizing as calcite [72], [167]. These metastable phases play a pivotal role in
enhancing mechanical strengths, making the controlled regulation of polymorph formation a
critical factor in achieving improved carbonated cementitious properties. Yet, this control is
inherently challenging due to a multitude of variables, including humidity, temperature, CO-

concentrations, water content, and more [70], [168]-[170].
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Apart from the precise calibration of these parameters, organic molecules have shown promise in
influencing polymorph formation in carbonated cementitious composites. While previous research
has explored the use of amino acids for this purpose, M-4 presents a viable alternative, given its
demonstrated capacity to influence the crystallization of CaCO3 [92]. However, the inclusion of
M-4 in cement paste has primarily aimed to enhance fluidity, with limited studies delving into its
full potential [171], [172]. Crucially, M-4 is available in a wide range of molecular weights (MW),
and the selection of MW can significantly impact biomimetic mineralization processes [173],

[174].

Notably, a study by Haque et al. previously introduced M-1, M-2, and M-4 into y-C>S, highlighting
the substantial role of M-4 with a molecular weight of 5000 (MW 5000) in enhancing carbonation
properties under high-temperature conditions. However, this research spotlighted the influence of
temperature, particularly relevant to y-C2S's non-hydraulic nature. Given that B-C2S possesses
greater hydraulic properties than y-CS, it becomes imperative to investigate the effects of
incorporating various molecular weights of polyacrylic acid to enhance the carbonation properties
of B-C.S. This study, therefore, aims to elucidate the specific influence of different MWs of M-4
on enhancing the carbonation properties of B-C»S, ultimately paving the way for more efficient
and cost-effective construction materials while addressing significant environmental concerns as
belite based cement can play a great role to reduce the CO2 emission from the cement-concrete

industry [153], [175], [176].

The research objectives are —

(i) Can different molecular weight of M-4 enhance the properties of carbonated [3-C>S?

(if) How does the different dosage of M-4 affect the properties of carbonated -C.S?

88



5.2 Materials and methods

5.2.1 Raw materials and sample preparation

Numerous methodologies are available to produce pure calcium silicate phases [121]-[123]. Most
of these approaches entail the utilization of sintering to process a precise mixture of lime and silica.
In our investigation, we employed CaCO3s with a purity exceeding 99% and fumed silica with a
purity exceeding 99% to create B-C2S. To make B-C.S formation stable, 0.3% boron was
incorporated as dopant by the addition of Boric Acid (H3BO3) since previous studies showed that
such dosage of boron stabilizes the beta-polymorph of C,S by lattice distortion and changing the
morphology [177]-[180]. We employed three different molecular weights (MW) of M-4
molecules in our research, specifically M-4 with MW 2000 (in a 63 wt% aqueous solution), M-4
with MW 5000 (in a 50 wt% aqueous solution), and M-4 with MW 240000 (in a 25 wt% aqueous

solution). All these raw materials and biomimetic compounds were procured from VWR.

A homogeneous blend of CaCOs3 and fumed silica was prepared with a molar ratio of 2:1. 0.3%
(by wt percent of the CaCOs3 and silica contents) boron dopant was added in the form of boric acid.
To aid the mixing process, the water-to-binder (w/b) ratio was maintained at 0.50. The resulting
paste mixture was utilized to create 1-inch cube specimens, which were placed in a 40°C oven for
a duration of 6 hours. Subsequently, these cube specimens were positioned inside a high-
temperature furnace and subjected to sintering at 1400°C for a duration of 4 hours. Following this,
they were allowed to cool, and the sintered products were pulverized using a readily available ball
mill. The resulting powdered material was then reconstituted into a paste and formed into 1-inch
cubes once more. These cubes were once again placed inside a 40°C oven for 6 hours and then
placed inside the furnace at 1400°C for another 4-hour sintering cycle. Ultimately, the sintered

products were collected after cooling down, ensuring the stabilization of B-C>S. Following
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sintering, the resultant products underwent a grinding process and were passed through a #200
mesh (74 um) sieve. To enhance the chemical interaction between the present lime and silica, the
resulting powder underwent two firing cycles. Finally, X-ray diffraction (XRD) analysis was
conducted after each sintering cycle to confirm the absence of any residual free lime components

(XRD results are shown in the Results and Discussion section).

The particle size distribution and the X-ray diffraction results of the synthesized 3-C.S are shown
in Figure 4.1. This confirms the well synthesis of the raw materials containing some impurities of
v-C2S. The XRD pattern matches with previous studies [162], [164], [181]. The SEM image of

raw b-C»S shows round smooth shape.
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Figure 5.1: (a) Particle size distribution of synthesized B-C:S; (b) XRD plot of synthesized
B-Ca2S (1: B-C2S peak, 2: y-C2S peak); (c) SEM image of raw B-C2S (scale bar represents 2
Hm)
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Two distinct sets of samples were fabricated for the purpose of carbonation curing: (i) thin discs,
cut from paste samples measuring approximately 5 mm in thickness and 20 mm in diameter, and
(if) compacted paste cubes and beam samples. The first set of samples was used to track the
formation and evolution of CaCOs polymorphs and to assess microstructural properties during the
carbonation period. The second set was prepared for the analysis of mechanical strength and pore
size distribution. To create the paste samples, biomimetic molecules were initially mixed with
water at concentrations of 0.5%, 1%, and 2.5% by weight percentage of B-C.S. The control batch
did not contain any biomimetic molecules. The 3-C,S powder was then blended using a high shear
mixer at 350 rpm for 2 minutes. The water-to-binder (w/b) ratio was maintained at 0.40 throughout
the experimental process. Subsequently, the samples were placed inside a commercially available
carbonation chamber with a set relative humidity of 80%, CO, concentration of 20%, and room

temperature (25°C) for different durations.

Another set of cube and beam samples was prepared (1% dosage batch) to investigate the influence
of temperature curing on strength performance. These samples were placed within a carbonation
chamber with conditions set at 80% relative humidity, 20% CO2 concentration, and a temperature

of 50°C for 3 days and 7 days.

5.2.1 Test methods

The thermal gravimetric analysis (TGA) experiment on the paste sample was done using a
commercially available TGA 550 instrument from TA Instruments. The paste samples, previously
stored in a vacuum desiccator, were utilized for this analysis. To prepare the samples, they were
manually ground with a mortar and pestle until a fine powder was achieved. Approximately 30-35

mg of the powdered material, having passed through a #200 sieve, was loaded into a platinum pan.
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The pan was then subjected to an isothermal condition at 25°C for 5 minutes before gradually
increasing the chamber temperature to 980°C at a rate of 15°C per minute. To maintain an inert
atmosphere, nitrogen gas was purged throughout the procedure.

To confirm the uniformity of carbonation among the samples, the TGA test was initially conducted
using three replicate samples. The results exhibited a variation of less than 2% in terms of total
carbonation, indicating excellent reproducibility. Consequently, for the subsequent batches, TGA
was carried out using a single sample due to the low level of variability.

The microstructures of the carbonated B-C.S pastes were examined through the utilization of a
Hitachi S4800 II FE-SEM. This instrument operated in a high-vacuum mode, applying a 30-kV
accelerated voltage and maintaining a working distance of roughly 11 mm. Prior to acquiring SEM
images, the cement paste sample was coated with a layer of Gold (Au) and Platinum (Pt). The
analysis was carried out on the fractured surface of the paste samples.

In-situ FTIR spectra of the powdered paste sample were acquired utilizing the Attenuated Total
Reflection (ATR) mode, with a resolution of 4 cm™!, and involving 32 scans for each individual
sample. The signal-to-noise ratio was held below 3:1. A total of 280 spectra was collected at an
interval of 3.75 mins maintaining 99% CO; purging. The in-FTIR analysis was conducted on the
1% dosage batches of MW 2000, MW 5000 and MW 240000 along with the control batch.
Samples of carbonated paste collected after 7 days were subsequently milled in preparation for X-
ray diffraction (XRD) analysis. These powdered samples were loaded into a Bruker D8
spectrometer, utilizing Cu Ko radiation (40 kV, 40 mA). The diffraction patterns were then
recorded within a 26 range of 10° to 60°, with a step size of 0.03 (20) per second.

For phase identification through X-ray diffraction (XRD), a commercially available software

known as "Match! Phase Analysis using Powder Diffraction” was employed. The reference PDF

92



card numbers utilized were as follows: PDF #96-900-0967 for calcite, PDF #96-901-3802 for
aragonite, PDF #96-150-8972 for vaterite, and PDF #96-154-6026 for y-C,S. For, B-CsS,
previously published [164], [181] literature was matched.

The Micrometrics Instrument Corporation AutoPore 1V 9500 V2.03.01 apparatus was employed
for conducting Mercury intrusion porosimeter (MIP) experiments on cementitious composites.
This technique is utilized for assessing the architecture of both meso-porous materials (pore radius
2~50 nm) and macro-porous materials (> 50 nm). The MIP test was performed on three distinct
sets of samples: the control batch and paste samples with 2.5% and 5% dosages, all subjected to 7
days of carbonation curing. The sample dimensions were standardized to 15 x 15 x 15 mm.

In the MIP experiment, mercury was used with a surface tension of 0.485 N/m and an average
contact angle of 130° with respect to the pore wall. The maximum applied pressure reached 413
MPa, enabling the investigation of pores with diameters as small as 3.02 nm. This analysis aids in
characterizing the pore structures of the cementitious composites under varying dosage conditions

following the carbonation curing period.

The measurement of compressive strength was conducted using a Gilson compressive strength
testing machine, with a loading rate of 450 N/s. On the other hand, flexural strength, determined
through the 3-point bending test, was assessed using a custom-made micro-mechanical tester with

a displacement rate of 0.1 mm/min.

After 3 days and 7 days of carbonation curing, the compressive and flexural strength of paste
samples were examined. The cube-shaped samples had dimensions of 25 mm x 25 mm x 25 mm,

while the beam-shaped samples measured 40 mm x 20 mm x 15 mm.
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5.3 Results

5.3.1 Reaction product formation and CO:2 sequestration (findings from TGA and SEM)
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Figure 5.2: Thermogravimetric analysis of 3 days and 7 days carbonated B-C2S samples; (a)

representative TGA-DTG plot; (b) percent CaCOs formation of different batches after 3

days carbonation; (c) percent CaCOs formation of different batches after 7 days

carbonation.
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In Figure 5.2(a), a representative TGA-DTG plot of a carbonated sample after 7 days of
carbonation is depicted. Similarly, all samples underwent testing and analysis after both 3 days
and 7 days of carbonation. The mass losses observed in the temperature range of 500°C-800°C can
be ascribed to the decomposition of CaCOs phases [69]. The presence of multiple DTG peaks
within this temperature range was a result of the decomposition of various polymorphs of CaCO3
[77], [91], [129]. These findings were further corroborated by SEM and XRD results. The peak
observed around 250°C was attributed to the decomposition of M-4 [182]. The thermogravimetric

analysis results were analyzed to obtain the total CaCO3 contents (%) (Figure 5.2(b) and (c)).

It was observed that as the molecular weight increased, the CaCOs3 content also increased for all
dosages. The overall formation of carbonate was greater at 7 days compared to 3 days, which is in
line with expectations due to the extended reaction time. The theoretical maximum CaCO3
formation in this system is around 61%. Among the molecular weight groups, the batch with MW
240000 exhibited the highest total carbonate formation (56%) within the system. Additionally, in
the lower molecular weight group, the 1% dosage resulted in the highest CaCO3 formation. In the
MW 240000 group, the 2.5% dosage led to the highest CaCO3 formation. As molecular weight
increases, so does the chain length. The negatively charged M-4 can produce CaCOs3 with various

crystal shapes, sizes, and polymorphs (such as vaterite, aragonite, ACC) [147]-[149].
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(a) 1 hr (b) 3 hr (d) 24 hr
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(4) MW 240000 (3) MW 5000 (2) MW 2000

Figure 5.3: Evolution of the reaction products of Control samples, MW 2000, MW 5000,

and MW 240000 over the first 24 hours. The scale bar represents 1 um.

Figure 5.3 shows the evolution of the reaction products of different batches (1% dosage) in early
age curing periods (1h, 3h, 6h and 24h). In the control sample, the amorphous calcium carbonates
(ACC) formed within the first hour. The size of the ACC crystals was approximately 200 nm.
After 3 hours, they became agglomerated, which eventually rearranged and formed calcite after 6
hours. The coexistence of ACC and calcites is evident from Figure 5.3(column b and c). After 24
hours, scattered precipitation of calcites is observed. The average size of the calcite crystals was

around 600 nm after 6 hours, which increased up to 1.5 um (approximately) after 24 hours. With
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the addition of M-4 of MW 2000, no significant change in the reaction product morphology was
observed up to the first 3 hours. Some ACC was observed after 6 hours of reaction with an average
size of around 530 nm, which became agglomerated after 24 hours of reaction. In the MW 5000
sample, after one hour of exposure, well-formed metastable calcium carbonate phases with an
average size of 570 nm were observed, which became agglomerated with time. A similar trend
was observed in the MW 240000 sample. However, the agglomeration was prominent after the
first hour of exposure in the latter specimens. After 3 hours, MW 5000 and MW 240000 batches
formed larger and higher amounts of carbonate particles, indicating an accelerated carbonation
reaction. It can be concluded that with the increase in the molecular weight, the glue effect became

quite prominent, which bound the reaction products in the very early stages.

3 days 7 days

Control

MW 2000

MW 240000 MW 5000

Figure 5.4: The morphology of the reaction products after 3 days and 7 days of reaction of
different samples. The scale bar represents 1 um.
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After 3 days and 7 days of exposure, all the samples showed well-formed calcite crystals (Figure
5.4). These findings are in agreement with the findings from the thermogravimetric analyses. The
calcite crystals of control samples and MW 2000 were similar, whereas the samples containing
higher molecular weights (MW 5000 and MW 240000) showed well-formed calcites with a subtle

boundary, which possibly resulted from the M-4 molecules.

5.3.2 Microstructural observations through in-situ FTIR, XRD and MIP

From Figure 5.5, the early age accelerated carbonation effects on the M-4 modified batches can
be observed. 99% CO- purging environment visibly showed the carbonate precipitation over the
time at 1400 cm™* wavenumber. Further the 1400 cm™ wavenumber peak values were normalized
and plotted separately to understand the effect of molecular weight of M-4. Higher molecular
weight batches showed faster carbonate precipitation compared to the control batch. MW 240000
batch exhibited the highest rate. However, there was no difference between MW 2000 and MW

5000 at the early age carbonation.
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Figure 5.5: In-situ FTIR spectra of 99% CO2 purged batches (1% dosage batches)
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The X-ray diffraction results presented in Figure 6 provide valuable insights into the carbonation
process, with Figure 5.6(a), (b), and (c) representing the 3-day carbonated batches, and Figure

5.7(a), (b), and (c) depicting the 7-day carbonated batches.

In the context of the 3-day carbonation batches, a notable observation was the increased intensity
of the major calcite peak (around 29° 20) in the M-4-doped batches. Within the MW 2000 batch,
both the 1% and 2.5% modifications exhibited the highest intensity of the calcite peak. Similarly,
in the MW 5000 and MW 240000 batches, all modified batches (0.5%, 1%, and 2.5%) displayed
enhanced calcite formation when compared to the control batch. It's important to note that in the

MW 5000 and MW 240000 batches, vaterite formations were also observed alongside calcite.

Another intriguing observation was the reduction in the B-C>S peak as the molecular weight
increased. On the MW 240000 batches, both at 3 days and 7 days, the B-C.S peak notably
decreased (approximately 32° 20) with the simultaneous increase in calcite peak intensity. This
suggests that higher molecular weights accelerated and enhanced calcite formation compared to
other batches. This finding aligns well with the insights gained from the previously conducted

thermogravimetric analysis.

These X-ray diffraction results provide crucial evidence of the influence of M-4 doping and
molecular weight on the crystalline phases formed during carbonation, shedding light on the
kinetics of calcite and vaterite formation while highlighting the relationship between molecular

weight and phase transformation.
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(a) 7 days carbonation (MW 2000) (b) 7 days carbonation (MW 5000)

2 theta

Figure 5.7: X-ray diffraction pattern of the B-C2S paste samples at 7 days (different dosages)

Now, using the Scherrer equation, crystal size, D = (K*)1)/(B*cos6), where shape factor K = 0.89,
L =154 A, 8 = Bragg’s angle and B is the full width of the half maximum (FWHM) of the peak.
Plugging the values, Figure 5.8 have been obtained where average crystal size of different curing
days were plotted. From Figure 5.7, it is clearly visible that, after 7 days of carbonation all the -
C>S of MW 240000 batch have been reacted and formed CaCOs. Therefore, it showed the

maximum intensity of calcite formation at 29.6°. Since, the reaction product formation was also
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maximized, hence, the formed crystal are supposed to be smaller. This observation matched well
from the average crystal size calculation (Figure 5.8). From the average crystal size plots, it is

found that, MW 240000 batch formed the crystals with smaller size.
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Figure 5.9: Effects of biomimetic molecules on pore size distribution of 7 days carbonated -

C2S paste samples of 1% dosage batch.
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The initial findings, where the 1% dosage batch displayed the most favorable performance by
forming calcite after 7 days, prompted further exploration into the effects of porosity (Figure
5.9(a) and (b)). In comparison to the control batch, it was observed that the 1% dosage of MW
2000 exhibited an increased critical pore diameter, leading to a higher overall porosity. Due to the
shorter chain length of MW 2000, the network of M-4 was not well distributed throughout the
system, therefore, it could not make the matrix denser by forming higher amount of CaCOs. In
contrast, both the 1% dosage of MW 5000 and MW 240000 batches demonstrated a reduction in
the critical diameter, resulting in a decreased total porosity. This decline in porosity can be
attributed to the higher degree of carbonation, as indicated by the TGA analysis. The reduction in
total porosity amounted to approximately 27% and 44% for the MW 5000 and MW 240000
batches, respectively. These findings were further substantiated by the pore size distribution data
obtained from MIP, which aligns with the observations from the TGA analysis. The denser
microstructure resulting from these changes is anticipated to lead to improved strength

performance.

5.3.3 Macroscale performance evaluation (compressive and flexural strength)

We assessed the strength properties through two different approaches. The first involved curing at
27°C, while the second entailed testing after subjecting the samples to elevated temperatures at
50°C. For both testing conditions, we maintained consistent carbonation durations of 3 days and 7

days (20% COzand 80% RH).
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Figure 5.10: Compressive strength properties after (a) 3 days and (b) 7 days carbonation

period (25°C cured batches)

In Figure 5.10(a) and (b), we observe the compressive strength results following 3 days and 7
days of carbonation for batches cured at ambient temperature. Consistent with our expectations
based on the insights gained from TGA and MIP analyses, we witnessed improvements in

compressive strength properties within the M-4-doped batches.

In the case of low dosage batches with low molecular weight, we noted a slight enhancement in
strength, with the most substantial improvement reaching up to 24% in the 0.5% dosage of the
MW 5000 batch. As the dosage and molecular weight increased, the performance exhibited a
significant boost. This enhancement can be attributed to the reduction in porosity and the

densification of the microstructure within the samples.

Notably, among the various batches, the 1% dosage batch demonstrated the most significant
improvement following the addition of biomimetic molecules. Furthermore, with an increase in

the molecular weight in the 1% dosage batches, the strength further improved. Specifically, after
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7 days of carbonation, we observed increases of 72%, 99%, and 106% in the MW 2000, MW 5000,

and MW 240000 batches, respectively.

These findings underscore the remarkable impact of M-4 doping, dosage levels, and molecular

weight on the compressive strength of the specimens. The reductions in porosity and the

enhancement of microstructural density contribute to the substantial improvements in strength, as

evidenced by the substantial percentage increases observed across different molecular weight

variations.
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Figure 5.11: Flexural strength properties after (a) 3 days and (b) 7 days carbonation period

(25°C cured batches)

Figure 5.11(a) and (b) depict the flexural strength properties of the samples cured at room

temperature. Mirroring the trends observed in compression strength properties, improvements in

flexural strength properties were also evident. Specifically, an increase in the dosage from 0.5%

to 1% resulted in a significant enhancement in performance. However, a 2.5% dosage did not yield

better results than the 1% batch, indicating that 1% dosage was optimal for flexural strength.

105



Both at the 3-day and 7-day marks, the 1% batch consistently showcased superior performance in
the context of carbonated calcium silicate samples. The 1% dosage of MW 5000 exhibited a
remarkable 130% improvement after 3 days and an even more impressive 156% increase after 7
days. Similarly, the 1% dosage of MW 240000 displayed a notable 142% increment after 3 days,

which further escalated to a substantial 169% improvement after 7 days.

It is important to highlight that the higher molecular weight of the M-4 batches corresponds to
longer chain lengths. This increased chain length contributed to an enhancement in tensile
properties, which, in turn, translated into improved flexural properties. Therefore, the superior
flexural properties observed can be attributed to the influence of M-4 molecular weight on the

molecular structure and, subsequently, on the mechanical properties.

Given the notable performance of the 1% dosage batch in terms of both compressive and flexural
strength properties, we conducted additional investigations with this dosage to explore the impact

of temperature curing on the M-4-modified 3-C>S system.
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Figure 5.12: Compressive strength properties of 1% dosage - 50°C cured batches (a) 3 days

(b) 7 days carbonation duration

In Figure 5.12(a) and (b), we present the compressive strength results for samples subjected to
elevated temperature (50°C) curing. Notably, the control batch exhibited a significant
improvement of 50% and 40% after 3 days and 7 days of curing, respectively, in comparison to
the 25°C temperature cured batches. Similarly, the 1% M-4-modified batches displayed improved
performance. After 7 days of temperature curing, we observed compressive strength improvements
of 17.5%, 35%, and 72% for the MW 2000, MW 5000, and MW 240000 batches, respectively. It's
important to highlight that, while improvements were evident, the percent increase in compressive

strength properties was not markedly higher than that of the non-temperature cured batches.

In Figure 5.13(a) and (b), we turn our attention to the flexural strength properties of samples
subjected to 3 days and 7 days of temperature (50°C) curing. Like the elevated temperature cured
batches for M-4-doped compressive strength samples, the flexural strength improved. However,
these improvements were not significantly higher than those observed in the ambient temperature
cured batches. The most notable enhancement in flexural strength, reaching 114%, was observed
in the 1% MW 240000 batch after 7 days of curing, in contrast to the previous case where a 169%

improvement was recorded.
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Figure 5.13: Flexural strength properties of 1% dosage - 50°C cured batches (a) 3 days (b) 7

days carbonation duration

In summary, it is evident that elevated temperature had a positive impact on the strength
performance of M-4-modified B-C2S. Nevertheless, it's crucial to note that even without the
application of elevated temperature, the addition of the biomimetic molecule M-4 vyielded

significant and impressive strength properties under the conditions of 25°C temperature curing.

5.4 Discussions

The experimental analyses conducted in this study demonstrate the remarkable performance of M-
4 with different molecular weights (MW 2000, MW 5000, and MW 240000) and varying dosages
(0.5%, 1%, and 2.5%) when added to a B-C>S binder. These effects can be attributed to several

key mechanisms:

One of the fundamental mechanisms underlying the superior performance of M-4-modified -C.S
binders is the molecular weight of M-4. As the molecular weight of M-4 increases, so does the

chain length of the polymer. This phenomenon has a profound impact on the interaction between
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M-4 and the calcium silicate matrix. The longer chains in higher molecular weight M-4 molecules
enable stronger binding and bridging between the components of the matrix, resulting in increased
cohesion and reduced porosity. Additionally, the longer M-4 chains provide a stronger glue effect
with a greater number of surface sites for calcium ions in the system, facilitating the nucleation
and growth of calcium carbonate phases. This phenomenon leads to enhanced crystal formation,
as observed in the increased CaCOs content and the formation of well-defined calcite crystals in

higher molecular weight M-4 batches.

The dosage of M-4 also plays a pivotal role in influencing the performance of the p-C2S binder.
Our findings consistently point to the 1% dosage as the optimum level, both in terms of CaCO3
content and the formation of crystalline phases. At this dosage, the M-4 molecules are present in
sufficient quantities to initiate and regulate the formation of CaCOs phases, while not
overwhelming the system to the extent of excess porosity. Since, the MW 240000 provided the
largest network of polymer due to glue effect, there were higher surface sites where the CaCO3
could deposit. Therefore, MW 240000 could achieve almost theoretical maximum percent CaCO3
formation. This observation also matched with the XRD findings where it was clearly prominent
that, after 7 days carbonation, almost all the 3-C>S got reacted, hence the lesser size of crystals

were formed.

The reduction in porosity and the densification of the microstructure are key factors contributing
to the improved strength properties observed in M-4-modified samples. As M-4 interacts with the
calcium silicate matrix, it effectively "glues™ the components together, resulting in a more compact
microstructure. This denser microstructure minimizes voids and pores, reducing pathways for
crack propagation, and ultimately enhancing the mechanical properties of the material (Figure

5.14).
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Figure 5.14: SEM images of (a) MW 5000 with the fibers of molecules, (b) MW 240000 where

the molecule formed network base. The scale bar represents 1 um.

From Figure 5.14(b), it can be seen that the molecules with the maximum molecular weight (MW
240000) along with the calcium carbonate polymorphs, formed a network. These networks acted
as nucleation sites for further calcium carbonate precipitation. In the long run, it helped increase
the compressive strength. In the MW 5000 specimens, the molecules formed fibers, but those were
not viscous enough to support the calcium carbonate deposition. The discontinued fibers are shown
in Figure 5.14(a). As a result, the glue effect was not as prominent as MW 240000 samples for
MW 5000. On the other hand, the MW 2000 sample did not show such effects. These observations

are in line with the compressive strength.

The influence of temperature curing on the performance of M-4-modified B-C2S binders is
twofold. Elevated temperature at 50°C curing accelerates the reactions between M-4 and the
matrix, promoting stronger bonding and more efficient nucleation of calcium carbonate phases.
However, even at 25°C temperature curing, the effects of M-4 are significant, as observed in the
impressive strength properties achieved under these conditions. This suggests that the mechanisms
at play extend beyond temperature dependence.
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M-4 has a pronounced effect on the formation of carbonate polymorphs in the system. The ability
of M-4 to regulate the formation of these carbonate phases indicates its role as a crystal growth

modifier, influencing the shape, size, and polymorphism of calcium carbonate crystals.

In summary, the outstanding performance of M-4 in modifying the carbonation reaction of f-C>S
binders can be attributed to its molecular weight, dosage, and their interplay with the material's
porosity and microstructure. M-4 acts as a bridge between components, enhances nucleation and
growth of calcium carbonate phases, and influences the formation of distinct carbonate
polymorphs. These mechanisms collectively contribute to the remarkable improvements in the
mechanical properties of the material, making M-4 a promising additive for a wide range of

applications in construction and materials science.

5.5 Conclusions
This study has yielded significant insights into the performance of M-4 with varying molecular
weights (MW 2000, MW 5000, and MW 240000) and dosages (0.5%, 1%, and 2.5%) as a modifier

in B-C2S binders for carbonation. Several key findings can be summarized:

(i) The molecular weight of M-4 significantly influences the formation of calcium carbonate
(CaCO:s3) phases. Higher molecular weights lead to increased CaCOs content, with MW 240000
demonstrating the highest total carbonate formation which was almost as the theoretical maximum

of percent calcium carbonate formation in the system.

(i) Early-stage carbonation reaction was analyzed, and the results suggest that higher molecular
weight M-4 enhances the formation of metastable calcium carbonate phases based on the SEM

observations. The early stages of reaction products demonstrated the "glue effect” of M-4, resulting
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in enhanced formation of calcium carbonate within the first hour. In-situ FTIR observation also

aligned with this findings which showed MW 240000 formed faster CaCO3 precipitation.

(iii) M-4-modified B-C2S binders exhibit a reduced porosity and denser microstructure, with the
1% dosage of MW 5000 and MW 240000 batches demonstrating the most substantial reductions
in porosity, contributing to improved strength properties. Added that, average crystal size analysis

exhibited that higher molecular weight batches formed crystals with lesser size.

(iv) Both compressive and flexural strength properties of M-4-modified samples were examined.
The 1% dosage of M-4, particularly with higher molecular weights, displayed remarkable
improvements in strength, with increases reaching up to 106% for compressive strength and 169%
for flexural strength after 7 days of carbonation at 25°C. When cured at 50°C, the compressive
strength was observed to be improved by 72% and the flexural strength got increased by 114% for
1% dosage batches of MW 240000. These enhancements are attributed to reduced porosity and

denser microstructure.

(v) The addition of M4 molecules also significantly enhanced the mechanical performance of the
B-C2S composites cured at 50C, indicating such additives can be used for both room temperature
and high temperature curing conditions. However, the % increase in strength due to the addition
of molecules was higher for room temperature curing considering -C2S show poor reactivity at

room temperature.

In conclusion, this study highlights the remarkable performance of M-4 as a modifier in B-CzS
binders, with the molecular weight of M-4, dosage, and carbonation duration playing pivotal roles

in enhancing calcium carbonate formation and improving mechanical strength.
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Chapter 6: Conclusions and recommendations

6.1 Concluding remarks

The culmination of this dissertation provides valuable insights into the use of biomimetic
molecules with varying dosages and molecular weights to enhance the properties of various
cementitious phases, including calcium silicate hydrates (C-S-H) and beta-dicalcium silicates (-
C>S) and gamma-dicalcium silicates (y-C.S). The conclusions drawn from each chapter are

synthesized as follows:

Chapter 2 revealed the remarkable impact of biomimetic molecules (M-1 and M-2) on C-S-H. The
modified C-S-H maintained its structure, exhibited significantly higher elastic moduli, and formed
organic-inorganic nanohybrid phases, resulting in increased modulus after carbonation. These
modifications also reduced the CO> sequestration capacity of C-S-H. The findings suggest that M-
1 and M-2 can effectively enhance the durability of C-S-H by retaining its structure and improving

mechanical properties after carbonation.

In Chapter 3, in-situ FTIR experiments offered a novel approach to monitor carbonation effects on
calcium silicate hydrates. It was observed that pH and Ca/Si ratios influence C-S-H degradation,
with higher pH environments promoting faster degradation. The addition of M-1 biomimetic
molecules mitigated C-S-H degradation, emphasizing their potential to enhance resistance to

carbonation-induced damage.

Chapter 4 delved into the impact of biomimetic molecules (M-1, M-3, and M-4) on y-dicalcium
silicate (y-C2S) cementitious systems. The modifications affected CaCO3s polymorph formation,
with M-4 exhibiting higher CaCO3 content. While porosity measurements increased, the modified

batches demonstrated significantly enhanced compressive and flexural strengths. Nanoindentation
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results supported these improvements in strength, signifying the formation of organic-inorganic

hybrid phases.

Chapter 5 centered on the performance of M-4 with different molecular weights and dosages as a
modifier in B-C2S binders. This study uncovered critical insights into the influence of molecular
weight and dosage on calcium carbonate (CaCOs) formation, crystal polymorphs, and
microstructure. The "glue effect” of M-4 contributed to reduced porosity and denser
microstructures, resulting in remarkable enhancements in compressive and flexural strengths, even

without elevated temperature curing.

In summary, this dissertation highlights the promising potential of biomimetic molecules,
particularly M-1, M-2, M-3 and M-4, in improving the durability and mechanical properties of
cementitious phases which eventually make the conventional cementitious system or the promising
low calcium silicate cement system more durable and sustainable. These findings are of significant
relevance to the construction and materials science fields, offering opportunities to enhance
strength and control over carbonate polymorphs. The dissertation underscores the importance of
biomimetic molecules as versatile additives for optimizing construction materials and provides a

foundation for further research and applications in the field.
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6.2 Future recommendations

From the limitations and observations from this study, the future recommendations are as follows:

(a) Exploring the optimization of biomimetic molecules by incorporating composite dosage to

enhance the carbonation properties of the cementitious phases.

(b) Exploring more promising biomimetic molecules that can play a similar or more potential role

for performance enhancement of the cementitious system.

(c) Exploring the combined effects of temperature, carbonation concentration and relative

humidity to observe the performance modification by the biomimetic molecules.

(d) Investigating the effects of these biomimetic molecules on macro-scale cementitious specimens

to monitor the large-scale structural performance modifications.

(e) Finding the cost-optimized composite dosage of the biomimetic molecules for

commercialization purpose by upscaling the production.
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