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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel way of reducing the carbonation-induced degradation of CSH using organic mole-
CSH cules. Synthetic CSH batches were prepared with the addition of r-aspartic acid and polydopamine. The effects of
Polydopamine these molecules on the synthesized CSH before and after carbonation were monitored using various experimental
E::g:;z;:;ld techniques, including 29gi NMR, TEM, nanoindentation, and FTIR. It was observed that, without the presence of
Polymerization biomimetic molecules, CSH was converted to a fully polymerized silica gel after 168 h of carbonation, as evident

by the presence of Q% and Q* species in 2°Si NMR spectra. On the other hand, biomimetic molecules modified

CSH retained the original chain-like arrangements even after 28 days of carbonation, as identified by the
presence of Q! and Q? species in 2°Si NMR spectra. Additionally, the biomimetic molecules modification
increased the elastic modulus of CSH by 3-9 times, which were further increased upon carbonation.

1. Introduction

Concrete produced using a high volume of supplementary cementi-
tious materials (SCMs) and Ca-rich alkali-activated materials are sus-
tainable alternatives to ordinary Portland cement (OPC)-based materials
due to their lower carbon footprint [1,2]. Those sustainable cementi-
tious materials primarily contain CSH (or C-A-S-H) as the binding phases
and are devoid of Ca(OH),. Because of the absence of Ca(OH),, the CSH
present in those composites is more readily damaged by atmospheric
CO5 compared to the OPC [3-9]. In hardened cementitious composites,
CO4, 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)y) and CSH, forming CaCOs; and water. The
reaction between CO; present in atmosphere with CSH 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 CSH 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 rein-
forcement to corrosion due to the reduction of alkalinity [17,18]. The
increase in large porosity in the cementitious matrixes due to carbon-
ation also increases the diffusivity of detrimental chloride/sulfate ions
into the matrix, resulting in the further degradation of the durability
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performances of the matrix [19-21].

One of the potential solutions for reducing the extent of carbonation
damage in cementitious materials is to control the polymorphs of the
precipitated CaCO3 particles [22]. Calcite, aragonite, vaterite, and
amorphous calcium carbonate (ACC) are the primary polymorphs that
can form during the carbonation of cementitious matrixes containing
CSH or C-A-S-H as the primary binding phases [23-25]. Other crystalline
polymorphs, including ikaite (CaCO3e6H20) and monohydrocalcite
(CaCO3eH>0), may also form [26,27], but these are very rare. Even
though this polymorph selection route is affected by several factors,
including relative humidity (RH) [28], CO, concentration [29], and pH
[30], in general, the final polymorph is calcite as it is the most stable
form of CaCOs. However, these polymorphs have different intrinsic
characteristics, including solubility. The solubility constants for calcite,
aragonite, and vaterite are 107848107834 and 1077, respectively [31,
32], and ACC is 120 times more soluble than calcite [33]. As suggested
by Morandeau and White [22], the formation of ACC can reduce the
extent of carbonation in cementitious matrixes due to the higher solu-
bility 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 acti-
vated materials (AAM) [22,34].

An alternative method of controlling the crystallization of CaCO3 can
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be learned by studying the natural biomineralization process [35]. 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
[36-39]. However, the effectiveness of those biomimetic molecules in
cementitious environments to control the crystallization of CaCOs is not
well studied yet. In our previous study, we observed that a few amino
acids can control the crystallization of CaCO3 in carbonation-cured
wollastonite composites [40]. Among the tested amino acids,
L-aspartic acid (L-Asp) was found to stabilize ACC in carbonated com-
posites. Such stabilization of ACC resulted in a reduced degree of
carbonation, as expected, but also significantly improved mechanical
performances of the carbonated composite [40]. The improved me-
chanical performance was attributed to the formation of
organic-inorganic hybrid phases [40]. Additionally, several past studies
suggested that polydopamine (PDA) can be used to control the crystal-
lization of CaCOs, and stabilize vaterite and ACC [41-44,55]. The
additional benefit of PDA is its self-adhesive characteristics that results
from its polymerization in an alkaline environment [44]. Because of
these adhesive characteristics, Fang et al. applied PDA in fine sand to
improve its adherence to cement particles [46]. Due to the ability of
L-Asp and PDA to mimic biomineralization processes, these molecules
are referred to as the biomimetic molecules for the remainder of this
study.

The presented study explored the role of the above-mentioned mol-
ecules, including L-Asp and PDA, to control the crystallization of CaCO3
during the carbonation of the CSH. It is worth noting that synthesis of
CSH modified with biomimetic molecules has been attempted in the
past. Picker et al. [47] studied the adsorption of peptides on CSH with
different calcium to silica (C/S) ratios to investigate the possible in-
teractions between CSH and peptides. They revealed the role of various
functional groups of peptides on interaction with CSH. According to the
authors, an organic additive should contain OH-forming and hydro-
phobic functional groups to adsorb strongly on CSH. This suggests that a
biomimetic molecule with an ability to interact with other molecules
through different functional groups can be considered a promising
organic compound for manipulating the properties of CSH. A study by
Kamali and Ghahremaninezhad [48] further showed that such
organic-inorganic hybrids can be produced in cementitious materials by
forming composites containing CSH and organic biomolecules. Specif-
ically, the authors have used amino acids and proteins to modify the
atomic structure of CSH, resulting in a decrease of the Young’s modulus
[48].

The primary goal of this study was to evaluate the effectiveness of the
selected biomimetic molecules to resist atmospheric carbonation
degradation of CSH. To achieve this goal, L-Asp and PDA were used in
the synthesis of CSH by following the same approach of producing
organic-polymer modified CSH [49,50]. A series of micro-to-nano scale
experimental techniques were then used to investigate the effects of the
biomimetic molecules on nanoscale characteristics of CSH before
carbonation and monitor the phase evolution during the carbonation.
The specific research objectives of this study are: (i) to investigate the
effects of biomimetic molecules if they can reduce or prevent carbon-
ation degradation of CSH by forming the metastable calcium carbonates
(i.e., vaterite and ACC), (ii) to understand how biomimetic molecules
can play a role to enhance the elastic properties of CSH.

2. Materials and methods
2.1. Raw materials

Commercially available calcium nitrate (Ca(NO3)204H>0) and so-
dium silicate (NapSiO3e9H,0) were used as the raw ingredients to
synthesize pure CSH. For synthesizing biomimetic molecule-modified
CSH, high purity grade r-aspartic acid (L-Asp) and dopamine hydro-
chloride (C18H11NO2eHCl, 99% purity; addressed as dopamine in this
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study) were purchased from VWR International (Pennsylvania, USA).
The molar mass of r-aspartic acid and dopamine hydrochloride were
133.10 g/mol and 189.64 g/mol. Fig. 1 displays the schematic drawing
of the CSH structure and the molecular structures of r-aspartic acid and
dopamine.

2.2. CSH synthesis

Previously published studies [49] were followed to synthesize pure
and biomimetic molecule-modified CSH. 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. Fig. 2 shows the
different steps of CSH preparation.

A 10% dosage (by weight percentage of CSH) of L-Asp and PDA 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 so-
lution was mixed for approximately 2 min 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 L-Asp
modified CSH had a whitish color (Fig. 2(f)). However, the PDA modi-
fied CSH had darkish color (Fig. 2(f)). The conversion of dopamine
hydrochloride to PDA is known to be responsible for the dark grey
appearance [46]. Dopamine hydrochloride is soluble in water.
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Fig. 1. (a) schematic CSH structure; (b) molecular structure of 1-aspartic acid,
and (c) molecular structure of dopamine (p: paring, b: bridging).
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Control

Fig. 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 CSH gel; (d) CSH gel (e) oven dried CSH; (f) ground synthetic CSH (from left: pure CSH, PDA modified CSH and L-Asp modified CSH); (g) prepared

pellet (see Sec 2.3).

Dopamine tends to self-polymerize into polydopamine when the pH
reaches around 8.5 [46,54,55].

From X-ray fluorescence (XRF) analysis, it was found that the C/S
was around 1.0 for the prepared samples (Table 1). A lower C/S ratio
than the target value was expected, considering the synthesis reaction is
not 100% efficient.

2.3. Sample preparation

The obtained pure and modified CSH as per section 2.2 were in
powder form. These powders were used to prepare pellets of approxi-
mately 2 mm thickness and 10 mm diameter using a pellet press by
applying a 5 MPa load. These pellet CSH samples were then subjected to
accelerated carbonation using a commercially available carbonation
chamber. The chamber was operated to maintain a 4% CO, concentra-
tion at 27 °C and 75% relative humidity (RH). The pellet samples were
extracted from the carbonation chamber after certain intervals as listed
in Table 2. 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 pre-
served inside a vacuum chamber, ensuring an airtight environment and
maintaining 11% RH controlled by a LiCl salt solution. Table 2 presents
the test matrix for the various carbonation durations of the CSH 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 CSH synthesis
approach is not 100%.

2.4. Experimental methods

2.4.1. Transmission electron microscopy (TEM)

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 min using a commercially

Table 1
XRF measurements for C/S = 1.5 samples.
Control CSH PDA - CSH L-Asp — CSH
XRF measurements 1.0 0.9 0.9

Table 2
Matrix of experiments before and after carbonation of the samples.

Tests Carbonation duration

Transmission Electron Microscopy (TEM)

Thermogravimetric analysis with mass
spectroscopy (TGA-MS)

Nuclear Magnetic Resonance (NMR)

Fourier Transform Infrared Spectroscopy (FTIR)

Oh,168h
168 h, 28 days

0h, 168 h, 28 days
Oh,6h,24h,72h, 168 h, 28
days

0 h, 168 h, 28 days

168 h, 28 days

0 h, 28 days

Nanoindentation
Scanning electron microscopy (SEM)
X-Ray diffractions (XRD)

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.

2.4.2. Nuclear magnetic resonance (NMR)

Solid state magic angle spinning nuclear magnetic resonance was
performed on the samples to characterize the local atomic structure of
29Gi. 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 vg (?%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 spin-
ning 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 (trime-
thylsiloxy) 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 ps, corresponding to a 45-degree pulse. A recycle
delay of 30 s was used and 1920 scans were acquired for each sample.

2.4.3. Fourier transform infrared spectroscopy (FTIR)
The Fourier-Transformed Infrared (FTIR) spectra of the powder
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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 conductedon O h, 6 h, 24 h,
72 h, 168 h and 28 days carbonated samples.

2.4.4. Thermogravimetric analysis with mass spectroscopy (TGA-MS)

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).

2.4.5. Nanoindentation

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 func-
tion 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 <« character-
istic size of each microscopic phases) [56], a maximum of 300 p-N force
was selected for the SNI technique during this study. The average
indentation depth for this load function was around 100-300 nm for a
30 pm x 30 pm area. The elastic moduli were determined from the
load-depth plots using the Oliver and Pharr method [57]. Nano-
indentation tests were performed using a Hysitron Triboindenter UB1
system (Hysitron Inc. Minneapolis, USA) fitted with a Berkovich dia-
mond indenter probe. The tip area function was calibrated by per-
forming 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 pm x
60 pm.

2.4.6. Scanning electron microscopy (SEM)

The microstructures of 168 h and 28 days carbonated samples were
evaluated using a Hitachi S4800 II FE-SEM. The instrument was oper-
ated 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.

2.4.7. X-ray diffractions (XRD)

X-ray diffraction patterns of the paste samples were collected with a
Bruker D-500 spectrometer using Cu Ko radiation (40 kV, 30 mA).
Diffraction patterns were obtained for a 20 range of 5°-60° with a step
size of 0.03 (20) per second. XRD patterns were only obtained to ensure
the quality of the synthesized CSH, and the patterns are provided in
supplementary plots Figure S1 and Figure S2.

3. Results and discussion
3.1. Characteristics of biomimetic molecules modified CSH

3.1.1. 2°Si NMR spectra of pure and polymer-modified CSH
The chemical environment of 2°Si is generally expressed as Q" in
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silicate minerals, where Q denotes the silicon atom bonded tetrahedrally
to four oxygen atoms and the superscript n refers to the number of the
other [SiO4]4' attached to the SiO4 tetrahedron being investigated [58,
59]. Fig. 3 represents the 2°Si NMR spectra of the freshly prepared pure
CSH and biopolymer-modified CSH. Based on the literature [60,61], the
295i NMR peaks were assigned as below: end groups and dimers (Q1):
—79.7 ppm; the bridging sites (Q#): —82 pp; and pairing sites (Qg): -85
ppm. The pure CSH was found to contain a relatively high intensity of Q?
compared to that of Ql. Such a high Q2/Q1 ratio is expected for CSH
synthesized with a low C/S ratio [60]. As observed from the XRF mea-
surements (Table 1), the actual C/S ratios of the synthesized samples
were lower than the target ratio of 1.5, thus resulting in relatively high
intensity for Q2 in all the CSH samples. In the PDA modification, the
intensities for Q' and Q3 present in the CSH were increased. Therefore,
the addition of PDA increased the non-uniformity in CSH structure. The
effects of L-Asp addition were similar to those of PDA. Additionally, the
L-Asp modified CSH showed the highest intensity of Q° species.

3.1.2. Nanostructure of synthesized CSH

Fig. 4 shows the TEM images of the pure CSH and biomimetic-
molecule modified CSH nanostructures. The images were taken at two
different magnification levels: 100 nm and 50 nm. Pure CSH was found
to have lath or globule-like structure (Fig. 4(a) and (b)). Such
morphology of CSH matches previous observations [62]. Interestingly,
the addition of biomimetic molecules had distinct effects on the
morphology of the CSH. The synthetic CSH with 10% PDA showed a
foil-like morphology (Fig. 4(e) and (f)). Additionally, the CSH deposition
appeared to have become denser due to the addition of PDA. Such an
effect was more prominent in the case of the L-Asp modified CSH.
Specifically; the TEM image of the L-Asp modified CSH showed the
formation of randomly oriented needle-like shapes (Fig. 4(c) and (d)).
The molecules interacted differently due to different chain length and
charges. The PDA has longer chain length than the L-Asp (Fig. 1).

PDA- CSH

L-Asp - CSH

Control CSH

-60  -70 -80 -0 -100 -110 -120 -130
Chemical shift (ppm)

Fig. 3. 2°Si MAS NMR spectra of pure and modified CSH at 0 h carbon-
ation period.
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Fig. 4. TEM image of (a) Control CSH (100 nm), (b) Control CSH (50 nm), (c) L-Asp — CSH (100 nm), (d) L-Asp — CSH (50 nm), (e) PDA - CSH (100 nm), and (f) PDA -

CSH (50 nm).

3.1.3. Nanomechanical property of freshly prepared CSH

The compacted CSH pellets were subjected to nanoindentation over
two different 30 pm x 30 pm areas in a grid pattern resulting in a total of
120 indentations per sample. An example plot showing the load-depth
graphs for different CSH samples is given in Figure S3. Based on the
results from those 120 indentations, the frequency distribution of the
elastic modulus of the pure CSH(control), PDA modified CSH, and L-Asp
modified CSH are given in Fig. 5. The pure CSH was found to have a
mean modulus of 3 GPa. This value exactly matches a recently reported
measurement of a modulus of CSH with a C/S ratio of 1.0 [63]. PDA
modified CSH showed a higher elastic modulus of 25 GPa which is
around 8 times higher than the pure CSH. Worth noting, PDA is also well
known for its adhesive properties [64]. The self-polymerization of
dopamine hydrochloride to PDA in an alkaline environment creates a
polymer network with strong adhesive properties [64]. We suggest that
due to this adhesive nature, the PDA modification of CSH resulted in the
observed increase in the modulus of CSH. The L-Asp modified CSH 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 2Si
NMR spectra. Considering the above results, it is interesting to note that
the addition of biomimetic molecules can significantly enhance the
elastic properties of CSH. 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 [48] reported that the modification of
CSH by biomolecules reduced the elastic modulus of this phase. In that
study [48], 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 elastic modulus of
CSH is enhanced or not. Based on the current findings, it can be sug-
gested that biomimetic molecules with distinct Ca?t binding properties
can enhance the modulus of CSH. However, additional investigations are
required to confirm this observation.

3.2. Effectiveness of biomimetic molecules to resist carbonation

In the following sections, the characteristics of carbonated CSH are
presented to evaluate the role of biomimetic molecules on the carbon-
ation resistance of these samples.

3.2.1. 2°Si NMR spectra of carbonated samples

The 2°Si NMR spectra of the 168 h and 28 days carbonated CSH
samples are given in Fig. 6 (a) and (b), respectively. After 168 h of
accelerated carbonation at a 4% CO5 concentration, the pure CSH 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 CSH 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 Q® and Q*). Interestingly, in the case of the L-Asp and PDA modified
batches, the original CSH structure containing Q2 species were retained
after 168 h of carbonation, and there was no Q* formation. After 28 days
of carbonation, minor peaks corresponding to Q% and Q* species were
observed, even though the intensities of Q! and Q? remained prominent.
Accordingly, the PDA and L-Asp modifications were successful in
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Fig. 5. Percent frequency vs elastic modulus of (a) pure CSH (b) L-Asp modified
CSH, (c) PDA modified CSH without any carbonation.

significantly lowering the carbonation degradation of CSH. 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
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environment of the Q> species formed during the carbonation of CSH
with and without the presence of biomimetic molecules and can corre-
spond to the formation of organic-inorganic hybrid phases (CSH-organic
molecule-CaCOs3) as hypothesized earlier.

3.2.2. Nanostructure of CSH after carbonation

The TEM images of the CSH samples after 168 h of carbonation are
given in Fig. 7. In the case of the carbonated CSH batch, the presence of a
crystalline phase within the disordered matrix is visible (Fig. 7(a)). This
indicates the intermixing of CaCOj crystals in the carbonated CSH ma-
trix. Such formation of a crystalline phase within the disordered matrix
due to the carbonation of CSH has been reported in the past [65]. In the
zoomed-in version (Fig. 7(b)), small globules with dense borders or
periphery were observed. Such globules can be considered as the char-
acteristic morphology of polymerized silica gel. In the case of PDA and
L-Asp 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.

3.2.3. FTIR spectra of CSH at different carbonation periods

ATR-FTIR measurements has proven to be a highly valuable tool to
monitor the polymerization of CSH [66] as well as the formation of
various CaCO3 polymorphs [40] during the carbonation reaction. In this
work, FTIR spectra were collected from the carbonated CSH samples at
certain intervals as shown in Fig. 8. The FTIR spectra for CSH exhibit a
broad absorption between 800 cm ! and 1200 cm ™! which corresponds
to the asymmetrical stretching vibration (v3) of the Si-O bond present in
silicate [66]. Based on the literature [67], the various polymerized sil-
icate units in CSH were assigned as followings: the 960-980 cm ! peaks
are the Q2 units, the 1050-1080 cm ™ peaks are the Q2 units, and the
1100-1200 cm™! are the Q* units. The CaCO3 polymorphs can be
identified by studying the asymmetrical stretching vibration (v3), the
out-of-plane bending (v3), and the in-plane bending (v4) of the CO%’
bond in the ranges of 1300-1500 cm’l, 800-900 cm~! and 700-750
cm’l, respectively [40,68].

With increased carbonation duration, the asymmetrical stretching
vibration (v3) of CO3~ started forming at around 1420 cm™! in the pure
CSH sample (Fig. 8(a)). Additionally, sharp peaks at around 872 cm !
and 711 cm™! were also formed. These are characteristics peaks of
calcite [40,69,70]. 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

(@ PDA- CSH
Ql

Control CSH

(b)

PDA- CSH

L-Asp - CSH

o Control CSH

-60 -70 -80 90 -100 -110 -120 -130
Chemical shift (ppm)

-60 -70 -80 -90 -100 -110 -120 -130
Chemical shift (ppm)

Fig. 6. 295i MAS NMR spectra of pure and modified CSH at (a) 168 h and (b) 28 days of carbonation.
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Fig. 7. TEM image of (a) pure CSH (100 nm), (b) pure CSH (50 nm), (c) L-Asp modified CSH (100 nm), (d) L-Asp modified CSH (50 nm), (e) PDA modified CSH (100

nm), and (f) PDA modified CSH (50 nm) after 168 h of carbonation period.

carbonation. Additionally, the in-plane bending peak at around 745
em™! 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 crn’l, 873 cm’l, 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 PDA modified, and L-Asp modified CSH
samples before and after carbonation were very similar (Fig. 8(b) and
(c)). Unlike the pure CSH sample, the asymmetrical stretching vibration
(v3) of CO3™ bond started forming a split peak at around 1350 cm ™! and
1390 cm™ L. Such split peaks are the characteristic of ACC as well as
vaterite [70,71]. The formation of out-of-plane and in-plane bending
peaks at around 834 cm ™! and 744 cm ™}, 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 L-Asp and PDA
stabilized the formation of ACC and vaterite in the carbonated CSH
samples.

To understand the carbonation induced polymerization of CSH, 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 Fig. 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 CSH
structure. With increased carbonation duration, a peak at around 1100
em ™}, corresponding to the Q° species, started forming. After 168 h of
carbonation, the carbonated CSH sample contained primarily Q> and Q*
peaks, in addition to Q2 peaks. However, after 28 days of carbonation,
only the absorption bands corresponding to Q> and Q* were visible,
indicating the complete molecular arrangement of CSH was changed
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 CSH samples, the original Q2 structure of CSH was retained
even after 28 days of carbonation, thus, corroborating the findings of
293i NMR, that the presence of biomimetic molecules was able to aid
CSH 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 [66], and one example plot
showing the deconvolution is presented as supplementary data
(Figure S4). 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 wave-
numbers for the different CSH batches along with their carbonation
durations are presented in Fig. 8(d). From this plot, it can be seen that
the accelerated carbonation only slightly changed the chain silicate
structure present in the L-Asp and PDA 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



M.I Haque et al.

(a) Control CSH

1600 1400 1200 1000

1800
Wavenumber (cm™)

CM
s

(c) L-Asp - CSH

1800 1600 1400 1200

Wavenumber (cm™)

Cement and Concrete Composites 136 (2023) 104888

M

(6
(b) PDA - CSH :

\ 28d

168k
72h
24h
6h
Oh
1800 1600 1400 1200 1000
Wavenumber (cm’')
]Ogo_l (d) Mean wavenumber of SiObond |
"= 1060 // 1
2 4
5 10401 1
=
=2
£ 10204 .
A
% 10004
5 1/ =t ]
=) d - ——
2 e
= 980-}»4-/' 1
9609 e Control CSH —+— PDA - CSH —a—1-Asp-CSH |
(I) l(I)O 2(I)0 3(I)0 4(I)0 5(‘)0 6(‘)0 7(I)O

Carbonation durations (hours)

Fig. 8. FTIR spectra of (a) pure CSH; (b) PDA modified CSH; (c) L-Asp modified CSH at different carbonation periods [C: calcite and M: metastable calcium car-
bonate]; (d) mean wavenumber of the silica tetrahedron polymerization chain at different carbonation periods.

h.

3.2.4. Thermogravimetric analysis with mass spectroscopy (TGA-MS) for
CO;, sequestration capacity

The TGA-MS plots of CSH carbonated for 168 h and 28 days are
presented in Figs. 9 and 10, respectively. Nearly all the CSH showed
gradual weight loss due to the release of chemically bound water within
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the temperature range of 100 °C-600 °C, and the release of CO, due to
the decarbonation of CaCOs; within the temperature range of
200 °C-800 °C. As suggested previously, the gradual weight loss due to
the decarbonation is primarily associated, including vaterite and ACC
[40]. The decomposition (recrystallization to a stable phase) of ACC
occurs in the temperature range of 170 °C-350 °C, depending on the
particle size and pH [72,73]. In the case of vaterite, recrystallization
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Fig. 9. Thermogravimetric analysis of CSH after 168 h of carbonation.
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Fig. 10. Thermogravimetric analysis of CSH after 28 days of carbonation.

occurs at around 450 °C and exhibits multiple stages [74]. Based on this
literature information, we mark four stages in the CO5 mass spectra of
the carbonated CSH samples and assign those stages as follows, I:
recrystallization of ACC, II and III: recrystallization of vaterite, and IV:
decomposition of calcite. Aragonite was not observed in these samples
using XRD (see supplementary data). From Fig. 9(a), it can be observed
that the carbonated control CSH contained vaterite, ACC, and calcite
after 168 h of carbonation. The CO5 spectra for L-Asp and PDA 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 Fig. 9(d). It
can be observed that due to the carbonation, pure CSH was able to
sequester around 20% CO». On the other hand, the CO5 sequestration in
the L-Asp and PDA modified CSH samples was around 11% and 15%,
respectively. After 28 days of carbonation, the CO; release corre-
sponding to ACC (stage I) was not observed in the control CSH batch
[Fig. 10 (a)], but the intensity corresponding to vaterite was increased.
In the case of the L-Asp modified CSH, after 28 days of carbonation, the
intensity of COg spectra corresponding to ACC was increased, whereas,
in the case of the PDA modified CSH it remained the same as at 168 h.
Accordingly, we suggest that while all the carbonated batches contained
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 CO, sequestered in the control batch and PDA
modified batch increased to 27% and 20%, respectively. On the other
hand, the L-Asp modified CSH did not show any increase in COy
sequestration capacity after 28 days of carbonation. Accordingly, L-Asp
modification was able to resist further carbonation of the samples after
168 h, and PDA modification slowed down the carbonation rate
compared to that of the control batch. Interestingly, the biomimetic
molecules modified CSH samples were able to sequester CO5 without
deteriorating the original chain like structure of the CSH.

3.2.5. Nano-mechanical properties of carbonated samples

The frequency distribution of the elastic modulus in the CSH pellets
after 168 h and 28 days of carbonation are presented in Fig. 11(a) and
Fig. 11(b), respectively. Considering the pure CSH 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 CSH. 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 [63]. 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 pres-
ence of three distinct phases were clearly identifiable (as marked in
Fig. 11(b)). This indicates that the carbonated pure CSH pellet contained
a mixture of these three phases. In contrast, in the PDA 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 L-Asp modified
CSH, this increase in elastic modulus was significantly more prominent.
Specifically, L-Asp 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
60-70 GPa [76]. 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 PDA 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 L-Asp modified batch, except the
mean modulus was higher (45-55 GPa). This observation further in-
dicates the potential formation of a single hybrid phase, instead of
separate microscopic phases (detailed discussion provided in sec 4).
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Fig. 11. Percent frequency vs elastic modulus of control CSH, PDA modified CSH, L-Asp modified CSH at (a) 168 h and (b) 28 days of carbonation.

3.2.6. Morphologies of the CaCO3 phases

The morphologies of the CaCOs crystals formed in the carbonated
CSH are shown in Fig. 12. Individual crystal sizes and shapes were
visible in all the CSH batches [Fig. 12 (a to f)]. In the case of the control
batch, CaCOj3 crystals were mostly embedded in the silica gel phase
[Fig. 12 (a, b)]. However, sharp rhombohedral edges of calcite crystals
were identifiable in the control batch. In contrast, in the cases of the L-
Asp modified samples, spherical ACC were visible [Fig. 12 (c, d)]. On the
other hand, PDA batches were found to contain vaterite plates. Based on
the several SEM images, it was apparent that L-Asp and PDA primarily
stabilized ACC and vaterite, respectively. However, both of the batches
also found to contain some calcite crystals also (not shown in the figure).

4. Discussion and future applications

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 mole-
cules 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 Fig. 13. The negative sur-
face sites from the biomimetic molecule gets attached with the positive
Ca?* from the CaO sheet of CSH and later forms the organic-inorganic
hybrid phase during carbonation. The formation of organic-inorganic
hybrid phase due to the presence of biomimetic molecules and CaCO3
are discussed in a previous publication [40]. Specifically, it was sug-
gested that during carbonation the negatively charged biomimetic
molecules binds Ca?" sites of CaCOs by sharing an electron [40]. Such a
bond then inhibits further conversion of ACC and vaterite particles to
calcite [40].

Stabilization of these metastable CaCO3 polymorphs have multiple
consequences:

(i) These polymorphs have lower solubility compared to that of
calcite. Specifically, the solubility constants for calcite, aragonite,
and vaterite are 10848 107834 and 10771, respectively [31,

10

32]. ACC is 120 times more soluble than calcite [33]. Due to the
high solubility of ACC and vaterite, formation of these phases can
reduce the extent of carbonation [22].

(ii)) ACC (1.62-2.59 g/cc, depending on the H,O content) and
vaterite (2.66 g/cc) have lower density compared to that of
calcite (2.71 g/cc) [77]. Accordingly, formation of same weight
of metastable CaCO3 occupies a higher volume compared to
calcite, and therefore, formation of these mCaCO3 reduces the
CO,, diffusion in the matrix.

(iii) As reported by Kim et al. [78], this approach of controlling the
in-situ crystallization of CaCO3 using biomimetic molecules re-
sults 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-
mCaCO3 was formed which had excellent elastic modulus compared to
the pure CSH. A brief comparison of Figs. 11 and 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 L-Asp modified CSH
vs. the 3 GPa of pure CSH).

The above findings can be highly beneficial for cementitious mate-
rials that contain CSH/CASH 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 cementi-
tious composites are exposed to atmospheric CO2, 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.
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5. Conclusion
The following are the concluding remarks from the present study:

i. L-Asp and PDA-modified CSH showed foil-like morphology and
similar silicate polymerization as that of the pure CSH. CSH
modified with L-Asp and PDA had nearly 3 times and 8 times
higher elastic modulus, respectively, compared to that of the pure
CSH.

ii. From TEM image analysis, it was seen that the morphology of the

modified CSH samples were unaffected even after 168 h

carbonation duration. On the other hand, after 168 h of carbon-

ation, pure CSH converted to spherical silica gel particles with
distinguishable periphery.

295 NMR of the CSH samples before and after carbonation

showed that within the carbonation duration, pure CSH was fully

converted to polymerized silica gel containing Q and Q* species.

In the cases of L-Asp and PDA modified CSH, no significant

change in the CSH polymerization was observed despite the

increased amount of CaCOs formation after 28 days of
carbonation.

The modified CSH showed significantly increased elastic modulus

after carbonation. The increase in the modulus of the L-Asp

modified CSH batch was higher than that of the PDA modified

CSH. The increase of modulus during carbonation was attributed

to the formation of an organic-inorganic nanohybrid phase in the

presence of the biomimetic molecules.

v. Under the tested experimental scenario, the modification by L-
Asp and PDA reduced the CO3 sequestration capacity of CSH 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 CSH to retain its
original structure and increased the elastic modulus after
carbonation.

iii.

iv.

Overall, from this study, it was observed that the use of L-Asp and
PDA could reduce the carbonation degradation of pure CSH. However,
the effectiveness of such molecules for different C/S ratios and pH re-
mains unexplored at this time and will require further investigation.
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