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A B S T R A C T   

This article presents an investigation on the application of amino acids to control the CaCO3 crystallization in 
carbonation cured wollastonite composites. It was observed that wollastonite carbonated without any amino acid 
formed calcite as the primary polymorph of CaCO3. In contrast, the use of amino acids as admixtures resulted in 
the formation of stable amorphous calcium carbonate (ACC), vaterite, and aragonite during the carbonation of 
wollastonite. The carbonated composites produced with amino acids were observed to have a lower critical pore 
size, but a higher total porosity, compared to the control batch. Additionally, the utilization of amino acids was 
observed to increase the flexural strength and compressive strength of the composites up to 106% and 48%, 
respectively, compared to the control batch. Such performance enhancement of the carbonated composites in the 
presence of amino acids was attributed to the reduced critical pore size and the formation of organic-inorganic 
hybrid phases in the matrix.   

1. Introduction 

Concrete or cement-based composites are responsible for up to 9% of 
global man-made CO2 emissions [1]. Production of ordinary Portland 
cement (OPC) is also one of the most energy-intensive manufacturing 
processes [2]. Utilization of alternative cementitious materials instead 
of OPC may allow us to achieve a lower CO2 footprint from concrete and 
other cement-based composites [3,4]. Carbonation-activated (or CO2- 
cured) calcium silicate is one such alternative cementitious material 
[5–7]. The hardening process of this type of cementitious material in
volves the reaction of calcium silicates with CO2 in the presence of 
moisture (addressed as ‘carbonation or CO2 curing’) [8,9]. The 
carbonation reaction products of calcium silicates are CaCO3 and Ca- 
modified silica gel (Ca/Si atomic ratio ~ 0.4), which act as the bind
ing phases and provide strength to the hardened matrix [10,11]. This 
hardened matrix will be referred to as ‘carbonated cement composite’ 
for the remainder of this article. During the carbonation reaction, these 
composites can also store up to 18% (by wt.) of CO2 and therefore, 
presents an attractive opportunity for CO2 sequestration as well 
[12–14]. 

Previous studies have shown that the mechanical performances of 
these carbonated cement composites are significantly influenced by the 

crystalline properties of CaCO3 [5,6]. In the case of calcium silicate- 
containing cementitious materials, the primary polymorphs of CaCO3 
formed during the carbonation include calcite, aragonite, vaterite, and 
amorphous calcium carbonate (ACC) [15–17]. Formation of these 
polymorphs of CaCO3 ideally should follow the Ostwald's process; that 
is, the least stable polymorph ACC is the first to nucleate, which then 
crystallizes to form vaterite or aragonite (also metastable), and finally, 
forms calcite — the most stable polymorph [18–20]. Nevertheless, this 
conversion route of CaCO3 polymorphs in carbonated cement compos
ites is affected by several factors including relative humidity [21], CO2 
concentration [22], pH [23], silica content [24], and magnesium con
tent [25]. Because of these factors, it is difficult to control the relative 
proportions of the different CaCO3 polymorphs formed in the carbon
ated composites. Further, the intrinsic properties of these CaCO3 poly
morphs are significantly different. As an example, the stiffness of 
vaterite, aragonite, and calcite are 39.13 GPa, 67 GPa, and 72.83 GPa, 
respectively [26] (data not available for ACC). The variation in the 
relative proportions of different CaCO3 polymorphs along with their 
various intrinsic characteristics often results in significant variability in 
the mechanical performance of carbonated cement composites. Previous 
studies have shown that 20 to 40% variation in the mechanical perfor
mances (i.e., strength and Young's modulus) of the carbonated 
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composites produced in a similar carbonation setup can be observed due 
to the presence of different polymorphs of CaCO3 [27]. Developing the 
ability to control the CaCO3 polymorph formation and stabilization in 
carbonated cement composites will enable microstructure-based design 
optimization of this sustainable cementitious system. 

While controlling the polymorphs of CaCO3 in carbonated cement 
composites is a new concept, this approach has been widely used to 
produce bio-inspired materials [28]. Studies on biomineralization pro
cesses have shown that living organisms use organic matrices to control 
the structure and properties of the CaCO3 mineral [29], specifically, to 
stabilize typically metastable ACC, aragonite, and vaterite polymorphs 
(addressed as mCaCO3) [30,31]. A series of organic molecules have been 
identified that control the nucleation, polymorphic selection, and crystal 
growth of the CaCO3 in biominerals [32,33]. This process of controlling 
the crystallization of inorganic CaCO3 with organic molecules has also 
shown to produce ‘organic-inorganic’ hybrid phases with remarkable 
strength, toughness, and resilience [34]. Consequently, in the past 
several years, the selective formation of mCaCO3 using organic bio
mimetic molecules has been extensively studied to develop materials 
with extraordinary characteristics [35–37]. Repetitive success has been 
observed using amino acids, including aspartic acid (poly) [30,38–40], 
serine [33], and arginine [41], to control the crystallization of CaCO3. In 
this regard, a recent study by Kim et al. [40] investigated the effects of 
amino acids on the single calcite crystal. The authors [40] reported that 
the presence of amino acids indeed formed an organic-inorganic nano
composite/hybrid phase with superior hardness compared to the pure 
calcite crystal (Fig. 1). 

Inspired by these previously published findings and considering that 
CaCO3 is the primary binder in producing carbonated cement compos
ites, we hypothesized that amino acids can enhance the performance of 
these composites by altering the polymorphs of CaCO3. The experi
mental findings presented in this article were designed to verify the 
above-stated hypothesis. Based on the experimental tasks, this article 
answered two questions:  

(i) is it possible to stabilize the mCaCO3 phases in carbonated 
cement composites by mimicking the biomineralization process?  

(ii) how such formation of mCaCO3 polymorphs affects the strength 
and microstructure of the carbonated cement composites? 

2. Materials and methods 

2.1. Raw materials 

Three hydrophilic and soluble amino acids were used in this study: 
positively charged L-arginine (L-Arg), negatively charged L-aspartic (L- 
Asp) and non-polar L-serine (L-Ser). These amino acids were procured 
from Sigma Aldrich, USA. Ground-natural wollastonite was used as the 
source of calcium silicate. Wollastonite is known as a non-hydraulic 
calcium silicate and do not produce calcium silicate hydrate gel due to 
the addition of water. Therefore, it was selected as a model calcium 
silicate mineral to investigate carbonation behavior without significant 
influence from hydration reaction. This wollastonite was procured from 
a commercially available source (NYCO minerals, USA). The mean 
particle size of the ground wollastonite was 9 μm and the specific surface 
area was 1.6 m2/g. 

2.2. Sample preparation 

Two categories of samples were prepared for carbonation in this 
study: (i) thin paste samples (<2 mm) without any compaction, and (ii) 
compacted paste cube and beam samples. The first category of samples 
(described in Section 2.2.1) were used to monitor the CaCO3 polymorph 
formation and evolution over time during carbonation without the effect 
of CO2 diffusion across the sample dimensions. The second category of 
samples (described in Section 2.2.2) were used for mechanical strength 
and pore size distribution analysis. 

2.2.1. Carbonation of thin paste samples without compaction 
Dry amino acids were first mixed with water at 0.13 M and 0.25 M 

concentrations. Wollastonite powder was then hand-mixed with these 
amino acid containing solutions for 2 min. The solution to solid 
(wollastonite) ratio by weight was maintained at 0.42. A control batch 
was prepared by mixing ground wollastonite with water without the 
presence of any amino acid in the same ratio. These paste-like mixtures 
were then spread on plastic plates and exposed to carbonation. The paste 
samples had around 2 mm thickness on the plate. Any possible 
compaction was intentionally avoided to eliminate the effects of CO2 
diffusion across the thickness of the paste sample. Carbonation was 
performed at 80% RH, 15% CO2, 55 ◦C, and at atmospheric pressure. 
This experimental setup was found to be suitable for the carbonation of 
calcium silicates based on previously published studies [27,42]. A 
commercially available carbonation chamber (CO2 incubator by VWR) 
was used to control these environmental parameters. Carbonated sam
ples were collected from the chamber at intervals of 30 min, 3 h, 6 h, 24 
h, 48 h, 72 h, and 145 h. After the samples were removed from the 
carbonation chamber, they were kept in a laboratory-sealed environ
ment for at least 24 h before performing the characterization tests. The 
samples were then examined using Thermogravimetric Analysis (TGA) 
with or without mass spectrometer, Fourier Transformed Infrared (FTIR) 
and X-ray Diffraction (XRD) to monitor the extent of carbonation and the 
polymorph of CaCO3. 

2.2.2. Carbonation of paste cube and beam samples 
For mechanical performance testing, paste samples were prepared 

with the same mix proportions as described in Section 2.2.1. In this case, 
mixing was performed using a rotary mixer for 2 min. The paste mix
tures samples were then poured into 25 mm cube and 12.7 mm × 45 mm 
× 20 mm beam molds. The paste mixture had low viscosity and it was 
relatively easy to pour the mixtures into the beam molds. Nevertheless, 
all the samples were lightly tamped about 10 times with a glass rod to 
achieve the same level of compaction. The cube samples were exposed to 
CO2 containing environment, same one as that described in Section 
2.2.1, immediately after casting. The beam samples were exposed to an 
atmospheric pressure carbonation in a chamber with 99.9% CO2, 55 ◦C, 
80% RH for a duration of 300 h. A higher CO2 concentration for beam 

Fig. 1. Effects of amino acids on the hardness of CaCO3 crystals. 
(Reproduced with permission from [40].) 
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samples was implemented to ensure maximum possible degree of 
carbonation. After the initial 24 h of carbonation in the molds both, the 
cube and beam samples were demolded, and the carbonation process 
continued under the same conditions as discussed above. 

2.3. Test methods 

A commercially available instrument (TA instrument, TGA 55) was 
used for the TGA measurements. The paste samples prepared as per 
Section 2.2.1 were first ground using a mortar-and-pestle to obtain 
powder samples. Approximately 30–45 mg of this powder sample was 
then tested for each batch. The powdered sample was loaded into the 
pan and kept under isothermal conditions for 5 min. The temperature of 
the chamber was then raised continuously up to 980 ◦C with an incre
ment of 10 ◦C per minute. Nitrogen gas was purged in the chamber to 
ensure an inert environment. 

For a limited number of samples, TGA was coupled with a mass 
spectrometer (MS). This coupled TGA-MS system enabled the separation 
and identification of any volatile species coming off the sample during 
the heating process. In this case, TGA was performed using a Netzsch 
STA 449 F3 Jupiter Simultaneous Thermal Analysis (STA) instrument. 
All samples were measured under ultra-high purity helium gas (flow of 
50 ml/min). The temperature was increased at a rate of 10 ◦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). 

X-ray Diffraction (XRD) patterns of the carbonated powdered sam
ples were recorded via Bruker D-8 spectrometer using a Cu Kα radiation 
(40 kV, 40 mA). The diffraction patterns were obtained for the 2θ range 
of 5◦ to 60◦ using a step size of 0.02 (2θ) per second. For additional series 
of samples, 10 wt% of TiO2 was used as the internal standard for per
forming Rietveld refinement. The Rietveld refinement was performed 
using a commercially available software (Match! Phase Analysis using 
Powder Diffraction). The PDF card numbers used were as follows: PDF# 
96-900-5779, PDF #96-901-5391, PDF #96-901-3800, PDF #96-901- 
5899, and PDF #96-7250-6076 for wollastonite, calcite, aragonite, 
vaterite and TiO2, respectively. However, due to the possible error in 
calculations, the obtained phase proportions were regarded as semi 
quantitative. 

Scanning Electron Microscopy (SEM) images were obtained using a 
Zeiss-FIB SEM which was operated in high vacuum mode, using an 
accelerating voltage of 5 kV. Fractured surfaces of the samples were 
coated with gold‑palladium to achieve adequate conductivity. 

The Fourier-Transformed Infrared (FTIR) spectra of the ground paste 
sample was collected using Attenuated Total Reflection (ATR) mode 
with 4 cm− 1 resolution and 16 scans for each sample. Signal to noise 
ratio was lower than 3:1. 

The 5 × 5 × 5 mm paste cube samples were removed from the 25 mm 
cubes (curing condition as per Section 2.2.2) for porosity evaluation. 

Fig. 2 shows the location of the test samples. A slow speed diamond saw 
was used to remove the samples. Pore size distributions of the samples 
were evaluated using mercury intrusion porosimeter (MIP). 

The cube and beam samples prepared as per Section 2.2.2 were used 
for compressive and flexural strength tests, respectively. The compres
sion test was performed at a displacement rate of 0.02 mm per second. 
The flexural strengths of the carbonated paste samples were measured in 
3-point bending mode using a displacement rate of 0.3 mm per second. 

3. Results 

3.1. Polymorph identification of metastable CaCO3 

FTIR spectra and XRD patterns were collected to identify the poly
morphs of CaCO3 formed in the carbonated wollastonite composites 
with and without amino acids. Fig. 3 shows the FTIR spectra of these 
composites after different carbonation durations. The peaks below 700 
cm− 1 wavenumbers originated from raw wollastonite. The broad ab
sorptions between 800 cm− 1 and 1200 cm− 1 in the FTIR spectra of 
unreacted wollastonite (0 min, Fig. 3 (a)) correspond to the asymmet
rical stretching vibration (ν3) of the Si–O bond in this mineral [43]. The 
absorption bands of pure wollastonite at or below 800 cm− 1 corresponds 
to the out-of-plane skeletal (ν4) and in-plane skeletal (ν2) vibrations of 
the Si–O bond [44,45]. During the carbonation, the gradual removal of 
Ca2+ from wollastonite increases the silicate polymerization [11], which 
is reflected by the shift of the ν3 vibration of the Si–O bond to a higher 
wavenumber resulting from the increased bond strength [44,46]. 

The absorption bands for CaCO3 polymorphs based on the literature 
are given in Table 1. The symmetric stretch (ν1) of carbonate minerals at 
around 1080 cm− 1 is often used to differentiate polymorphs of CaCO3 
[47]. However, this peak was overlapped by the ν3 peak of the Si–O 
bond in the carbonated wollastonite composites, and hence, was not 
usable for CaCO3 polymorph identification. The information presented 
in Table 1 was used to identify the CaCO3 polymorphs present in 
carbonated wollastonite composites based on FTIR spectra. 

The control batch contained ACC and/or vaterite after 30 min of 
carbonation, as identified by the broad peak at 1480 cm− 1, due to the ν3 
vibration of CO3

2− (Fig. 3(a)). The control batch exhibited structural 
rearrangement of carbonate phases after 3 h of carbonation, as was 
apparent by the shift and narrowing of the ν3 peak at 1420 cm− 1. The 
relatively sharp peak at around 1420 cm− 1 was indicative of stable 
calcite formation in this system [48]. The sharp in-plane bending (ν4) at 
712 cm− 1 and the out-of-plane bending (ν2) at 872 cm− 1 also confirmed 
the presence of only calcite polymorphs in this system (Fig. 3(a)). The ν3 
vibration of the Si–O bond at 1100 cm− 1 and 1200 cm− 1 indicated the 
formation of highly polymerized silica gel networks in this composite 
[8]. 

The ν3 vibration of CO3
2− in the L-Arginine-containing carbonated 

composites was around 1450 cm− 1 (Fig. 3(b)), indicating the formation 
of aragonite in these systems [49]. A small peak of carbonate out-of- 
plane bending vibration (ν2) at 856 cm− 1 was observed after 72 h of 
carbonation, which is also the characteristic of aragonite [47]. Never
theless, all other typical calcite peaks (712 cm− 1 and 872 cm− 1) were 
present in the FTIR spectra of L-arginine-containing carbonated 

Fig. 2. Schematic showing the steps of collecting the MIP sample.  
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composites, confirming calcite was still the primary polymorphs of 
CaCO3 in these samples. The additional peak at around 1640 cm− 1 as 
observed in Fig. 3(b) was an overlap between the OH bend present in the 
bound water of calcium carbonate with the amide-I vibration of amino 
acids [51]. 

The L-serine-containing carbonated composite showed similar FTIR 
characteristics to the L-arginine batch after 30 min of carbonation (Fig. 3 
(c)). After 3 h of carbonation, the ν3 vibration of the L-Serine batch 
presented a broad peak in the range of 1420 cm− 1 to 1490 cm− 1 rep
resenting the typical characteristics of vaterite and ACC [48]. The peak 

at 712 cm− 1 was short (compared to the control) for L-serine batches, 
indicating the presence of only a small amount of calcite. The formation 
of stable aragonite in this system was identified by the ν2 peak of car
bonate ions at 856 cm− 1 after 3 h of carbonation ((Fig. 3(c)). All the 
above-specified observations confirmed that L-serine-containing 
carbonated composites had stable ACC, vaterite, and aragonite in the 
matrix. 

The split ν3 peak of carbonate ions around 1420–1480 cm− 1, as 
observed in the L-aspartic acid batches (Fig. 3(d)), indicated the presence 
of ACC in these composites. The split ν3 peak results from the lack of 
symmetry in CO3

2− ions, which are the characteristic of the ACC phase 
[52]. The in-plane bending (ν4) at 712 cm− 1 was completely absent in 
the L-aspartic acid batches, confirming that calcite was not present in 
these samples. No trace of aragonite was observed in L-aspartic acid- 
containing composites. Therefore, ACC was the primary CaCO3 poly
morph formed in the L-aspartic acid-containing composites. 

A comparison of the FTIR spectra of carbonated composites after 145 
h of carbonation with and without amino acids (0.25 M) is given in 
Fig. 4. The characteristic in-plane bending (ν4) at 712 cm− 1 for calcite 
was most intense for the control batch without any amino acid. With the 
addition of amino acids, ν4 at 712 cm− 1 was reduced or disappeared, the 
out-of-plane bending at 872 cm− 1 (calcite) became shorter or shifted to 
856 cm− 1 (aragonite), and the ν3 peak at around 1420 cm− 1 became 
broader (in the case of L-Arg and L-Ser) or showed split peaks (in case of 
L-Asp). These changes in CO3

2− confirm that the addition of amino acids 
reduced the amounts of calcite formation and stabilized the typically 

Fig. 3. FTIR spectra of carbonated wollastonite: (a) without any amino acid, (b) with 0.25 M of L-arginine, (c) with 0.25 M of L-serine, and (d) with 0.25 M of L- 
aspartic acid (normalized with respect to maximum peak height). 

Table 1 
Wavenumbers (cm− 1) of FTIR absorption peaks for different CaCO3 polymorphs 
[47–50].  

CaCO3 

polymorphs 
Symmetric 
stretch (ν1) 

In-plane 
bending 
(ν2) 

Stretching 
vibration (ν3) 

Out of plane 
bending (ν4) 

Calcite  1080  872 1420 
(relatively 
narrow) 

712 

Aragonite  1083  856 1450, 1470 700, 712 
Vaterite  1087  876 1490, 1450 

(broad peak) 
744 (broad 
peak) 

ACC  1067  864 1420 to 1480 
(split peak) 

Absent or 
very broad 
peak  
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metastable CaCO3 polymorphs, including ACC, vaterite, and aragonite, 
at room temperature in carbonated composites. Moreover, the 3D-net
works of silicate species (Si*-(OSi)3) that are present in silica gel, as 
identified by the absorption peaks at around 1100 cm− 1 and 1200 cm− 1, 
were most intense in the batch without any amino acid. With the 
addition of amino acids, these peak intensities for silica gel were reduced 
(Fig. 4). Thus, this study revealed that the amount of fully polymerized 
silica gel in carbonated cement composites can be lowered by intro
ducing amino acids in these systems. Noteworthy, additional batches of 
this 145 h carbonation cured carbonated composites containing amino 
acids were kept in a lab environment (room temperature, 50–60% RH) 
for two years. The FTIR spectra of the two years old samples are given as 
supplementary Fig. S1. As observed from Fig. S1, after the two years of 
exposure, the FTIR spectra of these samples are similar to those shown in 
Fig. 4. Specifically, the L-Asp containing specimens still did not show 
any calcite peaks after two years of exposure to laboratory environment 
(23 ◦C, 50 to 60% RH). The ν3 peaks for all the amino acid-containing 
batches also remained the same. These findings indicate that the pres
ence of amino acids stabilized the formed aragonite, vaterite, and ACC 
for an extended period of time (at least two years), if not permanently. 

XRD patterns of the wollastonite matrixes carbonated for 145 h with 
and without amino acids are given in Fig. 5. The XRD patterns supported 
the above-discussed findings of FTIR spectra. That is, calcite was the 
only polymorph of CaCO3 present in the control batch. On the other 
hand, the batches containing amino acids had typical forms of mCaCO3. 
After the control batch, the L-arginine batch had the second-highest in
tensity for calcite followed by the L-serine batch. The L-aspartic acid 
batch did not have any peak for calcite, confirming this polymorph was 
not present in the L-aspartic acid batches. Vaterite and aragonite were 
present in both the L-serine and L-arginine batches. The presence of ACC 
was not observed in the XRD patterns due to the relatively small amount 
(compared to the raw wollastonite) and the lack of crystallinity in that 
phase. 

Rietveld refinement was performed to compare the relative propor
tion of the phases (Fig. 6) in the carbonated wollastonite systems. 
Important to note, the amorphous phase in XRD contains amorphous 
calcium-silica gel (carbonation reaction product), ACC, and part of 
unreacted wollastonite. Nevertheless, L-Asp containing batch showed 
the highest amount of amorphous phase present in the carbonated sys
tem, indicating the presence of ACC. The amount of unreacted wollas
tonite was highest in L-Ser containing batch and lowest for the control 
batch. This finding further confirms that the addition of amino acids 
reduced the carbonation extent of wollastonite. The control batch was 
found to contain primarily calcite form of CaCO3 with relatively small 

amounts of aragonite and vaterite. The addition of L-Arg reduced the 
amount of calcite and increased the amounts of aragonite and vaterite. 
Interesting to note, calcite was not observed to form in the L-Asp con
taining batch of specimens. Among the crystalline polymorphs of CaCO3, 
vaterite was the most abundant phase in the L-Asp containing batch. L- 
Ser-containing batch of specimens was found to have nearly equal 
amounts of calcite, aragonite, and vaterite. 

3.2. Morphology of the CaCO3 particles 

The SEM images were used to examine the effects of amino acids on 
the morphology of CaCO3 particles in the scarbonated composites 
(Fig. 7). The SEM images were collected from carbonated composites 
after 300 h of carbonation. Cubic or rhombohedral crystals of calcite 
were prominent in the control batch (Fig. 7(a)). For this sample, the sizes 
of the calcite crystals were in the range of 2 to 5 μm. In the case of a 
carbonated composite containing 0.25 M L-Arginine, the CaCO3 crystal 
shapes were still cubic, however, the sizes were significantly smaller 
(less than 1 μm, Fig. 7(b)). Thus, L-arginine mainly affected the size of 
the carbonates and the primary polymorph was still calcite. This 
matches the finding of FTIR and XRD regarding the L-arginine batches. 
The presence of aragonite in this system, as observed from FTIR and XRD 
(Figs. 3 and 5, respectively), was challenging to identify in the SEM 
images. This is due to the relatively small amount of this phase present in 
the composite. Fig. 7(c) shows the microstructure of the carbonated 
composite containing 0.25 M L-aspartic acid. The microstructure of this 
matrix was uniform throughout the section. The formation of stable ACC 

Fig. 4. A comparison of the FTIR spectra of carbonated wollastonite with and 
without amino acids after 145 h of carbonation. 

Fig. 5. X-ray Diffraction patterns showing the effects of amino acids on the 
polymorphs of CaCO3 after 145 h of carbonation. 

Fig. 6. Quantitative phase proportions in the 145-hour CO2 cured composites  
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was apparent from the presence of spherical CaCO3 particles with 
around <500 nm diameter. The spherical ACC particles merged in 
several locations, which gave a binding capacity to the matrix (Fig. 7(c) 

inset). The microstructure of the batch containing 0.25 M of L-serine 
batch was found to have circular platy phases. Based on the FTIR and 
XRD data, these platy phases were identified to be vaterite crystals. 

Fig. 7. SEM images (~4000×) showing microstructure of carbonated composites (a) without any amino acid, (b) with 0.25 M L-arginine, (c) with 0.25 M L-aspartic 
acid, and (d) with 0.25 M L-serine acid. The scale bar represents a distance of 2 μm. 

Fig. 8. SEM images showing different locations of the carbonated composite containing 0.25 M L-serine. The scale bar presents 2 μm.  
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Noteworthy, unlike aragonite and calcite, vaterite can show wide vari
ability in the morphologies depending on the experimental conditions 
[53,54]. 

The microstructure of the carbonated wollastonite containing 0.25 M 
of L-serine aid was highly variable at different locations within the 
composite (Fig. 8(a) to (d)). The semi-circular plates of vaterite crystals 
were the most prominent phase throughout the microstructure (Fig. 8 
(a)). The diameter of these plates in most of the locations was around 3 
to 4 μm. The gaps between these plates were filled with smaller rhom
bohedral (calcite) and/or spherical (ACC) particles. The vaterite plates 
were also connected to form ‘flower-like’ shapes (Fig. 8(b)). However, in 
a few locations, the plates were aligned parallel, resulting in a layer-like 
formation (Fig. 8(c)). Such layer-like formation has long been known to 
be the source of high toughness of biominerals [55]. However, in some 
other locations, the vaterite plates were joined together to form large 
(~10 μm) particles (Fig. 8(d)). These particles also had parallel crack 
lines induced by volumetric change. These cracks likely formed due to 
the high vacuum pressure of the SEM chamber. The porosity around 
such large vaterite particles was also higher compared to other locations 
in the L-serine batch as well as in other batches. 

3.3. Relative quantification of mCaCO3 polymorphs and extent of 
carbonation 

As discussed in the previous sections, from the FTIR, XRD, and SEM 
investigations, it was apparent that the presence of amino acids stabi
lized typical mCaCO3 polymorphs including ACC, vaterite, and arago
nite, in the carbonated composites. In this section, TGA with/without 
mass spectra (MS) was used to determine the relative proportions of 
mCaCO3 formed in the composites and their effects on the extent of 
carbonation. 

Fig. 9 shows the typical TGA-MS plots of carbonated composites with 

and without amino acids. The H2O and CO2 mass spectra were used to 
identify the origin of weight loss during the TGA measurements. As it 
can be observed from Fig. 9(a), the control batch showed minor weight 
loss due to dehydration at 100 ◦C; major weight loss due to the decar
bonation occurred in the temperature range of 650 ◦C to 800 ◦C with the 
peak at 750 ◦C. The former weight loss was attributed to the evaporation 
of free water from the matrix and the later weight loss was attributed to 
the decomposition of CaCO3 [56]. Comparing these results with those of 
FTIR (Fig. 3(a)) and XRD (Fig. 4), the sharp weight loss at 750 ◦C is 
considered to be the characteristic of decarbonation of calcite poly
morphs of CaCO3. The L-arginine-containing carbonated matrix showed 
an additional weight loss due to the release of H2O at around 300 ◦C, 
which indicated the presence of chemically-bound water in this matrix 
(Fig. 9(b)). This weight loss was attributed to the decomposition of 
amino acids [57] and possible dehydration of mCaCO3 [58]. Further
more, the decomposition of CaCO3 in this sample occurred at a lower 
peak temperature (700 ◦C) compared to the control batch (750 ◦C). Such 
variation in the lower decomposition temperature of CaCO3 was 
attributed to the presence of aragonite and smaller calcite crystal sizes 
than those observed from FTIR (Fig. 3(b)) and SEM images (Fig. 7(b)), 
respectively, of this sample. Both L-serine and L-aspartic acid containing 
batches showed similar weight loss as that of L-arginine, due to the 
evaporation of free water at 100 ◦C and chemically-bound water at 
300 ◦C (Fig. 9(c) and (d)). These samples also showed a gradual weight 
loss and a sharp weight loss due to the release of CO2 in the temperature 
ranges of 200 to 650 ◦C and 650 ◦C to 800 ◦C, respectively, as observed 
from the TGA-MS plots. Comparing these TGA-MS plots with FTIR and 
SEM images, it is postulated that the decarbonation of vaterite (present 
in the L-Serine batch) and ACC (present in the L-aspartic acid batch) 
occurs gradually within the temperature range of 200 ◦C to 650 ◦C. Such 
gradual decarbonation was attributed to the poor crystalline nature of 
these polymorphs of CaCO3. The sharp weight loss in the temperature 

Fig. 9. TGA-MS plots showing the releases of H2O and CO2 gases from carbonated wollastonite matrixes: (a) control batch, (b) L-arginine, (c) L-serine and (d) L- 
aspartic acid containing batches. 
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range of 650 ◦C to 800 ◦C with the peak at 700 ◦C was attributed to the 
decarbonation of recrystallized mCaCO3. 

Based on these TGA-MS, FTIR, and SEM result comparisons, the 
gradual weight loss in the temperature range of 200 ◦C to 650 ◦C can be 
considered as the characteristic indicator of mCaCO3 (specifically, for 
ACC and vaterite) formation in the carbonated matrix. Several previous 
studies also reported a lower decomposition temperature for vaterite 
and ACC [58,59]. As observed from Fig. 10(a), at higher amino acid 
content (0.25 M), almost all the carbonated matrixes showed this 
gradual weight loss in the temperature range of 200 ◦C to 650 ◦C. To 
compare the effectiveness of different amino acids, the relative pro
portions of mCaCO3 compared to the total carbonates formed in the 
matrix was determined by the ratio of ‘weight loss from 400◦C to 650◦C’ 
to ‘weight loss from 400◦C to 800◦C.’ The weight loss was calculated 
from 400 ◦C (not from 200 ◦C) to avoid the contribution from the 
evaporation of chemically-bound water which occurs in the range of 200 
to 350 ◦C. Worthy of note, this approach underestimates the amount of 
mCaCO3 as these phases experience decarbonation in the entire range of 
400 ◦C to 800 ◦C. Nevertheless, this approach provides a good semi- 
quantification of the mCaCO3, specifically for ACC, which is difficult 
to quantify using traditional XRD [56]. The relative proportions of 
mCaCO3 as determined using the above-specified approach with 
different carbonation duration are given in Fig. 10(c). 

All the carbonated composites showed relatively high mCaCO3 
content at the early stage of carbonation that gradually reduced, and 
eventually, the relative proportion of this phase became nearly constant 
irrespective of the carbonation duration (Fig. 10(c)). This high amounts 
of mCaCO3 in the initial stage was expected, since in this stage, the 
matrixes contain relatively small amounts of CaCO3 and plenty of amino 

acids for stabilization. With increasing degree of carbonation, more 
amino acids start getting utilized which may lead to a local depletion of 
amino acid. Such a process can cause non-uniformity in the micro
structure, resulting in the variation in the relative proportions of 
mCaCO3 as those observed in Fig. 10(c). In case of the control batch 
without any amino acid, the relative proportions of mCaCO3 became 
constant around 10 h. The stabilization of this small amount of mCaCO3 
in the control batch was attributed to the formation of silica gel during 
carbonation. Previous studies have also shown that the presence of silica 
can stabilize mCaCO3 [24,60]. With the addition of amino acids, the 
relative proportions of mCaCO3 were increased in the carbonated 
composites. Specifically, L-Aspartic acid was found to be the most 
effective amino acid to increase the proportion of mCaCO3. As expected, 
for all the amino acids, 0.25 M concentration resulted in higher amounts 
of mCaCO3 stabilization compared to 0.13 M. 

The weight loss from 400 to 800 ◦C was further used to calculate the 
amount of total CaCO3 formed in the carbonated samples using the 
stoichiometric equation (CaCO3 → CaO + CO2). The amounts of CaCO3 
(% by wt of the carbonated sample) are given in Fig. 10(d). As it can be 
observed from this figure, the addition of amino acids resulted in lower 
amounts of CaCO3 formation compared to the control batch after the 
same carbonation duration. Specifically, 0.25 M L-aspartic acid resulted 
in the lowest amount of CaCO3 formation in the carbonated composite 
after 300 h of carbonation. The control batch contained approximately 
1.5 times more CaCO3 compared to the batches with amino acids after 
300 h of carbonation. Comparing Fig. 10(c) and (d), a trend between the 
relative proportions of metastable CaCO3 and total CaCO3 after 300 h of 
carbonation curing is visible. Specifically, higher amounts of mCaCO3 
resulted in lower amounts of total CaCO3 in the carbonated composites. 

Fig. 10. (a) TGA plots of carbonated wollastonite composites with and without amino acids, (b) a sample TGA graph showing the relative weight loss due to the 
mCaCO3 and total CaCO3 in the composite, (c) relative proportions of mCaCO3 with carbonation duration (hours), and (d) total CaCO3 (% by weight) content in the 
carbonated matrices with carbonation duration. 
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Considering the amount of total CaCO3 to be an indication of the degree 
of carbonation of the wollastonite, it can be suggested that a higher 
amount of mCaCO3 formation and stabilization resulted in a lower de
gree of carbonation. This effect can be attributed to the following 
reasons:  

(i) The solubility constants for calcite, aragonite, and vaterite are 
10–8.48, 10–8.34, and 10–7.91, respectively [61,62]. ACC is 120 
times more soluble than calcite [63]. As suggested by Morandeau 
and White [25], due to the high solubility of ACC, the formation 
of this phase makes the available solution saturated with Ca2+

and carbonate ions. This process, in turn, reduces the dissolution 
rates of calcium silicates and CO2 in solution, and thus, also re
duces the extent of carbonation [25]. A similar mechanism for 
reduced degrees of carbonation due to the formation of other 
mCaCO3 composites (vaterite/ aragonite) also occurs because of 
their high solubility compared to calcite (stable CaCO3).  

(ii) The carboxyl groups (COOH− ) of amino acids have an unpaired 
electron that can bind with the Ca2+ ions present in wollastonite 
to balance the charge. This causes the amino acids to adhere to 
the wollastonite, resulting in a reduction of the surface area 
available for reaction. Such reduction of reaction sites also 
contributed to the observed lower degree of carbonation with the 
addition of amino acids. In support of this, it should be noted that 
L-aspartic acid, containing two negatively charged carboxyl 
groups (COOH− ), showed the lowest CaCO3 formation compared 
to the other two amino acids, which contain one carboxyl site.  

(iii) The densities of CaCO3 polymorphs are; vaterite: 2.66 g/cm3, 
aragonite: 2.93 g/cm3, calcite: 2.71 g/cm3, ACC: 1.62– 2.59 g/ 
cm3 depending on the H2O content [64]. Because of such differ
ence in density, the formation of the same amount (by weight) of 
vaterite and ACC, as opposed to calcite or aragonite, is under
stood to alter the pore size distribution of the carbonated com
posites [24]. As a result, the diffusivity of CO2 in the carbonated 
composites can be affected if ACC or vaterite are stabilized as 
opposed to calcite or aragonite. A possible lower CO2 diffusivity 
within the matrix, caused by different polymorphs of CaCO3, will 
eventually lead to a lower degree of carbonation. 

3.4. Effects of metastable CaCO3 on pore size distributions 

The pore size distributions of the carbonated composites, as deter
mined using the Mercury Intrusion Porosimeter (MIP), are given in 
Fig. 11. The total pore volume in the range of 0.1 to 5 μm was higher in 
the amino acid containing batches than in the control batch. However, 
the addition of amino acids was found to reduce the critical pore size 
(size of the pore with maximum volume) of the matrix. The critical pore 
diameters of the control, L-aspartic acid, L-serine, and L-arginine batches 

were 1.33 μm, 1.07 μm, 0.86 μm, and 1.07 μm, respectively. The median 
pore sizes (i.e. sizes for which 50% of the pores were smaller and 50% 
were larger) of the control, L-aspartic acid, L-serine, and L-arginine 
batches were 0.78 μm, 1.4 μm, 0.74 μm, and 1.0 μm, respectively. Thus, 
the addition of amino acids resulted in a refinement of pore sizes in the 
carbonated composites (based on the critical pore diameter), even 
though the total porosity was increased. The reduction of pore size 
distribution was most apparent in the case of the L-Serine containing 
carbonated composites. 

3.5. Effects of metastable CaCO3 on compressive and flexural strengths 

The effects of the amino acids on the compressive and flexural 
strengths of the carbonated composites are presented in Fig. 12(a) and 
(b), respectively. As observed from these figures, both flexural and 
compressive strengths of the carbonated wollastonite showed increasing 
trends with the increasing amino acids contents. The flexural strengths 
of the beam were increased by 33% to 47% due to the addition of a 0.13 
M of amino acids. The corresponding increases of compressive strengths 
due to the same dosage of amino acid solution were in the range of 2% to 
33%. The addition of 0.25 M amino acid solution increases the 
compressive and flexural strengths of the composites by 33% to 43% and 
56% to 106%, respectively. The addition of 0.25 M L-serine was found to 
result in maximum strengths of the composites, i.e., 48% and 106% 
increases of the compressive and flexural strengths, respectively, 
compared to the control batch. Noteworthy, the L-aspartic acid con
taining batch showed more consistent compressive and flexural 
strengths with lower standard deviation which was attributed to the 
uniform spherical ACC formation in the matrix. 

4. Discussion 

As observed in the Results section, all the carbonated composite 
specimens prepared with amino acids were observed to form various 
mCaCO3 phases, including vaterite, aragonite, and ACC. Based on the 
concepts of biomineralization, the interaction between amino acids and 
calcium carbonate crystals inhibits the transition from a mCaCO3 to a 
stable polymorph (calcite). Thus, the Ostwald step sequence is stopped 
at one of its intermediate stages through the inhibition or stabilization of 
a particular metastable polymorphic phase [31,33,65]. However, the 
effectiveness of the amino acids with respect to these processes was 
different, and it depended on their molecular characteristics. Specif
ically, L-aspartic acid was most effective in stabilizing the ACC poly
morph of CaCO3, followed by L-serine and finally L-arginine (Fig. 10(c)). 
It should be noted that L-Aspartic acid is negatively charged, L-arginine is 
positively charged, and L-serine is an uncharged amino acid. The higher 
efficiency of L-aspartic acid to inhibit the dissolution of ACC particles 
was presumably due to the negative charge of this amino acid. The 
negatively charged carboxyl surface sites of L-aspartic acid binds with 
Ca2+ sites of CaCO3 by sharing an electron. Such a bond then inhibits 
further dissolution of ACC particles and the formation of stable poly
morphs of CaCO3 (second mechanism as discussed above) [31]. In the 
case of the L-serine specimens, only a partial inhibition of ACC and 
vaterite particle dissolution was observed in this study. The formation of 
calcite and vaterite in the presence of L-serine has also been reported in 
other biomimetic studies [66]. In the case of L-arginine, the positively 
charged side chain can form a stable complex with HCO3

− [66]. This 
stable complex eventually leads to the formation of relatively smaller 
calcite and aragonite crystals, as observed with SEM and TGA (Figs. 7 
and 3). In addition to the above-discussed mechanisms, amino acids can 
form hydrogen bonds due to the presence of amine groups, which also 
inhibit the dissolution of mCaCO3 [33,67]. 

The addition of amino acids (and thus the formation of mCaCO3) 
resulted in higher strengths of the carbonated composites (Fig. 12), even 
though it increased the total porosity and decreased the degree of 
carbonation. We propose two hypotheses for such an increase in 

Fig. 11. Effects of amino acids on the pore size distribution of the carbon
ated composites. 
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strength. First, during the stabilization process, the organic amino acids 
are adsorbed on the surface of these CaCO3 polymorphs, which can lead 
to the formation of organic-inorganic hybrids/ nanocomposites 
(Fig. 13). It is well known that such hybrid composites possess 
remarkable mechanical performance [68]. Specifically, Kim et al. [40] 
showed that the presence of amino acids can increase the hardness of 
CaCO3 crystals by forming organic-inorganic nanocomposite phases. As 
a consequence, the enhanced mechanical strengths, as observed in this 
study, can be attributed to such alternation of CaCO3 intrinsic properties 
due to the presence of amino acids. Second, in addition to the intrinsic 
properties of CaCO3 polymorphs, the reduction of critical pore size of the 
carbonated matrixes due to the addition of amino acids may have also 
enhanced the strengths of these matrixes. 

5. Conclusions 

Following is the list of major observations from this study.  

(1) The addition of amino acids resulted in the stabilization of typical 
mCaCO3, namely ACC, vaterite, and aragonite, in carbonated 
wollastonite composites.  

(2) L-Aspartic acid was most effective in stabilizing the ACC in the 
carbonated composites. L-Serine resulted in the stabilization of 

both ACC and vaterite. The effectiveness of L-arginine was more 
prominent in reducing the CaCO3 carbonate crystal size, but not 
in altering the polymorphs.  

(3) The formation and stabilization of mCaCO3 resulted in a lower 
degree of carbonation of wollastonite under similar experimental 
conditions. Such a reduced degree of carbonation due to the 
addition of amino acids was attributed to their higher solubility, 
the adherence of amino acids to the surface of the wollastonite, 
and the different densities of the mCaCO3 polymorphs.  

(4) The total porosity of the carbonated composite was increased due 
to the addition of amino acids. However, amino acids decreased 
the critical pore diameter compared to the control batch.  

(5) The carbonated composites containing amino acids showed up to 
48% and 106% increase in compressive and flexural strengths, 
respectively, compared to the control batch. 

In summary, this study provided experimental evidence that amino 
acids can be a potential chemical admixture to enhance the mechanical 
performance of carbonated calcium silicate composites. Nevertheless, 
additional studies are required to understand the mechanism of per
formance enhancement of these composites in the presence of amino 
acids. Such an understanding will allow us to develop non-natural, 
affordable, and sustainable amino acid-mimics to achieve similar 

Fig. 12. Effects of amino acids on the (a) compressive strengths and (b) flexural strengths of the carbonated composites after 300 h of carbonation. Error bars 
represent one standard deviation. 

Fig. 13. Proposed mechanism of in-situ nanocomposite formation in carbonated wollastonite composites.  
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benefits in industrial scale production of carbonated cement composites. 
Supplementary data to this article can be found online at https://doi. 

org/10.1016/j.cemconres.2021.106501. 
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