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The influence of pure calcium carbonate (CaCO3) on the alkali-activation kinetics, microstructure, and
compressive strength of sodium metasilicate-activated metakaolin (MK) geopolymer cements was investigated
herein. Experimental results showed that replacing 10-50 % of MK with ground CaCOs particles delayed the
acceleration stage of alkali-activation regardless of replacement amount. However, 10 % CaCO3 replacement
increased the overall degree of reaction and yielded pastes with similar 14- and 28-day compressive strengths
compared to the experimental control with no CaCO3 addition. In comparison, 50 % CaCOs replacement led to a
lower overall degree of reaction and lower compressive strengths through 28 days of curing. Experimental ev-
idence substantiates that N-A-S-H gel forms in samples containing 0 % and 10 % CaCOs, while N-(C)-A-S-H gel
and/or C-(N)-A-S-H are also present in the binding matrix near CaCOs3 particles in samples with higher CaCO3
contents (i.e., 30 % and 50 %). While the CaCOs3 particles were primarily composed of calcite, vaterite, a less
stable form of CaCOs, was also evident in the samples containing 30 % and 50 %, suggesting that the CaCO3
particles were moderately reactive during the alkali-activation. This study isolates the effects of pure CaCOs3 in
sodium metasilicate-activated geopolymer systems, providing novel insights into its impact on geo-
polymerization kinetics and microstructural development for optimizing sustainable geopolymer cement

formulations.

1. Introduction

Recently, scientific interest in alkali-activated metakaolin-based
geopolymer cements has increased due to the global abundance of
kaolinitic clays from which metakaolin (MK) is obtained [1-3] and the
potential for geopolymer cements to exhibit lower environmental im-
pacts compared to conventional portland cement [4-6]. Industrial
application of geopolymer cements is not without its challenges. For
example, alkali-activated MK geopolymer cements require a large
quantity of highly alkaline activators to obtain satisfactory chemical
compositions and properties [7]. The use of highly alkaline activators
requires care and proper handling to ensure safety during mixing,
placement, and finishing.

Partial replacement of MK by limestone in geopolymer cements is
emerging as one of the best practice strategies for lowering the envi-
ronmental impacts of geopolymer cement production and tailoring its

fresh- and hardened-state properties [7-10]. Supplementing MK with
limestone offers multiple benefits. First, limestone can reduce the
amount of alkaline activator required to achieve a certain Si/Al and
Na/Al ratio and sufficient properties, thereby lowering the environ-
mental impacts of geopolymer cements on a per-volume basis. Second,
the size of limestone particles can be adjusted to achieve desired per-
formance characteristics. Larger particles can improve workability,
while smaller particles could improve early strength due to the
ball-bearing and filler effects [11]. Finally, some studies [12-14] report
that limestone can provide additional nucleation sites for precipitates
during geopolymerization process. In addition to providing surfaces for
nucleation, a small amount of calcium (Ca®") could be liberated from
limestone particles and further participate in the reaction process,
forming Ca-containing N-A-S-H (ie., N-(C)-A-S-H) gels with a
three-dimensional network structure. Inclusion of these gels can lead to
denser microstructures and higher compressive strengths [7,15].
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Despite a number of previous reports on the use of limestone in
geopolymer cements [8-11], there is a lack of scientific understanding
on how pure CaCOs, the primary mineral in limestone, alters the geo-
polymerization kinetics, mechanical strength, and phase assemblages at
early and later ages from a fundamental standpoint. Previous studies
used ground limestone, which is well known to contain other minerals,
such as feldspar and quartz, in addition to CaCO3 [16-19]. Moreover,
almost all previously studies were conducted using alkaline activating
solutions containing a combination of NaOH and waterglass or sole
NaOH instead of sodium silicate (i.e., Na2SiO3) alone [7,10,20-22].
Compared to NaOH, sodium silicate is much safer and, thus, potentially
more feasible for industrial applications.

To address these gaps in the literature, this study systematically
investigated the effects of replacing MK with pure CaCOj3 at different
replacement levels (i.e., 0 %, 10 %, 30 %, and 50 %) on the micro-
structure and properties of NaySiOs-activated MK-based geopolymer
cements. By isolating pure CaCOs as the replacement material and uti-
lizing sodium silicate as the sole alkali activator, this research uniquely
reveals how CaCOjs alters the geopolymerization process. The study’s
comprehensive approach involved monitoring alkali activation kinetics
through isothermal conduction calorimetry, testing compressive
strengths at multiple curing stages (1, 3, 7, 14, and 28 days), and
characterizing the resulting pastes using advanced techniques such as X-
ray diffraction (XRD), thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR), and scanning electron micro-
scopy (SEM) with energy dispersive spectroscopy (EDS). These methods
provided a detailed understanding of the microstructural changes
induced by CaCO3, underscoring the significance and novelty of this
research in advancing the development of more sustainable and efficient
geopolymer cements.

2. Materials and methods
2.1. Materials

High-purity MK powder with a specific density of 2.50 was provided
by BASF Chemical Corporation (Georgia USA). Pure CaCO3 powder (>
99.0 %) with a density of 2.93 g/cm® was supplied by Sigma Aldrich
(CAS No. 471-34-1). Anhydrous sodium metasilicate powders (SiOa:
NayO molar ratio at 1:1) were purchased from Sigma Aldrich (CAS No.
6834-92-0) for the preparation of the alkaline activator solution.

The MK and CaCO3 were characterized using particle size analysis, X-
ray fluorescence (XRF), XRD, and SEM. The Ds( particle size of the MK
and CaCOs, measured by laser diffraction, was 4.76 and 19.68 um,
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respectively (see Fig. la). The corresponding specific surface area,
determined by Brunauer Emmett Teller (BET) characterization, was
11.39 m?/g and 0.71 m?/g for MK and CaCOs, respectively. These
characteristics indicate that CaCOs addition would be beneficial for
workability based on its greater size and much smaller surface area.
Table 1 shows the chemical composition of the MK and CaCOs deter-
mined by XRF.

Fig. 1b shows the mineralogy of the MK and CaCOj3 particles used
herein. The data reveal that the CaCOj3 is mainly comprised of the calcite
polymorph and trace quantities of dolomite, whereas MK exhibited a
characteristic amorphous hump ranging between 15 and 30° (26) with
traces of quartz (SiO2) and anatase (TiO3). Al;O3 was present only in the
amorphous form in the MK, which is expressed as 2Si02-Aly0s3. Thus, the
total amorphous content was estimated to be 95.98 % in the MK (Al,O3
= 44.10 %, SiOy = 51.88 %) [7]. The content of anatase, quartz, and
other impurities in MK was estimated to be approximately 1.54 %,
0.02 % and 2.46 %, respectively. Fig. 2 shows the morphologies of MK
and CaCOg3 obtained from SEM in secondary electron mode. The images
confirmed the average particle size for the MK (4.76 um) and CaCOs3
(19.68 um) obtained by laser diffraction (see Fig. 1a). In addition, the
images show that the MK particles consisted of small, irregular,
layer-shaped particles and were much smaller compared to the more
angular CaCOg particles.

2.2. Experimental methods

2.2.1. Sample preparation

Sample mixture proportions are summarized in Table 2. Geopolymer
paste samples contained 0 %, 10 %, 30 %, or 50 % CaCOj3 by mass
replacement of MK. The water-to-binder ratio was held constant at 0.9 to
ensure good workability. The amount of anhydrous sodium metasilicate
was determined to achieve constant Si/Al and Na/Al ratios of 1.5 and
1.0, respectively. The Si/Al ratio selected is to avoid possible formation
of zeolite which often occurs when the Si/Al ratio was less than 1.5 at
ambient curing temperature [23,24]. In addition, this Si/Al ratio was
reported to interact well with high contents of limestone, exhibiting high
strength and low environmental impact [8,25]. An Na/Al ratio of 1.0 is
generally beneficial for the mechanical properties and durability of the
prepared specimens [26,27].

To prepare the alkaline activator solution, anhydrous sodium meta-
silicate was first weighed, mixed with the predetermined amount of
water, and stirred in a glass beaker using a magnetic stirrer until all
pellets were dissolved completely. Then, the alkaline activator was
allowed to cool for 24 h at ambient conditions. A watch-glass was placed
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Fig. 1. (a) Particle size distribution and (b) XRD patterns of the MK and CaCOj3 used in this study.
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Table 1
Chemical compositions (wt%) of the MK and CaCO3 used in the study determined by XRF.
Raw materials SiO, Al,O3 CaO Fe,03 Na,O K20 TiO, SO3 MgO P,0s LOI
MK 51.9 44.1 0.02 0.37 0.20 0.156 1.54 0.11 0.02 0.078 1.00
CaCO3 <0.07 0.21 54.9 <0.01 <0.04 0.006 0.01 0.07 0.06 0.015 41.6
Fig. 2. SEM micrographs showing the morphologies and confirming the average particle sizes of the (a) MK and (b) CaCO3 used in this study.
Table 2

Nomenclature and mixture formulations of MK-based geopolymer cement pastes.

Sample name MK (wt%) CaCO3 (wt%) Sodium metasilicate (wt%) w/b ratio Oxide-molar ratios

Si/Al Na/Al
GP (Control) 100 0 52.7 0.9 1.5 1.0
GP10 90 10 47.4 0.9 1.5 1.0
GP30 70 30 36.9 0.9 1.5 1.0
GP50 50 50 26.4 0.9 1.5 1.0

on the beaker to avoid any water loss and ingress of CO, from the air.
Then, all solid powders (i.e., MK, CaCO3) were weighed, mixed for 2 min
at low speed in a high-shear rate mixer. Once the powders were mixed
homogenously, the prepared alkaline activator was then added slowly to
create a slurry. The slurry was subsequently mixed for 3 min at the
highest speed. Then, the slurry was cast into 31.75 mm (1.25 in.) cubic
molds and vibrated for 15 s to eliminate entrapped air. The molds were
covered by a plastic film to minimize moisture loss. Samples were
demolded after one day and sealed tightly in plastic bags that main-
tained a constant temperature of 20 + 2 °C and relative humidity of
50-70 % until further testing.

2.2.2. Methods

The reaction kinetics of the alkali-activation of MK-based geo-
polymers were measured using a TAM Air isothermal calorimeter at 25
=+ 2 °C for 7 days. Around 20 g of paste mixed in an ampoule was used
for each mixture. The compressive strength of samples was tested after
1, 3, 7, 14 and 28 days of curing using an Instron Universal Testing
machine with a displacement rate of 0.1 mm/s. The mean and standard
deviation of five randomly selected specimens for each mixture were
reported. After compressive strength testing, crushed pieces of 3-day
and 28-day samples were collected, immersed in acetone for 24 h,
then dried in a laboratory oven at 35 °C for 24 h in order to halt any
further chemical reactions [7]. A small fraction of this sample was used
for SEM/EDS analysis. The remainder was ground into a fine powder
that was able to pass a #200 sieve (75 pm) for other characterization
techniques including XRD, TGA/DTG and FTIR. XRD was carried out
using a Bruker D8 ADVANCE diffractometer with Cu-Ka radiation. The
X-ray beam current and acceleration voltage values were 40 mA and
40 kV, respectively. Sample powders were scanned from 5 to 70° (20)
with a scanning rate of 1.2°/min (one step/second and 0.02°/step).

TGA/DTG was carried out using an instrument (TGA5500) with a
heating rate of 10 °C/min from 20 °C to 1000 °C in N3 gas with a flow
rate at around 25 ml/min. A Nicolet FTIR spectrometer was used with a
resolution of 1 em™! in a range of 4000-500 cm ™. Duplicate samples
for each mixture were characterized. For SEM/EDS analyses, samples
were first coated with platinum to improve conductivity and then
observed in a high vacuum mode in secondary electron mode. The
accelerating voltage was 10.0 keV and the working distance ranged
around 7 mm. An elemental mapping scan was first taken to showcase
the distributions of CaCOg particles. Then, approximately 20-30 EDS
spectra of the binding matrix were obtained for points immediately
surrounding and points further away from the CaCO3 particles.

3. Results and discussion
3.1. Alkali-activation kinetics

The normalized heat flows of all freshly mixed pastes are shown in
Fig. 3. The acceleration peak of the Control (denoted as 1 in Fig. 3a)
shifted from about 230 min (~4 h) to about 510 min (8.5 h) in the other
three mixes (denoted as 1’ in Fig. 3a), suggesting a delayed geo-
polymerization process. The delays for the three CaCOs-containing
mixes were similar (~280 min), suggesting that different quantities of
CaCOj3 addition (i.e., 10 %-50 %) had no direct effect on the specific
duration of retardation in the early reaction process. Upon normaliza-
tion of the data by the mass of MK, some differences in normalized heat
flow were evident (see Fig. 3b) compared to Fig. 3a. However, the trends
were identical in terms of a reduction in the intensity of the acceleration
peak, namely Control > GP10 > GP30 > GP50. This demonstrates that,
with an increase in the CaCO3 addition, the reaction rate of MK itself
decreases. This phenomenon could be explained by a surface charge
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Fig. 3. Normalized heat flow per unit mass of (a) binder and (b) MK through 7 days of reaction.

effect. The surface of MK is negatively charged. However, it can become
positively charged by attracting divalent Ca?t liberated from CaCOg
[28]. Research studies show that CaCOs3 can liberate Ca®* and become
negatively charged at pH > 13, which is representative of the pore so-
lution pH of MK-based geopolymer binders [29,30]. With increasing
CaCOg3 content, a larger proportion of positively charged MK particles
might have interacted with the negatively charged CaCO3 particles.
Thus, their early alkali-activation could have been hindered to some
extent, resulting in lower heat release. Another possible reason for the
reduction in heat release with increasing CaCOgs content is that the
CaCOs is not reactive. Thus, more water was available to absorb some of
the heat during alkali activation, leading to less apparent heat flow.
Moreover, with a higher replacement level, the alkalinity (pH level) of
the alkaline activator decreased, which could have caused a lower
dissolution degree of MK particles.

According to Fig. 4a, the cumulative heat release during the first 7
days by the Control paste reached the highest value followed by GP10. In
comparison, GP30 and GP50 exhibited much lower heat release, sub-
stantiating a lower degree of reaction. When the cumulative heat release
is normalized by unit mass of MK (see Fig. 4b), GP10 had the largest
amount of heat released after about 1420 mins (~1 day) of reaction,
indicating that 10 % CaCOj3 facilitated the overall geopolymerization
process and led to a higher degree of reaction. One explanation is that
this amount of CaCO3 induced a nucleation effect. Another explanation
is that trace quantities of Ca* liberated by the CaCO3 reacted with the
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silicates in the alkaline activator, thereby forming C-S-H that may also
accelerate alkali-activation through a nucleation effect [31,32]. This
behavior is similar to those as observed in portland cement pastes [33,
34]. However, considering the relatively greater size of CaCO3 and the
corresponding lower intensity of the acceleration peak in Fig. 3, further
investigations are required. It is also worth noting that with some CaCOs3
addition, the overall workability of the system was improved, leading to
a better distribution for MK particles. This could also have contributed to
an overall higher reaction degree. One more possible explanation is that
dissolved Ca?" participated in the reaction process and formed
Ca-containing N-A-S-H gel (i.e., N-(C)-A-S-H). Therefore, more heat
could have been liberated if Ca%" was involved in the geopolymerization
process [32,35]. This hypothesis is further explored in Section 3.3.4.

3.2. Compressive strength

After 1-day, GP10 yielded a lower compressive strength (~8.7 MPa)
than that of the Control (~15.7 MPa) but still much higher compared to
the other two mixes prepared with 30 % or 50 % of CaCOs (Fig. 5). This
result implies that 10 % CaCOs did not contribute to obvious filler and
nucleation effects. Besides, its reactivity within one day is negligible.
The compressive strength of GP30 increased to ~10.2 MPa after 3 days,
which was similar to the corresponding value of GP10 (~9.3 MPa).
Between 7 and 28 days, the compressive strength of the GP10 and GP30
increased at a higher rate compared to the Control. For example, the
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Fig. 4. Cumulative heat release during the first 7 days (10,080 mins) of reaction, (a) per unit mass of binder and (b) per unit mass of MK.
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increase in the compressive strength of GP10 from 7 to 28 days of curing
was about 77.8 % whereas for the Control, the increase was negligible.
After 28 days, the compressive strengths of these two mixes were
20.3 MPa and 17.3 MPa, respectively, which were similar to the Control
(19.7 MPa). In contrast, the compressive strength of GP50 was much
lower among the four mixes. The strength ranged between 1.1 and
5.0 MPa throughout all curing ages.

Based on these results, it can be concluded that the addition of
CaCOs, regardless of dosage level, reduces the early age compressive
strength, especially at 30 % and 50 % replacement. However, as curing
time increased, a CaCOj3 replacement of 30 % led to a strength incre-
ment, with the final 28-day compressive strength similar to that of the
Control specimen. However, a 50 % CaCO3 dosage resulted in a loss in
the compressive strength with little improvements over time. This result
is consistent with another study that reported that coarse limestone
powder is detrimental for compressive strength, especially at high
dosage levels [36]. The increase in the compressive strength of GP30
from 1 to 3 days can be explained by considering that this amount of
CaCOj3 (30 %) could behave as a filler with the given particle size, which
helped to achieve good particle packing and lead to a fluid-to-solid
transition in the binding matrix based on percolation theory [37,38].
Similarly, in another study, a CaCO3 dosage of 32.1 % in a geopolymer
cement formulated with Na/Al=0.96 and Si/Al=1.675 was the optimal
formulation [25], which aligns with the data and conclusions obtained
herein. The relatively low compressive strength for all CaCO3 containing
specimens at early age (within 7 days) is a limitation for these samples to
be used in practical applications when high early strength is needed.

3.3. Microstructural/mineralogical characteristics

3.3.1. X-ray diffraction (XRD)

XRD patterns of the four paste specimens after 3 and 28 days of
curing are shown in Fig. 6a and b, respectively. After 3 days of curing, an
amorphous hump ranging between 20 and 35° 20 (centered at 26-29°
20) is observed in the patterns of Control and GP10 samples, suggesting
the formation of amorphous reaction products. For the other two mix-
tures, the amorphous hump was almost undetectable. Instead, strong
peaks assigned to calcite were observed due to the introduction of
CaCOs at replacement rations of 30 % or higher. Traces of crystalline
phases of inert anatase (i.e., TiO2) from MK are detected in all mixtures.
Similar trends can be observed after 28 days. The Control and GP10
samples exhibited high amorphous content. Based on the chemical for-
mulas and relative content of MK and CaCOs in this study, phases such as
hemi-carboaluminates (CasAl2(OH)13(C0O3)0.5-5.5H20) should be
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Fig. 6. XRD patterns of all mixtures after (a) 3 days and (b) 28 days of curing.
Calcite peaks are truncated for ease of comparison of other peaks among
different mixes.

present in the GP10 whereas mono-carboaluminates
(CasAl3(0OH)12(C0O3)-5 Ho0) should be present in the GP30 and GP50
samples. Due to the high intensity of the calcite peak, however, the
characteristic peaks of hemi- and monocarboaluminates, which should
be located at around 10.8° 20 and 11.7° 20 [39], could not be observed
in the XRD patterns.

3.3.2. Thermogravimetric analysis/derivative thermogravimetry (TGA/
DTG)

The TGA curves are presented in Fig. 7. Chemically bound water is
attributed to the mass loss between 105 and 550 °C [40], which can be
used to estimate the total amount of hydration products. Those results
are shown in Table 3. The amount of bound water decreased gradually
from ~9.5% to ~5.7 %, ~11.5-5.0 % after 3 days and 28 days,
respectively, as the CaCO3 addition increased. These data align with the
calorimetry data in Figs. 3 and 4. that revealed higher CaCOj re-
placements led to lower overall degrees of reaction and, thus, the total
amount of hydration products decreased. As expected, an increased
amount of CaCO3 addition led to greater mass loss at higher tempera-
tures 550-800 °C, which are assigned to the decomposition of CaCO3
(also shown in Table 3). The corresponding temperature at which 5 %,
10 %, and 15 % of mass loss was obtained is included in Table 3. It is
obvious that with more CaCO3 added (from 10 % to 50 %), the tem-
perature also increased, which demonstrates that CaCO3 improved the
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Fig. 7. TGA results of the four mixes after (a) 3 days and (b) 28 days of curing.
Table 3
Mass loss (%) for different temperature ranges and corresponding temperature values at which a certain amount of mass loss was achieved. Samples were run in
duplicates.
3-day 28-day
Sample ID 105-550 °C 550-800 °C Ts T1o Tis 105-550 °C 550-800 °C Ts (°C) T1o Tis
[|)] ()] ()] Q) ()]
GP (Control) 9.5 0.91 90.6 129.7 345.5 11.5 0.77 88.3 114.6 170.3
GP10 8.6 3.5 80.3 113.9 256.9 10.7 3.1 88.3 117.2 194.8
GP30 6.1 11.0 90.5 223.5 653.3 7.9 10.5 93.7 146.7 608.3
GP50 5.7 16.5 118.2 528.5 676.0 5.0 20.5 110.0 588.5 700.8

Ts, T10, and Ty5 refers to the temperature at which 5 %, 10 % and 15 % mass loss was obtained.

thermal stability of MK-based binders. The GP50 sample exhibited an
increase in the percentage of mass loss due to the decomposition of
CaCOs after 28 days compared to 3 days. In comparison, GP10 and GP30
showed a slight decrease, indicating that GP50 likely underwent some
degree of carbonation.

Based on the DTG curves shown in Fig. S1, higher CaCOg replace-
ment ratios reduced the overall temperatures of decomposition of the
geopolymer cement pastes between 50 and 200 °C. These peaks repre-
sent mass loss of any free or loosely physically bound water present in
the binding matrix [41]. Such a shift to lower temperatures with
increasing CaCO3 content indicates more free and/or loosely bound
water due probably to less formation of gels. In comparison, the Control
sample displayed higher temperatures of decomposition, indicating
more tightly bound water with more geopolymer gel formation [9]. This
interpretation aligns with the observed compressive strength data,
where the Control sample also exhibited higher compressive strength,
intimately associated with more tightly bound water and greater gel
formation. After 28 days of curing, GP50 and GP30 exhibited lower
decomposition temperatures compared to the other two mixtures, again
indicating a lower extent of gel formation. This result is in line with their
lower compressive strength after 28 days of curing in comparison to
Control and GP10 samples. Based on the Raman spectra (shown in
Fig. S2), GP50 after 3 day, 28 days, and GP30 (after 28 days) exhibited
some vaterite, which was not as thermally stable as calcite. This might
be the reason why the corresponding temperature was lower compared
to the original CaCOs. Meanwhile, it also implies that part of the Ca in
the CaCO3 was released, reacted with CO; from the atmosphere
(carbonation) or residual CO%’ in the pore solution and formed relatively
unstable vaterite. The porous microstructure of the two samples also
indicates that they were more vulnerable to carbonation, which is
detrimental for long-term durability such as steel corrosion and other

performances of geopolymer cements or concrete [42-45]. For GP10,
more released Ca could have participated in the geopolymerization and
the available CO% might exist in the form of Na;CO3 and K3COs3, which
displayed the lowest decomposition temperature.

3.3.3. Fourier transform infrared spectroscopy (FTIR)

FITR method is a powerful method to characterize the Si-O-T (T:
tetrahedral Si or Al) bonds in the gel structures or raw materials and the
corresponding variations are reliable indicators of changes in product
formation and chemical arrangement. Figs. 8 and 9 show the FTIR
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Fig. 8. FTIR spectra of MK and CaCO3 before geopolymerization.
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Fig. 9. FTIR spectra of the four mixes after (a) 3 days and (b) 28 days of curing.

spectra of raw materials and the four geopolymer cement pastes,
respectively. For the pure MK (see Fig. 8), the band centered at around
1076 cm™! indicate the presence of asymmetric stretching vibrations of
Si-O-T bonds (T=tetrahedra Si or Al) [46]. The broadened bands within
the range between 798 cm ™! and 597 cm ™! (not shown completely in
the figure) could be attributed to the symmetric stretching of Si-O-Si
bonds [47], vibrations of internal Si-O-Al oxygen bridges, as well as
pseudo-lattice vibrations of small aluminosilicate rings [48]. The
broadened bands also indicate amorphization of its aluminosilicate
microstructure [23], corresponding well with the hump observed in the
XRD patterns (see Fig. 1b). For CaCOs, all bands were assigned to the
asymmetric stretching of C-O-C bonds in carbonates, which belong to
calcite [49].

For the geopolymer cement pastes (Fig. 8), the bands at 1643 cm ™!
or 1649 cm ™! are associated with the H-OH bonds in chemically bound
water in the hydrated products [50]. The bands located between 1500
and 1400 cm™! and 874 cm™! are related to the asymmetric C-O
stretching and out-of-plan C-O bending modes respectively, implying
the presence of CaCOs introduced either by the raw material or natural
carbonation during the preparation process [51]. The band between 971
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and 1076 cm ™! experienced the most significant changes, as expected.
The band around 1076 cm ™! in MK shifted to 982-995 cm ™! as observed
in the 3-day MK-based geopolymer samples (Fig. 9a). This shift is due to
the depolymerization of the original aluminosilicate structure of the MK
after the alkali-activation process [52]. Compared to the Control paste
(985 cm’l), the peak shifted to a higher wavenumber for the 50 %
CaCOs addition (995 cm™!) whereas the wavenumber shifted lower for
10 % and 30 % CaCOgs replacement (~982 cm™ ). The higher wave-
number for GP50 suggests a lower silicate depolymerization degree.
These results correspond well with the findings from another study that
investigated a high percentage limestone replacement [7] and suggest
that the smaller wavenumbers exhibited by the GP10 and GP30 samples
might be due to the substitution of Si** by Al**, which can be promoted
by some released Cat from CaCOs [7,53]. This result indicates the
possible formation of N-(C)-A-S-H gel in the mixtures due to CaCOj3
addition. The band at 1076 cm ™! gained a higher sharpness when it was
located at around 977-995 cm ™!, indicating that the reaction products
were of lower degree of disorder compared to MK but still have a general
disorder as the three-dimensional aluminosilicate networks. GP50
exhibited a wider band, indicating its higher degree of disorder
compared to other mixtures. This result aligns well with the other data
that indicate a much lower geopolymerization degree, which could also
be responsible for the lower early compressive strength of GP50 after 7
days of curing (Fig. 5). After 28 days, the location of peaks of Control at
980 cm™! shifted to higher wavenumbers for GP10 and GP50
(987 ecm™1) and even to 991 cm™! for the GP30 specimen. This result
implies that with some CaCOs replacing MK, the polymerization degree
was slightly higher or that fewer crystalline phases were formed.

3.3.4. Scanning electron microscopy/energy dispersive spectroscopy (SEM/
EDS)

The SEM images of the four geopolymer cement pastes after 3 and 28
days of curing are shown in Fig. 10. Compared to the GP50 sample, all
other mixtures, especially the Control, exhibited a relatively compact
binding matrix after 3 days of curing. This finding agrees well with the 3-
day compressive strength results. For the GP50 sample, the micro-
structure was poor with evidence of many uneven surfaces. Large CaCO3
particles were covered by some loosely connected finer particles, which
may be unreacted MK and/or MK with newly formed reaction products.
After 28 days, both GP30 and GP10 specimens exhibited some needle-
shaped reaction products with sharp edges. Similar to its microstruc-
ture at 3 days, GP50 exhibited a less densified crumbled microstructure
with many fine particles loosely connected with each other.

Fig. 11a and b show the EDS-results based Ca-Al-Si and Na-Al-Si
ternary atomic compositional diagrams of the reaction products,
respectively, for the four mixtures after 3 days of curing. Based on the Ca
distributions on the mapping images (data not shown), only points
around or far away from the CaCOs particles were selected for charac-
terization for the mixtures containing CaCOs3. Most data points fell
within the region that belongs to N-A-S-H gel for the Control and GP10
specimens. In comparison, GP30 contained some products with lower Si
but higher Ca (Point 17) and Na (Point 9), which indicate the presence of
low-Ca N-A-S-H, also known as N-(C)-A-S-H, or a phase with similar
elemental compositions as C-A-S-H and Ca-rich N-A-S-H (C-(N)-A-S-H).
Point 38 in GP10 and Point 35 in GP50 were determined to be calcite.
Points 34 and 36 are most likely indicative of C-S-H. However, these
products also contained a very small amount of Al.

The 28-day EDS-results based Ca-Al-Si and Na-Al-Si ternary atomic
compositional diagrams are shown in Fig. 12. After 28 days, the main
hydration product was determined to be N-A-S-H gel in the Control
specimen, as expected, whereas the other three mixtures displayed some
phases that belong to N-(C)-A-S-H gel, likely due to liberation and
participation of free Ca?* in the geopolymerization process. Around the
CaCOg particles, several points indicated higher Ca but lower Si con-
tents. Compared to C-(N)-A-S-H and C-A-S-H region, these points
exhibited a higher Al content. Thus, it was deduced that these points
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Fig. 10. SEM image of the four mixes (secondary electron mode) after (a) 3 days and (b) 28 days of curing.

indicate a combined phase of C-A-S-H, C-(N)-A-S-H, and N-(C)-A-S-H
gels, which has been previously observed and reported by other studies
[58-60]. GP50 exhibited some outliers (Points 9-11). These outliers
indicated a high Ca/Si but lower Al content. High Ca/Si values can
inhibit Al incorporation [61]. Points 37 and 47, located on the
needle-shaped crystalline products, indicated a much lower Si content
but higher Ca or Na content with a similar Al content compared to the
other points for GP30. These needle-shaped platy phase could be
Al-tobermorite [62,63] and/or efflorescence crystals due to the

carbonation effect [64,65]. The corresponding elemental relative in-
tensity and atomic ratios of Points 37 and 47 are presented in Fig. S3.
Based on the general formula of Al-substituted tobermorite
(Cagyx(AlySie.y)O1542x.y(OH)2 2x+y-5 HoO) [66] and corresponding
Ca/Al and Si/Al ratios, the specific chemical formula can be described as
Cay 02(Al2.30Si3,70)06.73(0H)10.26-5 H20 (Point 37) and
Cag 62(Al2.70Si3.30)011.55(0H)5 45-5 HoO (Point 47). Considering the ex-
istence of C and Na elements, efflorescence products, namely sodium
carbonate heptahydrate (NaCO3-7 H20) could have also formed. Thus, it
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Fig. 11. Compositional ternary diagram expressed as (a) Ca-Si-Al and (b) Na-
Si-Al (as normalized to 100 %) of the four mixes after 3 days of curing with
corresponding phases based on previous literature [54-57].

is possible that Al-tobermorite and NaCOs3-7 H2O coexist, given rise to
overlapping EDS measurements obtained in Points 37 and 47. No car-
boaluminates phases were identified, which may be an indication of a
size and quantity that would be too small to be observed herein.

4. Conclusions

This study explored the effects of pure CaCO3 addition on sodium
metasilicate-activated MK-based geopolymer pastes in terms of hydra-
tion kinetics, mechanical strength, and microstructural development at
early and later curing ages. The obtained experimental results show that
industrial applications of calcium carbonates with a suitable replace-
ment level of MK is feasible, especially when cheaper calcium carbon-
ates are available in the future. Several main conclusions are
summarized as follows:

e 10 % CaCO3 promoted the overall geopolymerization reaction de-
gree of MK-based geopolymers, as evidenced by its higher cumula-
tive heat during the early reaction process than that of the Control.

e A 10 % CaCOs3 replacement led to a similar 28-day compressive
strength compared to the control paste. Samples containing 30 %
CaCOg3 exhibited very low one-day compressive strengths, but the
corresponding strengths after 14 and 28 days were similar to that of
the Control. Samples containing 50 % CaCOs resulted in low
compressive strengths throughout the curing regime. Different re-
sults for various replacement levels can be attributed to both
chemical reactivity and physical effects of CaCO3 particles in the
binding system.

e The CaCO3 was found to be reactive during alkali-activation, espe-
cially in samples containing 30 % and 50 % CaCOs replacement. N-
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Fig. 12. Compositional ternary diagram expressed as (a) Ca-Si-Al and (b) Na-
Si-Al (as normalized to 100 %) of the four mixes after 28 days of curing with
corresponding phases based on previous literature [54-57].

A-S-H gel formed in the Control paste, as well as the paste with 10 %
CaCOg3 replacement. In contrast, samples with 30 % and 50 % CaCOs3
replacement exhibited a higher diversity of amorphous gels that
contained Ca, such as N-(C)-A-S-H and (C)-N-A-S-H type gels, espe-
cially near CaCOs particles.

Furthermore, there was evidence of precipitated CaCOs (i.e., vater-
ite) in samples with 30 % and 50 % CaCOg replacement, which is
indicative of the liberation and reaction of free CaCO3 with atmo-
spheric CO, due to the carbonation effect.

4.1. Limitations

This study used pure CaCOg instead of ground limestone to replace
partial MK in order to reduce the environmental impact and improve
corresponding properties. However, the pure CaCOs is not cost efficient
for industrial applications and thus it is suggested to directly compare
the different effects of pure CaCO3 and limestone with similar particle
sizes on the properties of MK-based geopolymer cements. Corresponding
cost efficiency analysis of the two sources is also suggested.
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