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The present study explored the alterations in the reaction properties of Portland cement (PC) against coupled
deteriorations of magnesium and sulfate upon carbonation curing. The physical and chemical features of the
samples containing MgSOj, at levels of 0, 1, 5, or 10 wt% were evaluated under the 10% carbonation curing
condition for 27 days. The test results provided in this study signified that the incorporated MgSO4 reduced the
reaction of clinkers, thereby reducing the compressive strength development of the samples, still the strength was
vastly enhanced by the carbonation curing. The carbonation curing resulted in the presence of carbonated
minerals and Ca-modified silica gel, regardless of MgSO4 content. However, a sufficient supply of sulfate ions
induced the excessive formation of gypsum and lowered the CO; uptake levels after carbonation curing. These
outcomes are anticipated to serve as fundamental information with regard to the integrity of carbonation curing
of PC with CO3 gas contaminated with magnesium and sulfate which would closely be influential to the safety of
the final products.

1. Introduction On the other hand, the beneficial utilization of CO5 by carbonation

curing of PC in order to reduce the CO5 footprint in producing PC-based

From its standardization in the early 1900 s, Portland cement (PC)
has been acting as a guideline construction material for hydraulic
binders, one which current behemoth relevant parties were founded
upon [1]. Meanwhile, CO, has been regarded as an unfavorable/dete-
riorating factor for PC since it slowly degrades the hydration products of
PC [2]. C-S-H, the main binder gel in PC, is well known to be decalcified
to form silica gel upon extended exposure to CO,, ultimately reducing
the binding capability of the global matrix [3,4]. In addition, the ingress
of CO5 into PC lowers the pH levels of the pore solution which would
pose threats to the stability of rebars embedded in concrete [5]. These
CO»-induced aspects are typically referred to as weathering carbonation

[6].

materials and to geologically sequestrate CO in the matrix is recently
gaining significant attention as measures to deal with the global CO4
crisis [2]. This strategy has been proposed five decades ago, yet the
difficulties lay in the production of pure CO; gas and the negative
perception on the use of CO; to PC-based materials remained obstacles
to the widespread of the strategy [2]. Nevertheless, the intensive regu-
lations imposed along the global CO5 reduction campaign have re-
examined the keen introduction of the carbonation curing technique,
especially after the 2000 s [7]. Carbonation curing can rapidly enhance
the mechanical strengths and improve durability performances of PC-
based materials. In addition, the reaction of PC clinkers with low or
none hydraulic properties (e.g., belite and mono-calcium silicate) is
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Fig. 1. X-ray diffractogram of the Portland cement used in this study. The
annotations indicate the followings: G- gypsum, F- brownmillerite, Ba- basanite,
C- calcite, Q- quartz, A- alite, and B- larnite.

known to be highly promoted by carbonation curing [8]. During the
carbonation curing process, the gaseous CO2 does not act as a catalyst
but as a reactant, forming the PC matrix different from the normally
cured PC [7]. The carbonation curing of PC results in the presence of
calcium carbonates and silica gel with several minor traces of C-S-H,
aluminum hydroxide, and gypsum [7,9].

The ultimate goal of carbonation curing aims at using CO2 contained
in the exhaust gas generated from industrial sectors in a beneficial way
[10]. In general, exhaust gas can contain sulfate ions as well as CO. The
sulfate attack on PC-based materials causes a major deterioration, which
can influence the long-term durability of the structures [11-13]. The
mechanism of sulfate attack on PC-based materials is highly relevant to
cations accommodating sulfate ions and pore characteristics, binder
chemistry, and aggregate type of the structures [14-16].

Meanwhile, the presence of Mg that is initially included in a
cementitious matrix could affect the formation kinetics of calcium car-
bonates. The control over the content of Mg ions could affect the
nucleation and structural characteristics of calcium carbonate poly-
morphs [17]. Zhang and Panesar [18] reported that Mg could be
incorporated in calcite during carbonation of cement paste up to 30 mol
%, and the coexistence of nesquehonite (MgCO3-3H20) in the matrix
contributed to the formation of highly stable magnesium calcite. On the
other hand, the conditions in which magnesium and sulfate ions exist
simultaneously correspond to a harsh environment related to the dura-
bility of PC-based materials. Most commonly investigated, the MgSO4
attack on PC induces the formation of Mg(OH), and CaSOj4 layers onto
the hydration products, thereby forming expansive ettringite and
exhausting Ca from C-S-H [19,20]. Furthermore, MgSO;4 is well postu-
lated to interact with most of the PC compounds, including clinkers,
hence deteriorating the matrix, with final resultants of gypsum and
ettringite [21,22]. In addition to the cracking and expansion phenom-
enon induced by the ingress of MgSO4 to PC-based materials, loss of
adhesion and bond strength between binder gel due to the conversion of
C-S-H to M—S—H are primary features of MgSO4 attack [23]. Against
this background, understanding the coupled effects of magnesium and
sulfate ions on PC under the carbonation curing condition is necessary.
Earlier works [24-26] have identified the simultaneous sulfate attack on
the PC-based materials exposed to extremely high CO, concentrations to
simulate the wellbore or saline environments, all of which are clearly
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different from the carbonation curing conditions.

In this regard, this study intends to fill the knowledge gaps of
research scope that occurred in-between earlier works at a microscopic
level. The present study focuses on the alterations in the reaction
properties of PC against coupled deteriorations of magnesium and sul-
fate upon carbonation curing. Specifically, physical and chemical
changes happened during the carbonation curing in the presence of
MgSO4 were studied. The test outcomes reported in this study can serve
as a fundamental guideline with regard to the integrity of carbonation
curing of PC-based materials with CO5 gas contaminated with magne-
sium and/or sulfate which would closely be related to the safety of the
final products.

2. Experimental program
2.1. Raw materials

Ordinary PC (Hanil Cement Co. Ltd., in Korea) was used as a binder
material. The XRD pattern and mineral composition of the raw PC is

shown in Fig. 1. Note that the mineral composition of the raw PC was
obtained from the Rietveld calculation of the XRD pattern, and was
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Fig. 2. Compressive strength development of the samples.
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Fig. 3. Relative compressive strength development of the samples with respect
to their strength at 3 days of curing.

Table 1

Mix proportion of the samples.
Mineral CsS CoS cC C4AF C$-2H CA C$-0.5H S M
Content (wt.%) 49.2 16.3 9.5 8.3 6.1 5.1 2.7 1.4 1.3
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Fig. 4. Mercury intrusion curves of the samples at (a) 3 and (b) 28 days of curing.

listed in Table 1. The analytical-reagent grade anhydrous magnesium
sulfate (MgSOy, Sigma Aldrich, purity ~ 99.5 %) was used to vary the
conditions of Mg?* and SO?~ ions in a cementitious matrix.

2.2. Mixture procedure and curing condition

Table 2 showed mix proportion of PC pastes with MgSO4. A total of
four types of samples were fabricated in the present study. The content
of MgSO4 varied from 0 % to 10 % of the weight of cement. Water to
cement ratio was fixed at 0.4. The mixing procedure was as follows. Dry
materials (selected from PC and MgSO4 powders) were mixed for 1 min
and water was added to the materials. The mixture was additionally
mixed for 3 min and was cast into 50 mm cubic molds for compressive
strength tests. The samples for the analytical tests to be introduced
below were cast into 25 mm cubic molds. All the samples were placed in
a carbonation chamber with a concentration of 10 % immediately after
casting. The samples were demouled after 24 hrs and exposed to the
identical carbonation condition until designated periods. The relative
humidity during the carbonation was fixed at 60 %. It should be noted
that the whole of the sample with a size of 25 mm was pulverized by
sequentially using a jaw crusher and a cup mill after carbonation with a
designated period. The samples before pulverization were immersed in
anhydrous ethanol and put into a vacuum chamber to prevent an un-
expected reaction. The vacuum process persisted until the anhydrous
ethanol was fully evaporated. The use of the sample with the size (25
mm), and the whole pulverization was employed to minimize the effect
of sample size on analytical tests after carbonation.

2.3. Characterization details

The samples underwent various investigating tools for the charac-
terization upon carbonation curing. The compressive strength of the

samples was carried out according to ASTM C109. The Universal Testing
Machine (RT-M—003—30PC, Ramt Co., Ltd.) was used for the tests. The
pore characteristics of the samples were investigated by a mercury
intrusion porosimetry (MIP, AutoporelV, Micromeritics Instrument
Corporation) test. The maximum intrusion pressure, surface tension, and
contact angle were 414 MPa, 0.485 N/m and 130°, respectively. The
XRD test (D-MAX2500-PC manufactured by Rigaku) of samples was
performed with CuKa radiation at 40 kV and 200 mA. The scanning
range was from 5° to 65° with a scan step 0.02°/min. The heating rate in
TGA tests (MaxRes TGA manufactured by Mettler-Toledo) was fixed at
10 °C/ min. Ny gas was used to avoid sample oxidization. The TGA test
results were processed using the tangential method from the DTG curves
and were normalized to 100 g of PC. The solid-state 2’Al MAS NMR
spectra of the samples were obtained using a 9.4 T Bruker AVANCE III
HD instrument (Bruker Corporation, Billerica, MA, USA). 104.3 MHz
transmitter frequency and a 4 mm MAS BB/BB probe were used. Ther-
modynamic modeling was performed using a software GEM-Selektor
v3.3 with the aid of the database of CEMDATA18. The degree of hy-
dration of clinkers was used to calculate the phase assemblages of the
samples. The degree of hydration of clinkers (C3S, C2S, C3A, and C4AF)
was described as a function of hydration time using the Rietveld
calculation and Parrot Killoh’s hydration model [27] by refining the
equation parameters to match the experimental data. These parameters
enabled the calculation of phase composition at specific time intervals,
including up to 1000 days, thereby providing information on the evo-
lution of the phase assemblage over an extended duration.

3. Results and discussion
3.1. Compressive strength

The compressive strength development of the samples is shown in
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Fig. 5. X-ray diffractogram of the samples at (a) 3 and (b) 28 days of curing.
The annotations indicate the following: E- ettringite, G- gypsum, C- calcite,
L- larnite.

Fig. 2. The compressive strength values of the samples were greatly
varied either by MgSO4 content or by the progress of carbonation curing.
In particular, the incorporation of MgSO4 was found to have a detri-
mental influence on the strength development at an early stage. The
compressive strength value of the M5 and M10 samples at 3 days of
curing was 62.3% and 46.7% as compared to that of MO sample,
respectively, while the compressive strength value of the M1 sample was
slightly lowered in comparison with that of MO sample. This phenom-
enon indicates that the reduction in the strength development is closely
related to what hydration products the dissolved MgSO4 was engaged to
interact with in the PC matrix. In addition, in what form and how these
products existed as components in the PC matrix could have affected the
strength reduction. Earlier works [28-30] demonstrated that the
incorporated Mg cations in cementitious materials can result in the
formation of excessive brucite, which consumes a large amount of free
water present in the pore solution, hindering the hydration of PC clin-
kers. In addition, the formation of brucite is well postulated to induce
expansion and volume instability phenomena in the PC-based materials
[30-32], possibly degrading the strength developments in the samples
with MgS0O4. Other than this aspect, the dilution effect induced by the
reduction in the unit PC content may be responsible for the reduction in
the compressive strength in the samples with MgSO4. The compressive
strength values of all samples tended to increase by the carbonation
curing regardless of the MgSO4 contents. The increase in the mechanical
strength of the PC-based materials upon carbonation curing has been
constantly reported in the relevant works [33-36] due to the accelerated
reaction of clinkers. The carbonation reaction of clinkers typically yields
C-S-H and calcium carbonates (Egs. (1) and (2)) which enhances the
mechanical and durability properties [36], yet further intensive
carbonation can lead to the entire decalcification of the C-S-H [37-39].

C3S + (3-x)CO; + yH,0—C,SHy + (3-x)CaCO3 (€D)
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C,S + (2-x)CO; + yH20—>CXSHy + (2-x)CaCO3 2

The compressive strength levels of the samples progressively
enhanced by carbonation curing, reaching the highest level of 68.3 MPa
in the MO sample at 28 days of curing. Meanwhile, the compressive
strength value of the M1 and M5 samples at 28 days of curing was
similar, and the M10 sample showed the lowest value of 42.7 MPa at 28
days of curing.

The relative compressive strength development of the samples with
respect to their strength at 3 days of curing is shown in Fig. 3. The
relative development in the compressive strength values of the samples
can allow one to clearly observe the enhancement effect by the
carbonation curing. The MO and M1 samples showed lower and slower
improvement in the compressive strength by carbonation curing than
other samples. On the other hand, the M5 and M10 samples exhibited a
general strength enhancement by carbonation curing, especially in the
early stage of curing. The carbonation curing promoted a rapid devel-
opment in the compressive strength in the M10 sample until 14 days of
curing, yet there was no noticeable strength improvement afterward.
The M10 sample showed the highest strength enhancement rate of 242%
at 28 days of curing.

3.2. MIP

Mercury intrusion curves of the samples is shown in Fig. 4. The pore
size distribution of the samples on the right in Fig. 4 indicates that the
median pore diameter of the samples in which the trend of the values
fairly followed the compressive strength results. The pore distribution
outcomes of the samples at 3 days of curing indicate that the pore
symptoms can be categorized into three regions. The first pore region
was described at pore entry diameters of 1-10 nm. This pore region was
occupied by the pores with regard to the presence of gel pores [36,40],
particularly originated by the C-S-H in this work. The second pore region
was characterized at pore entry diameters of 100-1000 nm which can be
assigned to the large capillary pore region [41], and this region typically
contained the median pore diameter. The center of the pore population
peak in this region was slightly shifted toward the high pore diameter by
the incorporation of MgSO4. The last pore region was found at pore entry
diameters larger than 1000 nm, typically known as the mesopore region
[41]. The M10 sample particularly showed pore population in this re-
gion, all of which can possibly be associated with the presence of
entrapped air or unhydrated clinkers [36]. The pores present in this
region adversely affect the durability of PC-based materials and are
believed to play a vital role in the low early strength development of the
M10 sample. The median pore diameter of the samples was not vastly
altered as carbonation proceeded. It is interesting to note that the for-
mation of gel pores in the M10 sample was not recorded at 28 days of
curing, indirectly meaning that the main binder gel was fully decalcified
by carbonation. Other than this, all samples showed a broad range of
pore symptoms at pore diameters of 10-3000 nm which signifies the
presence of the amorphous Ca-modified silica gel formed by the partial
or full decalcification of C-S-H (Eq. (3)) [40,42].

CySyH, + xCO,—xCaCOj3 + ySHt + (2-yHH 3)

In addition, the pore diameters at 10-200 nm were abundantly re-
ported to display the nano-packing effect by calcite formation [36,42].
The porosity value of the M0, M1, M5, and M10 samples at 3 days of
curing was 22.4%, 23.8%, 23.8%, and 20.9%, respectively, and that at
28 days of curing was 21.4%, 20.7%, 23.2%, and 19.9%, respectively,
which is in close agreement with the compressive strength test results.

3.3. XRD
The XRD patterns of the samples is shown in Fig. 5. The peaks of

ettringite were found in the samples containing MgSO4 at 3 days of
curing. Furthermore, increasing MgSO4 content led to the increase of
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Fig. 6. Thermogravimetry curve of the samples at (a) 3, (b) 7,

peak intensity of gypsum which was not observable on the pattern of the
MO sample. The presence of gypsum in the samples containing MgSO4
can be explained by a couple of facts: (1) carbonation of ettringite that
was excessively formed at the very first moment of hydration by an in-
ternal SOF supply (Eq. (4) [43]); and (2) interaction of remnant SO%
present in the pore solution with free Ca%*.

CsA SH3; +3C0O,—3CaCO; + AH; + 3CS H2 +23H 4

(@)

(b)

()
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(c) 14, and (d) 28 days of curing.

Carbonation of hydration products exhibited peaks of calcite in all
samples, while peaks of portlandite were not detected, indicating that a
high degree of carbonation of the internal matrix has been reached
within 3 days of carbonation. The unhydrated clinkers were found on
the patterns of the samples by the traces of larnite. The XRD patterns of
the samples at 28 days of curing showed a similar aspect to those at 3
days of curing, yet the peaks of ettringite were found to be fully van-
ished, meaning that the full carbonation of ettringite was achieved in the
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of curing.

samples. Carbonation curing did not vary the combinations of reaction
products.

3.4. TGA

TGA curves of the samples are shown in Fig. 6. The samples featured
three weight losses in the curves regardless of curing age: (1) evapora-
tion of free water or weakly bound water in-between hydrates at
100-150 °C [39]; (2) broad weight loss at 500-700 °C [4]; and (3)
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decarbonation of calcite at 700-800 °C [44]. The weight loss occurred at
500-700 °C can be regarded to contain the decarbonation of unstable
carbonates such as amorphous calcium carbonates, vaterite, and
aragonite [4]. The two weight loss shoulders were identified at around
100—150 °C in the TGA curve of the samples at 3 days of curing, i.e.,
approximately at 100 °C and 140 °C. The weight loss found at 140 °C
became clear as the MgSO4 content increased, meaning that this weight
loss was possibly associated with the dehydration of gypsum. However,
the weight loss at 100 °C did not notably vary with the MgSO4 content,
thus can potentially be C-S-H particularly with a low Ca/Si ratio due to
carbonation [42,45]. The two weight loss shoulders appeared at a
temperature region of 100-150 °C became combined into one upon
carbonation, and intensity increased with an increase of MgSO4 content,
hence can be assigned to the dominant weight loss associated with the
dehydration of gypsum. The broad weight loss at 500-700 °C tended to
decrease as the MgSO4 content increased. This observation suggests two
possible aspects. The formation of MgCO3 from the incorporated MgSO4
is not anticipated since the thermal decomposition temperature of the
MgCOs3 is known to be happen approximately at 550 °C, however,
increasing MgSO4 content rather decreased the weight loss in this
temperature region [46,47]. The other aspect is that the incorporation of
MgSO4 hindered the formation of unstable carbonates. In other words, it
can be said that the calcite formation was preferred upon carbonation in
the samples containing MgSO4 which in turn contributed to the high
compressive strength enhancement in these samples by pore packing
effect by the calcite formation. The weight loss occurred in the tem-
perature regions of calcium carbonates in the samples as calculated from
the data obtained by the TGA results is summarized in Fig. 7. Note that
these values were calibrated by the weight loss of CO (g) per 100 g of
PC.

3.5. Al NMR

A number of Al nuclei were probed to quantitatively identify the
alterations occurred in a specific Al site. Solid-state 27Al MAS NMR
spectroscopy of the samples at 28 days of curing is shown in Fig. 8. The
samples commonly exhibited two spectral features of tetrahedrally and
octahedrally coordinated Al sites at 90-50 ppm and 20-—10 ppm,
respectively [48,49]. In the octahedrally coordinated Al region, a signal
at 10 ppm was resonated in all samples. This resonance is deemed to
designate aluminum hydroxide considering the earlier outcomes (XRD
and TGA) and curing age. The intensity of resonance corresponding to
aluminum hydroxide increased with an increase of MgSO4 content. The
increase in the resonance of aluminum hydroxide was due to the
carbonation of ettringite which was further promoted by the incorpo-
ration of MgSOy in the samples (Eq. (4)). Other than this, the tetrahe-
drally coordinated Al region mainly contained q*(3Si) and q*(4Si) sites
at 62 ppm and 58 ppm, respectively [50,51]. The q3(3Si) and q*(4Si)
sites indicate the Al framework with a high degree of Al cross-linkage,
formed by the carbonation of a system containing C-(A)-S-H [50,51].
Notable resonances of q2 sites were not observable on the spectra,
signifying that a considerable degree of carbonation has progressed to
the binder gel [3,4]. The incorporated MgSO4 reduced the intensity of
resonances in the tetrahedrally coordinate Al sites; that is, the Al pop-
ulation in the samples preferred to contribute to the formation of
aluminum hydroxide, formed by the carbonation of ettringite, rather
than to the formation of highly crosslinked Al frameworks. Overall, PC-
based systems with a high amount of SO can hinder the substitution of
Al in the C-S-H and the formation of resulting Al frameworks upon
carbonation curing.

3.6. Thermodynamic modeling
The reaction degrees of PC clinkers were obtained by the Rietveld

calculation of XRD patterns of the raw PC and samples at 3, 7, 14, and
28 days of curing. The Rietveld calculation of the XRD patterns was
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ation curing.

carried out by an internal standard method with the corundum as an
internal standard. The corundum was added to the designated samples
at 10 wt%. Based on the quantification of the samples, the degree of
reaction of alite and belite was described as a function of curing age
using Parrot Killoh’s hydration model [27]. The reaction degrees of alite
and belite is shown in Fig. 9, and the obtained fitted model was used for
modeling the phase assemblage in the samples.

Until the 1 day of hydration, the modeling results were calculated by
the consumption of clinkers as provided by Fig. 9, but general hydration
kinetics cannot be utilized since carbonation curing was additionally
incorporated after 1 day of curing. In order to resolve this issue, the
weight loss of CO; obtained by the TGA results was additionally added
as the input data for thermodynamic modeling from the commencement

of carbonation curing. As the TGA results of the samples were inter-
mittent from 3 to 28 days of curing (i.e., 3, 7, 14, and 28 days of curing),
the CO, uptake values between the testing days were fitted with a log-
arithmic relationship with curing age to construct the CO; input data.

Simulated phase assemblage and corresponding volume changes of
the samples upon interaction with carbonation curing are shown in
Fig. 10. The typical hydration aspect of the PC was provided in the re-
sults before 1 day of curing; the formation of portlandite, C-S-H, and
ettringite with an exponential reduction of clinkers. The modeling
indicated that the increase of MgSO4 content leads to the increased
formation of gypsum and ettringite. The amount of portlandite and C-S-
H formed during the early hydration stage tended to decrease as the
MgSO4 content increased due mainly to the dilution of PC.
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With the commencement of carbonation curing, portlandite was the
first phase to be carbonated immediately regardless of the MgSO4 con-
tent and served as a chemical carbonation buffer, followed by the
carbonation of C-S-H and ettringite. The modeling simulated that the
carbonation of C-S-H resulted in the formation of M—S—H, with its
content proportionally increased with an increase of MgSO4 content, yet
the formation of M—S—H could not be characterized by other test re-
sults. The decalcification of C-S-H also led to the presence of amorphous
silica. It is interesting to note that the ettringite was simulated to be
persisted in the M5 and M10 samples even after 28 days of curing, and
gradually reduced afterward which is somewhat contradictory to the
experimental test results provided in this study. The carbonation of
hydration products eventually yielded CaCO3 without distinguishing the
carbonate species. The simulated amount of calcite was decreased as the
MgSO4 content increased because the CO input data was acquired from
the TGA where CO, uptake values were low in the samples with MgSO4.
Meanwhile, the volume of gypsum was increased during the carbonation
due to the carbonation of ettringite.

Simulated pH development and Ca/Si in C-S-H of the samples are
shown in Fig. 11. The initial pH development of the samples was delayed
by the incorporation of MgSO,, reflecting that the reaction kinetics of
the clinkers were influenced by the MgSO4. Nevertheless, MgSO4 only
affected the rate of pH development in the samples due to the fact that
the maximum pH level reached in the samples was identical regardless
of the MgSO4 content. On the other hand, there was an instant reduction
in the pH values upon carbonation curing, closely relevant to the rapid
consumption of portlandite. A cascaded reduction in the pH levels was
continuously found in the MO and M1 samples after 1 day of curing,
while this reduction was slightly lowered in the M5 and M10 samples
due possibly to that the modeling simulated the excessive remnant
ettringite even during the carbonation. In particular, the M5 and M10
samples maintained higher pH levels than other samples even after
sufficient carbonation. The large amount of CaSO4 content persisted in
these samples was responsible for the high pH levels at the terminal
stage. The Ca/Si in C-S-H of the samples followed the similar trend to the
pH development of the samples due to the slow formation of C-S-H in the
matrix. The maximum Ca/Si level in C-S-H reached was identical
regardless of the MgSO4 content, followed by a rapid decrease in the
level upon carbonation curing, mainly associated with the elimination of
Ca in the C-S-H by the decalcification process. The Ca/Silevel in C-S-H of
the samples quickly headed toward 0 in the samples, thereby producing
amorphous Si. The moment of full decalcification of C-S-H was analo-
gous in the samples except for the M5 sample. Note that the simulation
results presented in Fig. 11 can provide insight on the evolution of pH
values and Ca/Si in C-S-H in the samples beyond the limited testing
timeframe.

4. Conclusion

The present study focused on the alterations in the reaction proper-
ties of PC against coupled deteriorations of magnesium and sulfate upon
carbonation curing. The physical and chemical aspects of the samples
containing various levels of MgSO4 under the carbonation curing of 27
days were evaluated. The following conclusions were made based on the
results obtained in this study.

(1) The incorporation of MgSO4 reduced the compressive strength of
the samples. However, the strength was vastly enhanced by
carbonation curing.

(2) The samples contained carbonated minerals with traces of Ca-
modified silica gel after carbonation curing regardless of MgSO4
content.

(3) The promoted formation of ettringite due to the incorporation of
MgSO, resulted in the presence of gypsum after the carbonation
curing.

(4) The incorporation of MgSO4 lowered the CO, uptake levels and
contributed to the formation of aluminum hydroxide rather than
that of a highly crosslinked Al framework after the carbonation
curing.

(5) The modeling results predicted that the MgSO4 did not influence
the maximum pH and Ca/Si in C-S-H reached. Even so, the rate of
pH and Ca/Si development were delayed by the incorporation of
MgSO4 due to the reduced reactivity of PC clinkers.
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