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Abstract: This study aimed to explore the impact of three corrosive ions—SO4
2−, Cl−, and Mg2+—on

the hydration property of calcium sulphoaluminate (CSA) cement. Cement paste was prepared using
three types of sea salt ion solutions with varying concentrations as mixing water. The experimental
program encompassed assessments of porosity, compressive/flexural strength, heat of hydration, pH
of pore solution, XRD, and SEM analysis. To modulate the hydration environment, Ordinary Portland
cement (10%) was incorporated to elevate the pH and enhance the stability of ettringite, thereby
facilitating the formation of additional C-S-H gel for the observation of M-S-H and other compounds.
Findings revealed that the Cl− accelerated the hydration of CSA, resulting in heightened heat release.
However, it also decreased the length-to-diameter ratio of ettringite, leading to cracking in CSA
test blocks. The addition of SO4

2− resulted in elevated internal alkalinity, prompting alterations in
hydration product types and subsequent reduction in CSA strength. Conversely, Mg2+ was observed
to ameliorate the microstructure of CSA test blocks, diminishing porosity and augmenting strength.

Keywords: sulphoaluminate cement; sea salt; expansion; heat of hydration; pH; microstructure

1. Introduction

Seawater constitutes 97.3% of the Earth’s total water storage, with freshwater account-
ing for merely 2.7%, of which less than 1% is readily usable [1]. Therefore, utilization of
seawater to replace freshwater in concrete mixing is becoming a research hotspot in the
civil engineering field. In the 1970s, the Chinese Academy of Building Materials developed
calcium sulphoaluminate (CSA) cement [2–5], recognized for its principal hydration prod-
ucts, notably ettringite (AFt), AFm, and AH3. Particularly in marine settings, CSA concrete
exhibits diminished chloride ion diffusion coefficients and heightened resistance to chloride
ions. Moreover, the hydration product AFt within CSA demonstrates limited reactivity
with SO4

2− and Mg2+ present in seawater, ensuring the durability of CSA concrete [6].
Consequently, CSA emerges as a promising material for employment in marine engineering.
Nonetheless, the extensive presence of ions in seawater poses potential challenges, as these
sea salt ions (SO4

2−, Cl−, Mg2+) profoundly influence CSA hydration by engaging in the
hydration process and altering the pH environment of CSA hydration [7–9].

The influence of SO4
2− on CSA primarily involves the formation of gypsum, AFt,

and salt crystals, as illustrated in Equations (1) and (2) [9–11]. As a constituent of the
hydration process, SO4

2− can expedite the hydration of CSA clinker (C4A3Š), leading to
the generation of ettringite and contributing to strength development. However, excessive
SO4

2− levels may compromise structural integrity due to inadequate resistance to ettringite
expansion stress, resulting in strength reduction [12,13]. Despite extensive research, there
is still no definitive concentration standard to ascertain the beneficial effects of SO4

2− on
CSA. The influence of Cl− on CSA primarily manifests through its involvement in early
hydration. It can directly react with CSA to produce Friedel’s salt, as demonstrated in
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Equation (3) [14–16]. However, existing research lacks consensus regarding the charac-
teristics of Friedel’s salt. According to Kim’s findings [17], Friedel’s salt can densify the
interior of CSA by filling pores, thereby enhancing strength development. Conversely,
some studies suggest that Friedel’s salt formation depletes the aluminum phase, leading to
decreased ettringite content and CSA strength [18]. The influence of Mg2+ on CSA mainly
involves its substitution for Ca2+. On one hand, Mg2+ reacts with calcium hydroxide to
produce less soluble brucite (Mg(OH)2), which coats the cement surface and retards early
hydration [19]. On the other hand, Mg2+ replaces Ca2+ in C-S-H gel, forming anhydrous
rigid M-S-H gel and reducing bond strength, as depicted in Equations (4) and (5) [20].
However, certain studies [21–24] suggest that Mg2+ positively impacts CSA compressive
strength by accelerating cement hydration in later stages and promoting the formation of
AFt and Ca(OH)2.

Ca(OH)2 + SO4
2− + 2H2O = CaSO4•2H2O + 2OH− (1)

C4A3Š + CSH2 + 32H2O = C6A3ŠH32 + 2AH3 (2)

C3A + CaCl2 + 10H2O → C3A•CaCl2•10H2O (Friedel’s salt) (3)

Mg2+ + Ca(OH)2 = Mg(OH)2 + Ca2+ (4)

Mg2+ + C-S-H(gel) → M-S-H ↓ + Ca2+ (5)

Moreover, coupling effects arise when multiple sea salt ions coexist [19,25]. To mitigate
the coupling effect among SO4

2−, Cl−, and Mg2+ ions, solutions of NaCl, NaSO4, and
Mg(CH3COO)2 were utilized as mixing water to examine their individual and collective
influences on CSA hydration. Since ettringite cannot stably exist in an environment with a
pH below 10.7 [26], and CSA cement contains low levels of C2S and C3S, which hinders
observation of its hydration products like the C(M)-S-H gel, this study incorporated 10%
ordinary Portland cement (OPC) to enhance the alkalinity and facilitate the formation
of gel-like hydration products such as C-S-H for improved observation [27]. At present,
research on the interaction between the main corrosive ions in the marine environment
and the internal microenvironment of cement-based materials mainly focuses on single
ions, and there has been no study on the influence of sea salt ions on the CSA-OPC binary
system. Therefore, this study provides valuable insights for research on seawater-mixed
concrete through a comprehensive investigation employing various analytical techniques
including hydration heat analysis, mechanical and chemical property tests, XRD, and SEM,
and it studies the impact of SO4

2−, Cl−, and Mg2+ on the hydration process of CSA-OPC.

2. Experimental Materials and Methods
2.1. Raw Materials

The experimental study utilized ordinary Portland cement (OPC), specifically P.O 42.5
from China Resources Corporation, and R. SAC 42.5 rapid hardening sulphoaluminate
cement from Guangxi Yunyan Co., Ltd. (Guilin, China). Their chemical compositions are
presented in Table 1, while the XRD patterns of OPC and CSA clinkers are depicted in
Figure 1. River sand ranging in diameter from 0.15 to 1.18 mm was employed. The mixing
water comprised solutions of NaCl, NaSO4, Mg(CH3COO)2, and freshwater. Initial solution
concentrations were manufactured based on the predominant salt ion levels in seawater
near Shantou Bay (refer to Table 2), with solutions also prepared at 2 and 3 times seawater
concentration. Detailed mixing proportions for each solution are outlined in Table 3, with
deionized water serving as freshwater. After preliminary experiments, the optimal mixing
ratio of CSA-OPC composite system was determined to be 9:1.
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Table 1. Chemical composition of cement (wt%).

Name CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 K2O Na2O

OPC 57.80 21.83 3.59 6.30 0.35 2.61 0.84 0.23
CSA 45.30 7.23 18.60 4.30 12.50 1.35 0.87
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Table 2. Main chemical composition of seawater (g/L).

Ion Cl− SO42− Na+ Mg2+ Ca2+

Concentration 16.50~18.50 2.00~2.60 9.50~10.50 0.95~1.40 0.28~0.38

Table 3. Different multiples of simulated solution (g/L).

Sample NaCl Na2SO4 Mg(CH3COO)2

Control
CL1.0 31.89
CL2.0 63.78
CL3.0 95.67
SO1.0 3.36
SO2.0 6.72
SO3.0 10.08
MG1.0 4.40
MG2.0 8.80
MG3.0 13.20

2.2. Preparation Specimens

Researchers noted that substituting 10% of CSA with OPC elevated the pH and
marginally enhanced the mechanical strength of the CSA matrix. Consequently, the binding
materials consisted of 90% CSA and 10% OPC. A water–cement ratio of 0.5 and sand–cement
ratio of 0.5 were maintained. The CSA clinker, OPC clinker, and river sand were mixed and
stirred for 2 min before adding the mixing water. The mixture underwent rapid stirring
for 1 min followed by slow stirring for 1 min. The resulting CSA-OPC mortar paste was
cast into molds with dimensions of 40 mm × 40 mm × 160 mm and cured in a standard
curing box for 6 h before demoulding. Additionally, CSA-OPC slurry without sand was
prepared. Specimens were subsequently placed in a 20 ◦C steam curing box until reaching
standard age.

2.3. Experimental Methods
2.3.1. Flexural/Compressive Strength

In accordance with the specifications outlined in the “Test Method of Cement Mortar
Strength (ISO Method)” (GB/T 17671-1999) [28], the determination of flexural and compres-
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sive strength utilized three prismatic specimens measuring 40 mm × 40 mm × 160 mm per
group. The flexural test was conducted at a loading speed of 0.05 kN/s. Subsequently, the
remaining halves of the prismatic specimens were employed for the compressive strength
test, conducted at a loading speed of 2.4 kN/s, with each group containing six specimens.

2.3.2. X-ray Diffraction Analysis

Samples were crushed after reaching standard curing age, and the internal fragments
were ground into powder using an agate mortar. The resultant powder was then sealed in a
container, and anhydrous ethanol was added to halt hydration. Following this, the powder
was dried for 24 h in an oven set at (40 ± 1) ◦C. X-ray diffraction analysis was performed
using a Bruker X-ray diffractometer equipped with Cu-Kα radiation. The scanning range
spanned from 5 to 70◦, with a scanning speed of 5◦/min.

2.3.3. Scanning Electron Microscopy

After the standard curing period, samples of CSA-OPC slurry were crushed, and flat
fragments ranging from 2 to 5 mm were selected. These fragments were then placed in a
sealed container, where anhydrous ethanol was added to prevent hydration. Subsequently,
the fragments were dried for 24 h in an oven set at (40 ± 1) ◦C. Following drying, the
fragments were sequentially affixed to a conductive platform and subjected to sputtering
treatment in a vacuum device. Then the sputtered samples were observed and imaged
using the Gemini300 field emission scanning electron microscope manufactured by Zeiss,
with appropriate magnification and positioning selected for observation and photography.

2.3.4. Hydration Heat

The hydration heat of CSA-OPC matrix composites was assessed using a TAM Air
three-channel calorimeter. Continuous measurements of the heat release rate (dQ/dt) and
total heat release (Q) during the hydration of CSA were recorded over a 24 h period.

2.3.5. Apparent Porosity

The apparent porosity of CSA-OPC was determined in accordance with ASTM-C20
standards [29]. As AFt could decompose at high temperatures, each set of three specimens
was dried in an oven at 65 ◦C until reaching a constant weight after curing to standard age,
with the dry mass (D) subsequently measured. The dried test block was then placed in a
vacuum water retention machine to saturate its pores with water. Following saturation, the
test block was removed from the machine, and both the saturated mass (W) and hanging
mass (S) were measured. The average value was considered as the result.

2.3.6. The pH Value of the Pore Solution

Specimens were ground and sieved using a 0.63 mm sieve. The resulting powder was
immersed in distilled water at a water-to-solid ratio of 10:1. The container was sealed with
a stopper, vigorously shaken for 2 min, and allowed to stand for 24 h. Subsequently, three
portions of 20 mL each of the filtrate were extracted, and their pH values were measured
using an acidity meter (pHS-3C). The average value of three samples was considered as
the result.

The manufacturing process and the aforementioned experiments are illustrated in
Figure 2.
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Figure 2. The manufacturing process and experimental method of CSA.

3. Results and Analysis
3.1. The Effect of Cl−

3.1.1. The Failure Morphology

Figure 3 displays the failure morphology of specimens cured for 1 d in Cl− solutions
of varying concentrations. The figure illustrates that all specimens exhibited cracking under
different Cl− concentrations, indicating noticeable expansion. As the Cl− concentration
increased, both the crack width and the quantity of cracks in the CSA-OPC specimens
increased significantly. At three times the original Cl− concentration, specimens exhibited
clear signs of splitting and disintegration. The cracks in the matrix are typically attributed
to the combined effects of tensile stress from the hydration reaction and thermal stress from
hydration heat [4,30]. Therefore, it can be inferred that the addition of Cl− accelerated
the hydration of the CSA-OPC system, leading to excessive hydration heat and ultimately
causing pronounced cracking. As the hydration reactions progress, a significant amount of
heat is rapidly released in cement hydration reactions (as indicated in Equation (3)) [31],
which can be inferred from the results of the hydration heat reactions.
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3.1.2. Hydration Heat Analysis

Figure 4 illustrates the results of the hydration heat test conducted on CSA-OPC
over a 24 h period. The addition of Cl− significantly accelerated the hydration of the
CSA-OPC system during its induction period, advancing both the induction and decline
periods by approximately 2 and 5 h, respectively. Furthermore, a direct relationship
was observed between the concentration of Cl− solution and the intensity of hydration
heat, indicating a pronounced acceleration effect. This phenomenon suggests that Cl−

promotes the early formation of AFt during CSA-OPC hydration, thereby substantially
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shortening the induction period and accelerating the transition into the decline period.
The rapid and vigorous hydration reactions led to the rapid release of a large amount of
heat, causing a sharp increase in the internal temperature of the CSA, which dissipated
slowly. Consequently, significant internal stress developed within the CSA, resulting in
deformation and cracking (see Figure 3).
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3.1.3. Hydration Products and Microstructure Analysis

Figure 5 presents the XRD spectrum of CSA-OPC hydration at 3 days. The diffraction
peak of CSA-OPC reactants C4A3Š, C2S, and C3S in various Cl− concentration groups
was lower than that in the freshwater group within the range of 30◦. At 2θ = 23.5◦, the
diffraction peak of ettringite increased with the increase in Cl− concentration. When 2θ
ranged between 35.5◦ and 41.3◦, although the diffraction peak of ettringite was smaller
than that in the freshwater group, it still exhibited an increasing trend with the increase
in concentration. Additionally, with the addition of Cl−, the diffraction peak of Friedel’s
salt appeared at 2θ = 16.2◦, which weakened with the increase in Cl− concentration. This
phenomenon suggests that Cl− accelerates the hydration of CSA clinker, and its accelerating
effect would increase with the increase in Cl− concentration, consistent with the results of
the hydration heat experiment in Section 3.1.2.
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Figure 6 displays the SEM microstructure figures and EDS spectra of CSA-OPC hydra-
tion at 3 days. It is evident from the figures that Cl− significantly impacts the microstructure.
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The microstructure of needle-shaped ettringite is connected and intersected in the freshwa-
ter group (Figure 6a) and CL1.0 group (Figure 6b), with a clear skeleton, while ettringite
appeared in short columnar form in the CL2.0 group (Figure 6c). In the CL3.0 group
(Figure 6d), the vast majority of ettringite has transformed into a block shape and is cov-
ered by gel-like products. Although the EDS analysis (Figure 6e) indicates that the main
composite is ettringite, there is still some amount of Friedel’s salt in the products. This
suggests that Cl− could alter the morphology of early hydration product (ettringite) in
the CSA-OPC system. Ettringite becomes shorter and thicker with the increase in Cl−

concentration, which cannot form a strong and intertwined skeleton to provide strength
for the matrix. According to Nicolas’s research [32,33], the lower the length–diameter ratio
of ettringite crystal after nucleation, the greater the expansion stress produced. Addition-
ally, there are wide spaces between needle-shaped ettringite to provide conditions for the
crystallization of various substances. Excessive growth stress would occur when ettringite
crystals nucleate in small gaps among short and coarse ettringites, which leads to expansive
cracks [34–36]. Considering the cracking phenomenon of specimens in Figure 3, it can
be inferred that besides accelerating hydration to increase hydration heat, Cl− also alters
ettringite morphology, making it shorter and thicker, which produces excessive expansion
stress due to lower length–diameter ratio, and then leads to macroscopic cracks.
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3.2. The Effect of SO4
2−/Mg2+

3.2.1. The Apparent Porosity

Figure 7 displays the apparent porosity test results of CSA-OPC specimens blended
with varying concentrations of NaSO4 solution and Mg(CH3COO)2 solution. The data
indicate that the addition of SO4

2− led to an increase in the apparent porosity of CSA-OPC,
reaching a maximum of approximately 15.4%. Conversely, the incorporation of Mg2+

resulted in a reduction in apparent porosity, with a maximum decrease of around 12.7%.
Furthermore, the porosity of CSA-OPC exhibited an upward trend with increasing SO4

2−

concentration and decreased as the Mg2+ concentration rose. These findings suggest that
SO4

2− contributes to a decrease in the compactness of the CSA-OPC matrix, while Mg2+

serves to diminish internal pores within the matrix, thereby enhancing its compactness.
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The expansive behavior of CSA-OPC systems is predominantly influenced by the
formation of ettringite, including factors such as the rate of formation, crystal shape, and
crystal size. The addition of a higher quantity of calcium sulfate facilitates the formation of
increased ettringite during the hydration process [37]. For this reason, the matrix density
decreases with higher sulfate turnover content. Weerdt and Justnes [10] noted that in
seawater, as the concentration of Mg2+ reaches a certain level, Mg2+ may replace Ca2+,
potentially leading to the formation of M-S-H. As hydration progresses, more hydration
products containing chemically bound water are generated, depleting the free water in
seawater and simultaneously increasing the Mg2+ concentration. This phenomenon further
facilitates the substitution of Mg2+ for Ca2+ [8]. Consequently, as the magnesium ion
content rises, the ettringite content in the matrix diminishes, leading to an increase in the
compactness of the cement.

3.2.2. The Flexural/Compressive Strength

The flexural and compressive strength of CSA-OPC specimens mixed with varying
concentrations of SO4

2− and Mg2+ solutions are presented in Figure 8. As depicted in
Figure 8a,b, except for the SO3.0 group cured at 7 days, the flexural strength of the SO
groups at each age was lower than that of the freshwater group. Similarly, the compressive
strength, except for the SO2.0 group cured at 7 days and the SO1.0 group cured at 28 days,
was lower than that of the freshwater group. However, there was no clear pattern in the
strength change of the specimens with increasing SO4

2− concentration, suggesting that
the inclusion of SO4

2− may adversely affect the mechanical properties of the specimens
to some extent. According to Equation (1), the introduction of SO4

2− should theoretically
accelerate hydration to produce more AFt, thereby enhancing strength performance [38].
However, the observed outcome contradicts this expectation, and the rationale behind this
discrepancy is elucidated in Section 3.2.3.
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As shown in Figure 8c, with the exception of the 3 d cured MG2.0 group and the 7 d
cured MG1.0 group, the flexural strength of specimens in the MG groups was consistently
lower than that of the freshwater group across all ages. Notably, there was no discernible
pattern between strength and the concentration of Mg2+ solution. In contrast, Figure 8d
illustrates that the compressive strength of specimens across all ages surpassed that of
the freshwater group, except for the MG1.0 group, and exhibited an increasing trend with
higher Mg2+ concentrations. This trend suggests that lower Mg2+ concentrations may
compromise the compressive and flexural strength of CSA, while higher concentrations
of Mg2+ are conducive to enhancing CSA strength. This phenomenon is attributed to
the reaction of Mg2+ with CSA clinker to produce Mg(OH)2, which does not directly
contribute to strength. However, the addition of a certain amount of OPC to CSA raises
the internal pH of CSA, leading to increased Mg(OH)2 production but decreased CSA
strength. Furthermore, the incorporation of OPC into the CSA matrix composites results
in a greater presence of C-S-H gel in the hydration products compared to pure CSA paste.
With escalating Mg2+ concentrations, excess Mg2+ can react with hydrated C-S-H/C-A-S-H
to form magnesium and aluminum phases that fill internal pores within the specimen,
thereby enhancing specimen density and strength. This aligns with the observed reduction
in porosity in the MG groups as detailed in Section 3.2.1.

3.2.3. XRD Analysis and pH of Pore Solution

Figure 9 illustrates the XRD patterns of CSA-OPC systems mixed with SO4
2− and

Mg2+ solutions and cured for 3 days. In Figure 9a, notable alterations in the XRD patterns
of CSA-OPC occurred after introducing SO4

2−. With increasing SO4
2− concentration,
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the diffraction peaks of AFt decreased, accompanied by a drop in diffraction intensity.
Simultaneously, the diffraction peak of the CSA clinker vanished, replaced by a CxASHn
type. Additionally, the total intensity of diffraction peaks decreased with rising SO4

2−

concentration, indicating that SO4
2− addition did not promote CSA hydration to generate

AFt but rather reduced crystal content in the CSA-OPC paste, increasing the gel-like
product amount. Figure 10 presents the pH test results of pore solutions extracted from
SO/MG groups. It reveals that the pH value of the pore solution in SO groups exceeded
13.2, at least 16.8% higher than that in the freshwater group. Padilla [39] noted that when
the OH- concentration in the mixing solution reached 4 mol/L, no calcium aluminate
hydrate was observed at any curing age. Guo et al. [40] demonstrated that increasing pH
improves continuous connected pores, increasing porosity, consistent with the increased
porosity observed in Figure 7 due to SO4

2− addition. Ben et al. [41–44] found that high
alkalinity in the C4A3Š and C2S hydration environment destabilizes calcium aluminate
hydrate, obstructing conventional hydration paths and leading to irregularly shaped AFm
and AH3 and siliceous garnet formation instead of calcium aluminate hydrate [45], as
depicted in Equations (6)–(8). Lei et al. [46,47] discovered that the decalcification process of
cement paste can be delineated into two distinct phases. Initially, in the first stage, there
is dissolution of Ca(OH)2 within the cement paste. Nearly complete removal of Ca(OH)2
takes place, along with partial decalcification of C-S-H. Subsequently, in the second stage,
as the C/S ratio of the cement paste diminishes, additional decalcification of C-S-H occurs,
consequently influencing the pore structure. Therefore, SO4

2− addition elevates the pH of
the CSA hydration environment, shifting hydration equilibrium towards Equations (6)–(8),
consequently reducing calcium aluminate hydrate content in CSA-OPC and weakening SO
group strength.

C4A3Š + 18H → C4AŠH12 (AFm) + 2AH3 (6)

C2S/C3S + 2H → CH + C-S-H(gel) (7)

C2S/C3S + AH3 + 5H → C2ASH8 (8)

Buildings 2024, 14, x FOR PEER REVIEW 11 of 15 
 

decreased, while that of MG3.0 increased. Numerous magnesium–aluminum substances 
appeared at 2θ = 9.6°, 23.2°, and 30° < 2θ < 36°, intensifying with higher Mg2+ concentra-
tion. At 2θ = 16.2°, a distinct Ca(OH)2 peak emerged in the MG3.0 group. When Mg2+ con-
centration reached 3.0, the calcium aluminate peak intensified. Figure 10 indicates mini-
mal pH impact from Mg2+ addition. Due to the elevated pH of the pore solution in mortar 
mixtures, MgCl2 in seawater also reacts with the hydration products of CH to form bru-
cite. As indicated by the equation, the decalcification reaction occurs in C-S-H, where Mg 
further reacts with decalcified C-S-H to form M-S-H (as depicted in Equations (4) and (5)). 
These phenomena suggest that adding a small amount of Mg2+ reduces product quantity 
in the CSA-OPC paste, explaining the strength variation in the MG groups detailed in 
Section 3.2.2. 

  
(a) (b) 

Figure 9. XRD pattern of the 3 d CSA-OPC: (a) SO; (b) MG. 

 
Figure 10. pH value of the CSA-OPC. 

3.2.4. SEM/EDS Analysis 
Figure 11 illustrates the microstructural analysis using SEM and the composition of 

hydration products using EDS of specimens mixed with freshwater, SO3.0, and MG3.0. In 
Figure 11a, the hydration products of CSA-OPC in the freshwater group were character-
ized by the prevalence of elongated, clustered calcium aluminate covered by cementitious 
material, resulting in a compact structure. Conversely, the SO3.0 group (Figure 11c) dis-
played a less cohesive structure with less visible ettringite present in short, disconnected 
columns, failing to form a skeleton structure. Additionally, the quantity of CxASHn (Figure 
11d) in the SO3.0 group notably exceeded that in the freshwater group, with segregated 

Figure 9. XRD pattern of the 3 d CSA-OPC: (a) SO; (b) MG.



Buildings 2024, 14, 1481 11 of 14

Buildings 2024, 14, x FOR PEER REVIEW 11 of 15 
 

decreased, while that of MG3.0 increased. Numerous magnesium–aluminum substances 
appeared at 2θ = 9.6°, 23.2°, and 30° < 2θ < 36°, intensifying with higher Mg2+ concentra-
tion. At 2θ = 16.2°, a distinct Ca(OH)2 peak emerged in the MG3.0 group. When Mg2+ con-
centration reached 3.0, the calcium aluminate peak intensified. Figure 10 indicates mini-
mal pH impact from Mg2+ addition. Due to the elevated pH of the pore solution in mortar 
mixtures, MgCl2 in seawater also reacts with the hydration products of CH to form bru-
cite. As indicated by the equation, the decalcification reaction occurs in C-S-H, where Mg 
further reacts with decalcified C-S-H to form M-S-H (as depicted in Equations (4) and (5)). 
These phenomena suggest that adding a small amount of Mg2+ reduces product quantity 
in the CSA-OPC paste, explaining the strength variation in the MG groups detailed in 
Section 3.2.2. 

  
(a) (b) 

Figure 9. XRD pattern of the 3 d CSA-OPC: (a) SO; (b) MG. 

 
Figure 10. pH value of the CSA-OPC. 

3.2.4. SEM/EDS Analysis 
Figure 11 illustrates the microstructural analysis using SEM and the composition of 

hydration products using EDS of specimens mixed with freshwater, SO3.0, and MG3.0. In 
Figure 11a, the hydration products of CSA-OPC in the freshwater group were character-
ized by the prevalence of elongated, clustered calcium aluminate covered by cementitious 
material, resulting in a compact structure. Conversely, the SO3.0 group (Figure 11c) dis-
played a less cohesive structure with less visible ettringite present in short, disconnected 
columns, failing to form a skeleton structure. Additionally, the quantity of CxASHn (Figure 
11d) in the SO3.0 group notably exceeded that in the freshwater group, with segregated 

Figure 10. pH value of the CSA-OPC.

In Figure 9b, the intensity of the MG group increased with rising Mg2+ concentration.
Compared with the freshwater group, diffraction peak intensities of MG1.0/2.0 groups
decreased, while that of MG3.0 increased. Numerous magnesium–aluminum substances
appeared at 2θ = 9.6◦, 23.2◦, and 30◦ < 2θ < 36◦, intensifying with higher Mg2+ concentra-
tion. At 2θ = 16.2◦, a distinct Ca(OH)2 peak emerged in the MG3.0 group. When Mg2+

concentration reached 3.0, the calcium aluminate peak intensified. Figure 10 indicates mini-
mal pH impact from Mg2+ addition. Due to the elevated pH of the pore solution in mortar
mixtures, MgCl2 in seawater also reacts with the hydration products of CH to form brucite.
As indicated by the equation, the decalcification reaction occurs in C-S-H, where Mg fur-
ther reacts with decalcified C-S-H to form M-S-H (as depicted in Equations (4) and (5)).
These phenomena suggest that adding a small amount of Mg2+ reduces product quantity
in the CSA-OPC paste, explaining the strength variation in the MG groups detailed in
Section 3.2.2.

3.2.4. SEM/EDS Analysis

Figure 11 illustrates the microstructural analysis using SEM and the composition of
hydration products using EDS of specimens mixed with freshwater, SO3.0, and MG3.0. In
Figure 11a, the hydration products of CSA-OPC in the freshwater group were characterized
by the prevalence of elongated, clustered calcium aluminate covered by cementitious mate-
rial, resulting in a compact structure. Conversely, the SO3.0 group (Figure 11c) displayed a
less cohesive structure with less visible ettringite present in short, disconnected columns,
failing to form a skeleton structure. Additionally, the quantity of CxASHn (Figure 11d) in
the SO3.0 group notably exceeded that in the freshwater group, with segregated cementi-
tious material on the microstructure surface without interconnection. These observations
suggest that the addition of SO4

2− altered the type and morphology of hydration products
in the CSA-OPC system. The increased presence of CxASHn indicates a shift in CSA-OPC
hydration towards Equation (8) in the XRD analysis, while the stubby shape of ettringite
aligns with previous descriptions of ettringite morphology under high alkalinity conditions.
These findings also explain the observed increase in porosity and decrease in strength in
the SO groups.

Additionally, as depicted in Figure 11b, the MG3.0 group exhibited longer and wider
ettringite formations compared to the freshwater group, with a more intact skeleton struc-
ture and increased presence of cementitious material filling the gaps within the skeleton.
These observations indicate that the substantial addition of Mg2+ enhanced the microstruc-
ture of CSA by facilitating ettringite growth and promoting the generation of additional
cementitious material, providing a rationale for the strength enhancement observed in the
MG groups as discussed in the preceding section.
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4. Conclusions

In this investigation, solutions with varying concentrations were established to assess
the impact of three sea salt ions (SO4

2−, Cl−, and Mg2+) on the hydration process of
a CSA-OPC binary system (90% CSA-10% OPC). The study outcomes are summarized
as follows:

(1) Chloride ions (Cl−) induce noticeable expansion and cracking within the CSA-OPC
matrix, with wider cracks appearing at higher concentrations. Additionally, Cl− accelerates
cement hydration, advancing the induction period by approximately 5 h and increasing
the heat of hydration within the initial 10 h. Furthermore, Cl− alters the microscopic
morphology of ettringite in the hydration products, resulting in a reduced length–diameter
ratio and enhanced expansion characteristics of ettringite.

(2) The introduction of sulfate ions (SO4
2−) leads to a decline in CSA strength, with

higher concentrations correlating with lower strength. SO4
2− also induces changes in

the type of hydration products and results in high alkalinity (pore solution pH > 13.2).
The addition of SO4

2− did not promote the formation of AFt in CSA hydration but rather
reduced the crystalline content in CSA-OPC paste and increased the amount of gel-like
product, thereby impeding the hydration of C4A3Š and diminishing ettringite production.

(3) Magnesium ions (Mg2+) generally facilitate the hydration of CSA-OPC. Higher
concentrations correspond to reduced porosity and increased strength. The inclusion of
Mg2+ fosters the generation of ettringite and magnesium–aluminum phases, leading to
elongated and thick ettringite crystals, and the cementitious material filling the voids
within the skeleton increases. Moreover, an excessive concentration of Mg2+ can promote
decalcification reactions, leading to the formation of brucite by reacting with the hydration
products of CH, thereby enhancing the strength of the specimens.
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