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This study incorporated nanomaterials to modify traditional sea sand mortar to enhance the durability of marine infrastructure. It explored the effects of nano-silica (NS), nano-metakaolin (NMK), and nano-alumina (NA)) on the chloride binding capacity and microstructure of the sea sand mortar through potentiometric titration, X-ray diffraction (XRD), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). The results indicated a significant enhancement in the chloride binding capacity of the nanomaterial-modified sea sand mortar. Both NS and NMK reduced Friedel’s salt (FS) content in sea sand mortar while enhancing chloride binding capacity via increased physical adsorption. NA increased the FS content in sea sand mortar, thereby enhancing its chemical bonding capacity for chloride ions. Among these three nanomaterials, NMK demonstrated the best improvement in the pore structure of sea sand mortar, followed by NS. The research results provide an innovative material solution for marine engineering structures.
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1 INTRODUCTION
With the rapid advancement of offshore ports, docks, and maritime engineering projects, the use of sea sand as a substitute for river sand in concrete production can alleviate the shortage of river sand resources while reducing environmental impact. However, direct use of sea sand in construction without desalination treatment may cause corrosion of reinforcing steel bars in concrete structures due to high concentration of chloride ions. This corrosion can substantially compromise the quality and safety of construction projects and adversely affect the durability of reinforced concrete structures. Existing research on the durability of sea sand concrete indicates that chloride ions in cement-based materials are retained via two primary mechanisms: chemical binding and physical adsorption. Chemical binding occurs when chloride ions react with cement hydration phases to form chloroaluminate compounds. Physical adsorption involves the immobilization of chloride ions by hydration products through electrostatic or van der Waals forces (Ting et al., 2020; Hussain and Al-Saadoun, 1992; Suryavanshi et al., 1995; Suryavanshi and Swamy, 1996; Zhang et al., 2021; Chen et al., 2022). Chloride ions present in natural sea sand differ from those introduced by traditional external infiltration and internal incorporation methods. These chloride ions not only adhere to the surface of the sand particles but also penetrate into their interiors. The release of chloride ions from sea sand involves the dissolution of surface chlorides and the liberation of internal chlorides. Initially, this release is primarily driven by the dissolution of surface chloride ions; once the surface chloride ions have nearly completely dissolved, the liberation of internal chloride ions becomes the primary source. During the early mixing stage of sea sand mortar, surface chloride ions dissolve and come into sufficient contact with the surrounding cement paste, while the relative content of internal chloride ions experiences a rapid increase. As the curing age increases, the internal chloride ions begin to release, with their concentration increasing slowly. Since the pore structure of the mortar has already formed, not all chloride ions can adequately interact with the surrounding binder material, which can impact the solidification of internal chloride ions. Additionally, the precipitation of FS, formed by chemically bound chloride ions, can block the capillary pores in the mortar, making the mortar denser (Yang et al., 2010; Yuan et al., 2009). Therefore, optimizing the pore structure of cement-based materials (CBMs) can prevent or slow down the migration of free chloride ions through the pore solution by disrupting their transport pathways, thereby enhancing the durability of sea sand concrete (Florea and Brouwers, 2012).
Currently, nanomaterials have been extensively utilized in the production of CBMs. Numerous studies have demonstrated that nanomaterials can effectively improve the properties of cement-based materials (Sun et al., 2022; Fan et al., 2014; Ragab, 2019; Liu et al., 2012; Kawashima et al., 2013; Jo et al., 2007; Givi et al., 2010). The mechanisms through which nanomaterials operate in CBMs primarily include the filling effect, chemical effect, and nucleation effect. The filling effect involves nanoparticles filling the pores in CBMs, which increases densification and optimizes pore size distribution, thereby improving mechanical performance. The chemical effect is characterized by the active components in nanomaterials participating in hydration reactions, supplying silica, alumina, and calcium for cement hydration. The nucleation effect is mainly reflected in the provision of nucleation sites for cement hydration products, which facilitates their multi-site growth, thereby enhancing the densification of the matrix (Hou et al., 2020). Ji (2005) indicated that concrete incorporating NS exhibits superior water impermeability and possesses a more uniform and denser microstructure compared to conventional silica-based concrete. They observed that NS particles fill the pores within the C-S-H gel structures and function as nuclei to facilitate strong bonding with C-S-H gel particles, thus improving the durability of the concrete. Said et al. (2012) demonstrated that the addition of NS significantly decreases the average charge and physical penetration depth in concrete, while both total porosity and threshold pore size exhibited significant reductions.
There are limited studies on chloride ion binding capacity of sea sand concrete incorporating nanomaterials. Ragab (2019) suggested that concrete containing nanokaolinite (NMK) exhibits extremely low chloride ion permeability. This was attributed to the reaction between NMK and calcium hydroxide, a byproduct of cement hydration, which generated more C-S-H, C-A-H, and C-A-S-H gels. These gels effectively filled the pore structure, thereby reducing chloride ion permeability. Wang et al. (2019), Yang et al. (2019) indicated that the addition of nano-alumina (NA) helps promote the binding of the calcium sulfoaluminate hydrates (AFm) phase with chloride ions, thereby increasing the solidification of chloride ions. However, further research is essential to determine whether nanomaterials can effectively enhance the chloride ion binding capacity of sea sand concrete and to what extent they improve its microstructure.
Therefore, this study focused on NS, NMK, and NA to systematically investigate the influence of nanomaterials on the properties of sea-sand mortar. X-ray diffraction experiments (XRD) and thermogravimetric analysis (TGA) were conducted to evaluate the differential effects of these nanomaterials on the chloride-ion binding capacity of sea-sand mortar. Scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) analyses were employed to explore the impact mechanisms of nanomaterials on the microstructure and pore structure characteristics of sea-sand mortar. Furthermore, grey theory analysis was utilized to establish a quantitative relationship between pore structure parameters and chloride-ion binding capacity (CBC). The overarching goal of this study is to provide robust theoretical insights and practical guidance for the legitimate and sustainable utilization of natural sea sand in construction applications.
2 MATERIALS AND METHODS
2.1 Materials
The main raw materials used in this experiment include sea sand, Portland cement, nano-silica, nano-metakaolin, nano-alumina. The particles of these nanomaterials are characterized by relatively small sizes and a tendency to agglomerate. The particle size distribution and transmission electron microscope (TEM) images are presented in Figure 1, which reveals a lamellae thickness of approximately 20 nm.
[image: Figure 1]FIGURE 1 | The morphology of raw materials. (a) Particle morphology of sea sand. (b) TEM image of NS. (c) TEM image of NMK. (d) TEM image of NA.
The natural sea sand used for the experiment was sourced from the Xiamen sea area, with a fineness modulus of Mx = 2.61, a chloride ion content of 0.079%, and a shell content of 2.53%. The Portland cement meets the current Chinese standard (GB 175–2023) (State Administration for Market Regulation, 2023). The main chemical compositions of hydrophilic nano-silica (NS), nano-alumina (NA) and nano-kaolinite (NMK) are shown in Table 1.
TABLE 1 | Chemical composition of raw materials (wt%).
[image: Table 1]This experiment involves the preparation of cement mortar to investigate the effects of different nanomaterials on the CBC and microstructure of SSM. The water-to-binder ratio was fixed at 0.55, and the binder-to-sand ratio was set at 1:3. Based on the mix proportions outlined in Table 2, the required quantities of raw materials were precisely weighed for use. Subsequently, these materials were sequentially added to a cement mortar mixer and thoroughly blended to achieve a homogeneous slurry. The resulting mixture was poured into cubic molds measuring 70.7 mm × 70.7 mm × 70.7 mm in two layers, followed by vibration compaction and surface smoothing. The molds were removed after resting in a natural environment for 24 ± 2 h and placed in a standard curing room at 20°C ± 3°C with a humidity of RH ≥ 95%. Performance tests were conducted after curing for 3, 7, 28, 56, and 90 days.
TABLE 2 | Mixing ratio of nanomaterials modified SSM.
[image: Table 2]2.2 Test method
According to the “Technical specification for test of chloride ion content in concrete” (JGJ/T 322–2013) (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2021) and “The washed sea sand for construction and municipal engineering” (JG/T 494–2016) (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2016), the free and total chloride ion contents in the powdered SSM samples were tested using the automatic potentiometric titrator produced by Mettler Toledo Group. The free chloride ion content (Cf) and total chloride ion content (Ct) in SSM were measured at curing ages of 3, 7, 28, 56, and 90 days. The triplex mortar test blocks were subjected to crushing, random sampling, grinding, and drying in an oven at 105°C ± 5°C until a constant weight was achieved. The samples were subsequently cooled for further use. A powder sample weighing 2 g ± 0.01 g was accurately weighed and transferred into a test tube, followed by the addition of 40 mL deionized water. The test tube was sealed and left undisturbed for 24 h 2 mL of sodium chloride standard solution and 60 mL of deionized water were carefully measured using a pipette and transferred to the sample cup, which was then inserted into the titrator. The titrator automatically recorded the volume of silver nitrate consumed, denoted as V1. The supernatant of the prepared solution was filtered, while 10 mL of the filtrate and 2 mL of sodium chloride standard solution were transferred into another sample cup. Two drops of phenolphthalein indicator were added to render the solution pink, after which dilute nitric acid was gradually added until the pink color disappeared. Subsequently, 60 mL of deionized water was added, and the sample cup was placed into the titrator for automatic titration. The volume of silver nitrate consumed during this process was recorded as V2. Cf was automatically calculated using Equation 1.
For the determination of total chloride concentration, another powder sample weighing 2 g ± 0.01 g was accurately weighed and placed in a second test tube. 40 mL of dilute nitric acid (1:7) was added to this sample, and the test tube was sealed and left undisturbed for 24 h. A sample cup was prepared by adding 10 mL of starch solution and 2 mL of sodium chloride standard solution, followed by the addition of 60 mL of deionized water. This sample cup was placed into the titrator for automatic titration. The volume of silver nitrate consumed was recorded as V1. Next, 10 mL of the solution from the second test tube, 10 mL of starch solution, 2 mL of sodium chloride standardsolution, and 60 mL of deionized water were combined in the sample cup using a pipette, and the titration was repeated. The volume of silver nitrate consumed during this second titration was recorded as V2. Finally, Ct was calculated according to Equation 1. The chloride binding capacity (CBC) was used to describe the chloride ion binding ability of SSM. It is defined as the ratio of the Cb to the Ct, where the Cb is calculated by subtracting the Cf from the Ct expressed as Equation 2.
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The chemical binding capacity of chloride ions in CBMs is associated with the formation amount of Friedel’s salt, while the physical adsorption capacity of chloride ions is related to the formation amount of C-S-H gel, which in turn depends on the CH content. To examine the phase changes in SSM, the samples that had reached the desired curing age were crushed, and hydration was terminated using isopropanol. They were then dried in a vacuum oven at 50°C for 48 h until a constant weight was achieved. The crushed samples were ground in an agate mortar, and the resulting powder was sieved through a 45 μm brass mesh. The powder was subsequently compacted into square samples on a glass slide.
X-ray diffraction (XRD) analysis was performed for semi-quantitative analysis of the effects of NS, NMK, and NA on the relative content of FS in SSM. This analysis investigated the mechanism by which different nanomaterials affect the CBC from a chemical binding perspective. The testing was conducted over a range of 5°–80°, with a scanning speed of 2°/min and a step size of 0.02°. The qualitative analysis was performed using JADE 9.0 software, while the quantitative analysis of the primary crystalline substances was conducted based on the PDF database.
Thermogravimetric analysis (TG-DTG) tests were conducted using the STA 449F3 synchronous thermal analyzer manufactured by NETZSCH, Germany. The heating rate was set at 10°C/min, with a temperature range of 30°C–1000°C, and nitrogen was used as the protective gas. During the experiment, approximately 10 mg of the sample was weighed and placed into a crucible, while ensuring that the sample did not exceed one-third of the crucible’s volume. The TG curve was obtained, and the differential thermogravimetric (DTG) curve was utilized to analyze the weight loss intervals of different phases within the TG curve.
The sample surfaces were gold-coated to investigate the influence of nano-materials on the microstructure and pore structure of sea sand mortar. The microstructural characteristics were analyzed using scanning electron microscopy (SEM). The sample was placed in an expanometer and evacuated to a pressure of less than 6.67 Pa. The specific pore volume and specific surface area across different pore size ranges were measured using the computer-controlled mercury intrusion porosimetry (MIP). In the high-pressure range (0.1655 ≤ p ≤ 206.843 MPa), 36 pressure points were selected, with a stabilization duration of 2 s for each point.
3 RESULTS
3.1 Effect of nanomaterials on the CBC of sea sand mortar
3.1.1 Chloride ion potentiometric titration test
Figure 2 illustrates the effects of varying nanomaterial contents on the CBC of SSM.
[image: Figure 2]FIGURE 2 | Effect of nanomaterials on the CBC of SSM.(a) Effect of NS on the CBC of SSM. (b) Effect of NMK on the CBC of SSM. (c) Effect of NA on the CBC of SSM.
Figure 2 indicates that the impact of NS on the early CBC of SSM was not significant. At the curing age of 28 days, the CBC of the test groups CNS1, CNS3, and CNS5 increased by 6.32%, 10.42%, and 14.81%, respectively, compared to the control group CN0. In this case, cement hydration was relatively sufficient, and the abundant hydration product, CH, underwent a pozzolanic reaction with NS, resulting in the formation of additional C-S-H gel. This reaction benefited the enhancement of the CBC of SSM through physical adsorption of chloride ions. As the curing age was extended to 56 and 90 days, minimal changes were observed in the CBC values among the test groups.
At an early curing stage, the three test groups incorporating NMK exhibited reductions in CBC of 13.42%, 13.69%, and 8.94% respectively, compared to the control group CN0. At the curing age of 7 days, the reduction in CBC in these test groups was significantly smaller. This could be attributed to the volcanic ash activity of NMK, which reacted with the cement hydration product CH, resulting in the formation of additional C-S-H gel. Additionally, the aluminum phase present in NMK also contributed to an increase in the chemically bound chloride ion content. At the curing age of 28 days, the CBC values for the test groups increased by 7.07%, 16.45%, and 21.68%, respectively, compared to the control group CN0. At this time, the cement hydration within the system was relatively complete, and the sufficient CH facilitated the pozzolanic reaction with NMK to generate additional C-S-H gel. This process enhanced the physical adsorption of chloride ions by the SSM.
The addition of NA significantly improved the CBC of SSM at all curing stages. At the curing age of 3 days, the CBC values for the groups CNA1, CNA3, and CNA5 increased by 39.31%, 35.54%, and 41.40%, respectively, compared to the control group CN0. At the curing age of 7 days, the CBC values for the groups CNA1, CNA3, and CNA5 increased by 21.15%, 21.25%, and 22.85%, respectively, compared to the control group CN0. When the curing age was further extended to 28 days, the CBC values for the groups CNA1, CNA3, and CNA5 increased by 16.13%, 16.90%, and 18.05%, respectively, compared to the control group. Increasing the NA content from 1 wt% to 5 wt% had a negligible effect on the enhancement of CBC at the same curing stage.
3.1.2 XRD analysis
Figure 3 presents the XRD diffraction patterns of samples CNS5, NMK5, and NA5 at the curing ages of 3, 7, and 28 days, where the marked diffraction peaks for FS, CH, and quartz appear at 11.2°, 18°, and 34.1°, as well as 20.9° and 26.7°, respectively. The presence of FS diffraction peaks in all sample groups suggests that during the curing of SSM samples, the chloride ions dissolved from the surface and released from the interior of the sea sand particles have been chemically bound, thus stabilizing and solidifying within the system.The diffraction peak of FS is not particularly pronounced. This can be attributed to the fact that the amount of chloride bound in the slurry is closely correlated with the concentration of chloride ions within the system. Florea (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2016) indicated that at a chloride concentration close to that of seawater, the binding percentages of chloride ions by HO-AFm, SO4-AFm, C-S-H gel, as well as FS and Ca(OH)2 were 49%, 20%, 28%, 3% and 0%, respectively. Since C-S-H gel is amorphous, its content cannot be correlated with the intensity of diffraction peaks through XRD analysis (Florea and Brouwers, 2012).
[image: Figure 3]FIGURE 3 | Comparison of XRD pattern before and after nanomaterial modification. (a)Comparison of the XRD pattern of samples before and after NS modification. (b)Comparison of the XRD pattern of samples before and after NMK modification. (c)Comparison of the XRD pattern of samples before and after NA modification.
In Figure 3b, no significant shifts in the diffraction peaks of the three types of crystals were observed, suggesting that the incorporation of NMK did not cause noticeable distortion in the formation of internal crystals. The addition of 5 wt% NMK significantly reduced the intensity of the CH diffraction peak in the mortar at the curing age of 28 days. This was attributed to the fact that the active SiO2 and Al2O3 contained in NMK underwent a pozzolanic reaction with CH, which produced additional C-S-H gel that contributes to increasing the compressive strength of the mortar samples. Consequently, the CH content in the mortar system decreased, as reflected by the reduced intensity of CH diffraction peaks.
The incorporation of NA did not reveal any significant new diffraction peaks, suggesting that NA did not lead to the formation of extensive new crystalline materials in the samples. The intensity of the CH diffraction peak in the samples exhibited only a slight decrease at 28 days, which is consistent with the findings of Suryavanshi and Swamy (1996). The partial replacement of cement with NA led to a reduction in CH content; however, its consumption of CH was not very high. The reduction in CH diffraction peak intensity caused by NA in different SSM samples was smaller than that induced by NS and NMK.
3.1.3 TG-DTG analysis
The TG curve reflects the mass changes due to the decomposition of different hydration products at various temperatures. The DTG curve is the first derivative of the TG curve with respect to temperature, and the endothermic peaks at different temperatures correspond to the decomposition of various hydration products. In this experiment, the testing temperature ranged from 30°C to 1,000°C. As depicted in Figure 3, three distinct endothermic peaks were identified in the TG-DTG pattern.They represented the decomposition of three different substances: (1) 100°C–200°C, an endothermic peak due to the dehydration or decomposition of AFt and C-S-H gel; (2) 400°C–500°C, an endothermic peak resulting from the dehydration and decomposition of CH; (3) 550°C–700°C, an endothermic peak resulting from the decomposition of CaCO3, formed by the carbonation of CH, into CO2 shown as Equations 3, 4 (Farzadnia et al., 2013). Additionally, Huang (2014) confirmed through thermogravimetric tests that the weight loss of CBMs containing internally incorporated chloride ions at temperatures between 310°C and 380°C is attributed to the dehydration decomposition of FS. Research by Saikia et al. (2009) indicated that the two main dehydroxylation peaks of FS are located between 100°C–150°C and 230°C–410°C. The former was attributed to the release of four water molecules from the interlayer of the crystal structure, while the latter was associated with the release of six structural water molecules from the main structure of FS.
The weight losses at the endothermic peaks between 400°C–500°C and 550°C–700°C enabled the semi-quantitative calculation of CH generated in SSM samples. This allowed for an assessment of the effects of NS, NMK, and NA on the variation of CH content in SSM. Table 3 presents the relative changes in CH content of the samples at the curing ages of 3, 7, and 28 days.
TABLE 3 | CH contents of samples CNS5, FANS5, and MKNS5 (wt%).
[image: Table 3]Due to the overlap in the dehydration ranges of the first four water molecules in C-S-H gel, AFt, and FS, it is challenging to clearly distinguish the relative contents of these substances. Therefore, the weight loss at the endothermic peak between 310°C–380°C was used for the semi-quantitative calculation of the FS content in SSM powder samples. This allowed for the evaluation of the effects of NS, NMK, and NA on the chemical binding capacity of chloride ions in SSM, as detailed in Table 4.
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TABLE 4 | FS content of samples CNS5, FANS5, and MKNS5 (wt%).
[image: Table 4]The decomposition amount of calcium hydroxide (CH) is expressed as Equation 5:
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The carbonization amount of calcium hydroxide (CH) is expressed as Equation 6:
[image: image]
The total calcium hydroxide (CH) production is calculated as Equation 7:
[image: image]
The amount of FS produced is calculated as Equation 8:
[image: image]
where △G1 is the weight loss rate of H2O in CH, △G2 is Weight loss rate of CO2, △G3 is weight loss rate of H2O in FS, m1 (CH) is the CH content calculated from the weight loss rate of H2O produced by the thermal decomposition of CH, m2 (CH) is the CH content calculated according to the weight loss rate of CO2 produced by the thermal decomposition of CaCO3, m (CH) is total content of CH, m (FS) is the total FS content, and 18, 44, 74, and 489 are molecular weights of H2O, CO2, CH, and FS, respectively, after the loss of 4 water molecules.
As depicted in Figure 4 and Table 3, the relative content of CH in NS modified SSM at different curing ages was ranked as follows: 7 days >28 days >3 days, which is consistent with the XRD analysis results. This can be attributed to the lower degree of cement hydration at 3 days, resulting in less CH. Additionally, the dissolution of chloride ions from the surface of sea sand and the release of internal chloride ions enabled these ions to chemically react with CH and C3A to form FS,which further reduced the CH content.
[image: Figure 4]FIGURE 4 | TG-DTG pattern of samples CNS5, CNMK5, and CNA5. (a)CNS5. (b)CNMK5. (c)CNA5.
The addition of NMK reduced the relative content of CH in SSM. The relative content of CH in the sample CNMK5 decreased by 6.93%, 7.20%, and 21.47% at the curing ages of 3 days, 7 days, and 28 days, respectively, compared to the sample CN0. This reduction was attributed to the fact that the reactive SiO2 in NMK chemically reacted with CH to produce additional C-S-H gel, thereby reducing the CH content in the system (Ragab, 2019; Liu et al., 2025). The impact of NMK on reducing the FS content in SSM was less significant than that of NS. This was because NMK contains both reactive SiO2 and reactive Al2O3, and the addition of aluminum phase in the system was beneficial for increasing the FS content. Nevertheless, the replacement of cement with NMK directly led to a reduction in C3A content. While the aluminum phase in NMK could increase the production of FS, this effect did not sufficiently compensate for the pronounced decrease in FS content due to the reduction in C3A raw materials caused by the replacement of cement.
The effect of NA on CH content in SSM was less pronounced compared to those of NS and NMK. This may be related to the nucleation effect of NA during the cement hydration process (Shi et al., 2017). Additionally, when NA was added to CBM, it reacted with CH and gypsum in the system, resulting in a further reduction in CH content (Yang et al., 2019). The relative FS content in the sample CNA5 increased by 2.19%, 4.59%, and 4.22% at 3 days, 7 days, and 28 days, respectively, compared to the sample CN0. This further confirmed that the incorporation of NA was beneficial for enhancing the production of FS (Liu et al., 2019). It should be noted that the incorporation of NA hindered the cement hydration reaction, thereby reducing the content of C-S-H gel in the system and decreasing its physical adsorption capacity for chloride ions.
In summary, NS did not enhance the chemical binding capacity for chloride ions in SSM. Instead, the improvement in the CBC due to NS was achieved by increasing the physical adsorption capacity of chloride ions.
3.2 Effect of nanomaterials on the microstructure of SSM
3.2.1 Microscopic morphology of SSM
Due to the porous nature of concrete, there are a large number of pore channels in the interior, which can be used as pathways for chloride ions to flow freely within the concrete. To improve the pore structure, the effect of chloride ions on the durability of cement-based materials can be delayed by reducing the porosity and optimizing the pore size distribution.
Figure 5 presents SEM images of SSM before and after the incorporation of nanomaterials. The incorporation of NS5 and NMK5 resulted in a denser microstructure of SSM. After dispersion treatment, NS was more uniformly distributed in CBMs. Due to its high specific surface energy and pozzolanic activity during hydration, NS could consume CH and undergo secondary hydration reactions. This process generated more C-S-H gel, which contributed to improving the overall density of the structure. Additionally, the hydration products of the cement aggregated around NS, and the uniformly distributed clusters facilitated the formation of a favorable microstructure. The unique size effect of NMK allowed it to effectively fill the pores within the SSM. Moreover, when its active components, SiO2 and Al2O3, dissolved, they could react with the cement hydration product CH to generate additional C-S-H gel or C-A-S-H gel. These gels further filled some of the capillary pores in the matrix, thereby improving the microstructure of the SSM matrix. Figure 5d indicated that the incorporation of NA caused the hydration products, specifically the C-S-H gel within the SSM, to be distributed in the form of “independent” clusters. It is believed that NA affects the normal cement hydration process.
[image: Figure 5]FIGURE 5 | Comparison of SEM images before and after modification. (a) CN0. (b) CNS5. (c) CNMK5. (d) CNA5.
3.2.2 Pore structure of SSM
Table 5 presents the MIP analysis results of the samples. Based on the impact of pore size on strength, the pores in concrete were classified into four categories: harmless pores (d ≤ 20 nm), less harmful pores (20 nm < d ≤ 50 nm), harmful pores (50 nm < d ≤ 200 nm), and more harmful pores (d > 200 nm) (Wu, 1999).
Table 5 indicated that the addition of NS improved the pore structure of SSM. Compared to the control group, the sample CNS5 showed a decrease of 31.76% and 38.78% in more harmful and harmful pores, respectively, while the less harmful and harmless pores increased by 35.62% and 53.43%, respectively, resulting in a 4.08% reduction in porosity. The incorporation of NS significantly reduced the most probable pore diameter in SSM. The improvement in the pore structure due to NS was attributed to its small size effect, which allowed it to effectively fill the micro-pores in CBMs, thereby decreasing the porosity and increasing the density.
TABLE 5 | Effect of nanomaterials on the pore size distribution of SSM.
[image: Table 5]In comparison to the control group, the CNMK5 sample showed a reduction of 38.47% and 33.64% in more harmful and harmful pores, respectively, while less harmful and harmless pores increased by 20.02% and 64.12%, respectively. The porosity decreased by 9.94%. The addition of NMK significantly reduced the most probable pore diameter in SSM to 5.1685 nm.
The improvement in the pore structure by NMK was mainly attributed to the following reasons (Behfarnia and Salemi, 2013; Zhan et al., 2020). (1) Filling effect: The sheet size of NMK is approximately 1/1,000 of the average size of cement particles (20 μm), which allowed it to act as a filler to occupy the microstructural pores in CBMs. (2) Pozzolanic reaction: NMK could react with the hydration product CH of cement to generate additional C-S-H gel. (3) Nucleation effect: NMK provided a prefabricated nucleus for cement hydration, which allowed C-S-H gel to continuously grow on this nucleus. NMK and NS shared a similar mechanism in enhancing the pore structure of CBMs. Nonetheless, data suggested that NMK achieved a more pronounced improvement in the pore structure.
For the sample CNA5, the percentages of more harmful and harmful pores decreased by 6.30% and 31.06%, respectively, while the percentages of less harmful and harmless pores increased by 17.67% and 22.11%. However, its porosity increased by 1.10%. The incorporation of NA significantly reduced the most probable pore diameter in SSM. The filling effect of NA effectively reduced the porosity of SSM. However, analysis from previous compressive strength tests indicated that this reduction in porosity did not lead to an increase in compressive strength. Farzadnia et al. (2013) demonstrated through differential scanning calorimetry (DSC) testing that the addition of NA resulted in the formation of defective CH. This could lead to stress concentration points within the CBMs, making SSM more prone to cracking and failure during load testing, which in turn manifested as a reduction in compressive strength.
3.2.3 Analysis of grey correlation degree
The grey correlation analysis method is an evaluation method to assess the correlation degree of each factor according to the similarity of the development trend of each factor. It can quantify the relative changes between the various factors, and there is no strict rule on the number of samples. Therefore, the grey correlation degree was used in this experiment to analyze the correlation between pore structure characteristic parameters and chloride ion binding capacity of sea sand mortar before and after NS, NMK, and NA modification.
The sub-sequences were set as harmless pore porosity, less harmful pore porosity, harmful pore porosity, multi-harmful pore porosity, total porosity, most available pore size and fractal dimension, which were x1, x2, x3, x4, x5, x6, and x7, respectively, and the parent sequence y is the 28-day chloride ion curing rate. The grey correlation analysis was performed according to the following steps:
The subsequence was treated dimensionless to get the mean image expressed as Equations 9, 10:
[image: image]
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The parent sequence was treated dimensionless to obtain the mean image expressed as Equations 11, 12:
[image: image]
[image: image]
The absolute value between the subsequence and the parent sequence was determined as Equation 13:
[image: image]
The maximum A and minimum B of the sequence difference were determined as Equations 14, 15:
[image: image]
[image: image]
The correlation coefficient was calculated as Equation 16:
[image: image]
where β is the resolution coefficient, with a value of 0.5.
The correlation degree was calculated as Equation 17:
[image: image]
To study the correlation between the pore structure characteristic parameters of NS, NMK, and NA modified sea sand mortar and the 28-day chloride ion curing rate, the sub-sequences were set as harmless pore porosity, low-damage pore porosity, harmful pore porosity, multi-damage pore porosity, total porosity, most available pore size and fractal dimension, which were x1, x2, x3, x4, x5, x6, and x7, respectively. The parent sequence y2 is the 28-day chloride ion curing rate, as shown in Table 6.
TABLE 6 | Subsequence and parent sequence.
[image: Table 6]The correlation degree between pore structure characteristic parameters and chloride ion binding rate was calculated according to the formulas, and the results are shown in Table 7. It shows the relationship between the various porosity and fractal dimensions and the 28-day chloride binding rate. The order of the grey correlation degree is as follows: porosity of least damaged hole > most available pore size > total porosity > Porosity of harmless hole > porosity of harmful pores > porosity of multi-damaged pores > fractal dimension. Among the pore structure characteristic parameters, the porosity of low-damage pores has the highest correlation with the 28-day chloride ion binding rate of sea sand mortar, indicating that pores with a diameter of 20 nm < d ≤ 50 nm have the greatest impact on the improvement of compressive strength of sea sand mortar. The correlation between the fractal dimension and the 28-day chloride ion binding rate is relatively lowest, and the fractal dimension reflects the complexity of the pore structure. It is believed that increasing the complexity of the pore structure can slow down the free movement of chloride ions in the internal pores of the cement-based materials, and then reduce the contact between chloride ions and the cementable materials, which has little influence on the solidification of chloride ions in the system.
TABLE 7 | Correlation analysis.
[image: Table 7]4 DISCUSSION
Replacing traditional river sand with sea sand in concrete preparation is crucial for reducing carbon emissions, addressing river sand scarcity, and minimizing environmental impact. Despite the relatively high initial input cost of nano-silica, a comprehensive analysis of the entire life cycle of concrete structure indicates that its performance enhancement, service life extension, and reduction in maintenance and replacement needs yield significant economic benefits. During this project’s experimental research, several areas need further exploration: (1) While the study analyzed Friedel’s salt generation under various factors, it did not quantify C-S-H gel formation. Future studies should analyze both compounds, distinguishing chemical binding from physical adsorption during chloride ion binding. (2) To investigate the influence of nanomaterials on the microstructure and their interactions with the hydration products of cement, a mortar system was selected due to its relative simplicity compared to that of concrete systems. This choice facilitates a more precise analysis of the mechanisms by which nanomaterials function. Subsequently, further tests can be conducted on nano-modified concrete to acquire more comprehensive data on material performance. (3) The study focused on nanomaterials’ influence on chloride ions but did not assess their impact on steel bar corrosion. Future work could examine embedded steel bar corrosion behavior, providing valuable insights for practical engineering applications.(4) When nanomaterials are introduced into the marine environment, they undergo a series of physical, chemical, and biological transformations due to the complex nature of the oceanic ecosystem (including seawater composition, pH levels, temperature, light conditions, and biological activities, among others). These transformations significantly influence the migration.thereby affecting ecological risks and environmental fate. It iIt is necessary to conduct further research on the transformation mechanism of nanomaterials in the ocean.
5 CONCLUSION
Chloride ion potentiometric titration tests were conducted to investigate the effects of NS, NMK, and NA on the CBC of SSM. These findings were further supported by XRD and TD-DTG analyses to elucidate the underlying mechanisms. The main conclusions are as follows: (1) NS, NMK, and NA all contribute to enhancing the chloride ion curing capacity of sea sand mortar. While the influence of NS on the early-stage chloride ion curing amount in sea sand mortar is relatively limited, it demonstrates a pronounced improvement effect during this later stages. NS enhances the chloride ion curing rate of sea sand mortar at all ages, with a significant increase observed at varying dosages. Based on the existing research conducted by our group, NS and NA are identified as the most suitable materials for improving the chloride ion curing capacity of sea sand mortar when kaolin is used as the supplementary cementitious material, with an optimal dosage of 5 wt%. NMK reduces the early-stage chloride ion curing rate in sea sand mortar but significantly improves the curing rate during the later stages. NMK is the most suitable material for enhancing the chloride ion curing capacity of sea sand mortar when fly ash serves as the supplementary cementitious material, with an optimal dosage of 5 wt%. (2) Through XRD and DTG test analyses, it can be concluded that the incorporation of NS, NMK, and NA all reduce the relative content of Ca(OH)2 in sea sand mortar. NS and NMK decrease Friedel’s salt in various systems of sea sand mortar; thereby reducing the chemical binding effect of the system on chloride ions. The enhancement of chloride ion curing capacity by NS and NMK is achieved through improved physical adsorption of chloride ions. In contrast, NA increases the relative content of Friedel’s salt in sea sand mortar, enhancing the chloride ion curing capacity by increasing the chemical binding amount of chloride ions.
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