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Abstract

:

This study aims to analyze the individual and combined chemical attacks of sulfate and chloride ions on cementitious materials and assess the efficiency of some selected additives (fly ash, blast furnace slag, and metakaolin) in countering this combined attack. This research is conducted in the context of construction in marine environments, where reinforced concrete structures are often subject to significant challenges due to early exposure to sulfate and chloride ions. This early exposure results in concrete expansion, cracking, and, ultimately, the corrosion of steel reinforcements. Nevertheless, the interaction between sulfate ions, chloride ions, and the cementitious matrix remains poorly understood. Previous research has drawn conflicting conclusions, with some suggesting that sulfate ions mitigate chloride attacks, while others have come to the opposite conclusion. During this study, experimental investigations were conducted by immersing powders obtained from crushed ordinary Portland cement (CEM I) paste specimens, as well as binary, ternary, and quaternary blends, in sulfate, chloride, and sulfate–chloride solutions over the course of 25 days at an early age. Results from different characterization techniques (thermogravimetric analysis, Fourier Transform Infrared spectroscopy, Raman spectroscopy, etc.) indicate that chloride ions delay the formation of ettringite, while the presence of sulfate ions accelerates the chloride attack by limiting the formation of Friedel’s salt. The Mercury Intrusion Porosimetry test confirmed these results by showing a pronounced increase in specimens’ porosity after exposure to solely sulfate after 25 days, compared to the ones exposed to both sulfate and chloride ions. Furthermore, the incorporation of multiple additives, particularly in ternary and quaternary blends, demonstrates the enhanced durability of the studied samples. This was confirmed by a Fourier Transform Infrared spectroscopy analysis, which indicated a delayed ettringite formation in these mixtures. This delay was further affirmed by the complete depletion of sulfate ions in the sulfate solutions upon contact with powders derived from the 100% CEM I paste.
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1. Introduction


In recent decades, researchers have been increasingly interested in the durability of Reinforced Concrete (RC) structures [1,2]. Essentially, this refers to the ability of such structures to maintain their original form, serviceability, and quality over time [3]. During their operational lifespan, RC structures not only encounter mechanical loads but also endure physical and chemical deterioration caused by environmental factors such as carbonation, sulfuric acid, sulfate and/or chloride-enriched environments, freeze–thaw cycles, etc., that alter their durability [1,4,5]. Numerous researchers have observed that changes in the durability of RC structures result from the combined influence of various factors, whether they be mechanical loadings or environmental factors. As a result, they have devoted their research efforts to investigating the combination of these factors [6,7,8,9]. Marine environments expose RC structures to both sulfate and chloride ions. This has been identified as a significant challenge by several researchers [9,10,11].



1.1. Literature Review and Research Significance


Sulfate ions penetrate the cementitious matrix and react with hydrated products. These reactions lead to the formation of ettringite and/or gypsum. These products are primarily responsible for concrete expansion and cracking. The formation of these chemical compounds induces internal pressure within the concrete matrix, leading to structural deterioration and compromising its long-term integrity [12,13,14]. Nevertheless, unbound chloride ions within the cement matrix, such as Friedel’s salt, remain free and contribute to the corrosion of steel reinforcing bars (rebars). This corrosion not only weakens the structural integrity of the steel rebars, but also generates corrosion products that occupy a larger volume than the original steel, thereby leading to the gradual expansion and cracking of the surrounding concrete over time [15,16]. The cumulative effects of such processes raise challenges to the durability and performance of RC structures. Presently, the individual attack mechanisms of sulfate and chloride ions are well understood [17,18,19,20,21]. However, when these ions are combined, the degradation processes and the causes of deterioration undergo significant changes due to the interaction between sulfate and chloride ions [9].



According to a study conducted by Stroh et al. [22], the penetration of chloride ions into the cement matrix occurs prior to that of sulfate ions. Friedel’s salt is formed first during this sequence. Subsequently, sulfate ions migrate into the cement matrix and undergo a reaction with the hydrated cement products, resulting in the formation of gypsum. This process reduces the pH within the material, which, in turn, triggers the degradation of the previously formed Friedel’s salt. Furthermore, the excess of sulfate ions contributes to the creation of ettringite. This sequence of events demonstrates the complex interaction between chloride and sulfate ions in the concrete environment. Indeed, a study conducted by Stroh et al. revealed an interesting observation regarding the interaction between sulfate and chloride ions. According to their findings, sulfate in the concrete matrix reduces chloride ions’ binding capacity. As a consequence of this reduced binding, the attack by chloride ions is accelerated, which leads to an even more rapid and severe corrosion of the steel rebars within RC structures.



On the one hand, some studies [23,24,25,26] support the idea that sulfate leads to the destabilization of Friedel’s salt and reduces the binding capacity of chloride. As a result, the chloride ions’ attack is accelerated. On the other hand, some other studies [27,28] contradict this claim. They propose that sulfate ions actually attenuate chloride diffusion in concrete by decreasing its porosity.



Regarding the impact of chloride on sulfate, some studies have observed that the presence of chloride ions inhibits the effect of external sulfate attack (ESA) on concrete. In contrast, the effect of chloride ions on ettringite formation is an area where research is still lacking, as noted by Ran et al. [29]. The combined attack is influenced by several factors, including the porosity of the specimens, the types and concentrations of chloride and sulfate ions, including the cation type, the chemistry of the binder (characteristics of the pozzolan and its level of replacement), the duration of exposure, etc. [11,25,30,31].



Furthermore, construction materials have been criticized for their substantial contribution to high carbon dioxide (CO2) emissions and natural resource depletion [32]. By the year 2010, cement alone was responsible for approximately 36% of the total 7.7 billion metric tons of CO2 emissions originating from the construction industry [33]. Consequently, concrete, which heavily relies on cement as a primary component, has emerged as the second-largest contributor to global CO2 emissions [34]. The significant environmental impact of concrete has led to a growing awareness of the urgent need for sustainable, cost-effective, and eco-friendly alternatives in the construction sector, which Supplementary Cementitious Materials (SCM) have been identified as. This could have an effect on the durability of RC structures, including with regard to the coupling effect of sulfate and chloride, as previously mentioned.




1.2. Objectives and Scope of the Work


This study seeks to gain deeper insights into the chemical interactions between chloride ions and sulfate ions during coupled attacks on cementitious materials, as well as their reciprocal effects. Additionally, it aims to assess the durability of low-carbon cementitious materials in the context of these interactions. To achieve these objectives, samples of pure cement, as well as binary, ternary, and quaternary blended pastes, were exposed to chloride, sulfate, and chloride–sulfate solutions for 25 days. The investigation employed various characterization methods, including Raman spectroscopy to analyze the solutions, thermogravimetric analysis (TGA), Fourier Transform Infrared spectroscopy (FTIR), and Mercury Intrusion Porosimetry (MIP). Furthermore, the pH levels of the solutions were continuously monitored throughout the experiment.





2. Materials and Methods


2.1. Materials


The cement selected for this research was a CEM I 52.5 N CE CP2 NF produced by EQIOM. Its chemical composition, given by the manufacturer, is shown in Table 1. The proportions of different clinker phases (C3S = 56.5%, C2S = 15.8%, C3A = 5.0%, and C4AF = 11.6%) were determined using the Bogue formula [35]. Additionally, fly ash and blast furnace slag were also incorporated, and their chemical compositions are detailed in Table 1. Furthermore, metakaolin of the BASF MetaMax type was used in this study. According to the manufacturer, it consisted of 100% calcined kaolin.



When compared to the other additives, CEM I cement has the highest CaO content and the lowest Al2O3 and SiO2 contents. On the other hand, blast furnace slag exhibits a higher CaO content than fly ash.




2.2. Design of Cementitious Material Blends


In this study, various cement pastes were prepared using Portland cement only, as well as binary, ternary, and quaternary blends, with varying ratios of SCM, as shown in Table 2. The selection of these formulations was based on chemical criteria while considering the standardized types of cement specified in NF EN 197-1 [36], which include CEM I to CEM VI types. In all of the mixes, a water-to-binder (w/b) ratio of 0.55 was employed. This high w/b ratio was used to accelerate the chemical attacks on the material without causing any segregation issues.




2.3. Sampling and Exposure


Prismatic paste specimens measuring 40 × 40 × 160 mm3 were prepared from each of the four mixtures. The mixing was inspired by the guidelines of the French standard NF EN 196-1 [37]. Binders and water were initially blended at a low rotational speed of 100 revolutions per minute (rpm) for a duration of 60 s. Subsequently, the mixing device was switched to a high-speed setting of 300 rpm for 30 s. Following this, the mixer was deactivated, and a scraping process was executed for 90 s. The entire mixture was then re-mixed at the high-speed setting for an additional 60 s. The resulting paste was uniformly poured into molds in a single layer. It is worth noting that the only method of inducing vibrations during this process involved the application of four external shocks on the mold using a hammer. After a curing period of 24 h, the samples were removed from their molds and manually ground at room temperature (~22 °C) until the particle sizes were reduced to less than 2.5 mm, as shown in Figure 1a. This step aimed to increase the surface area for an increased interaction between the cementitious materials and the sulfate and chloride ions present in the aqueous solutions.



Subsequently, 15 g of powder from each specimen was completely immersed in 120 g of tap water (EXP0), sodium chloride solution (30 g/L) (EXP1), sodium sulfate solution (15 g/L) (EXP2), and sodium sulfate (15 g/L)–sodium chloride (30 g/L) solution (EXP3), yielding a solution to solid ratio of 8 (Figure 1b). This immersion allowed for the exposure of cementitious materials to the respective solutions. This facilitated the investigation of the chemical effects of chloride and sulfate ions on the specimens. EXP0 served as the reference exposure, EXP1 was used to assess the effect of chloride alone, EXP2 was employed to evaluate the individual effect of sulfate, and EXP3 was utilized to examine the combined effects of chloride and sulfate, representing the central focus of this study.




2.4. Experimental Methods


2.4.1. Chemical Characterizations


Three methods of chemical characterization were employed to reach a comprehensive understanding of the chemical processes involved in the combined sulfate–chloride attack. Thermogravimetric analysis (TGA) was primarily performed to quantify the presence of portlandite by observing sample mass variations with respect to temperature variation. The measurements were conducted using a NETZSCH STA449 F1 instrument in an inert nitrogen environment, with a temperature range from 25 to 1250 °C and a heating rate of 10 °C per minute. The derivative of the thermogravimetric analysis curve (DTG) was obtained to identify significant mass variations, such as losses or gains.



Fourier Transform Infrared spectroscopy (FTIR) was also employed to characterize the chemical composition of the cementitious materials, qualitatively identifying chemical bonds present in the materials. Measurements were obtained using a Nicolet iS50 spectrometer, covering a spectral range of 400 to 4000 cm−1. The obtained bands were compared to those found in the literature.



Furthermore, Raman spectroscopy was utilized to evaluate the depletion of sulfate ions in the solutions. The Raman spectrometer used was an iRaman by BWTek, equipped with a 50 mW output 532 nm laser. The instrument operated in the spectral range of 150–4000 cm−1, with a spectral resolution of 4 cm−1. It was equipped with an immersion probe for analyzing the solutions and monitoring the consumption of sulfate ions during various stages of the chemical attack. The integration time was set at 15 s, and each obtained spectrum was the average of two spectra.



These three methods were applied to both the powder samples (TGA and FTIR) and the solutions (Raman spectroscopy) after respective exposure durations of 1 (T1), 2 (T2), 5 (T3), 11 (T4), 18 (T5), and 25 days (T6). The combined use of these three methods led to a better understanding of the chemical composition of the samples. This was crucial for analyzing the chemical effects resulting from the coupled interaction of chloride and sulfate ions with a cementitious matrix.



Additionally, the pH of the solutions was measured using a Mettler Toledo pH meter at room temperature (~22 °C) at the same time intervals as those chosen for the other analysis methods. The pH results were double-checked using Universal Indicator pH-indicator papers. The studies conducted by Mehta et al. [38] and Brown et al. [39] have highlighted the significant impact of sulfate attacks on the pH of surrounding solutions and vice versa. During sulfate attacks on cementitious materials, sulfate ions react with calcium hydroxide (Ca(OH)2), calcium aluminate, and low-sulfate calcium sulfo-aluminate, leading to the formation of expansive compounds. This, in turn, can cause expansion and cracking in RC structures. A key finding from these studies is that the chemical reaction between sulfate and concrete generates hydroxyl ions, which subsequently increase the pH of the surrounding solution. The concentration of sulfate in the solution was observed to correlate with the liberation of hydroxyl ions. This relationship is linked to sulfates replacing the two moles of hydroxyl during their interaction with concrete, leading to an increase in pH. The interplay between sulfate attacks and pH variations is a critical aspect of understanding the degradation mechanisms in cementitious materials.



Indeed, the study conducted by Delagrave et al. [40] has interpreted the influence of chloride attacks on the leaching of calcium into surrounding solutions. The presence of chloride ions can promote the release of calcium from cementitious materials, leading to its dissolution into the surrounding solution. For this, the pH of the solution was measured using a pH meter after 1, 2, 5, 11, 18, and 25 days of exposure.




2.4.2. Microstructural Characterizations


To gain a deeper understanding of the chemical changes resulting from the combination of sulfate and chloride on cementitious materials, a microstructural porosity analysis was conducted using an MIP test on the attacked powder after 1 and 25 days of exposure. This test not only provided information about the total porosity but also offered insights into the size distribution of pores within the material. This allowed us to gain valuable data on the pores’ characteristics and distribution.



The MIP test was performed using the Micrometrics Autopore IV 9520 Porosimeter instrument. The procedure began by evacuating all of the air present in the penetrometer, followed by filling it with mercury at a low pressure (0.1 MPa). Subsequently, the pressure was increased to facilitate mercury penetration into the material’s pores. Finally, the penetrometer was immersed in hydraulic fluid under high pressure (reaching 414 MPa).



Before conducting the MIP test, a specific pre-treatment procedure was applied to the specimens. Initially, the samples were submerged in liquid nitrogen for 10 min. This step aimed to ensure thermal equilibrium, indicating that the water within the pores had solidified completely. Subsequently, the specimens were placed under vacuum conditions at −46 °C for 72 h. This lyophilization process pre-treated the samples by drying them, effectively arresting the cement hydration.






3. Results


3.1. pH Variations


The results of pH variation as a function of time are shown in Figure 2.



The curves demonstrate a significant increase in the pH of the solutions after submerging the cement paste powders in the four different environments. In the case of EXP0 (tap water only), the pH rose from 7.6 to a range of 8–9 after 1 day of contact between the water and the specimens, stabilizing with negligible fluctuations over the subsequent 24 days of exposure. This increase was due to the alkalinity of the submerged pastes [41]. For the other exposures (EXP1, EXP2, and EXP3), the pH increase was even more pronounced, ranging from 6.9–7.2 to 12.5–14, and was directly related to the leaching of calcium and hydroxyl ions into the solutions [38,39,40], as previously mentioned in Section 2.4.1. The chemical reaction between sulfate and cementitious materials resulted in the generation of hydroxyl ions, which subsequently elevated the pH of the surrounding solution. Sulfates replace two moles of hydroxyl during their interaction with concrete, thereby causing an increase in the pH. Additionally, chloride ions affect pH levels. The presence of chloride ions can facilitate the release of calcium from cementitious materials, leading to its dissolution into the adjacent solution. This phenomenon further contributes to pH changes. Understanding the interplay between sulfate and chloride ions and their impacts on pH variations is crucial for a comprehensive grasp of the intricate deterioration processes occurring within cementitious materials.



In the case of EXP1 (chloride-only exposure), the pH was the lowest compared to EXP2 and EXP3, because chloride does not influence pH in the way sulfate does, due to the kinetics of the chemical reactions. On the other hand, EXP2 (sulfate-only exposure) exhibited the highest pH among the different exposures. The decomposition of calcium hydroxide and calcium–silicate–hydrate compounds can significantly elevate the pH of the surrounding solution [42,43]. This observation suggests that hydroxyl and calcium leaching is the most significant when cementitious materials are exposed to sulfate alone, and the coupling of chloride and sulfate attenuates the attack since the pH of EXP3 always ranged between the values of the pH of EXP1 and EXP2, even though both chloride and sulfate increase pH levels. Notably, the differences in pH between the various mixes were not considerable.



When comparing the various mixtures, it was evident that the incorporation of SCM caused a comparatively lower increase in pH compared to Mix1, composed entirely of CEM I. SCM plays a role in reducing the presence of calcium hydroxide, often referred to as portlandite [44]. This reduction results in the decreased leaching of calcium and hydroxyl ions into the solution, consequently leading to a less pronounced rise in the pH of the surrounding environment.



Overall, these pH variations provide valuable insights into the chemical reactions and leaching processes occurring in cementitious materials when exposed to different environments.



Furthermore, it is worth noting that in the presence of sulfate (EXP2 and EXP3), a change in color and the formation of a thin white film were observed on the surface of the submerged powders after 11 days of exposure (as shown in Figure 3). These visible changes indicate the occurrence of chemical reactions within the cementitious materials. The formation of a white film is likely associated with the precipitation of compounds resulting from the reaction between sulfate ions and the cementitious matrix. According to other studies, it is more common for gypsum to build up on the surface of the material [45,46]. All of the present solids have been filtered and analyzed together.




3.2. Thermogravimetric Analysis


A TGA was conducted on the four mixes after 1, 2, 5, 11, 18, and 25 days of exposure following their removal from the solutions and subsequent drying at 55 ± 5 °C for 24 h (see Figure 4). In accordance with previous research findings [47,48], it was assumed that the first peak or major mass loss observed between 30 °C and 200 °C is related to the decomposition of ettringite, calcium silicate hydrate (C-S-H), and free water elimination. Additionally, the presence of monosulfoaluminates (AFms) is indicated by a peak at 190 °C. A third peak, occurring between 450 °C and 550 °C, corresponds to the dihydroxylation process of portlandite or calcium hydroxide (Ca(OH)2), while a peak between 650 °C and 820 °C is attributed to the decarbonization of calcite (CaCO3). The thermogravimetric derivative (DTG) was obtained to quickly identify the peaks.



In this study, portlandite losses were quantified and are presented in Table 3. Moreover, careful observation was made regarding the AFm peaks (as represented in Figure 4). This approach is crucial because, in addition to the reasons discussed in Section 3.1, portlandite and AFm, in the presence of sulfate ions, are known to participate in the formation of expansive products [49,50].



As shown in Table 3, Mix2 experienced a loss of portlandite when immersed in water, chloride, sulfate, or a combination of chloride and sulfate solutions. On the other hand, Mix1 experienced the loss of portlandite only when in contact with sulfate and the combination of sulfate and chloride. This loss can be attributed to the consumption of portlandite by chloride and sulfate ions, particularly evident in EXP1, EXP2, and EXP3. The loss of portlandite in Mix2 at EXP0, and its absence in Mix3 and Mix4 in all four exposure conditions, even though the pastes were at an early age (the hydration process of cementitious materials was still ongoing), might contribute to the pozzolanic effect of SCM, which leads to calcium hydroxide consumption [51].



While comparing the loss of portlandite content under different exposure conditions, it was noted that the highest loss occurred when the mixes (Mix1 and Mix2 in this case) were exposed solely to sulfate (EXP2). This finding indicates that the coupling of the two ions (chloride and sulfate) in EXP3 mitigated the attack and resulted in a lesser reduction in portlandite content.



As shown in Figure 4, the disappearance of AFm in the pastes subjected to only sulfate ions suggests that the sulfate attack led to the consumption or transformation of AFm compounds. AFm is recognized as relatively less stable and is generated through the hydration of C3A and C4AF [52]. Subsequently, when the aluminate reacts with gypsum, the formation of AFt occurs [53]. However, interestingly, when both chloride and sulfate ions were present together (EXP3), AFm was still present after 25 days of exposure when compared to exposure to sulfate ions alone (EXP2). This indicates that the coupling of chloride and sulfate ions in the solution has a protective effect and mitigates the deterioration of cementitious materials.



It is important to note that while an increase was observed in the mass loss associated with the first DTG peak (at T < 200 °C), as illustrated in Figure 4, which represents the quantities of free water, C-S-H, and ettringite in the presence of sulfate (EXP2 and EXP3), the results were not consistently conclusive. This ambiguity arises from the simultaneous presence of free water, the decomposition of C-S-H, and the formation of ettringite. The observed increase in mass loss at T < 200 °C in EXP2 and EXP3 (where sulfate was present) substantiates that, in addition to the decalcification of C-S-H, a significant amount of ettringite did indeed form.




3.3. Raman Spectroscopy


Raman spectroscopy was employed to assess the consumption and/or depletion of sulfate ions in the EXP2 and EXP3 solutions. The vibrational mode of SO42− ions was identified around the spectral region of 1000 cm−1 [54]. Moreover, the vibration of water molecules was identified at around 3400 cm−1, due to the vibration of O-H band, as shown in Figure 5 [55]. The results demonstrate that the sulfate ions present in the solutions were not fully consumed, even after a 25-day exposure, except for in the EXP2 solution containing Mix1 (100% CEMI). In this case, the sulfate ions were completely consumed within just 11 days (Figure 5). When simultaneously exposed to both sulfate and chloride ions, the peak at 1000 cm−1 was still present. This suggests that the presence of chloride ions mitigates the effect of sulfate ions, and that mixtures containing SCM exhibit an improved resistance to the studied attacks.




3.4. Fourier Transform Infrared Spectroscopy


According to previous studies [56,57,58], specific absorption bands can be associated with certain compounds. Portlandite, or Ca(OH)2, is typically found around 3642 cm−1, attributed to O-H stretching. The S-O bond (sulfate phases) stretch from gypsum, ettringite, and monosulfoaluminates is indicated at 1102 cm−1. Ettringite, in particular, produces a band at 610 cm−1 corresponding to the S-O stretch. Water can be detected by the broad band at 3373 cm−1. Gypsum generates a band at 1680 cm−1, attributed to O-H stretching. The presence of calcite and Friedel’s salt can be identified by the band at 1440 cm−1, which indicates C-O stretch. The SiO4 stretch, observed around 967 cm−1, corresponds to C-S-H, calcium aluminate hydrates, and H2O. Additionally, Friedel’s salt can be identified around 810 cm−1, which refers to the stretching vibration of the Al-O bond in the material. Our FTIR test results are shown in Figure 6.



The analysis of FTIR spectra provided valuable insights into the chemical reactions occurring in the different mixes under various exposure conditions. As illustrated in Figure 6, the peak at 3642 cm−1, indicative of portlandite, showed that its presence diminished over time due to exposure to chloride ions. In Mix2, portlandite disappeared after 25 days, while in Mix3 and Mix4, it vanished after 11 days and 5 days of exposure, respectively. Although the TGA did not detect this compound in Mix 3 and Mix 4, FTIR analysis revealed its presence in those mixes. This might be due to its presence in low quantities. In the case of chloride exposure (EXP1), the presence of Friedel’s salt was detected from the first day, explaining the consumption of portlandite in this exposure condition. Notably, the peak at 810 cm−1, representing Friedel’s salt, was absent when sulfate was present along with chloride (EXP3) (refer to Figure 7). This observation aligns with previous studies [11,25] that have demonstrated the instability of Friedel’s salt in the presence of sulfate. This phenomenon was attributed to the substitution of chloride ions (Cl−) by sulfate ions (SO42−), leading to its transformation into AFt. However, it is worth noting that the chloride ions bonded to C-S-H were not destabilized by Na2SO4, as the quantity of this bound chloride was minimal. Furthermore, it is also worth noting that the pH drop in the concrete itself (not the surrounding solution), resulting from a sulfate attack, contributed to the destabilization of Friedel’s salt [22].



The peak at 1685 cm−1, corresponding to gypsum, was consistently present in all of the mixes due to the presence of gypsum in the pastes. The peak at 1102 cm−1 was observed in all mixes when sulfate was present (as shown in Figure 7). This indicates the formation of gypsum and ettringite, resulting from the chemical reaction between the hydrated products and sulfate ions.



The peak at 619 cm−1, attributed to ettringite, was present in all mixes when only exposed to sulfate. However, its formation was delayed in the presence of both sulfate and chloride. It appeared after 3 days in Mix1, 1 day in Mix2, 18 days in the Mix3, and 11 days in the Mix4.



These results suggest that the presence of sulfate destabilized Friedel’s salt and that the presence of chloride, along with sulfate, retarded the formation of ettringite. This implies that chloride attenuates the effect of sulfate attack while reducing the binding capacity of chloride.



Comparing the four mixes in terms of chemical reactions was challenging, as they were attacked at an early age before completing the hydration process. However, the incorporation of more than one SCM (Mix3 and Mix4) appeared to delay the formation of ettringite, indicating the potential benefits of utilizing multiple SCMs to improve the durability of cementitious materials under aggressive exposures.




3.5. Mercury Intrusion Porosimetry


MIP measurements were performed on the powders 1 day and 25 days after being submerged in each of the four different exposure environments. The results of these measurements are shown in Figure 8 and Figure 9. This analysis aimed to validate the chemical changes occurring within the samples’ microstructures. The characterization focused on assessing total porosity as well as its distribution. According to the existing literature [3,59], the pores within cement paste samples can be categorized into distinct zones:




	
Micropores or gel pores, spanning from 1 nm to around 10 nm, emerge as a result of the hydration process. These pores are influenced by factors such as the interlayer spacing of calcium hydroxide and calcium–silicate–hydrate, the type of binders employed, curing conditions, water-to-binder ratio, and the age of the specimens.



	
Pores ranging from 10 nm to 100 nm are referred to as small to medium capillary pores. These pores originate from water-filled spaces and are notably impacted by the w/b ratio and the degree of hydration.



	
Large capillary pores, spanning between 100 nm and 10 µm, are water-filled and also filled due to C-S-H particle aggregation.



	
Macropores have a diameter exceeding 10 µm in size and typically contain entrapped air within the paste. The characteristics of these pores are influenced by the presence of additives, the w/b ratio, the workability of the mixture, and the fabrication process.
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Figure 8. The total porosity and its distribution at both day 1 and day 25 under different exposure conditions for (a) Mix1, (b) Mix2, (c) Mix3, and (d) Mix4. 
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Figure 9. The porosity distribution of the reference mix (Mix1) at both day 1 and day 25 under different exposure conditions. 






Figure 9. The porosity distribution of the reference mix (Mix1) at both day 1 and day 25 under different exposure conditions.



[image: Applsci 13 11729 g009]





Upon analyzing the total porosity of the extracted powders after exposure, a distinct pattern emerged. Mix1, consisting solely of CEMI, exhibited the lowest porosity level in this context, ranging from 40% to 45%. In contrast, the porosity levels of the other mixes fell within the range of 55% to 65%. To gain deeper insights into the factors contributing to this rise in porosity when substituting cement with alternative binders, it is imperative to delve into the distribution of porosity across different size ranges. Examining the porosity distribution, it becomes evident that the increase primarily occurred in the macropores, attributed to entrapped air. The formation of these pores was significantly influenced by the type of additives employed, the w/b ratio, the mixture’s workability, and the fabrication procedure, as previously mentioned. The choice of binders directly impacts the workability of pastes [60]. In the context of this study, where the specimens were not subjected to vibration during fabrication, the incorporation of alternative binders led to an increase in entrapped air within the mixes. Consequently, this phenomenon contributed to the observed higher porosity levels in the samples. This may suggest that the mixing procedure should not be uniform for every binder type.



A 25-day immersion in water (EXP0) increased the overall porosity due to the ongoing hydration process and the creation of hydrated compounds. A noticeable decline in pores with dimensions smaller than 10 µm was obvious across all four mixes.



When considering the impacts of both chloride and sulfate attacks, alterations in total porosity and its distribution are heavily contingent upon various factors, such as CH dissolution, C-S-H decalcification, AFm consumption, ettringite and gypsum formation rates, the emergence of cracks [46], and the ongoing hydration process, particularly considering the early age of the samples.



Figure 8 reveals that when chloride and sulfate were present (EXP1, EXP2, and EXP3), the total porosity of cement aggregates, constituting the exposed powders, decreased after one day of exposure when compared to the ones exposed to water. This decrease was related to the formation of ettringite, gypsum, and Friedel’s salt [29]. However, after 25 days of exposure, an increase in total porosity was observed in the four mixes. This was attributed to the excessive formation of expansive products that led to expansion and cracking, as well as the dissolution of CH, decalcification of C-S-H, and consumption of AFm that led to an increase in porosity, although hydration was still in process [12,18,61]. These results are in accordance with the chemical investigations explained in previous sections. In this case, an examination of pore size distribution reveals a reduction in both micropores and small pores to medium capillary pores.



This phenomenon can be attributed to the formation of expansive products within these pore categories. These findings align with the conclusions drawn from the earlier referenced studies in this section [12,18,29,61], and with results obtained from the other analytical techniques used in this study.



Returning to the influence of sulfate and chloride, it is apparent that the reduction in porosity is more significant when both sulfate and chloride are present simultaneously. This is compared to when only sulfate is present, especially after 1 day of exposure. Nonetheless, upon closer examination of the difference between T1 and T6 within each exposure condition (EXP2 and EXP3) individually, the increase in porosity was more pronounced in specimens solely exposed to sulfate. Moreover, when comparing exposure conditions with sulfate presence at day 25, it was noted that EXP2 exhibited higher porosity than EXP3. This difference in porosity was particularly pronounced in Mix1, revealing the highest porosity difference between the two exposure conditions at day 25, as depicted in Figure 8a. Following this, Mix2 exhibited a difference of 0.8% (Figure 8b), Mix3 showed a difference of 0.3% (Figure 8c), and Mix4 displayed a difference of 0.2% (Figure 8d). This observation implies that the detrimental effects, notably, crack formations and the increase in porosity, are more substantial when sulfate is present alone, although in EXP 3 chloride was present and therefore also generated an increase in porosity in addition to the effect of the sulfate. This suggests that the combination of chloride and sulfate mitigates sulfate-induced damage, resulting in fewer cracks than when only sulfate is present, and might also confirm the inhibition of chloride binding in EXP3, as revealed in Section 3.4.





4. Discussion


The pH elevation in the solutions provides strong evidence of ongoing chemical reactions. Furthermore, this phenomenon was verified by the observed visual color changes (shown in Figure 3).



The TGA test results strongly indicated a substantial consumption of portlandite in the presence of sulfate ions. Concurrently, under identical exposure conditions, AFm was completely depleted. Also, at temperatures below 200 °C on the TGA curve, a significant loss of mass was observed in comparison to EXP0 and EXP1, indicating the formation of ettringite. The FTIR analysis corroborated these findings by revealing significant ettringite formation when subjected solely to sulfate exposure. Interestingly, the corresponding pH levels in this scenario were notably elevated, suggesting heightened kinetics in the chemical reactions between sulfate and cementitious materials. Turning to porosity, a more pronounced increase was observed in specimens exposed solely to sulfate after 25 days. This signifies chloride’s mitigating influence on sulfate attack. This observation aligns well with the depletion of sulfate ions in the sulfate-only solution, as monitored through Raman spectroscopy, which can be an easy way to monitor the kinetics of sulfate attack.



The FTIR analysis results revealed the presence of Friedel’s salt exclusively in the mixes exposed to chloride. Additionally, a concurrent reduction in portlandite content was identified, which can be linked to the outcomes of the porosity test. In EXP3, the rise in porosity, when compared to EXP2, was relatively modest, despite the presence of chloride along with sulfate, which also causes an increase in the porosity (double effect of sulfate and chloride). This could potentially indicate that, apart from the minimal formation of ettringite, the Friedel’s salt formation (binding of chloride ions) was significantly low or possibly absent, as implied by the FTIR findings. The co-presence of sulfate with chloride could expedite the diffusion of chloride ions due to the absence of bound chloride ions.



While no substantial differences were observed among the various mixes regarding chemical reactions, it is worth noting that the inclusion of multiple SCMs postponed ettringite formation. This resulted in better stability in terms of porosity changes (especially in Mix3), and improved the mixes’ resistance to attacks.



The comprehensive analysis of the chemical transformations triggered by sulfate and chloride exposure in these low-carbon cementitious powders has provided a foundational understanding of how these ions interact with cement-based materials. However, it is crucial to expand the investigation to encompass larger solid samples, allowing for a more comprehensive exploration of the physicochemical impact of sulfate and chloride within a complex matrix that mimics real-world conditions. A critical area that requires focused attention is the transfer properties governing the diffusion and migration of sulfate and chloride ions within the cement matrix. These transfer properties play a pivotal role in determining the extent of ion penetration, their interaction with hydration products, and the resulting chemical alterations influencing the material properties themselves.



In order to better understand the chemical changes that occurred, a schematic representation is shown in Figure 10.




5. Conclusions


The primary objective of this study was to gain deeper insights into the chemical reactions induced by the combined effect of chloride and sulfate ions on low-carbon cementitious materials. To that end, this study assesses the effectiveness of SCM blends by utilizing pure Portland cement, and binary, ternary, and quaternary pastes. Powders extracted from the pastes at an early age were exposed to various environmental conditions and compared. Based on the findings obtained during this investigation, the following conclusions can be drawn:




	
In the sole presence of sulfate, a substantial reduction in portlandite and AFm content was observed, accompanied by a notable formation of ettringite. Furthermore, a marked increase in porosity was observed, and the complete depletion of sulfate ions from the solution was detected (Mix1) by Raman spectroscopy.



	
The simultaneous presence of chloride and sulfate ions had a mitigating effect on the sulfate attack on the cementitious materials.



	
The FTIR analysis method detected the formation of Friedel’s salt and the consumption of portlandite in the presence of chloride ions alone. However, this phenomenon was not observed when sulfate and chloride ions were coupled.



	
The presence of sulfate ions accelerates the attack of chloride ions by inhibiting the binding of free chloride ions.



	
The incorporation of multiple SCM resulted in a lesser pH increase, a delay in ettringite formation, and a reduction in crack generation. This led to an enhancement of the materials’ resistance to attacks.








Future research should include a full study on the combined effects of sulfate and chloride on low-carbon cementitious materials, addressing both chemical reactions and physical processes (physico-chemical properties). It is imperative that not only the chemical interactions are considered, but also the physical aspects, such as the penetration rates of chloride and sulfate ions into the cementitious matrix, because this phenomenon highly impacts the effects of the coupling of sulfate and chloride on cementitious materials. A comprehensive approach will provide a more complete understanding of the complex interplay between these ions and their influence on the properties and durability of concrete.
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Figure 1. (a) The powders obtained from the 4 mixes after grinding the specimens and (b) the exposure immersion set up. 
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Figure 2. pH variation of the four different mixes after being exposed to the four different environments at different exposure times. 
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Figure 3. Tested powders originating from Mix1 after 11 days of exposure to (a) water (EXP0) and (b) sulfate (EXP2). 
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Figure 4. TGA and DTG of the four mixes after 25 days of exposure to (a) water, (b) chloride, (c) sulfate, and (d) sulfate–chloride. 
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Figure 5. Raman spectra of Mix1 (100% CEMI) after 1 and 11 days of exposure to sulfate (EXP1) and sulfate–chloride (EXP3). 
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Figure 6. Functional groups (identified by FTIR in cm−1) present in the four mixes after different exposure duration to the considered exposure environments. 
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Figure 7. FTIR spectra of the four mixtures after 25 days of exposure to (a) chloride and (b) sulfate–chloride. 
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Figure 10. Schematic illustration of the chemical changes that occurred in Mix1 on both day 1 and day 25 in the four different environments. 
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Table 1. Chemical compositions of the used CEM I and supplementary cementitious materials as given by the manufacturer.
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	Components
	CEM I (Wt%) 1
	Fly Ash (Wt%) 1
	Blast Furnace Slag (Wt%) 1





	SiO2
	20.38
	70.83
	35.71



	Al2O3
	4.30
	24.36
	10.65



	Fe2O3
	3.80
	2.24
	0.45



	TiO2
	0.24
	1.48
	0.73



	MnO
	0.08
	0.05
	0.23



	CaO
	62.79
	0.06
	43.32



	MgO
	1.25
	0.23
	3.97



	SO3
	3.46
	-
	3.06



	K2O
	0.73
	0.64
	0.45



	Na2O
	0.35
	0.1
	0.16



	P2O5
	-
	0.05
	0.02



	S2−
	Traces
	-
	-



	Cl−
	0.05
	-
	-



	Loss of ignition
	2.54
	-
	-



	Free lime
	1.39
	-
	-







1 Weight percent.













 





Table 2. Composition of the mixes.
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	CEMI
	Blast Furnace Slag
	Metakaolin
	Fly Ash





	Mix1 (Reference)
	100%
	-
	-
	-



	Mix2
	55%
	45%
	-
	-



	Mix3
	55%
	35%
	10%
	-



	Mix4
	55%
	20%
	10%
	15%










 





Table 3. Portlandite consumption (%) in the four mixes over time and in different exposure conditions.
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Mixes

	
EXP

	
Day 1

	
Day 2

	
Day 5

	
Day 11

	
Day 18

	
Day 25

	
D25–D1






	
Mix1

	
0

	
3.92

	
5.08

	
5.19

	
4.82

	
5.54

	
5.68

	
1.76




	
Mix1

	
1

	
3.90

	
4.69

	
3.82

	
3.96

	
4.40

	
4.89

	
0.99




	
Mix1

	
2

	
3.53

	
3.93

	
3.70

	
3.20

	
2.85

	
3.32

	
−0.21




	
Mix1

	
3

	
3.50

	
3.79

	
3.35

	
3.62

	
3.04

	
3.44

	
−0.06




	
Mix2

	
0

	
2.28

	
2.05

	
1.78

	
1.91

	
1.75

	
1.96

	
−0.32




	
Mix2

	
1

	
2.01

	
1.79

	
1.72

	
1.64

	
1.56

	
1.87

	
−0.14




	
Mix2

	
2

	
1.67

	
1.43

	
1.1

	
1.06

	
1.09

	
0.91

	
−0.76




	
Mix2

	
3

	
1.60

	
1.41

	
1.12

	
1.12

	
1.21

	
1.02

	
−0.58




	
Mix3

	
0, 1, 2, and 3

	
Negligible

	
NA 1




	
Mix4

	
0, 1, 2, and 3

	
Negligible

	
NA 1








1 Not available.
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