

  sustainability-16-03661




sustainability-16-03661







Sustainability 2024, 16(9), 3661; doi:10.3390/su16093661




Article



Research on the Mechanism of Strength Improvement in Acid–Base-Activated Low Carbon Oil Absorbent Concrete



Dongli Wang 1,2, Zeyu Yang 1, Haojie Zheng 1,*, Ke Li 1, Huimin Pan 2 and Tong Li 1,2





1



College of Civil Engineering and Architecture, Northeast Petroleum University, Daqing 163318, China






2



State Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao 066000, China









*



Correspondence: 15100113494@163.com







Citation: Wang, D.; Yang, Z.; Zheng, H.; Li, K.; Pan, H.; Li, T. Research on the Mechanism of Strength Improvement in Acid–Base-Activated Low Carbon Oil Absorbent Concrete. Sustainability 2024, 16, 3661. https://doi.org/10.3390/su16093661



Academic Editors: Constantin Chalioris and Ning Yuan



Received: 19 March 2024 / Revised: 11 April 2024 / Accepted: 24 April 2024 / Published: 26 April 2024



Abstract

:

The aim of this study is to improve the compressive strength of oil absorbent concrete (OAC) and to encourage its use in slope protection projects. This study used fly ash and slag produced in thermal power plants to substitute cement in significant amounts to prepare oil absorbent concrete (OAC). The water–cement ratios were set at 0.4, 0.5, and 0.6 and the sand rates were set at 30%, 35%, and 40% to investigate the effects of these factors on the oil absorption properties of the concrete, the variation of the oil absorption rate over time, and the compressive strengths at 28 days, 60 days, and 90 days. The compressive strength of oil absorbent concrete was improved by incorporating seashell powder (SC), alkali-modified seashell powder (SSC), and acid–base-modified seashell powder (CSC). The results showed that the optimal water–cement ratio for comprehensive oil absorption performance and compressive strength was 0.5, while the optimal sand ratio was 0.35. Compared with ordinary concrete, the oil absorption performance improved by 58.69%. The oil absorption rate decreased gradually over time. However, the oil absorption time could be effectively extended and the oil absorption performance could be improved by the addition of a silane modifier. The best method for seashell modification was acid–base modification. The compressive strength reached 14.32 Mpa at 28 days and 17.45 Mpa at 90 days, which was 19.62% higher than that of OAC. Scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), and X-ray diffraction (XRD) were used to analyze the microstructure of OAC. It was discovered that the inclusion of CSC caused a reaction with hydrocalumite in the concrete, resulting in the formation of alumohydrocalcite. Additionally, Ca(OH)2 in CSC facilitated the hydration reaction of mineral admixtures like fly ash and slag. At 28 days, more amorphous gels (C-S-H, C-(A)-S-H) and Aft were produced. The three components were combined to enhance the bonding between the cementitious materials and the aggregates, resulting in a denser internal structure of the OAC and improving its strength. This study promotes the use of OAC in slope protection projects.
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1. Introduction


With the development of the economy, the problem of high energy consumption resulting from the extraction of non-renewable raw materials in the construction industry has become increasingly severe [1,2]. More than one-third of resources, such as limestone and clay, are consumed in concrete production. In addition, the production of one ton of concrete generates approximately 0.8 tons of CO2 [3]. Every year, the CO2 produced by the production of concrete accounts for about 10% of total pollution, and this proportion is showing an upward trend [4]. The current solution is to produce concrete by recycling waste, which not only improves resource utilization but also reduces CO2 emissions [5,6]. As the demand for petroleum resources by humans increases day by day, leakage accidents frequently occur in all aspects of petroleum extraction, transportation, refining, and consumption [7]. The water bodies near offshore waters and estuarine waters are polluted, which in turn is destroying the local ecological environment and affecting economic development [8]. The removal of oil pollutants from water bodies requires urgent research and solutions. Incorporating a significant amount of fly ash can build the porous structure of concrete and improve its adsorption capacity. However, this alone may not be sufficient to achieve efficient oil absorption in the concrete [9].



Hydrophobic materials can change the surface of concrete from hydrophilic to hydrophobic, thereby improving its oil absorption performance [10,11]. Hydrophobic materials are usually based on silanes and siloxanes, and hydrophobic nanosilica exhibits a hydrophobic and oil absorbent capacity through photocatalysis [12,13,14]. Studies have shown that hydrophobic materials, such as isooctyltriethoxysilane, can form silicon–hydrogen oxide bonds after hydrolysis. It combines with the hydroxyl groups on the surface of concrete to form relatively stable silicon–oxygen–silicon bonds, which exhibit good oil absorption. OAC can be prepared using a silane modifier, but it has an unstable effect on the compressive strength of concrete [15]. He et al. used a superhydrophobic coating to treat the surface of concrete with hydrophobicity. They discovered that the compressive strength of the concrete was 40.2 Mpa at 28 days, nearly identical to that of the control group [16]. This finding was similar to the research results of Hou et al. [17]. Surface modification might hinder the evaporation of water within the concrete, allowing the cementitious material to undergo a complete hydration reaction [18]. Compared with surface hydrophobic modification, overall hydrophobic modification has a greater impact on concrete strength. Feng et al. conducted an integral hydrophobic modification of the mortar by incorporating a water-borne stearic acid emulsion (SAE). The results showed that the compressive strength decreased by approximately 20% [19]. Aubert reported that when the mass content of fly ash in concrete exceeded 50%, its compressive strength decreased significantly as the porosity increased, and its compressive strength was less than 10 Mpa at 28 days [20]. The addition of a large amount of fly ash will cause the compressive strength of concrete to decrease significantly, thereby limiting the potential applications of OAC [21].



Seashell waste is a kind of potentially available solid waste in coastal cities [22]. Djobo et al. found that incorporating an optimal quantity of seashell waste powder into geopolymer could increase compressive strength by 7.78% at 28 days [23]. Research by Kuo et al. demonstrated that incorporating seashell waste into concrete as fine aggregate initially increased its compressive strength, but then decreased with higher seashell content. The optimal content was 5%, and the compressive strength could increase by 37.29% at 28 days [24]. Seashell powder, as an inert material, has weak reactivity with other cementitious materials in concrete, and its compressive strength increases due to physical filling [25,26,27].



Ruengsillapanun et al. investigated the mechanical properties of fly ash concrete by employing NaOH as an alkali activator. The results revealed that the highest compressive strength was achieved at an NaOH concentration of 6 mol/L, with the compressive strength reaching 17.1 Mpa at 28 days [28]. This demonstrates that alkaline activators, such as NaOH, could be used to improve the compressive strength of concrete when significant quantities of mineral admixtures are used [29]. Oderji et al. studied the impact of slag content and various alkali activators on the mechanical properties of geopolymers. They found that the activating effects of different types of activators were in the order of Na2SiO3 + NaOH > Na2SiO3 > NaOH [30]. Wardhono et al. used fly ash and seashell waste as raw materials and employed sodium silicate and NaOH to prepare geopolymer concrete. They found that incorporating 10% seashell waste could increase the compressive strength of fly ash-based geopolymer concrete by 9.43% at 28 days [31]. Hasnaoui et al. found that seashell powder underwent an alkali activation process, dissolving CaCO3, and producing carbonate and C-S-H gel [32]. The above researchers showed that alkaline substances had the ability to modify compressive strength. Different types of acidic solutions exhibited different rates of Ca2+ dissolution in seashell. Weak acids inhibited the formation of CaCO3 due to the hydrogen bonds between a large number of carboxyl groups [33]. Studies have found that chitin could be extracted from seashells through acid treatment and converted into chitosan through a deacetylation reaction [34]. Research by Wang et al. showed that incorporating an optimal amount of chitosan into metakaolin enhanced the compressive strength of the geopolymer. The compressive strength of the sample increased by 18.66% after 7 days when 5% chitosan was added [35]. Li et al. incorporated N-carboxymethyl chitosan into a fly ash-based polymer to increase unconfined compressive strength by 3.5% at 28 days [36]. These studies indicate that acid–base-modified seashell powder is anticipated to improve the compressive strength of OAC.



This article explored the impact of water–cement ratio and sand ratio on the strength of highly absorbent concrete. OAC prepared was by incorporating a silane modifier, fly ash, and slag. Acid–base modification treatment was applied to seashell powder in order to improve OAC compressive strength. It can enhance the value of engineering applications and contribute to green and sustainable development.




2. Experimental Methods


2.1. Raw Materials


P·II 42.5 Portland cement was acquired from Qinhuangdao Asano Co., Ltd. (Qinhuangdao, China). The ground granulated blast furnace slag of S95 and fly ash were produced by Qinhuangdao Suizhong Thermal Power Plant (Qinhuangdao, China), and their chemical compositions are shown in Table 1. The fine aggregate used was river sand with a fineness modulus of 2.5, and a manufactured sand with a fineness modulus of 3.48, which was a zone II coarse sand. The coarse aggregate consisted of granite gravel with a particle size range from 5 mm to 20 mm and a well-graded distribution, meeting the test requirements. Both coarse and fine aggregates were sourced from the Qinhuangdao Municipal Building Materials Group (Qinhuangdao, China) and their main physical properties are shown in Table 2. The seashells were sourced from scallop shells at the Bohai Bay scallop farm, and water was obtained from the Qinhuangdao City Waterworks (Qinhuangdao, China). This study used 96% analytically pure NaOH solid and 99% analytically pure citric acid solid. Both chemical reagents were produced by Tianjin Kaitong Chemical Reagent Co., Ltd. (Tianjin, China). Soybean oil was sourced from Yihai Kerry Arowana Grain, Oil and Food Co., Ltd. (Shanghai, China). The silane modifier was purchased from Shanxi Jingchen Building Materials Co., Ltd. (Yuncheng, China).




2.2. Sample Preparation


2.2.1. Mix Design


The preliminary research found that concrete exhibited efficient oil adsorption performance when the cementitious material ratio was 70% Class II fly ash, 10% S95 slag, and 20% P·II cement, with a silane modifier content of 3%, and a water–cement ratio of 0.5 [37,38]. In addition, the ratio used large volumes of fly ash and slag, effectively improving the reuse of mineral admixtures like fly ash, thus promoting sustainable economic development. Therefore, the above mixture proportion was used as the basis for our modified concrete design. The specific mixture proportions are shown in Table 3.




2.2.2. Preparation of Alkali-Modified Seashell Powder


Studies have shown that chitin can be extracted from seashells by modifying them, and chitosan can be prepared through the deacetylation reaction of chitin [39]. For the seashell powder, scallop shell powder with a particle size ranging from 0.3 mm to 0.6 mm was used. The processing steps are as follows:




	S1.

	
Washed and dried the seashell waste, and then crushed and sieved them, retaining seashell powder with a particle size of 0.3–0.6 mm;




	S2.

	
Soaked the seashell powder in a 25% NaOH solution for 3 days, then dried it at 60 °C for later use.










2.2.3. Preparation of Acid–Base-Modified Seashell Powder


For the seashell powder, scallop shell powder with a particle size ranging from 0.3 mm to 0.6 mm was used. The processing steps are as follows:




	S1.

	
Washed and dried the seashell waste, and then crushed and sieved them, retaining seashell powder with a particle size of 0.3–0.6 mm.




	S2.

	
Soaked the SC in a 30% citric acid solution and used an ultrasonicator (SN-QX-20D, Shanghai Shangyi Instrument Equipment Co., Ltd., Shanghai, China) to soak for 60 min. Rinsed the seashell powder with water until it was neutral.




	S3.

	
Used an NaOH solution to treat the seashell powder three times. The procedure is as follows: First, soaked the seashell powder in a 25% NaOH solution for 30 min, then rinsed it with water until neutral. Soaked it in a 12% NaOH solution for 30 h, and rinsed it again with water until it became neutral. Soaked the material in citric acid for 4 h, then rinsed it with water until neutral. Next, soaked it in 60% NaOH for 24 h, and finally rinsed it with water until neutral.




	S4.

	
The seashell powder was processed using a microwave by placing it in an industrial microwave oven (QX-5HO, Dongguan Qixie Microwave Equipment Co., Ltd., Dongguan, China) with a microwave power of 1180 W and a light wave power of 850 W for 60 min. Finally, the seashell powder was removed when the temperature dropped to room temperature and stored for later use.









The SC and CSC particle size distributions are shown in Figure 1a. The particle size distribution range of SC and CSC does not change much, and the particle size distribution range is mainly a unimodal distribution. The d50 of CSC (553.2 μm) is smaller than the d50 of SC (567.4 μm). The reason is that the corrosion effect during acid–base modification makes the CSC particle size smaller.



The SC and CSC XRD patterns are shown in Figure 1b. The figure showed that SC only had the diffraction peak of CaCO3, indicating that its main component was CaCO3. After undergoing acid and alkali treatment, the XRD pattern of CSC showed diffraction peaks at 2θ angles of 18°, 28°, 34°, 47°, 50°, and 54°, which was characteristic of Ca(OH)2 peaks. The diffraction peak of CaCO3 was also observed. This indicated that after acid and alkali treatment, some of the CaCO3 in SC was transformed into Ca(OH)2.




2.2.4. OAC Sample Preparation


The preparation method for OAC samples is as follows: Initially, isooctyltriethoxysilane, NaOH, and other materials were dissolved in water. Then, the cementitious materials, modified seashell powder, and fine aggregates were placed into the mixer and stirred for 30 s. Subsequently, the necessary water was added to the mixer and stirred for 50 s to obtain the mortar. Finally, the coarse aggregates were added to the mixer and stirred for 60 s.



After the concrete was prepared, it was poured into molds of 100 mm × 100 mm × 100 mm and 40 mm × 40 mm × 160 mm. The preparation was placed on a vibrating table and allowed to vibrate for 35–40 s. It was then covered with polyvinyl chloride (PVC) film, and placed indoors at 20 °C for 24 h before demolding. Then, it was placed in a curing box at (20 ± 2) °C with a relative humidity of 95% for the required time. The sample preparation process is shown in Figure 2.





2.3. Test Methods


2.3.1. Oil Adsorption and Compressive Strength Test


The aim of this study was to evaluate the adsorption performance of concrete on floating oil on the water surface, considering the high adsorption rate of soybean oil by the concrete material and the easy availability of the material. Oil adsorption experiments were conducted using soybean oil to simulate a water–oil mixture environment. The specimen was placed in a blast drying oven at 60 °C until the daily mass loss of the specimen reached 0.2%. A total of 300 g of water and 40 g of oil were weighted and then placed in a magnetic stirrer to make the water–oil mixture. The specimen was ensured to be placed horizontally in the container so that the final liquid level of the water–oil mixture was 20 mm from the bottom of the specimen. A separatory funnel was used to separate the remaining oil and water in the container every 48 h, and then their masses were weighed. A group of three specimens was used, and the final results were averaged. The formula for calculating the oil adsorption amount K is as shown in Equation (1). The test was repeated until the mass change in two consecutive tests was less than 0.2%. Finally, the oil adsorption curve was obtained.


  K =    m 1  −  m 0     V c     



(1)







Among them, K is the oil absorption per unit volume of concrete; m0 is the mass of remaining oil in the container; m1 is the initial mass of oil; and Vc is the volume of the specimen.



According to the test method of the “Standard for Test Methods of Physical and Mechanical Properties of Concrete” (GB/T 50081-2019) [40], compressive strength tests were conducted on the concrete test blocks at 28 days, 60 days, and 90 days.




2.3.2. Microscopic Test Methods


The mercury intrusion porosimetry method (Micromeritics Autopore IV Mercury Porosimeter, Micromeritics Instrument (Shanghai) Ltd., Shanghai, China) was selected for the test. The pressure was 30,000 psi and the pore diameter measurement range was 5 nm–360 μm. The concrete surface morphology was characterized by scanning electron microscopy (SEM, Apero, Thermo Fisher Scientific, Waltham, MA, USA).



In this study, a SmartLab RIGAKU X-ray diffractometer (Nippon Rigaku Co., Ltd., Tokyo, Japan) was used to perform X-ray diffraction characterization of the samples. The tube voltage was 40 kV, the tube current was 40 mA, Cu-Kα, the scanning angle was 5°–80°, the scanning speed was 2°/min, and the total scanning time was 37.5 min.



The sample preparation method was as follows: First, the crushed concrete was collected to remove coarse and fine aggregates. Then, the remaining part was ground into a powder and passed through a 0.075 mm square hole sieve. Finally, the sample was dried and stored at 40 °C.






3. Results and Discussion


3.1. Oil Adsorption Performance


Figure 3 shows the water and oil adsorption diagram of concrete. The oil absorption performance of concrete showed a trend of initially increasing and then decreasing as the sand rates increased. When the sand rate was 35%, the oil absorption performance was at its peak. Compared with SCA1-0.3 and SCA1-0.4, it increased by 28.32% and 23.40%, respectively. In contrast, the water absorption performance showed a decreasing trend with the increase of sand rate. When the sand rate was 40%, the water absorption performance decreased by 30.05% compared to the SCA1-0.3 and by 56.93% compared to the WCA1-0.5 sample. As the water–cement ratio increased, more pores were generated, leading to an increase in oil absorption performance. Compared with the WCA1-0.4 sample, which had a water–cement ratio of 0.4, the oil absorption performance of the WCA1-0.6 sample had improved by 59.06%. At the same time, the water absorption performance exhibited a similar trend. Compared with the WCA1-0.4 sample, the water absorption performance of the WCA1-0.6 sample increased by 23.89%. This is consistent with the research of Pan et al. As the water–cement ratio increased, the water absorption performance of concrete also increased [41].



It was evident that YCA1 had the highest oil absorption capacity, which increased by 265.73% compared to D0.5. Due to the incorporation of a silane modifier, the concrete became hydrophobic, significantly reducing its water absorption performance. Compared with the D0.5 sample, the water absorption performance of the YCA1 sample was reduced by 73.06%. The results showed that the water absorption performance was improved after incorporating SC, SSC, and CSC compared to the YCA1 sample. Compared with the YCA1 sample, the water absorption performance of BCA1-W, BCA1-J, and BCA1-SJ improved by 137.86%, 26.49%, and 94.98%, respectively. This might be caused by the porous structure of the seashell powder [42].



After incorporating SC, the oil absorption capacity of BCA1-W increased by 236.57% compared to D0.5. After incorporating SSC, the oil absorption capacity of BCA1-J increased by 225.60%. After incorporating CSC, the oil absorption capacity of BCA1-SJ increased by only 172.23%. This was because CSC contains Ca(OH)2, which promoted the hydration reaction of fly ash, generated more hydration products, optimized the pore structure of concrete, and improved the adsorption performance of concrete [43]. As a result, BCA1-SJ demonstrated lower oil absorption performance compared to YCA1.



Figure 4 shows the curve of the concrete oil adsorption rate. The concrete oil absorption rate decreased as the oil absorption time increased. As shown in Figure 4a, the oil absorption rate of the WCA1-0.5 sample without hydrophobic materials decreased from 41.580 kg·m−3·d to 0.030 kg·m−3·d in 6 days.



Figure 4b shows that the YCA1 sample mixed with hydrophobic material dropped from 73.205 kg·m−3·d to 0.365 kg·m−3·d in 12 days. It showed that the saturation time of oil adsorption for concrete samples without the silane modifier was about 4 days. After adding isooctyltriethoxysilane, the oil adsorption saturation time of concrete was about 12 days, significantly extending the oil saturation time. The oil absorption rate increased significantly. The addition of the silane modifier resulted in the concrete pores becoming hydrophobic, which prevented water molecules from passing through the concrete interior. This allowed the sample to absorb more oil and extended the adsorption saturation time [44].



The pore structures of the D0.5, WCA1-0.5, YCA1, and BCA1-SJ samples were characterized by MIP. Pores are categorized into macropores (>1000 nm), capillary pores (100–1000 nm), transition pores (50–100 nm), and gel pores (<10 nm) [45]. Figure 5a,b shows the pore size distribution and pore size proportion and porosity in the concrete, respectively.



The results showed that the sample pore size distribution was mainly concentrated in the 10–100 nm range. Compared with the ordinary concrete D0.5 sample, the addition of the silane modifier caused the pore size distribution curve of the YCA1 sample to shift to the right. Compared with D0.5, the total pore volume increased by 33.89%, and the proportion of pore diameters between 10 and 100 nm increased by 11.95%. This indicated that the silane modifier caused an increase in the internal pores of the concrete. This occurred because the silane monomer produced from the hydrolysis of the hydrophobic material reacted with the hydration products of the concrete. This reaction enhanced the repulsion between the hydration products, leading to an increase in the internal pores in the concrete [46].



When CSC was incorporated, the pore size distribution curve of sample BCA1-SJ shifted to the left compared to YCA1. Additionally, the total pore volume decreased by 1.08% compared to the YCA1 sample. This might be due to the filling effect of CSC, which made the interior of the concrete denser. The pore size proportion of 10–100 nm increased by 1.92% compared to YCA1. This might be due to the fact that the addition of CSC promoted the reaction of fly ash in the concrete, leading to the production of more C-(A)-S-H gel. This process refined the pores in the concrete and increased the proportion of pores within the range of 10–100 nm.



In addition, the ROI value was defined as the ratio of the pore volume in the range of 5 nm to 100 nm to the total pore volume. The results showed that the ROI values from largest to smallest were BCA1-SJ > YCA1 > WCA1-0.5 > D0.5. The ROI values of YCA1 and BCA1-SJ were both greater than 60%, with ROI values of 61.25% and 63.16%, respectively. In summary, the ratio of pore size within the range of 10 nm to 100 nm was conducive to improving the oil absorption performance of concrete.




3.2. Compressive Strength Analysis


Figure 6a shows the strength diagram of concrete with different sand rates. As the sand rate increased from 0.3 to 0.4, the concrete strength showed an upward trend. Compared with SCA1-0.3 and SCA1-0.35, the compressive strength of the SCA1-0.4 sample at 28 days increased by 34.40%% and 21.74%, respectively. When the sand rates were low, there was an excess of cementitious material, which made bleeding more likely to occur during the concrete forming process. Numerous bleeding channels formed within the concrete, which increased the porosity of the concrete. Insufficient mortar would fail to cover the coarse aggregate surface adequately and fill the pores between the aggregates, resulting in less dense concrete. As the sand rates gradually increased, the mortar could cover the surface of the coarse aggregates and filled the pores between the aggregates, resulting in denser and stronger concrete [47].



Figure 6b shows the trend of the compressive strength of concrete as the water–cement ratio increased. The compressive strength decreased as the water–cement ratio increased. At 28 days, the compressive strength of WCA1-0.5 and WCA1-0.6 decreased by 24.35% and 45.73%, respectively, compared with WCA1-0.4. This was because the increase in the water–cement ratio resulted in an increase in the free water content in the concrete. During the curing process, the free water inside the pores evaporated, leading to an increase in the internal pores of the concrete, which ultimately reduced its strength [48].



As age increased, the strength of concrete developed rapidly at 60 days compared to at 28 days. The compressive strength of the WCA1-0.5 sample increased by 23.91% at 60 days compared to 28 days. This was because a higher abundance of water in the concrete reaction system enabled the cementitious material to react fully. This was consistent with Lam’s research results. Since the incorporation of fly ash increased the content of bound water inside the concrete, the later strength of the concrete development had sufficient water to carry out the hydration reaction [49].



Figure 7a shows the change in the compressive strength of OAC as the NaOH content increased. After adding 1% NaOH, the compressive strength of the ACA1-1 sample at 28 days increased by 4.99% compared to the YCA1 sample. This was because the addition of NaOH promoted the volcanic reaction of mineral admixtures, such as fly ash and slag, generating amorphous gels such as C-(A)-S-H, making the internal structure of concrete denser [50,51]. The compressive strength of concrete showed a downward trend as the amount of activator continued to increase. After adding 5% and 10% NaOH, the compressive strength of the ACA1-2 and ACA1-3 concrete samples at 28 days decreased by 31.38% and 46.85%, respectively, compared to YCA1 specimens. This was because as the amount of activator increased, the negatively charged monomer Si-O or Si-(OH) in the concrete would increase, increasing the repulsive force between monomers and thus delaying the condensation effect [52].



Figure 7b shows the compressive strength of concrete mixed with seashell powder in different modification methods. By incorporating SC and SSC, the compressive strength of concrete was reduced by 5.35% and 3.34%, respectively, compared to the YCA1 sample at 28 days. The main chemical composition of both SC and SSC was CaCO3, which did not significantly contribute to the hydration reaction in concrete. The incorporation of SC and SSC had been found to weaken the bond between the cementitious material and the aggregates, resulting in a decrease in concrete strength.



After incorporating CSC, the compressive strength of BCA1-SJ concrete increased by 19.62% at 28 days compared to the YCA1 sample. After acid–base modification, Ca(OH)2 was formed on the surface of the seashell powder, which promoted the reaction of fly ash to produce more C-(A)-S-H gels in concrete. CSC was rich in CO32−, which facilitated the conversion of hydrocalumite (Ca2Al(OH)6Cl·2H2O) to alumohydrocalcite (Ca4Al2(CO3)2(OH)4·6H2O) in concrete [53]. The interaction between cementitious materials, seashell powder, and aggregates strengthened the bonding effect, thereby improving the strength of the concrete.



Combining physical and chemical modification methods to modify seashell waste and incorporating it into OAC can improve its strength and maintain efficient oil absorption performance. This material can be used for river slope protection to improve slope functionality and absorb oil pollutants in the river. This can help to improve the ecological environment and promote sustainable development.




3.3. Microscopic Analysis


3.3.1. SEM Analysis


Scanning electron microscopy images of the D0.5, YCA1, and BCA1-SJ samples at 28 days were carried out at a magnification of 5000 times. It was found that the hydration products were wrapped around the CSC particles to form more abundant pores. Combined with EDS analysis, the results are shown in Figure 8. Compared to the YCA1, the BCA1-SJ sample exhibited fewer and smaller fly ash particles, resulting in a denser overall structure.



Figure 9 shows the EDS spectrum of the circular area in Figure 8 and the figure lists the proportion of corresponding elements. The EDS results of the D0.5 and YCA1 samples show that the calcium to silicon ratio of their hydration products is within 0.8–1.7, suggesting the amorphous gel was C-S-H in the D0.5 sample. Figure 9(2) shows that YCA1 has a higher Al content, and that Al can replace Si in the C-S-H gel to form hydrated calcium aluminosilicate (C-(A)-S-H), indicating that there is C-(A)-S-H gel present. The C-(A)-S-H gel network and ettringite generated around the CSC particles can be observed in Figure 9(3). After the addition of CSC, alumohydrocalcite is formed in the concrete. This was due to the formation of hydrocalumite during the hydration process. The incorporation of CSC increased the CO32− content in the concrete, thus replacing the Cl− in the hydrocalenite to form of alumohydrocalcite [54].




3.3.2. XRD Analysis


Figure 10 shows the XRD patterns of OAC with different proportions at 28 days. The main crystal phases of OAC were Quartz and Mullite, which were obtained from fly ash in geopolymers. The diffraction peak of CaCO3 appeared at the 2θ angle of 29.42° in all samples, which was due to the absorption of CO2 from the air when the samples were exposed to the air. In addition, there was a slightly elevated dispersion peak in 2θ near 20–40°, indicating that there were amorphous and low-crystalline substances in the concrete hardening system [55]. This was because fly ash and slag would react with Ca(OH)2 to form amorphous hydration products such as C-(A)-S-H gels. These hydration products were the primary contributors to the compressive strength of concrete [56]. In addition, in the XRD patterns, the diffraction peak of AFt appeared at the 2θ angle of 9.26° in the D0.5, YCA1, and BCA1-SJ samples. Additionally, the diffraction peak of alumohydrocalcite was found in BCA1-SJ. This indicated that alumohydrocalcite was generated in BCA1-SJ.






4. Conclusions


This paper studied the compressive strength and oil absorption performance of acid–base-activated OAC. By analyzing the internal pores and components of concrete using SEM, MIP, and XRD, the following conclusions can be drawn:




	(1)

	
By comparing the oil absorption performance and compressive strength of concrete with different sand rates and water–cement ratios, it was found that when the sand rate was 35% and the water–cement ratio was 0.5, the oil absorption performance of concrete improved by 58.69% compared to ordinary concrete. Additionally, the compressive strength reached 17.52 MPa at 28 days and 24.96 MPa at 90 days.




	(2)

	
After adding the silane modifier, compared with ordinary concrete, the oil absorption performance improved by 265.73%. The compressive strength at 28 days was only 11.95 MPa, while at 90 days, it increased to 15.53 MPa.




	(3)

	
By comparing the compressive strength of concrete mixed with different seashell modifications at different ages, it was found that adding CSC was beneficial for enhancing the strength of OAC. The compressive strength reached 14.32 MPa at 28 days and 17.45 MPa at 90 days, representing an increase of 19.67% and 12.36%, respectively, compared to OAC.




	(4)

	
By comparing the oil absorption properties of concrete with different proportions, it was found that adding CSC increased the oil absorption performance by 172.23% compared to ordinary concrete. This might be due to the porous structure of CSC, which caused the internal pores of concrete after adding CSC to be higher than ordinary concrete. Compared to OAC, the addition of seashell powder had a negative impact on the oil absorption performance of concrete. The oil absorbent performance was in the order BCA1-W > BCA1-J > BCA1-SJ. The physical filling effect of seashell powder and the generation of Ca(OH)2 after acid–base modification in CSC might invalidate some hydrophobic material properties, thereby reducing the oil absorption properties of the concrete.




	(5)

	
Through SEM and XRD, it was found that after adding CSC, it reacted with hydrocalumite in the concrete to produce alumohydrocalcite, as CSC was abundant in CO32−. As the calcium hydroxide content in concrete increased, the proportions of C-(A)-S-H gel and ettringite increased. The synergistic effects of the three components increased the compressive strength of OAC.









Through this study, it was found that incorporating CSC effectively improved the compressive strength of OAC while still maintaining efficient oil absorption performance. This not only helps promote the recycling of seashell waste but also absorbs a large amount of oil pollutants in the river, thus improving the ecological environment of rivers. Ultimately, the economic cost of river management can be reduced, and ecologically sustainable development can be achieved.
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Figure 1. Seashell particle size analysis and XRD: (a) seashell particle size analysis; (b) seashell XRD before and after modification. 
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Figure 2. Sample preparation and test flow chart. 
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Figure 3. Water and oil adsorption of concrete samples. 
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Figure 4. Oil absorption rate curves of concrete samples: (a) no hydrophobic materials added; (b) hydrophobic materials added. 
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Figure 5. Pore size distribution diagram of OAC: (a) pore size distribution; (b) pore size proportion and porosity. 
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Figure 6. Compressive strength of concrete: (a) different sand rates; (b) different water–cement ratio. 
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Figure 7. Compressive strength of concrete: (a) different NaOH contents; (b) different modifications of seashell. 
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Figure 8. SEM images of concrete samples: (a) D0.5; (b) YCA1; (c) BCA1-SJ. 
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Figure 9. EDS images of concrete samples: (1) D0.5; (2) YCA1; (3) BCA1-SJ. 
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Figure 10. XRD pattern of concrete. 
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Table 1. The main chemical compositions of cementitious materials.
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	Materials
	CaO/%
	SiO2/%
	Al2O3/%
	Fe2O3/%
	MgO/%
	K2O/%
	SO3/%
	Others/%





	Cement
	63.40
	20.60
	4.79
	3.14
	2.62
	1.05
	3.68
	0.72



	Fly ash
	4.48
	42.7
	44.8
	—
	0.38
	1.14
	0.61
	5.89



	S95 Slag
	32.30
	32.90
	17.40
	—
	8.39
	0.61
	2.81
	5.59










 





Table 2. Main physical properties of fine and coarse aggregates.
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	Materials
	Apparent Density (kg/m3)
	Bulk Density (kg/m3)
	Absorption (%)
	Crush Value (%)





	Manufactured Sand
	2630 ± 3
	1740 ± 2
	—
	—



	Gravel
	2730 ± 2
	1510 ± 4
	2.5 ± 0.3
	11.8 ± 0.2










 





Table 3. Concrete mix ratio.






Table 3. Concrete mix ratio.





	Number
	Cement
	Fly

Ash
	S95 Slag
	NaOH
	Seashell
	Silane Modifier
	Sand
	Stone
	Water
	Remarks





	D0.5
	1
	—
	—
	—
	—
	—
	1.20
	2.23
	0.5
	—



	SCA1-0.3
	1
	3.46
	0.48
	—
	—
	—
	5.09
	11.87
	2.47
	—



	SCA1-0.4
	1
	3.46
	0.48
	—
	—
	—
	6.77
	10.19
	2.47
	—



	WCA1-0.4
	1
	3.46
	0.48
	—
	—
	—
	5.94
	11.02
	1.98
	—



	WCA1-0.5
	1
	3.46
	0.48
	—
	—
	—
	5.94
	11.02
	2.47
	—



	WCA1-0.6
	1
	3.46
	0.48
	—
	—
	—
	5.94
	11.02
	2.96
	—



	YCA1
	1
	3.46
	0.48
	—
	—
	—
	5.94
	11.02
	2.47
	—



	ACA1-1
	1
	3.46
	0.48
	0.05
	—
	0.15
	5.94
	11.02
	2.47
	—



	ACA1-2
	1
	3.46
	0.48
	0.25
	—
	0.15
	5.94
	11.02
	2.47
	—



	ACA1-3
	1
	3.46
	0.48
	0.50
	—
	0.15
	5.94
	11.02
	2.47
	—



	BCA1-W
	1
	3.46
	0.48
	—
	0.49
	0.15
	5.94
	11.02
	2.47
	Unprocessed



	BCA1-J
	1
	3.46
	0.48
	—
	0.49
	0.15
	5.94
	11.02
	2.47
	Alkali-modified



	BCA1-SJ
	1
	3.46
	0.48
	—
	0.49
	0.15
	5.94
	11.02
	2.47
	Acid–base-modified
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