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Abstract

:

The use of large quantities of phosphorus-containing fertilizers has resulted in an increase in phosphorus content in the groundwater system, and phosphorus can be adsorbed on the surface of carbonate rocks, affecting their dissolution process and thus carbon sequestration and sink enhancement in carbonate rocks. Therefore, in this study, limestone was exposed to 2 mg/L and 100 mg/L phosphate solutions for 12 d through static batch adsorption experiments. The hydrochemical results showed that in 100 mg/L phosphate solution, a substitution reaction occurred to produce CaHPO4 precipitate, while the concentration of each ion in 2 mg/L phosphate solution was relatively stable and in dynamic equilibrium; combined with XRD and XPS analyses, the main mechanism of phosphate adsorption may be chemical precipitation, which is preferentially adsorbed to Ca sites on carbonate rocks, and the surface deposits are mainly CaHPO4 and a small amount of Mg2PO4(OH). The FTIR spectra were obtained in the range of 1040 cm−1–1103 cm−1 for observed phosphate vibrations, and the υ3 (asymmetric stretching) mode was more significant in the experimental group with a higher phosphate concentration. Raman spectra located near 149 cm−1 and 275 cm−1 involved Ca2+ or Mg2+ relative translations and vibrations, corroborating the FTIR spectroscopic results; a combination of XRD, XPS, FTIR, and Raman spectra confirmed that phosphate adsorption on limestone may be due to the interaction of electrostatic, chemical precipitation, and ligand exchange mechanisms. In addition, the SEM-EDS results showed that, with the combined effect of the water–rock chemical reaction and physical adsorption, metal–phosphorus phase precipitation was formed on the limestone surface, which promoted the dissolution of limestone and may have an unfavorable effect on the carbon sequestration and sinking of carbonate rocks.






Keywords:


carbon sequestration and sink enhancement; limestone dissolution; phosphate; surface morphology












1. Introduction


At the First World Climate Conference (FWCC) held in Geneva in February 1979, attendees emphasized the impact of global warming [1]. With the release of the Intergovernmental Panel on Climate Change (IPCC) Global Assessment Report on Climate Change, the term “climate warming” became increasingly widespread. Many scholars have committed to finding ways to curb global warming, and the concept of carbon neutrality was put forward, which is a series of ways to help recycle CO2 emissions to achieve positive and negative offset and zero CO2 emissions.



Carbonate rock is the world’s largest carbon reservoir, with an area of 22 million km2 [2], in which karst plays an essential role in carbon sequestration and emission reduction. The carbon sink flux of carbonate dissolution is 50.5% that of terrestrial vegetation, 68% that of forests, and 2.68 times that of scrubland, respectively [3]. Because numerous elements influence the dissolution of carbonate rocks, scientists both at home and abroad have conducted research in a variety of areas. Huang Fen [4] and colleagues discovered that when exogenous water enters the karst area, the carbon sink flux increases by 3–10 times due to the intensification of water–rock interaction. He Ruoxue [5] used the 14C method to study the influence of bacterial populations in karst water on karst carbon sinks, and the results revealed that the rate of carbon sequestration by bacteria accounted for 14.93% of that of zooplankton. Yaqiong Yuan [6] investigated the karst carbon sink effect of aquatic photosynthetic organisms and demonstrated that biological carbon pumping is critical in karst carbon sinks.



However, carbonic acid is not the only factor that dissolves carbonates, resulting in sink reduction; studies have shown that nitric and phosphoric acid produced by human activities can also have an impact on karst action, and different types of land use affect soil CO2 to varying degrees, controlling the carbon sink effect of karst processes [7,8]. Anthropogenic acids are implicated in karst action and modify the carbon cycle in the underground river basin of Qingmuguan, Chongqing, where agricultural activities are most intense [9]. Song Chao [10] and Liu Changli [11] conducted indoor simulation tests to compare the effects of farmyard fertilizer and compound fertilizer on the dissolution of carbonate rocks. Li S. L. researched agricultural karst watersheds in southern China and discovered that agricultural operations have a significant impact on the concentration and export of solutes in rivers, chronic nitrate and phosphate contamination of aquifers, and wet nitrogen deposition [12], which directly causes the dissolution of carbonate rocks by nitrate and phosphate, and which in turn causes the sink reduction phenomenon, so the mode of rational fertilization can increase the carbon sequestration capacity of karst landscapes while also improving crop yield [13]. Most scholars have analyzed the effect of fertilizer application on carbonate rock dissolution from a macroscopic point of view, but the study of the microscopic mechanism of phosphate dissolution on carbonate rock during fertilizer application is still insufficient: Salah El-Din El-Mofty [14] rationalized the mechanism of phosphate adsorption on the surface of calcite using thermodynamic calculations; J. Klasa [15] and Zhaoyong Zou [16] studied the dissolution of calcite in the presence of phosphate solutions using atomic force microscopy. Therefore, the present study utilizes hydrochemical processes in combination with various characterization tools such as XRD, XPS, FTIR, Raman spectroscopy, and SEM-EDS to provide strong evidence for experiments on the micromechanisms of phosphate adsorption on limestone, which is of crucial significance for the study of carbonate sequestration and sink enhancement in carbonate rocks.




2. Materials and Methods


2.1. Sample Selection and Preparation


The limestone sample utilized in this experiment came from Mao Village, Chaotian Township, Lingchuan County, Guilin City, Guangxi Province, and the primary components contained in the limestone sample were calcite with minor magnesite. Figure 1 displays the X-ray diffraction peak position.



The limestone block samples were cleaned with deionized water after being cut, crushed, and ball-milled into powder form through a 100-mesh screen, then dried in an oven at 105 °C for 24 h. KH2PO4 (analytically pure) was employed in this experiment to set up standby phosphorus solutions with low concentrations (2 mg/L) and high concentrations (100 mg/L), respectively.




2.2. Static Adsorption Experiments


Two parallel experiments were set up and both were conducted in three groups, as shown in Figure 2: (A) control (deionized water), (B2) the low-phosphorus solution group (2 mg/L), and (B1) the high-phosphorus solution group (100 mg/L); we then filled a 50 mL glass-topped vial with a rubber gasket with 1 g of dry limestone powder and 50 mL of each of the three solutions indicated above. The experimental temperature was kept at roughly 23 °C, and the experimental area was sealed off from the outside atmosphere. The experiment continued for 12 days; one bottle was removed from each of the three experimental groups at 1 d intervals, and the solution pH and conductivity were measured using a portable multiparameter water quality analyzer. The bicarbonate was determined using a MERCK alkalinity titration kit with an accuracy of 0.001 mg/L. The solution in the glass bottle was filtered into a 10 mL centrifuge tube using a syringe with a 0.45 μm filter membrane, and the standard curve was configured with 1000 μg/mL Ca and Mg standard solutions with a gradient of 1 mg/L, 3 mg/L, 5 mg/L, 8 mg/L, and 10 mg/L. The cations (Ca2+, Mg2+) were analyzed in the aqueous solution using Inductively Coupled Plasma Emission Spectroscopy (ICP-OES), with detection limits of 0 ng/mL~1 ng/mL. Finally, the concentration of phosphorus in the solution was determined using the molybdenum blue colorimetric method and a TU-1810SPC UV spectrophotometer (λ = 700 nm; measurement accuracy: 0.1 mg/L) (we used a pipette gun to suck 2 mL of the solution in the glass bottle into the 50 mL colorimetric tube diluted to 25 mL, then added 4 mL of potassium persulfate solution and put it into the autoclave for digestion. Digestion was complete with 50 mL of ultrapure water, followed by the addition of 1 mL of ascorbic acid solution and 2 mL of molybdate solution).




2.3. Characterization of Materials


At the end of the adsorption experiments, the precipitated solids were collected and the solids were dried (oven-baked at 105 °C for 24 h), and the limestone powder was characterized in order to elucidate the mechanism of phosphorus adsorption on limestone during the experiments:



The crystal structure of the limestone powder before and after the experiment was characterized using an X-ray diffractometer (model X’Pert3 Power) with a Cu-target ceramic phototube of standard size design. The scanning method was a Theta/Theta goniometer, a vertical goniometer. The range of rotation during the test was 10°~80°.



In order to further verify the XRD results, a Fourier infrared spectrometer (model Nicolet) and a laser confocal Raman spectrometer (model Thermo Fisher Scientific DXR) were used to determine and analyze the changes in the functional groups of limestone powder before and after the adsorption. The equipment used was a Fourier infrared spectrometer with technical specifications of iS10, using KBr as a compression medium. The laser confocal Raman spectrometer was provided by the American Thermoelectric Company, using a 780-laser light source with a test range of 70 cm−1–3600 cm−1 and a test temperature of 298 K.



An X-ray photoelectron spectrometer (model ESCALAB 250Xi) was used to determine the chemical state of the elements on the limestone samples before and after adsorption and to provide effective validation for the characterization results of XRD, FTIR, and Raman spectra. The X-ray source was a monochromatized Al Ka (1486.6 eV) line source, and the full-spectrum picking passed through the spectra at an energy of 100 eV, with a step size of 1 eV; the narrow-spectrum picking passed through the spectra at an energy of 20 eV, with a step size of 0.1 eV. The vacuum of the test was 10–19 mbar, and all the measured spectral lines of the specimens were calibrated using the standard contamination peaks of C1s (BE = 284.8 eV).



Finally, the surface morphology of the limestone powder was recorded using a field emission scanning electron microscope (model JSM-7900M) coupled with an Oxford instruments technology energy spectrometer (model Ultim Max) to analyze the elemental composition. The test voltage was 1.5 kv, the current was 5 nA, and the WD was about 10 mm.





3. Results and Discussion


3.1. Phosphate Involvement in the Hydrochemical Processes of Limestone Dissolution


Figure 3 depicts the hydrochemical properties of limestone reacted in three separate reaction systems for 12 days, including total alkalinity (HCO3− concentration); conductivity; pH; and solution Ca2+, Mg2+, and phosphate concentrations. Because the water used for the tests was deionized, there was theoretically no SO42− and NO3− in the solution. It was measured to guarantee the rigor of the experiments, and no SO42− or NO3− were found in the solution. Figure 3a,b show the total alkalinity and conductivity, respectively, and it was discovered that in 100 mg/L phosphate solution, the conductivity increased from 446 μS/cm to 572 μS/cm initially, which increased with the increase in total alkalinity, whereas in the 2 mg/L phosphate solution, both were in the dynamic equilibrium state. By comparison, the conductivity and total alkalinity in the 100 mg/L phosphate solution were higher than in the experimental and control groups of the 2 mg/L phosphate solution, and more ions were displaced out of the solution, indicating that the high phosphate concentration could accelerate the dissolving action of the limestone. The major component of limestone is CaCO3, which is a slightly soluble salt that forms carbonate ions when it comes into contact with water; in the experiment, KH2PO4 produces phosphoric acid and potassium hydroxide when it comes into contact with water, and phosphoric acid ionizes in water to produce phosphate ions, both of which can react with hydrogen ions to make the solution appear alkaline [17]. The pH in all three experimental groups was more than 7, as seen in Figure 3c.


CO32− + H+ = HCO3−



(1)






KH2PO4 + H2O = H3PO4 + KOH



(2)






H3PO4 = H2PO4− + H+



(3)






H2PO4− = HPO42− + H+



(4)







The concentrations of Ca2+, Mg2+, and phosphate ions in the 100 mg/L phosphate solution were higher than those in the other two experimental groups, as shown in Figure 3d–f, with the Ca2+ concentration changing from 42.86 mg/L to 30.59 mg/L and the phosphate ions concentration changing from 94.122 mg/L to 15.223 mg/L, with both showing a decreasing trend because of the simultaneous presence of CO32− and H2PO4− in the solution, which reacted to form HCO3− and HPO42−. Precipitation of CaHPO4 occurred as the solution alkalinity increased, eliminating phosphate and Ca2+ from the solution, which is in agreement with the findings of Song Y et al. [18]. The increase in Mg2+ concentration may be due to the fact that Ca2+ is more active than Mg2+, and phosphate is preferentially adsorbed on Ca sites [19], which results in more and more of the produced Mg2+ being retained in the solution due to an incomplete reaction. At the same time, the increase in alkalinity may interfere with the activity of other components in the solution, so the concentration of Ca2+ in the 2 mg/L phosphate solution was higher than that of the deionized water solution, but the concentration of Mg2+ was lower, which means this phenomenon could be linked to the highly hydrated ion Mg2+, which will cause a change in the solution’s hydration effect at the limestone–water interface [20].


CO32− + H2PO4− = HCO3− + HPO42−



(5)






Ca2+ + HPO42− = CaHPO4



(6)







A solution’s ionic strength increases with concentration; in high-strength ionic solutions, the rate of dissolution of limestone will increase due to charge screening that reduces the activity of the crystalline structural units and thus increases their solubility [15].



The correlation between Ca2+, Mg2+, and phosphate during the 12 d of the limestone reaction in the phosphate solution was examined in this work to better clarify the dissolving adsorption of limestone in the phosphate solution, as shown in Figure 4. The outcomes demonstrated a positive association between Ca2+ and phosphate in a 100 mg/L phosphate solution, with a correlation value of R2 = 0.6712; Mg2+ and phosphate had a negative connection, with an R2 value of 0.8144. As a result, Ca2+ had the greatest influence on the experimental adsorption process, while Mg2+ had the smallest impact. In the 2 mg/L phosphate solution, due to the concentration of the solution being lower, Ca2+, Mg2+, and phosphate had no obvious correlation, so they were not analyzed.




3.2. Characterization of Limestone before and after Dissolution


3.2.1. XRD Analysis


In order to further understand the nature of the limestone surface sediments, their structure was analyzed using XRD, and the X-ray diffraction patterns of original limestone samples dissolved in various solutions are shown in Figure 5. The changes in mineral species were detected using XRD in four experimental groups (a: initial sample of limestone, b: deionized water solution, c: 2 mg/L phosphate solution, d: 100 mg/L phosphate solution). This showed that limestone powder was dominated by strong peaks of CaCO3, and the initial sample of limestone powder contained a small amount of MgCO3; in the deionized water solution, the 2θ located at 18.15°, 28.75°, 34.15°, 47.17°, and 50.85° belong to the (001), (100), (101), (102), and (110) facets of Ca(OH)2 (PDF#04-0733), in addition to which a small number of weakly diffracted peaks about Ca(OH)2 appear. This suggests that CaCO3 in limestone and deionized water underwent a water–rock reaction to create Ca(OH)2, and a tiny quantity of CO2 was created in the process to ionize bicarbonate ions after the calcium carbonate was dissolved in water, which confirms that the pH was greater than 7 in all reactions and that the solution was basic.



In the low-concentration phosphate solution, the strong peaks at 2θ appearing at 24.8° (040), 26.1° (131), 26.8° (211), and 33.9° (122) correspond to the CaHPO4 standard diffraction peak cards (PDF#09-0077), while there are strong diffraction peaks at 20.9° (020), 29.3° (021), 30.5° (221), and 34.2° (220) that appear to conform to CaHPO4 standard diffraction peak cards (PDF#09-0077). In the high-concentration phosphate solution, the same diffraction peaks were observed at the same 2θ as the low concentration with relatively high peak intensities; these peaks correspond to the conventional diffraction peak cards of CaHPO4. The strong peaks at 2θ at 24.8° (040), 26.1° (131), 26.8° (211), 29.5° (002), and 30.9° (141) corresponded to the conventional diffraction peak cards of Mg2PO4(OH), and two additional strong peaks occurred in the experimental group with lower concentrations, but the intensity of the Mg2PO4(OH) peak decreased in the high-concentration experimental group.



According to the analysis of the above phenomenon, in the high-concentration experimental group, Ca2+ displaced from limestone reacted with phosphate ions in the solution to form a CaHPO4 precipitate, which was then adsorbed on the surface of limestone in large quantities. When most of the Ca sites were adsorbed by phosphate, the concentration of Ca2+ in the solution decreased sharply, at which time the unadsorbed phosphate found the less metal-active Mg sites to combine to form a small amount of Mg2PO4(OH), which explains the water chemical analysis of the phenomenon of increased Mg2+ concentration and decreased Ca2+ concentration in the high-concentration group. However, at the end of the experiment, the Mg2+ concentration in the low-concentration experimental group was lower than that of deionized water, which could be because there were still many sites not adsorbed after the binding of phosphate with Ca sites on the limestone surface in the low-concentration experimental group, and because the Ca2+ concentration in the solution was in dynamic equilibrium, inhibiting Mg2+ precipitation. Perassi I’s results showed that the factor controlling adsorption is the surface precipitation of Ca-P compounds, which occurs at high phosphate concentrations but cannot be completely ruled out at low concentrations, especially when the pH is between 7.0 and 9.0, which favors the precipitation of Ca-P compounds (i.e., CaHPO4) [21], in agreement with the results of this paper.




3.2.2. FTIR Analysis


Fourier infrared spectroscopy was employed in this experiment to investigate and confirm the limestone samples and the functional groups formed by their dissolution in various solutions. As shown in Figure 6, it can be observed that there are two sharp peaks at 711 cm−1 and 876 cm−1, and a wider transmission band was found at 1425 cm−1, which corresponds to the υ4 (in-plane bending vibration), υ2 (out-of-plane bending vibration), and υ3 (asymmetric stretching) absorption bands [22,23], confirming the presence of CaCO3, the most dominant minerals in limestone [24], and that the signal of the 1425 cm−1 adsorption vibration band is less the higher the phosphate content. Meanwhile, phosphate vibrations were also detected between 1040 cm−1 and 1103 cm−1 [25,26], with the υ3 (asymmetric stretching) mode being more significant in the experimental group with higher phosphate concentrations, demonstrating the efficiency of phosphate adsorption by limestone [27] and the production of calcium hydroxyphosphate [28]. The existence of a weak vibrational band between 2870 cm−1 and 2982 cm−1 and a bending band close to 3444 cm−1, both associated with stretching of the O-H bond [29], confirmed the XRD findings.




3.2.3. Raman Analysis


In this experiment, the limestone’s Raman spectra were examined in order to further validate the FTIR results (for more information, see Figure 7), because carbonates have six vibrational modes consisting of two external modes (translational T and rotational L) and four internal modes [30]. According to the findings, the internal modes of the CO32− υ4 symmetric deformation and υ1 stretching vibration are found at 706 cm−1 and 1081 cm−1 for the Raman activity spectrum bands of limestone, respectively [31], and external vibrational modes (translational T and rotational L) involving relative translation and vibration of metals (Ca2+ or Mg2+) are present in the Raman activity spectra between 149 cm−1 and 275 cm−1 [32]. As evidence of the presence of Ca2+ or Mg2+ activity on the limestone, the strength of the two external T and L modes was seen to increase sequentially from the original limestone to the low- to high-concentration experimental group, with the trend being the more concentrated the experimental solution, the greater the Ca2+ and Mg2+ activity [33]. It was discovered that the Raman shifts were gradually biased towards short waves in these bands of 149 cm−1, 275 cm−1, 708 cm−1, and 1083 cm−1, observed from high concentration to low concentration and then to the initial limestone. A small peak appeared at 405 cm−1, which may be a feature of the Ca-P phase [34,35].




3.2.4. XPS Analysis


In this experiment, after 12 days of dissolution in 100 mg/L and 2 mg/L KH2PO4 solutions, the surface chemical states and elemental compositions of limestone were examined using X-ray photoelectron spectroscopy (XPS). The XPS spectra of high-resolution P2p are given in Figure 8a,b. Since they follow linear fitting, the result further confirms phosphate retention on limestone. The data demonstrate that two distinctive peaks are found in the 100 mg/L KH2PO4 solution (Figure 8a) at 133.0 eV and 134.0 eV, which correspond to P2p3/2 and P2p1/2 of P, respectively [36], indicating that HPO42− (134.0 eV) and PO43− (133.0 eV) are the major ionic forms of phosphate in this experimental group [37]. Meanwhile, three prominent distinctive peaks at 134.6 eV, 133.37 eV, and 132.85 eV were observed in the 2 mg/L KH2PO4 solution (Figure 8b), showing that in this experimental group, phosphate predominately resided in the ionic forms of H2PO4− (134.6 eV) and PO43− (132.85 eV and 133.37 eV) [38], and the binding energies of the same phosphate ions were shifted in different experimental groups, suggesting that these phosphate ions are primarily correlated with Ca2+, leading to Ca-P precipitation, while not excluding the possibility of leading to Mg-P precipitation. At the same time, active calcium substances such as calcium and magnesium compounds can rapidly release Ca2+ into the solution and react with phosphates to produce various Ca-P precipitates [39]. Additionally, according to Sø H U’s model, the three main substances adsorbed by phosphate on calcite in the pH range of 7–9.1 are CaHPO4, HPO42−, and CaPO4− [19]. This fully corroborates the water chemistry process and the results in XRD.



The high-resolution XPS spectra of Ca2p in limestone samples in 100 mg/L and 2 mg/L phosphate solutions are shown in Figure 8c,d, where the 100 mg/L experimental group showed two peaks at 347.3 eV and 350.8 eV, respectively. In addition, two peaks at 347.15 eV and 350.72 eV, corresponding to the 2p3/2 and 2p1/2 spin orbitals, were seen in the 2 mg/L experimental group [40]. From low to high concentrations, there was also a slight increase in the Ca2p binding energy. When the orbital peak intensities were compared, it was discovered that the two orbital peaks in the 100 mg/L experimental group were more intense than those in the 2 mg/L experimental group. This indicates that in the 100 mg/L experimental group, CaCO3 in limestone had a more violent ionic substitution reaction with phosphate, leading to more Ca-P precipitation, fully verifying the analytical results of XRD, FTIR, and Raman spectroscopy.



The O1s orbitals showed symmetric peaks in Figure 8g,h, and it was noted that the characteristic peaks were situated at 531.6 eV in both the 100 mg/L and 2 mg/L experimental groups. The peaks between 531 eV and 533.5 eV were identified as the P-O bond binding in the phosphate group in a previous study [41].



The high-resolution Mg1s XPS maps were deconvolved, as shown in Figure 8e,f, and it was discovered that three distinctive peaks appeared in the 100 mg/L experimental group, of which 1304.8 eV was attributed to Mg(OH)2 and 1303.88 eV to MgO [42]. It was speculated from the findings of the XRD analysis that 1300.25 eV might be related to the Mg-P compounds; four distinctive peaks observed in the 2 mg/L experimental group, of which 1037.15 eV was assigned to Mg2PO4(OH) [43], 1035 eV to MgCO3 [44], 1304.25 eV to Mg(OH)2, and 1303.57 eV to MgO [42]. These findings indicate that Mg-P compounds moved to the region of higher binding energy at lower Mg concentrations, whereas other Mg-containing compounds’ binding energies increased as the Mg concentration increased, suggesting that Mg2+ interacted with phosphates and other carriers [45].



Figure 8i,j show the high-resolution C1s XPS spectra of limestone from various experimental groups. The characteristic peaks of the 100 mg/L experimental group were located at 289.7 eV and 284.9 eV, and those of the 2 mg/L experimental group were located at 289.65 eV and 285 eV, which were attributed to the carbonate (CO32−) [46] and C-C single bond [47], respectively. The binding energies of C1s did not differ considerably between the two experimental groups, but with the ligand exchange mechanism between carbonate and phosphate ions [48], the peak of carbonate (CO32−) was weakened due to the increased phosphate content on the adsorbent surface, whereas the C-C peak did not change appreciably.



The analysis of the limestone samples in various concentrations of phosphate solutions was completed using X-ray photoelectron spectroscopy (XPS). Figure 9a displays the full-scan spectrum of the limestone sample in a 100 mg/L phosphate solution, demonstrating the appearance of the P2p peak, which indicates that phosphate was successfully adsorbed on the limestone and the slightly shifted Ca2p peak. The phenomenon can be interpreted as follows: Ca2+ in solution reacted with phosphate ions to produce a chemical precipitate (CaHPO4), which adsorbed to the limestone surface, and further verified the occurrence of Ca-P solid-phase precipitation in the reaction system; however, no P2p peak was found in the full-scan spectra of the 2 mg/L phosphate solution in Figure 9b, which may be due to the low concentration of phosphate in the solution, which did not reach the minimum detection standard of the instrument.




3.2.5. SEM/EDS Analysis


To further clarify the retention mechanism of phosphate on limestone, this experiment used scanning electron microscopy (SEM) to characterize and determine the microscopic patterns of the three sets of experiments, and the elemental distributions were identified using energy spectrometry (EDS) (Figure 10: deionized water; Figure 11: 2 mg/L phosphate solution; Figure 12: 100 mg/L phosphate solution).



Figure 10 depicts the limestone’s SEM picture after it had been subjected to deionized water for 12 days. The white particles that had formed on the steps were thought to be Ca(OH)2 based on the semi-quantitative XRD study conducted in this experiment and verified by EDS spectroscopy(As shown in Table 1): before phosphate adsorption, the limestone surface primarily included O, C, Ca, and Mg elements with a very low amount of P elements; Figure 11’s SEM picture of the limestone after it had been subjected to a 2 mg/L phosphate solution for 12 days shows that the surface of the limestone had developed clear fissures and dissolution steps, and EDS spectroscopy revealed that the surface of limestone was composed of O, C, Ca, Mg, and P after adsorption(As shown in Table 2). The Ca content was significantly higher than that of the experimental group of deionized water, but the Mg content was significantly lower, which is consistent with the water–chemical process in this experiment. As can be seen in Figure 12, SEM pictures of limestone following exposure to a 100 mg/L phosphate solution for 12 days reveal considerable morphological changes, including a rough surface and numerous irregular etch pits, pores, and clusters, and EDS spectra allow for the observation of the primary components of O, C, Ca, Mg, and P(As shown in Table 3). The combined SEM-EDS shows that cluster aggregation leads to nucleation and growth of Ca-P phases on limestone surfaces [49,50], and the hydrochemical process, XRD analysis, confirmed this finding. In the two phosphate solution experimental groups, it was discovered by comparing the EDS energy spectra that the O content on the limestone’s surface increased, possibly due to the adsorption of P-O or O-P-O [51]. While the high-concentration group’s Mg content on the surface of the limestone was significantly higher than that of the low-concentration group, the high-concentration group’s Ca content was lower than that of the low-concentration group. Previous studies have shown that Mg has a higher hydration energy than Ca, which may prevent the growth of crystals [52]. Therefore, using SEM-EDS analysis, after physical adsorption as well as the water–rock reaction [53], the surface precipitation of the metal-P phase was formed, which was uniformly adsorbed on the surface of limestone and played a certain role in promoting the dissolution of limestone, but it was extremely unfavorable to carbonate rock carbon sequestration and sink enhancement.





3.3. Discussion of Adsorption Model and Adsorption Mechanism


The common crystal structure of calcium carbonate is the cubic densest stacking of CO32− ions, with Ca2+ ions filling the octahedral voids between the CO32− ions; magnesium carbonate consists of four oxygen atoms and one magnesium atom arranged in a positive octahedral arrangement, and thus calcium carbonate is of the same octahedral ligand structure as magnesium carbonate. The experimentally produced CaHPO4 and Mg2PO4(OH) possess different crystal properties from those of magnesium carbonate and calcium carbonate. Therefore, XRD, infrared spectroscopy, and Raman spectroscopy were used in the experiments. Although the principles of the three detection methods are different, all of them are able to reflect the elemental composition and crystal structure of the solid phase through the molecular structure and vibration modes of the molecular groups inside the solid phase. XRD analysis shows that the main mechanism of adsorption is surface precipitation, which occurs when the concentration of each component in the precipitate exceeds the solubility product of the precipitate. This reaction usually occurs rapidly and is irreversible [54]. The infrared spectra of limestone involved in the reaction in 100 mg/L, 2 mg/L, and deionized water were found to be basically the same as the peaks of the initial sample of limestone in Figure 6, and no new peaks appeared, which indicated that the solid-phase interior was still dominated by limestone, and the crystal structure was still an octahedral ligand. Figure 7 demonstrates the Raman spectra of the limestone of each experimental group, and all three of them show spectral peaks at 149 cm−1, 275 cm−1, which is due to the alternating distribution of Ca2+ and Mg2+ in the limestone, and the appearance of two external vibrational modes (translational T and rotational L) [32], and at the same time the three of them are also basically the same in the position of the other peaks, which once again suggests that the solidus interior is dominated by the limestone, and the crystal structure is an octahedral allotrope. Then, according to the analytical results of XPS characterization tests, another mechanism of adsorption of phosphate by limestone is mainly the intrasphere complexation through the ligand exchange process [55], in which the hydroxyl group in limestone introduces covalent chemical bonding between the phosphate ions and the calcium and magnesium cations on its surface, releasing other anions previously bound to the calcium and magnesium ions, e.g., CO32− [56]. Thus, phosphate ions can form inner-sphere complexes on limestone surfaces that are less affected by changes in ionic strength due to direct coordination with surface groups [21]. The inner-sphere coordination is composed of several phosphate molecules connected to a metal atom with three oxygen bonds, which is one of the most important factors determining the behavior during adsorption. Therefore, based on the ligand exchange mechanism and the calculation methods available [57], in order to be able to observe the micro-mechanism of phosphate adsorption on limestone more intuitively, the formation of CaHPO4 and Mg2PO4(OH) via phosphate adsorption on the Ca or Mg position of carbonate rock was simulated using VESTA crystal modeling software (https://jp-minerals.org/vesta/en/, accessed on 28 August 2023), as shown in Figure 13. In addition, according to the analysis of water chemistry conclusions, another important factor of the adsorption mechanism is ion exchange; when an anion in the solution is absorbed by limestone, its original anion will be released into the solution in equal amounts to maintain the electrically neutral state of the whole aqueous solution [58].





4. Conclusions


The interaction between phosphate solution and limestone powder at concentrations of 2 mg/L and 100 mg/L was examined in this experiment using different characterization and detection techniques, including XRD, FTIR, Raman, XPS, and SEM-EDS. In combination with the investigation of hydrochemical processes in the adsorption experiments, it was discovered that CaHPO4 precipitation occurred in 100 mg/L phosphate solution, while the concentration of each ion in the 2 mg/L phosphate solution was relatively stable, and it had dynamic equilibrium; therefore, the high concentration of phosphate promotes an increase in the limestone’s dissolution rate, suggesting that another important factor in the adsorption mechanism is ion exchange. By combining XRD and XPS analyses, the main mechanism of phosphate adsorption may be chemical precipitation, which is preferentially adsorbed to Ca sites on carbonatite, with surface deposits consisting mainly of CaHPO4 and a small amount of Mg2PO4(OH), as well as a few other Ca-P/Mg-P compounds. Infrared wavelengths between 1040 cm−1 and 1103 cm−1 were found to have phosphate vibrations, and the relative translations and vibrations of the metal (Ca2+ or Mg2+) were implicated in the external vibrational modes (translational T and rotational L) at 149 cm−1 and 275 cm−1 in the Raman band. Raman and FTIR data in combination show that the limestone efficiently adsorbs phosphate, resulting in Ca-P precipitation (calcium hydroxyphosphate). SEM-EDS results show that after the combined effect of physical adsorption as well as aqueous rock reaction, a surface precipitate of metal–phosphorus phase was formed, which was uniformly adsorbed on the limestone surface and contributed to limestone dissolution. On the basis of the above multiple characterizations, the adsorption mechanism was further explored and adsorption models were fabricated, in which XRD analysis showed that the main mechanism of adsorption was surface precipitation; FTIR and Raman spectra indicated that limestone was still dominant within the solid phase after adsorption, and that the crystal structure was an octahedral ligand; and XPS revealed that another adsorption mechanism for phosphate by limestone was mainly the ligand-exchange mechanism, which led to intrasphere complexation. In conclusion, the adsorption mechanism of phosphate on limestone is mainly ion exchange, surface precipitation and ligand exchange, and high concentration of phosphate not only has more obvious adsorption mechanism on limestone, but also has a greater promotion effect on its dissolution. Despite numerous studies demonstrating that limestone can be used as an adsorbent to remove phosphate and other pollutants, carbonate rock remains the most significant global carbon reservoir. However, with fertilizer and other anthropogenic activities producing phosphate, carbonate rock faces a threat, and as a result, carbon sequestration sinks have a very detrimental effect.
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Figure 1. Diffractogram of (a) calcite CaCO3 and (b) magnesite MgCO3 in limestone determined using X-ray diffractometer. 
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Figure 2. Experimental setup and experimental environment of the experimental group. 
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Figure 3. Variation in hydrochemical parameters of limestone over 12 d under three different reaction conditions. (a) TIC concentration in solution; (b) conductivity in solution; (c) pH in solution; (d) concentration of calcium ions in solution; (e) concentration of magnesium ions in solution; (f) phosphate concentration in solution. 
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Figure 4. Correlation between Ca2+, Mg2+, and phosphate over 12 d of limestone reaction in phosphate solution. (a) Correlation of Ca2+ with phosphate; (b) correlation of Mg2+ with phosphate. 
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Figure 5. X-ray diffraction patterns of initial samples of limestone dissolved in different solutions. (a) The initial sample of limestone; (b) deionized water solution; (c) 2 mg/L phosphate solution; (d) 100 mg/L phosphate solution. 
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Figure 6. Fourier infrared spectra of the initial sample of limestone and its dissolution in different solutions. 
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Figure 7. Raman profiles of the initial sample of limestone and its dissolution in different solutions. 
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Figure 8. XPS profiles of limestone samples in different concentrations of phosphate solution. (a) XPS spectra of high-resolution P2p of limestone samples in 100 mg/L solution; (b) XPS spectra of high-resolution P2p of limestone samples in 2 mg/L solution; (c) XPS spectra of high-resolution Ca2p of limestone samples in 100 mg/L solution; (d) XPS spectra of high-resolution Ca2p of limestone samples in 2 mg/L solution; (e) XPS spectra of high-resolution Mg1s of limestone samples in 100 mg/L solution; (f) XPS spectra of high-resolution Mg1s of limestone samples in 2 mg/L solution; (g) XPS spectra of high-resolution O1s of limestone samples in 100 mg/L solution; (h) XPS spectra of high-resolution O1s of limestone samples in 2 mg/L solution; (i)XPS spectra of high-resolution C1s of limestone samples in 100 mg/L solution; (j) XPS spectra of high-resolution C1s of limestone samples in 2 mg/L solution. 
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Figure 9. XPS full spectra of limestone samples in different concentrations of phosphate solutions. (a) XPS full spectrum of limestone samples in 100 mg/L phosphate solution; (b) XPS full spectrum of limestone samples in 2 mg/L phosphate solution. 
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Figure 10. SEM/EDS images of limestone samples after 12 days of reaction in deionized water solution. 
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Figure 11. SEM/EDS images of limestone samples after 12 days of reaction in 2 mg/L phosphate solution. 
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Figure 12. SEM/EDS images of limestone samples after 12 days of reaction in the 100 mg/L phosphate solution. 
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Figure 13. Schematic representation of phosphate adsorption to form (a): CaHPO4 and (b): Mg2PO4(OH) at Ca or Mg sites in carbonate rocks. Purple ball is Ca; green ball is Mg; black ball is C; pink ball is O; yellow ball is P; blue ball is H. 
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Table 1. Results of EDS energy spectra of limestone surface after 12 d dissolution in deionized water solution.
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	Elemental
	Line Type
	Apparent Concentration
	wt%
	wt% Sigma





	O
	K
	23,335
	44.78
	4.37



	C
	K
	7300
	11.69
	1.34



	Ca
	K
	59,389
	30.38
	0.73



	Mg
	K
	35,215
	12.95
	0.56



	P
	K
	38
	0.01
	0.00



	Total:
	
	
	100.00
	










 





Table 2. Results of EDS energy spectra of limestone surface after 12 d dissolution in 2 mg/L phosphate solution.
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	Elemental
	Line Type
	Apparent Concentration
	wt%
	wt% Sigma





	O
	K
	40,178
	45.3
	5.4



	C
	K
	34,647
	21.77
	2.64



	Ca
	K
	119,194
	32.19
	0.98



	Mg
	K
	1256
	0.19
	0.04



	P
	K
	3647
	0.54
	0.05



	Total:
	
	
	100.00
	










 





Table 3. Results of EDS energy spectra of limestone surface after 12d dissolution in the 100 mg/L phosphate solution.
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	Elemental
	Line Type
	Apparent Concentration
	wt%
	wt% Sigma





	O
	K
	32,120
	46.48
	5.37



	C
	K
	19,982
	18.44
	2.25



	Ca
	K
	90,662
	32.34
	0.94



	Mg
	K
	2373
	0.58
	0.06



	P
	K
	10,001
	2.16
	0.1



	Total:
	
	
	100.00
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