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Abstract

:

To enhance the sorption efficacy of attapulgite for heavy metals, mercapto-functionalized attapulgite (ATP-SH) was synthesized with mercaptan functional groups. When the mass-to-volume ratio of calcined attapulgite (ATP-C) to 3-Mercapropyltrimethoxysilane (MPTMS) was 1 g:0.5 mL (ATP-SH-0.5) and the pH was set to 8, a strong adsorption capacity for Cd (II) and Pb (II) was demonstrated. This indicates excellent adsorption performance for these heavy metals. ATP-SH-0.5 exhibited a maximum adsorption capacity of 43.81 mg/g and 274.83 mg/g for Cd (II) and Pb (II), respectively, in a single ion system. In a binary ion system, the maximum adsorption capacity was 31.86 mg/L and 254.45 mg/L for Cd (II) and Pb (II), respectively. Various characterizations and experiments showed that the adsorption of Cd (II) and Pb (II) onto ATP-SH-0.5 involves ion exchange reactions involving hydroxyl and thiol functional group complexation reactions. This adsorption process follows a single-molecule layer adsorption mechanism. XPS results indicate that hydroxyl and grafted thiol functional groups on the surface of mercapto-functionalized attapulgite participated in surface complexation reactions with Cd (II) and Pb (II), resulting in the formation of Cd-S and Pb-S species. Overall, this study provides a promising mercapto-functionalized modification material for the remediation of polluted water and soil.
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1. Introduction


Due to the continuous development of industrial technologies, the treatment of wastewater containing heavy metals remains a challenging issue for ecosystems and biosecurity [1]. Lead (Pb) and cadmium (Cd) are the most common toxic heavy metals [2,3], and they can have toxic effects on organisms even at low concentrations. Cd primarily enters the human body through food consumption and can cause symptoms such as difficulty breathing, drooling, nausea, vomiting, anemia, abdominal pain, and diarrhea. In severe cases, cadmium exposure can result in kidney disease and even death, particularly when the cadmium concentration in the kidneys reaches 200 mg/kg [4,5,6]. Pb mainly enters the human body through the respiratory and digestive tracts, and can cause damage to almost all tissues and organs. Mild inhalation of lead may cause high blood pressure, decreased nerve function, and limb pain and weakness, whereas excessive inhalation can lead to kidney damage, miscarriage, severe brain damage, and ultimately death [7,8].



Numerous studies have investigated the removal of heavy metals such as Pb (II) and Cd (II) using various methods, including photocatalysis degradation, membrane filtration, ion-exchange, flocculation, chemical precipitation, electrochemical treatment, and adsorption [9,10,11]. Among these methods, adsorption is considered one of the most efficient and simple approaches due to its operational simplicity, high efficiency and selectivity, recyclability, and low cost. The key to successful adsorption lies in selecting the optimal adsorption material and preparation processes, which directly affect the final remediation results. Natural or modified clay minerals have received much attention as potential adsorbents due to their low cost and special crystal layer structure for removing heavy metal pollution. Attapulgite, a type of water-bearing magnesium-rich aluminum silicate clay mineral with a layered chain structure, is evaluated as an appropriate adsorbent due to its layered structure and good chemical and mechanical stability [12,13,14]. However, natural attapulgite has limitations such as limited adsorption capacity, unstable adsorption products, and low heavy metal selectivity. To overcome these limitations, attapulgite is often modified or mixed with inorganic salts [13,14,15] to improve the stability of adsorbed products and the selectivity of metal types.



It is widely recognized that mercaptan groups can significantly enhance the removal of heavy metal ions. Ref. [16] synthesized mercapto-modified coal gangue (CG-SH), which displayed outstanding performance in removing Pb (II), Cd (II), and Hg (II) with adsorption capacities of 332.8 mg/g, 110.4 mg/g, and 179.2 mg/g, respectively. Ref. [17], prepared a (3-mercaptopropyl) triethoxysilane-functionalized ordered mesoporous silica modified polyvinylidene fluoride (MPTMS-OMS/PVDF) membrane, which demonstrated a high removal efficiency of Cd2+ with 90% removal at an MPTMS-OMS content of 5 wt%. In contrast, the pure PVDF membrane showed no Cd2+ adsorption capacity, indicating the potential of the MPTMS-OMS/PVDF membrane to effectively eliminate Cd2+ during the decontamination of aqueous streams containing low concentrations of contaminants. In addition, materials modified with thiol groups will enhance the selective adsorption of a certain heavy metal. The chemical properties of materials modified with thiol groups will change. The thiol grafted chitosan-modified biochar (TH@CT-BC) was introduced by a two-step combination to enhance the adsorption ability of biochar [18], which retained its efficiency in a spiked river water system, removing up to 89% of Cd in river water spiked with 30 mg/L Cd. Ref. [19] prepared a chelating resin with amine-mercaptan groups, suggesting that Hg (II) could be selectively separated from Ca (II), Mg (II), Pb (II), Cd (II), Cu (II), and Zn (II) at pH 2.7. Therefore, mercaptan groups as an effective adsorbent of heavy metals from aqueous systems can be studied as a potential candidate for practical wastewater treatment applications.



In this study, we investigated the potential of attapulgite modified with mercaptan groups (ATP-SH) to remove heavy metal ions through the formation of heavy metal complexes and coprecipitates, as well as the enhancement of oxidation-reduction reactions. By introducing -SH and S-S groups, ATP-SH was expected to exhibit improved adsorption capacity for Pb (II) and Cd (II) in water. To further explore the adsorption mechanisms and competitive adsorption of Pb (II) and Cd (II) in binary (Pb-Cd) systems, X-ray photoelectron spectroscopy (XPS) was utilized to qualitatively analyze the effects of Pb (II) and Cd (II) adsorption.




2. Materials and Methods


2.1. Materials


Ethanol was acquired by Chengdu Cologne Chemistry. 3-Mercapropyltrimethoxysilane (MPTMS) was offered by Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The attapulgite raw ore (ATP-O) and calcined attapulgite (ATP-C) were provided by Xuyi County Zhongcai Attapulgite Clay Co., Ltd. (Huai’an, China). The chemical composition of ATP is shown in Table 1.




2.2. Preparation and Screening of Mercapto-Functionalized Attapulgite (ATP-SH-X)


2.2.1. Selection of Modified Raw Materials


ATP-O and ATP-C were selected. Both types of attapulgite were air-dried naturally, followed by storage for further analysis. The samples were sieved to a particle size below 100 mesh. The raw materials were ground into powder using an analytical grinder. Each attapulgite sample (0.1 g) was placed into a centrifuge tube with a capacity of 50 mL; 30 mL of 100 mg/L Cd (II) and 500 mg/L Pb (II) mixed solutions were added to the respective samples. All sample solutions were shaken at room temperature and then centrifuged. The supernatant was analyzed by passing it through a water filtration membrane.




2.2.2. The Influence of Different Substrate Addition Ratios


To functionalize ATP-C with thiol groups, MPTMS was dissolved in 30 mL of 25% ethanol, and ATP-C was gradually added with stirring. The mixture was stirred at room temperature for 3 h, filtered, and dried. Samples were labeled ATP-SH-0.1, ATP-SH-0.2, ATP-SH-0.5, ATP-SH-1, and ATP-SH-2, depending on the ratio of m(ATP) to v(MPTMS) ranging from 1 g:0.1 mL, 1 g:0.2 mL, 1 g:0.5 mL, 1 g:1 mL, to 1 g:2 mL. ATP-SH-0.5 exhibited the highest adsorption capacity for Pb (II) and Cd (II) and was also the most cost-effective, thus it was selected for further characterization analysis.




2.2.3. pH Gradient Setting Experiment on the Modification Process


The influence of pH on the modification process was investigated under the aforementioned substrate ratio conditions. Different pH values (7, 8, 9, and 10) were adjusted using 0.1 mol/L NaOH and 0.1 mol/L HNO3 during the stirring process. After a duration of 3 h, the mixture was allowed to settle and then centrifuged. Subsequently, it was dried, ground, and stored for further use. Subsequently, different modified pH conditions were employed to perform adsorption experiments using ATP-SH-0.5 on a mixed solution of 100 mg/L Cd (II) and 500 mg/L Pb (II).





2.3. Characterizations


The BET-specific surface area was analyzed using an automated surface area and porosity analyzer (ASAP2460, Micromeritics Instrument Corporation, Norcross, GA, USA). The surface groups or bonds of ATP-SH were analyzed with Fourier Transform Infrared spectrometers (Frontier Perkinier, Phoenix, AZ, USA). XRD was applied to identify the phase composition of the samples using an X-ray diffractometer (D/max IIIA Co., Ltd., Tokyo, Japan). Material surface morphology was analyzed using field emission scanning electron microscopy (FESEM, GeminiSEM 300, Zeiss Group, Aalen, Germany). The surface charge of the material is determined by the Zeta potential (Zetasizer Nano ZS90, Malvern, UK). X-ray photoelectron spectra were collected to identify the chemical environment of adsorption on ATP-SH-0.5 (XPS, ESCALABX-250, USA). The concentrations of Pb (II) and Cd (II) were determined by inductively coupled plasma-mass Spectrometry (ICP800DV, TMO, USA).




2.4. Adsorption Experiments


2.4.1. Selecting Experiments


A mixed solution of 30 mL containing 100 mg/L Cd (II) and 500 mg/L Pb (II) was added to 50 mL centrifuge tubes, followed by the addition of 0.01 g of the material. The centrifuge tubes were shaken at a speed of 200 rpm at an ambient temperature of 298 K. inductively coupled plasma (ICP) was used to detect the heavy metals. The equilibrium adsorption capacity (Qe, mg/g) and the removal efficiency (η, %) of the heavy metals were calculated using the following equations:


    Q   e   =     ( C   0   −   C   e   ) V   m    



(1)






  η =   (   C   0   −   C   e   )     C   0     × 100 %  



(2)




where C0 is the initial and resulting concentrations of the heavy metal solution (mg/L), Ce is the equilibrium concentration of the heavy metal solution (mg/L), V is the volume of the solution (L), and m is the mass of the adsorbent (g).




2.4.2. pH Gradient Setting Experiment on the Adsorption Process


The pH gradient was adjusted based on the characteristics of the heavy metals. As Pb (II) can precipitate at pH values above 7, the effect of pH on the adsorption of Cd (II) and Pb (II) was evaluated by varying the initial pH from 1 to 6 using 0.1 mol/L NaOH and 0.1 mol/L HNO3 solutions in both single and binary metal ion systems with iron.




2.4.3. Adsorption Studies


To investigate the kinetics of adsorption, 0.3 g of ATP-SH-0.5 was added to a mixed solution containing 30 mL of 500 mg/L Pb (II) and 100 mg/L Cd (II) at 298 K at pH 8 for various time intervals (15 min, 30 min, 45 min, 60 min, 90 min, 120 min, 240 min, 360 min, 480 min, 720 min, 960 min, 1440 min, and 1920 min) shaking at 200 rpm, and then test the ion concentration in the solution after centrifugal filtration. Thermodynamic tests were also conducted at different temperatures (288–318 K) and pH 5, using initial Cd (II) concentrations in the range of 100–200 mg/L and Pb (II) concentrations ranging from 700–17,000 µg/L. Additional details on the isotherms, kinetics, and thermodynamic equations associated with the adsorption model can be found in Table 2 and Table 3.






3. Results and Discussion


3.1. Modification Condition Screening


3.1.1. Screening of ATP-O and ATP-C


Figure 1 depicts the adsorption of Cd (II) and Pb (II) by ATP-O and ATP-C in a binary system. The adsorption capacity of ATP-O was 4.44 mg/g, with an adsorption rate of 43.86%. In comparison to ATP-O, ATP-C exhibited a significant increase in cadmium adsorption, reaching 6.85 mg/g with an adsorption rate of 67.69%. The adsorption capacity showed an increase of 2.41 mg/g, corresponding to a 23.83% rise in the adsorption rate. However, as an adsorbent for remediating lead and cadmium pollution in water bodies, the adsorption efficiency fell short of the desired outcome. Therefore, ATP-C was selected to modify with thiol functional groups.




3.1.2. Screening of Different Composite Ratio Materials and Modified pH


ATP-SH-X samples were obtained by varying the ratios of m(ATP-C) and v(MPTMS) during the thiolation process of attapulgite. Figure 2a illustrates that ATP-SH-0.5, ATP-SH-1, and ATP-SH-2 exhibited optimal removal properties for Pb (II) and Cd (II). Considering the need to reduce manufacturing costs, ATP-SH-0.5 was determined to be the most appropriate choice. Increasing the ratio of m (ATP-C) and v (MPTMS) during the thiolation process resulted in the production of mercapto-functionalized attapulgite with a greater number of functional groups. As shown in Figure 2b, the adsorption efficiency of ATP-SH-0.5 for Pb (II) showed no significant trend with varying pH. However, the adsorption efficiency of ATP-SH-0.5 for Cd (II) increased initially and then decreased with increasing pH. At pH 8.0, ATP-SH exhibited the highest adsorption efficiency for Cd (II), reaching 99.97%. Therefore, for subsequent experiments, a modified suspension pH of 8.0 was chosen.





3.2. Characterization


3.2.1. BET Surface Area and Pore Analysis


The results of the BET surface area and pore analysis are presented in Table 4. Compared to ATP-O, the calcined ATP-C exhibited further increases in specific surface area, external surface area, micropore area, total pore volume, and micropore volume. The increase in specific surface area was primarily attributed to the increase in micropore area. The increase in external surface area and total pore volume resulted in an increased number of adsorption sites on the sample surface and an enlarged pore capacity, thereby enhancing the adsorption capacity of the sample. The results of BET surface area and pore analysis demonstrated that ATP-C was more suitable as a carrier for thiol functional groups compared to ATP-O.




3.2.2. FTIR Analysis and XRD Analysis


Figure 3a shows the Fourier Transform Infrared (FTIR) spectra of ATP-O, ATP-C, and ATP-SH-0.5. The similarity in the structures of ATP-O and ATP-C suggested that calcination did not cause significant changes to the surface functional groups. The broad absorption peak observed at approximately 1646 cm−1 was attributed to the O-H bending vibration between the interlayers of the attapulgite. The peak observed at 1031 cm−1 was associated with the stretching vibrations of Si-O-Si. In comparison to ATP-C, the intensity of this peak was observed to decrease in ATP-SH-0.5. This suggested that the Si-O-Si bond in the lattice of ATP was hydrolyzed and broken into a large number of Si-O bonds during the modification process [20]. The successful synthesis of ATP-SH-0.5 was confirmed by the appearance of absorption bands at 2933 cm−1 and 2552 cm−1, which corresponded to the stretching vibrations of C-H and -SH, respectively, due to the presence of the organic layer [21]. In addition, Figure 3b depicts the X-ray diffraction (XRD) patterns of ATP-O, ATP-C, and ATP-SH-0.5. All three samples exhibited characteristic diffraction peaks at 2θ = 8.26, corresponding to the (110) crystal plane of goethite. No significant differences in the positions and spacing (d) of the characteristic diffraction peaks were observed between ATP-O, ATP-C, and ATP-SH-0.5, indicating that the crystal structure and crystallinity of ATP-SH-0.5% remained largely unchanged [22]. The characteristic peaks of quartz were also observed in the goethite structure.




3.2.3. FESEM Analysis


As shown in Figure 4a,b, the original ore exhibited noticeable quartz impurities on the surface. The surface of the ATP-O displayed elongated needle-like structures with a smooth texture. These needle-like structures were tightly aggregated in the form of rod-shaped bundles. These rod-shaped bundles, along with minerals such as calcite and montmorillonite, formed block-like aggregates. After calcination (Figure 4c,d), the ATP-C showed evident changes in its rod-shaped crystals. The crystals appeared shorter and thicker, and the surface became rough with the presence of attachments and cracks. The rod-shaped bundles exhibited noticeable disintegration, and the arrangement of the rods became looser and irregular. The structure of calcined attapulgite was loose and irregularly arranged, with a significant increase in the number of active sites [14], which was more conducive to the loading of thiol groups. Calcination also facilitated the removal of impurities from the internal pores of the rough attapulgite crystals. After mercapto-functionalization (Figure 4e,f) the number of single crystals decreased while the number of crystal bundles increased, forming a large number of block-like aggregates. This indicated that attapulgite single crystals underwent fracture, and the grafted thiol functional group enhanced the force between the single crystals, leading to aggregation and the formation of crystal bundles and block-like aggregates.




3.2.4. Zeta Analysis


The determination of Zeta potential can explain the effect of surface charge on the adsorption of adsorbents. The Zeta distribution diagrams of ATP-C and ATP-SH-0.5 are shown in Figure 5. ATP-C exhibited an isoelectric point at pH 1.07 within the pH range of 1–6. ATP-SH-0.5 was positively charged at pH 1–2 and gradually became negative with increasing pH, resulting in an isoelectric point at pH 2.3. Compared to ATP-C composite materials, ATP-SH-0.5 had more negative surface charges and a stronger surface adsorption capacity for cations.





3.3. Heavy Metal Ion Removal Capacity in the Adsorption Process


3.3.1. Effect of pH on the Adsorption Process


In general, the surface charge of an adsorbent material is influenced by the pH of the solution. Understanding the effect of pH on the surface charge and solution chemistry is crucial for optimizing the adsorption capacity of a material for specific applications [23,24]. Considering the precipitation behavior of Pb (II) and Cd (II), the adsorption process was carried out at pH values ranging from 1.0 to 6.0. Figure 6 showed that the adsorption capacity for Cd (II) and Pb (II) increased with increasing pH values from 1.0 to 5.0, and then remained at a relatively high value at pH 5.0 in both single and binary heavy metal ion systems, with adsorption capacities of 18.61 mg/g and 107.88 mg/g, respectively. In highly acidic media, acidic protons and metal ions compete for available alkaline sites [25]. Therefore, the optimal pH value of 5 was chosen for subsequent experiments. ATP-SH-0.5 had good adsorption performance for Cd (II) and Pb (II) in single and bi-heavy metal ion systems under acidic conditions and can be used for in-situ remediation of acidic soils.




3.3.2. Adsorption Kinetics


Adsorption is a complex phenomenon that involves the transfer of adsorbate from the liquid to the solid phase, as well as potential chemical or physical interactions that may occur between the adsorbate and the adsorbent. An investigation of adsorption kinetics can provide valuable information about the mechanism of adsorption. The experimental data can be analyzed using various models, including the Pseudo-first-order model [26], Pseudo-second-order [27], Elovich [28], Intraparticle diffusion [29] models and Double constant equation [30] to determine important parameters related to the adsorption process.



The parameters of the Pseudo-first-order and Pseudo-second-order models are presented in Figure 7. The adsorption of Cd (II) (a) and Pb (II) (b) by ATP-SH-0.5 can be divided into three different stages. The first stage corresponded to the initial period of adsorption, with the fastest adsorption rate; the second stage was a period during the adsorption process where the adsorption rate slows down; the third stage was reached when the adsorption reaches equilibrium, and the adsorption rate remains relatively constant. As the adsorption time increases, the adsorption rate of each stage continuously decreases, and the adsorption rate changes until eventually reaching equilibrium.



The non-linear fitted curves for other kinetic models were shown in Figures S1 and S2, and Table 2 listed the kinetic constants obtained from the fitted data using non-linear regression analysis. In comparison with the Pseudo-first-order model, the adsorption processes of Cd (II) and Pb (II) were better described by the Pseudo-second-order model, with correlation coefficients above 0.9. Moreover, the equilibrium adsorption calculated by the Pseudo-second-order model (10.23 mg/g for Cd (II) and 56.18 mg/g for Pb (II)) closely matched the experimental data (10.11 mg/g for Cd (II) and 55.53 mg/g for Pb (II)). These findings further supported the conclusion that the actual adsorption process followed second-order kinetics and belonged to chemical adsorption [31]. The fitting results of the Elovich equation suggested that the adsorption of Cd (II) and Pb (II) by ATP-SH was also affected by the surface properties of the adsorbent, which were related to the coverage of the material surface.




3.3.3. Adsorption Isotherm


To explore the maximum possible adsorption capacity of ATP-SH-0.5, different initial concentrations of Cd (II) and Pb (II) were evaluated in binary systems (Figure 8). As the initial concentrations of Cd (II) and Pb (II) increased, the adsorption capacity gradually increased until saturation was reached. The theoretical saturated adsorption capacities of ATP-SH-0.5 for Cd (II) were 32.50 mg/g, 44.32 mg/g, and 47.25 mg/g, and for Pb (II) were 430.44 mg/g, 389.70 mg/g, and 406.1673 mg/g at temperatures of 288 K, 298 K, and 308 K, respectively. In the binary competitive adsorption system, the affinity of ATP-SH-0.5 for Pb (II) was greater than that for Cd (II), indicating that ATP-SH-0.5 had a greater advantage in adsorbing Pb (II). Table 5 shows the results of adsorption of Cd (II) and Pb (II) on different sulfhydryl functionalized materials at 298 K. The theoretical adsorption capacity of ATP-SH-0.5 was significantly enhanced compared to mercapto-functionalized unpurified attapulgite [32] at 298 K. Compared to mercapto-functionalized other clay minerals, ATP-SH-0.5 demonstrated good adsorption efficiency for Cd (II) and superior adsorption efficiency for Pb (II) [12,16,32,33,34,35].



Four adsorption isotherm models, namely Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) models [36], were employed to interpret the adsorption behavior of Cd (II) and Pb (II) on ATP-SH-0.5. The non-linear fitted curves of the four model isotherms at different temperatures are shown in Figures S3 and S4. As presented in Table 3, the Langmuir, Freundlich, and Dubinin-Radushkevich models all achieved good correlations. The Langmuir model indicates that the adsorption of Cd (II) and Pb (II) on ATP-SH-0.5 was monolayer adsorption [37]. The values of the separation factor KL for all isotherm models were less than 1, indicating that ATP-SH-0.5 was favorable for both Cd (II) and Pb (II) adsorption [38]. In the Freundlich model, the values of 1/nF were greater than 0 and less than 1, which implies that the adsorbent is favorable for the adsorption of metal ions [39]. Furthermore, the values of 1/nf gradually decreased as the temperature increased, which is consistent with the results of adsorption thermodynamics (Figure 9). Additionally, correlation (R2) values for Cd (II) and Pb (II) were all above 0.9 in the Temkin model, indicating that physisorption of metal ions occurs on ATP-SH-0.5. The Dubin-in-Radushkevich model isotherm model is often used to identify physical or chemical adsorption, as the Dubin-in-Radushkevich model constant E is used to determine the sorption energy [38]. The EDR parameter for the adsorption of Cd (II) (a) and Pb (II) all increased with increasing temperature, suggesting that increasing temperature was beneficial for the exchange of Cd (II) (a) and Pb (II).





3.4. Adsorption Thermodynamics


To investigate the adsorption types of Cd (II) and Pb (II) by ATP-SH-0.5, the thermodynamic parameters of the adsorption process were calculated. The effect of temperature on the adsorption of Cd (II) and Pb (II) on ATP-SH-0.5 is shown in Figure 9. The thermodynamic parameters, including the entropy change (ΔS0) and enthalpy change (ΔH0), were obtained by linearly fitting the plot of lnKd and 1/T. (Figure 9). The calculated thermodynamic parameters were listed in Table 6. The values of ΔS0 for the adsorption of Cd (II) and Pb (II) were positive, indicating that the adsorption process was spontaneous. The values of ΔH0 for the adsorption of Cd (II) and Pb (II) were negative, indicating that the adsorption of Cd (II) and Pb (II) by ATP-SH-0.5 was an endothermic reaction and that an increase in temperature was favorable for the reaction to proceed [33].




3.5. XPS Analysis


To gain a deeper understanding of the adsorption mechanism, X-ray photoelectron spectroscopy (XPS) was used to analyze ATP-SH-0.5 after Cd (II) and Pb (II) adsorption. The total spectrum (Figure 10) showed characteristic peaks for Cd, Pb, and S in the ATP-SH-0.5 spectra. In order to investigate the adsorption behavior of Cd (II) and Pb (II) in ATP-SH-0.5, ATP-SH-0.5-Pb/Cd was subjected to etching treatment to determine their fate. Table 7 presents the XPS data of ATP-SH-0.5-Pb/Cd samples at different etch depths (0, 2, 4 nm). As shown in Figure 11a–c), the peaks at 163.42 eV and 163.56 eV were attributed to the vibration of isolated mercapto (-SH) groups, while the peaks at 164.5 eV and 164.59 eV were ascribed to the disulfide (-S-S) bond due to the oxidation of the neighboring -SH groups [40]. The peaks at 164.5 eV and 164.59 eV were assigned to S2p1/2, while the peaks at 163.42 eV and 163.56 eV were assigned to S2p3/2. The appearance of these peaks indicated that sulfur existed in a chemical state as a free mercapto group throughout the organic monolayer. In contrast to natural attapulgite, both the surface hydroxyl groups and the graft mercapto groups of mercapto-functionalized attapulgite participate in the surface complexation reaction. The bonding energies of about 162 eV corresponded to Cd-S and Pb-S. As shown in Figure 11d–f, the Cd 3d spectra in ATP-SH-0.5 after Cd (II) and Pb (II) adsorption had three different bonding energy peaks. The peaks at about 405 eV and about 412 eV were assigned to Cd 3d5/2 and Cd 3d3/2, respectively, which is consistent with the binding energy of Cd-S [41]. Furthermore, the peaks at about 414 eV indicated the loss feature of Cd metal. The XPS subpeaks for Pb (II) (Figure 11g–i) indicated that most of the Pb existed as Pb (II) in the form of Pb-S (at approximately 138.4 eV). The binding energies of Pb 4f7/2 were approximately 138.4 eV, which is consistent with the formation of Pb (II) bidentate complexation on sulfhydryl-containing adsorbents based on activated carbon and similar to small lead sulfide clusters [42]. This suggests that one Pb (II) ion reacted with two mercapto groups to form bidentate complexation.





4. Conclusions


In this study, a simple co-precipitation method was employed to successfully load mercapto groups onto attapulgite. Comparing ATP-O and ATP-C, it was found that ATP-C was more suitable as a modified material. When the mass-to-volume ratio of ATP-C to MPTMS was 1 g:0.5 mL and the pH was set to 8, mercapto-functionalized calcined attapulgite had the best adsorption effect. The adsorption of Cd (II) and Pb (II) by ATP-SH was mainly influenced by the oscillation time, solution pH, and adsorption temperature. When the pH value of the adsorption process is 5 and the temperature is 308 K, ATP-SH-0.5 has the best adsorption effect on Cd and Pb. At adsorption times of 480 min and 720 min, the adsorption amounts of Cd and Pb reached their maximum, respectively. In a single-ion system, the maximum adsorption capacity of ATP-SH-0.5 for Cd (II) was 43.81 mg/L, and the maximum adsorption capacity for Pb (II) was 274.83 mg/L, respectively. In a binary-ion system, the maximum adsorption capacity of ATP-SH-0.5 for Cd (II) was 31.86 mg/L, and the maximum adsorption capacity for Pb (II) was 254.45 mg/L, respectively. Various characterizations and experiments showed that the adsorption of Cd (II) and Pb (II) onto ATP-SH-0.5 involves an initial ion exchange reaction, which continues until all surface sites are fully occupied. Subsequently, Cd and Pb diffuse into the interlayer and intraparticle micropores of ATP-SH-0.5 and undergo further ion exchange, hydroxyl, and thiol functional group complexation reactions. This adsorption process follows a single-molecule layer adsorption mechanism, and the surface of the adsorbent is non-uniform, with the surface coverage increasing with the rise in adsorption temperature. The adsorption process is primarily governed by chemical adsorption, which is a spontaneous endothermic process. Increasing the temperature of the system is favorable for the adsorption of Cd (II) and Pb (II) onto ATP-SH-0.5 due to the favorable thermodynamic conditions that promote the adsorption process. XPS results indicate that hydroxyl and grafted thiol functional groups on the surface of mercapto-functionalized attapulgite participated in surface complexation reactions with Cd (II) and Pb (II), resulting in the formation of Cd-S and Pb-S species. Overall, this study provides a promising mercapto-functionalized modification material for the removal of heavy metals from both aqueous and soils.
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Figure 1. Adsorption of Cd (II) and Pb (II) by ATP-O and ATP-C. 
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Figure 2. Effect of different ratios (a) of m(ATP) and v (MPTMS) on Cd (II) and Pb (II) and adsorption of Cd (II) and Pb (II) by ATP-SH-0.5 under different modified pH (b) bi-heavy metal ion systems. 
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Figure 3. FTIR spectra (a) and XRD patterns (b) of ATP-O, ATP-C, and ATPSH-0.5. 
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Figure 4. SEM of ATP-O at 20,000 (a) and 40,000 (b) times magnification; SEM of ATP-C at 20,000 (c) and 40,000 (d) times magnification; and SEM of ATP-SH at 20,000 (e) and 40,000 (f) times magnification. 
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Figure 5. Zeta potential distribution of ATP-C and ATP-SH-0.5 at different pH. 
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Figure 6. Adsorption of Cd (II) and Pb (II) by ATP-SH-0.5 at different pHs under single and bi-heavy metal ion systems. 
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Figure 7. Fitting curve of Pseudo-first-order and Pseudo-second-order models of ATP-SH-0.5 for Cd (II) (a) and Pb (II) (b) adsorption in binary heavy metal ion systems. 
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Figure 8. Adsorption kinetics for the adsorption of Cd (II) (a) and Pb (II) (b) in a binary heavy metal ion system. 
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Figure 9. Effect of thermodynamic curves on the adsorption of Cd (II) and Pb (II) by ATP-SH-0.5. 
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Figure 10. XPS spectra for ATP-SH-0.5 after Cd (II) and Pb (II) adsorption. 
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Figure 11. XPS spectra of ATP-SH-0.5 after Cd (II) and Pb (II) adsorption. (a–c) S 2p high-resolution spectra of ATP-SH-0.5-Pb/Cd at 0, 2, and 4 nm; (d–f) Cd 3d high-resolution spectra of ATP-SH-0.5-Pb/Cd at 0, 2, and 4 nm; (g–i) Pb 4f high-resolution spectra of ATP-SH-0.5-Pb/Cd at 0, 2, and 4 nm. 
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Table 1. The main chemical composition of ATP-O and ATP-C.
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Substance

	
Weight Percent (%)




	
ATP-O

	
ATP-C






	
SiO2

	
68.52

	
52.53




	
Al2O3

	
9.92

	
13.25




	
MgO

	
12.57

	
8.8




	
Fe2O3 + FeO

	
6.25

	
7.3




	
CaO

	
0.35

	
7.09




	
Na2O

	
0.07

	
0.06




	
K2O

	
0.96

	
0.97











 





Table 2. Kinetic model parameters of ATP-SH-0.5 for Cd (II) and Pb (II) adsorption in a binary heavy metal ion system.
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Models’

	
Parameters

	
Values

	




	
Cd (Ⅱ)

	
Pb (Ⅱ)






	
Pseudo-first-order

	
k1 (min−1)

	
0.00955745

	
0.00886655




	
qe (mg/g)

	
2.220853955

	
5.737728575




	
R2

	
0.5087

	
0.75874




	
RSS

	
0.04672

	
0.06869




	
Pseudo-second-order

	
k2 (g·mg−1 min−1)

	
0.011733511

	
0.00260686




	
qe (mg/g)

	
10.234367

	
56.17977528




	
R2

	
0.90794

	
0.91502




	
RSS

	
0.03797

	
0.03754




	
Elovich

	
α

	
2.163378332

	
0.356691897




	
β

	
1,173,873.402

	
1,017,753.137




	
R2

	
0.90098

	
0.94288




	
Double constant equation

	
b

	
0.05128

	
0.0599




	
R2

	
0.82599

	
0.78416




	
Intraparticle diffusion

	
kid (mg·g−1·min1/2)

	
0.05175

	
0.29547




	
C (mg/g)

	
8.53471

	
45.4196




	
R2

	
0.57824

	
0.72437








Where k1 is the Pseudo-first-order adsorption rate constant (min−1), qe is the Pseudo-second-order adsorption capacity (mg/g), RSS is the Residual Sum of Squares, k2 is the second-order adsorption rate constant (g/mg·min), α is the chemical adsorption rate constant of the Elovich equation, β is a constant related to surface coverage, kid is the diffusion rate constant within the particle (mg·g−1·min−0.5), and C is the intercept of intraparticle diffusion.













 





Table 3. Isotherm model parameters of ATP-SH-0.5 for Cd (II) and Pb (II) adsorption in a single heavy metal ion system.
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Models’

	
Parameters

	
Values




	
Cd (Ⅱ)

	
Pb (Ⅱ)




	
288 K

	
298 K

	
308 K

	
288 K

	
298 K

	
308 K






	
Langmuir

	
KL (L/mg)

	
0.1051

	
0.34678

	
0.2429

	
0.00167

	
0.00309

	
0.01207




	
qm (mg/g)

	
32.50197

	
44.32339

	
47.25244

	
389.70008

	
406.1673

	
430.44418




	
R2

	
0.90399

	
0.93655

	
0.97624

	
0.95552

	
0.95612

	
0.96382




	
RSS

	
0.07981

	
0.03452

	
0.01037

	
0.15749

	
0.03691

	
0.0126




	
Freundlich

	
KF (mg/g)/(mg/L)n)

	
14.52588

	
23.03256

	
21.06813

	
7.31303

	
15.92114

	
57.30351




	
1/nF

	
0.15219

	
0.15854

	
0.19353

	
0.52657

	
0.43095

	
0.29548




	
R2

	
0.98052

	
0.92957

	
0.95155

	
0.92715

	
0.94579

	
0.94889




	
RSS

	
0.05233

	
2.79617

	
0.07778

	
0.09618

	
0.08765

	
0.05655




	
Temkin

	
KT (L/g)

	
9.87695

	
20.81135

	
16.16585

	
55.92112

	
39.90128

	
28.72258




	
BT

	
9.625396534

	
46.64082

	
9.178545

	
0.009893785

	
0.025421072

	
0.146883777




	
R2

	
0.79629

	
0.92324

	
0.9576

	
0.90438

	
0.95391

	
0.96426




	
Dubinin-Radushkevich

	
KDR (mol2/kJ2)

	
29.55018487

	
39.43367

	
41.5846

	
279.8489519

	
261.4230562

	
332.5732046




	
E (kJ/mol)

	
0.650525

	
0.73798

	
0.82384907

	
2.443307248

	
3.416457205

	
5.525020335




	
R2

	
0.90248

	
0.93074

	
0.9531

	
0.94696

	
0.92914

	
0.92734








Where KL is the Langmuir adsorption constant, qm is the theoretical saturated adsorption capacity (mg/g), RSS is the Residual Sum of Squares, KF is the Freundlich adsorption constant, 1/nF is the adsorption index of Freundlich, KDR is the saturated adsorption capacity of the Dubinin-Radushkevich, and E is the adsorption free energy (kJ/mol).













 





Table 4. Specific surface area and pore channel.
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	Sample
	Bet Surface Area (cm2/g)
	Surface Area (cm2/g)
	Microporous Area (cm2/g)
	Total Pore Volume (cm3/g)
	Microporous Volume (cm3/g)





	ATP-O
	66.304
	49.354
	16.950
	0.1420
	0.031



	ATP-C
	97.543
	75.787
	21.756
	0.2975
	0.057










 





Table 5. Compared with the maximum theoretical adsorption capacity of different sulfhydryl functionalized materials at 298 K.
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	Adsorbents Samples
	Adsorption Equilibrium Time

(min)
	Maximum Theoretical Adsorption Capacity (mg/g)
	k1 (min−1)
	k2 (g· mg−1 min−1)
	Sorption Mechanism
	References





	SH-ATP
	Cd: 240

Pb: 1080
	Cd: 20.24

Pb: 65.79
	Cd: 0.0517

Pb: 0.0122
	Cd: 0.0622

Pb: 0.0266
	chemisorption
	[32]



	CG-SH
	Cd: 240

Pb: 1200
	Cd:110.4

Pb:332.8
	Cd:0.00227

Pb:0.0301
	Cd:0.01223

Pb:0.00478
	chemisorption
	[16]



	MWCNT-SH
	Pb: 60
	Pb: 144.9
	Pb: 0.1
	Pb: 0.002
	chemisorption
	[12]



	DMSA-CS
	Cd: 180

Pb: 180
	Cd: 183.1

Pb: 273.7
	Cd: 0.0517

Pb: 0.0122
	Cd: 0.0622

Pb: 0.0266
	chemisorption
	[33]



	ChNTs-SH
	-
	Cd: 39.23

Pb: 83.96
	Cd: 0.09471

Pb: 0.1956
	Cd: 0.05784

Pb: 0.01255
	chemisorption
	[34]



	BC-Fe-S
	Cd: 30

Pb: 30
	Cd: 57.71

Pb: 124.62
	Cd: 1.0833

Pb: 1.3845
	Cd:0.0484

Pb: 0.0231
	chemisorption
	[35]



	ATP-SH-0.5
	Cd:480

Pb: 720
	Cd: 44.33

Pb: 406.16
	Cd: 0.00955745

Pb: 0.00886655
	Cd: 0.011733511

Pb: 0.00260686
	chemisorption
	This work







Where SH-ATP: mercapto-functionalized unpurified attapulgite, CG-SH: mercapto-modified coal gangue, MWCNT-SH: thiol-functionalized multi-walled carbon nanotubes, DMSA-CS: sulfhydryl-modified chitosan beads, ChNTs-SH: Chrysotile nanotubes (ChNTs) synthesized under hydrothermal conditions were functionalized by surface grafting in toluene with 3-mercaptopropyltrimethoxysilane (MPTMS), and BC-Fe-S: Sulfide-iron decorated biochar.













 





Table 6. Thermodynamic parameters of ATP-SH-0.5 for Cd (II) and Pb (II) adsorption.
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T (K)

	
Cd (II)

	
Pb (II)




	
ΔG0 (kJ/mol)

	
ΔH0 (kJ/mol)

	
ΔS0 (J/(mol⋅K))

	
ΔG0 (kJ/mol)

	
ΔH0 (kJ/mol)

	
ΔS0 (J/(mol⋅K))






	
308

	
−2.106220414

	
20.80

	
60.73152522

	
−1.528513579

	
39.33

	
122.4594002




	
298

	
−2.675763502

	
−2.993515844




	
288

	
−3.319198819

	
−3.988218172








Where ΔG0 is Gibbs free energy, ΔS0 is entropy change, and ΔH0 is enthalpy change.













 





Table 7. XPS data of ATP-SH-0.5-Pb/Cd samples at different etch depths.






Table 7. XPS data of ATP-SH-0.5-Pb/Cd samples at different etch depths.





	
Etch Depth

	
S 2p

	
Cd 3d3/2

	
Pb 4f7/2




	
B.E (eV)

	
At (%)

	
B.E (eV)

	
At (%)

	
B.E (eV)

	
At (%)






	
0 nm

	
-

	
11.01

	
405.22

	
0.67

	
138.42

	
0.49




	
2 nm

	
-

	
11.03

	
405.4

	
0.71

	
138.49

	
0.59




	
4 nm

	
-

	
6.98

	
405.3

	
0.53

	
138.4

	
0.43
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