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Abstract

:

Acid mine drainage (AMD) is a major environmental problem caused by the release of acidic, toxic, and sulfate-rich water from mining sites. This study aimed to develop novel adsorbents for the removal of chromium (Cr(VI)), cadmium (Cd(II)), and lead (Pb(II)) from simulated and actual AMD using hybrid ion-exchange resins embedded with hydrous ferric oxide (HFO). Two types of resins were synthesized: anionic exchange resin (HAIX-HFO) for Cr(VI) removal and cationic exchange resin (HCIX-HFO) for Cd(II) and Pb(II) removal. The resins were characterized using scanning electron microscopy and Raman spectroscopy, which confirmed the presence of HFO particles. Batch adsorption experiments were conducted under acidic and sulfate-enhanced conditions to evaluate the adsorption capacity and kinetics of the resins. It was found that both resins exhibited high adsorption efficiencies and fast adsorption rates for their respective metal ions. To explore the potential adsorption on actual AMD, HCIX-HFO demonstrated significant removal of some metal ions. The saturated HCIX-HFO resin was regenerated using NaCl, and a high amount of the adsorbed Cd(II) and Pb(II) was recovered. This study demonstrates that HFO-embedded hybrid ion-exchange resins are promising adsorbents for treating AMD contaminated with heavy metals.






Keywords:


acid mine drainage; adsorption; hybrid ion-exchange resins; hydrous ferric oxide nanoparticles; toxic heavy metals












1. Introduction


Mining is an essential driver of economic growth and prosperity for many countries. However, mining also poses serious environmental challenges, especially in the form of heavy metal contamination from acid mine drainage (AMD). AMD is the acidic and metal-rich water that results from the oxidation of sulfide-containing minerals exposed during mining activities [1,2]. AMD can pollute nearby water resources, endangering the ecosystem and human health [3,4]. Heavy metals are persistent in the environment and can accumulate in soft tissues, disrupting the normal functioning of vital organs and systems [5,6]. While mineral exploration drives economic advancement, addressing the potential environmental implications is essential to ensure sustainable development.



Treatment of AMD is a costly exercise due to the complex and heterogeneous nature of its composition, typical of its origin [7]. Researchers have explored various techniques to treat AMD, such as chemical precipitation [8], membrane filtration [9], electrochemical treatment [10], and biological remediation [11]. However, these methods have drawbacks, such as low efficiency, high requirements of chemical inputs, and secondary pollution [12]. Therefore, there is a need for novel strategies that can improve AMD treatment and remove heavy metals more effectively. Adsorption and ion exchange are promising heavy metal remediation techniques [12,13,14]. Adsorption is a simple, versatile, and cost-effective technique that involves the attachment of contaminants onto the surface of an adsorbent. On the other hand, ion exchange is a technique that uses engineered polymers with fixed charges and mobile counter-ions to exchange ions with the solution based on their affinities [15]. Both techniques provide reusability without significant performance loss, making them attractive options for heavy metals removal in aquatic media [16,17,18].



Various organic and inorganic adsorbents such as activated carbon, zerovalent iron, metal-organic frameworks, clay minerals, zeolites, layered double hydroxides, and modified biochar have been proposed [19,20,21]. These adsorbents can remove heavy metals from wastewater using different mechanisms, such as adsorption, reduction, precipitation, and complexation. However, these adsorbents also have drawbacks regarding their selectivity, capacity, and stability, limiting their applicability and efficiency for heavy metal remediation. For instance, metal-organic frameworks are expensive and sensitive to pH changes and water stability [22]. Clay minerals have a low selectivity for metal ions and can be affected by competing anions [23]. Zeolites have a narrow pH range for optimal performance and can be saturated quickly [24].



Improving the properties and performance of these adsorbents or developing new materials that can overcome these limitations for AMD remediation when necessary; hence, the growing interest in novel adsorbents that can enhance the adsorption processes. Researchers have explored using metal oxide nanoparticles as efficient adsorbents for heavy metal removal [25]. Metal oxide nanoparticles have a high surface area and reactivity, which enhance their adsorption capacity and selectivity [26,27,28]. However, the sole usage of nanoparticles presents practical challenges, such as aggregation and instability [29,30]. On the other hand, ion-exchange resins utilize the Donnan membrane effect, where the fixed charge in the ion-exchange resin attracts the corresponding opposite-charged ions to the pores of the resin [31,32]. However, ion-exchange resins possess limited selectivity and capacity for particular ions, limiting their adsorption efficiency [33]. The reduced adsorption capacity usually occurs due to competing ions, resulting from the simultaneous adsorption of many different ions.



To overcome these challenges, researchers have incorporated nanoparticles into polymeric matrices, such as ion-exchange resins, to create hybrid materials that combine the advantages of both components [34,35]. The performance of ion exchangers modified with hydrous ferric oxide (HFO) nanoparticles for phosphate removal from wastewater has been studied by various researchers [36,37,38]. Gifford et al. [39] delved into the performance of HFO or titanium dioxide nanoparticles precipitated within anion-exchange resins, targeting the removal of chromium and arsenic. Nguyen et al. [40] prepared a composite of cation-exchange resin-supported iron and magnesium oxides/hydroxides as a potential adsorbent for nitrate ions from water. Maltseva et al. [41] demonstrated that the sorption of arsenate ions was enhanced via ion exchangers modified with hydrated oxides of zirconium and iron.



One of the main challenges of treating AMD is its high concentration of sulfate ions, which can interfere with the removal of Cr(VI). With its divalent negative charge, sulfate challenges Cr(VI) in competing for anion-exchange resin sites. Previous studies, such as Acelas et al. [42], have highlighted the significant negative effect of SO42− on phosphate adsorption using a hybrid anion exchanger with embedded iron oxide. Other researchers, such as Hua et al. [43], Kolodynska et al. [44], and Kowalczyk et al. [45], have investigated the delicate balance of sulfates and other anions in the adsorption of Cr(VI) using anion exchangers with embedded HFO. However, these studies used low SO42− concentrations (40–50 mg·L−1). In comparison, the actual sulfate concentration in AMD from the Witwatersrand Mining Basin in South Africa ranges from 1500 mg·L−1 to 3000 mg·L−1 [46]. This significant difference sets the basis for this study, which aimed to simulate the high sulfate levels in AMD.



This study investigated the potential of ion-exchange resins and hydrous ferric oxide (HFO) as an adsorbent that combines two adsorption sites to remove heavy metals. HFO is a natural mineral that can form precipitates or coatings on various substrates and has a high affinity for metal ions [47,48]. Two types of hybrid resins were synthesized: anion-exchange resin (HAIX-HFO) for chromium (Cr(VI)) removal and cation-exchange resin (HCIX-HFO) for cadmium (Cd(II)) and lead (Pb(II)) removal in acidic and high sulfate conditions. The physicochemical properties of these hybrid resins were characterized, and their adsorption performance was evaluated under different experimental conditions. Furthermore, the feasibility study of regenerating and reusing these hybrid resins after saturation was investigated. The synthesized adsorbents have the potential for the remediation of heavy metals in aqueous environments.




2. Materials and Methods


2.1. Materials and Standards


Unless otherwise stated, all chemical reagents used in this study were of analytical grade and obtained from Sigma Aldrich. The hybrid ion-exchange resins embedded with hydrous ferric oxides (HFOs) were synthesized using FeCl3·6H2O, 32% HCL, 65% HNO3, NaOH, and NaCl. Before the analysis, inductively coupled plasma optical emission spectroscopy (ICP-OES) was calibrated using a multi-elemental standard. The host resins, Amberlite IRA400 Cl form (HAIX) and IMAC HP 1110 (HCIX), were obtained from Sigma Aldrich (Merck, Johannesburg, South Africa) and Lenntech (Delfgauw, The Netherlands), respectively. As shown in Table 1, Amberlite IRA400 Cl form is a gel-type, strong basic anion-exchange resin, while IMAC HP1110 is a strong acid cation resin. For the adsorption studies, K2Cr2O7, CdSO4·H2O, and PbSO4 were utilized, and the respective sulfate solutions were prepared using Na2SO4 (Rochelle chemicals).




2.2. Analytical Techniques for Characterization


To investigate the surface morphology and elemental composition of the dispersed nanoparticles in the hybrid ion-exchange resins, a field emission scanning electron microscope (FESEM) (model JEOL JSM-7800F), coupled with energy-dispersive X-ray spectroscopy (EDS) (Thermo Scientific Ultradry) detector was used. The FESEM was operated at an accelerating voltage of 5 kV, a magnification of 900–9500×, a resolution of 1–10 µm, and a scan time of 10 s. The EDS spectra were collected using an acquisition time of 60 s and a dead time of less than 25%.



Raman spectroscopy (Witec, Alpha 300, TS 150 Raman spectrometer), with a laser power source of 532 mW and 784.898 mW as an excitation source, was used to identify the form of the iron oxide in the hybrid ion-exchange resins. The Raman spectra were recorded in the range of 100–2000 cm−1, with a resolution of 4 cm−1, and an integration time of 10 s.



The Agilent Technologies 700 series ICP-OES was used to analyze the qualitative and quantitative levels of metals in aqueous samples. The following conditions were used to operate the ICP-OES: an RF power of 1500 W, a plasma gas maintained at a flow rate of 15 L·min−1, an auxiliary gas flow rate kept at 1.5 L·min−1, a nebulizer gas flow rate of 0.8 L·min−1, a sample uptake rate of 1 mL·min−1, and an integration time of 10 s per replicate.




2.3. Synthesis of the Hybrid Ion-Exchange Resins Embedded with Hydrous Ferric Oxide Nanoparticles


Anionic and cationic hybrid ion-exchange resins embedded with HFO nanoparticles were synthesized using a method prescribed by Pan and colleagues [49]. The synthesis steps were conducted using a thermostatic shaker that maintained a shaking speed of 200 rpm and 25–26 °C temperature range. The synthesis of respective hybrid exchange resins (anionic or cationic) embedded with HFO nanoparticles entailed washing 100 g of Amberlite IRA 400 Cl form or IMAC HP 1110 with 500 mL of deionized water through shaking for two hours to remove fine particles and any residual organic material.



To lodge HFO into HAIX resins, the ferric chloride anionic complex was prepared by dissolving 135.42 g of FeCl3·6H2O in 500 mL of 1 M HCl to produce Fe3+ on the quaternary nitrogen sites of the Amberlite IRA 400 Cl form. The hydrolysis reaction formed [Fe(H2O)6]3+ was subsequently converted to HFO nanoparticles embedded in the resin matrix. To increase the yield, the prepared solution and the rinsed Amberlite IRA 400 Cl form were agitated in a thermostatic shaker for 24 h.



To embed HFO nanoparticles into HCIX resin, 135.42 g of FeCl3·6H2O was dissolved in 500 mL of deionized water: the Fe3+ exchanges with the Na+ counter ion of the cation-exchange resin. The FeCl3 solution was added to the rinsed IMAC HP 1110 resin and shook it in a thermostatic shaker for 24 h. Respective FeCl4− and FeCl3 solutions were decanted, followed by the addition of 300 mL 1 M NaOH aliquots and shaking while measuring the pH every 10 min using a pH meter. The solution was decanted at pH 12.



Subsequently, both resins were placed in an oven at 40 °C for 24 h. This step was followed by cooling the resins to room temperature and then rinsing with 300 mL aliquots of 1 M NaCl until the pH meter showed pH 7. After decanting the supernatant, the resins were air-dried to form HAIX-HFO and HCIX-HFO.




2.4. Adsorption Studies


This study investigated the batch adsorption of Cr(VI), Cd(II), and Pb(II) on two hybrid ion-exchange resins: HCIX-HFO and HAIX-HFO. The effects of various parameters, such as pH, sulfate concentration, contact time, and adsorbent dosage, on the removal efficiency of the three metals were examined. The adsorption data were fitted to kinetic and isotherm models to elucidate the adsorption mechanisms. Additionally, this study explored the impact of sulfate on the adsorption of metal ions and the competition between Cd(II) and Pb(II) in binary solution for the available adsorption sites. The performance of HCIX-HFO in treating actual AMD samples was also evaluated. Moreover, batch desorption studies were conducted to assess the feasibility of regenerating the heavy metal-loaded HCIX-HFO.



2.4.1. Effect of pH, Sulfate Concentration, Contact Time, and Resin Dosage


The impacts of varying pH levels on adsorption were examined. Solutions containing Cr(VI), Cd(II)), and lead (Pb(II)) at a concentration of 1 mg·L−1 were adjusted to pH values ranging from 2 to 5 using either HCl or NaOH. Subsequently, 0.005 g of HAIX-HFO was added to the Cr(VI) solutions, while 0.005 g of HCIX-HFO was added to the Cd(II) and Pb(II) solutions.



The effects of sulfate concentrations, mimicking typical levels found in AMDs, were explored. Solutions containing 1 mg·L−1 of Cr(VI) were prepared with varying sulfate concentrations ranging from 0 to 3000 mg·L−1 [46,50,51]. The pH of the Cr(VI) solution was adjusted to 4 before being added to HAIX-HFO resin. This step and the effects of pH involved 24 h of 200 rpm agitation.



The influence of contact time on adsorption was further investigated. A Cr(VI) solution at a concentration of 1 mg·L−1 and a pH of 4 was prepared and agitated with the HAIX-HFO resin for various time intervals ranging from 5 to 360 min.



Lastly, the effect of varying the dosage of the HAIX-HFO resin on the adsorption of Cr(VI) was examined. Solutions containing Cr(VI) at a concentration of 1 mg·L−1 and a pH of 4 were prepared and agitated with different amounts of the HAIX-HFO resin ranging from 0.001 g to 0.01 g for 360 min. All steps involved maintaining the temperature at 25–26 °C, filtering the mixtures, and analyzing the remaining metal concentrations using ICP-OES.



A similar approach for studying the effects of sulfate concentration, contact time, and hybrid resin dosage on Cd(II) and Pb(II) adsorption was employed. However, these studies used the HCIX-HFO resin instead of the HAIX-HFO resin. Also, the competitive adsorption values of Cd(II) and Pb(II) were determined. A binary stock solution that contained 1 mg·L−1 Cd(II), 1 mg·L−1 Pb(II), and 3000 mg·L−1 sulfate was prepared and adjusted to pH 4. Then, 25 mL aliquots of the binary solution were added to 0.005 g portions of the HCIX-HFO resin and placed in a shaker for 24 h at 25–26 °C. The mixtures were filtered, and the remaining Cd(II) and Pb(II) concentrations in the supernatants were determined via ICP-OES.




2.4.2. AMD Remediation


An actual AMD sample from the Western Witwatersrand Mining Basin (Johannesburg, South Africa) was used in this study. The pH of the sample was 2.62, and its metal composition was determined via ICP-OES (Table 2). Evaluation of the adsorption of heavy metals with the HCIX-HFO resin was performed by adding 25 mL of the AMD sample to 0.005 g of the HCIX-HFO resin and shaking it at 200 rpm for 360 min at 25–26 °C. Filtered solutions were measured via ICP-OES to determine the concentration of metal species.




2.4.3. Resin Regeneration


Regeneration of Pb(II) or Cd(II) metal-laden HCIX-HFO was evaluated using NaCl and NaOH. The saturated mixture of the HCIX-HFO resin with either 5% NaCl or 1 M NaOH solution was agitated for 24 h at 25–26 °C. The mixtures were filtered, and the supernatants were analyzed for Pb(II) and Cd(II) concentrations using ICP-OES.






3. Results and Discussion


3.1. Characterization


The hybrid resins HAIX-HFO and HCIX-HFO were characterized using SEM-EDS and Raman spectroscopy to determine the distribution, composition, and type of iron oxide nanoparticles embedded in the resin beads. Their cross-sectional surfaces were examined using SEM-EDS at different magnifications (Figure 1) and observed white spots, which are HFO nanoparticles, almost evenly distributed throughout the interior of HAIX-HFO. This observation suggests that there was a minimal agglomeration of HFO particles. A uniform incorporation of HFO nanoparticles in HCIX-HFO was also observed, although some agglomeration was evident.



EDS spectra confirmed the presence of both HFO nanoparticles and Fe in the resins. For HAIX-HFO, Fe bands at 0.7 and 6.5 keV indicated HFO incorporation, while Cl bands demonstrated that the quaternary ammonium ion-exchange sites were in chloride form. The weight % of Fe in HAIX-HFO was 4.4%, lower than the 14.0% reported by De Kock [52]. For HCIX-HFO, Fe bands at 0.6 and 6.5 keV also confirmed HFO incorporation, while Na bands revealed that the sulfonate ion-exchange sites were in sodium form. The weight % of Fe in HCIX-HFO was 14.9%, comparable to a previous study [52].



The iron oxide types in HAIX-HFO and HCIX-HFO were identified using Raman spectroscopy (Figure 2), and the iron oxide phase in both hybrid resins was found to be ferrihydrite. The band at 720 cm−1 for HAIX-HFO and 511 cm−1 for HCIX-HFO matched the characteristic bands of ferrihydrite reported in the literature [53,54,55]. However, it is noteworthy that the fluorescence of the organic backbone of the resin matrix affects the Raman spectra [56,57], which obscures some bands and makes identifying the iron oxide phase challenging.




3.2. Batch Adsorption Studies


3.2.1. Effects of pH


HAIX-HFO immobilizes HCrO4− or Cr2O72− forms of Cr(VI) ions at low pH values. Figure 3 shows that the removal efficiency of Cr(VI) with HAIX-HFO was highest (99.1%) at pH 4 but decreased slightly at pH 5. This observation could imply the reduction of Cr(VI) ions to Cr(III) at higher pH values, and HAIX-HFO could not remove Cr(III) [58]. Another reason could be that there were more hydroxyl ions (OH−) in the solution at higher pH values, and they competed with Cr(VI) for the adsorption sites on HAIX-HFO [59]. Hua and colleagues [43] also found that the removal efficiency of Cr(VI) with an anionic adsorbent decreased as the pH increased from 3 to 9.



Adsorption depends on the pH of a solution, as it affects the electric charges of the adsorbent, the metal ions, and the other solutes [60,61]. As Figure 3 shows, pH affects the removal of Cr(VI) via HAIX-HFO and the removal of Cd(II) and Pb(II) via HCIX-HFO in the absence of sulfate ions. Moreover, the solution’s pH determines chromium’s oxidation state, which can either be Cr(VI) or Cr(III). In acidic solutions (pH < 5), Cr(VI) predominantly exists in HCrO4− or Cr2O72− ion forms [62], which have a negative charge and can be adsorbed via HAIX-HFO, an anionic hybrid exchanger. On the other hand, Cr(III) has a positive charge and forms Cr3+ ions. Therefore, only anionic adsorbents, such as HAIX-HFO, can adsorb Cr(VI), while only cationic adsorbents, such as HCIX-HFO, can adsorb Cr(III). Hence, it is crucial to identify the type of chromium in the solution before choosing a suitable hybrid exchanger.



HCIX-HFO is a hybrid exchanger that removes positively charged metal ions like Cd(II) and Pb(II) and retains them on its surface. Cd(II) was mostly removed via HCIX-HFO at pH 3 to 4 (98.2%). Different studies have reported different effects of pH on Cd(II) adsorption using cationic adsorbents. Some studies found that Cd(II) adsorption was highest at pH 8 to 9 [63], at pH 4 to 7 [64], or at pH 4 to 5 [65,66]. These differences could be due to the type of adsorbent, Cd(II) concentration, or other molecules in the water. One possible explanation for the low adsorption of Cd(II) below pH 4 is that there were too many hydrogen ions (H+) in the water, and they competed with Cd(II) for the adsorption sites on HCIX-HFO. Another possible explanation for the low adsorption of Cd(II) above pH 5 is that Cd(II) changed its form and became less likely to stick to HCIX-HFO. For example, Cd(II) could form CdHCO3+ with bicarbonate ions [67], or it could undergo hydrolysis and form Cd(OH)+ or Cd(OH)2 [65]. Streat et al. [68] reported that HFO, a component of HCIX-HFO, could also remove Cd(II) via adsorption at pH 4 to 9 because HFO has a negative charge.



The most immobilized Pb(II) via HCIX-HFO occurred at pH 4 to 5 (97.1–97.8%). Vergili and co-workers [69] reported similar results; they found that Pb(II) adsorption was highest at pH 4 to 9. They explained that Pb(II) could exist in different forms depending on the pH, such as Pb2+, Pb(OH)+, and Pb(OH)2, in the pH range of 2–7. The main form of Pb(II) below pH 5 was Pb2+, which HCIX-HFO could remove through an ion-exchange mechanism [70]. Ahmetli et al. [71] also stated that Pb(II) was mainly in the form of Pb2+ in acidic water. Pehlivan and Altun [63], as well as Liu and Erhan [72], observed that Pb(II), along with other metal ions, was poorly adsorbed at pH below 4 because there were too many H+ ions in the water, and they displaced Pb(II) from HCIX-HFO. Dizge et al. [73] also suggested that H+ ions made HCIX-HFO more positive and prevented Pb(II) from approaching it. Chanthapon et al. [74] conducted their study of Pb(II) adsorption at pH 5 (±0.5). In this study, pH 4 was chosen for further experiments on Cr(VI), Cd(II), and Pb(II) adsorption to investigate other factors and conditions.




3.2.2. Effects of Sulfate on Cr(VI) Adsorption


This study investigated how different levels of sulfate ions affect the adsorption of Cr(VI) via HAIX-HFO. It was found that as the sulfate concentration increased from 0 to 1000 mg·L−1, the amount of Cr(VI) adsorbed via HAIX-HFO dropped sharply to 60.8% (as seen in Figure 4). This is because sulfate ions compete with Cr(VI) for the ion-exchange sites on the resin, where replacement of chloride ions by either sulfate or Cr(VI) occurs. Increasing the sulfate concentration to 3000 mg·L−1 caused a significant reduction in the Cr(VI) adsorbed via HAIX-HFO to 50.8%. The SO42− increase created more competition for the limited adsorption sites on HAIX-HFO, resulting in a lower affinity for Cr(VI) binding. This observation entails that Cr(VI) can still bind to the iron oxide nanoparticles through ligand exchange, where hydroxyl groups become replaced by Cr(VI). Sulfate ions do not bind well to iron oxide nanoparticles, so they do not affect the ligand-exchange process [75]. HAIX-HFO possesses two kinds of adsorption sites that have different adsorption mechanisms. These are the fixed quaternary ammonium ion-exchange sites of ion-exchange resin and the ligand-exchange sites of the embedded HFO. The adsorption mechanism of quaternary ammonium groups occurs through ion exchange, where Cl− counter-ions are exchanged for Cr(VI) or SO42−. The HFO nanoparticles adsorb by way of a ligand-exchange mechanism. Blaney and co-workers [75] reported that sulfates are preferentially adsorbed on quaternary ammonium groups while forming a weak outer sphere of complexes with HFO.




3.2.3. Effects of Contact Time


The time needed to saturate the adsorption sites influences the removal of Cr(VI), Cd(II), and Pb(II) via the respective hybrid ion-exchange resin embedded with HFO. Therefore, the contact time required to attain equilibrium was determined and thus achieve maximum adsorption of Cr(VI) ions via HAIX-HFO and Cd(II) and Pb(II) ions via HCIX-HFO, respectively. The Cr(VI) removal in the absence of sulfate was appreciably fast in the first 180 min (see Figure 5). The adsorption slowed substantially after 180 min. However, the adsorption did not reach an equilibrium within 360 min. In the presence of sulfate, a rapid adsorption of Cr(VI) occurred only within the first 60 min, and then the adsorption rate slowed down in the range of 60–180 min, taking it 240 min to reach equilibrium. The fast reaction rate enhanced via HFO nanoparticles [76] may explain the short time required to reach an equilibrium for Cr(VI) removal with co-competing sulfates. Without SO42− ions, both quaternary ammonium-exchange sites and HFO ligand-exchange sites adsorbed Cr(VI). This condition increased the capacity to remove Cr(VI) due to the absence of competition at either adsorption site. However, the contact time required for Cr(VI) adsorption was longer in the absence of sulfate due to adsorption at the anion-exchange sites contained within the micropores of the resin bead.




3.2.4. Effects of Resin Dosage


The efficiency of removal of contaminants depends on the adsorbent dosage. Figure 6 shows the influences of HAIX-HFO dosage on Cr(VI) adsorption with and without sulfate and the effects of HCIX-HFO dosage on Cd(II) and Pb(II) adsorption at pH 4. For Cr(VI), the rate of Cr(VI) removal increased as the dose of HAIX-HFO increased. A dosage of 0.005 g of HAIX-HFO removed almost 100% of 1 mg·L−1 Cr(VI) without sulfate. However, to achieve maximum Cr(VI) removal of 72.1% for 1 mg·L−1 Cr(VI) with 3000 mg·L−1 sulfate, a much higher mass of 0.01 g of HAIX-HFO was needed. This observation was due to sulfate and Cr(VI) competing for the anion-exchange sites, so more HAIX-HFO was required. More HFO adsorption sites became available as the HAIX-HFO dosage increased. For Cd(II), the adsorption amount increased slightly from 0.001 g to 0.004 g and then increased gradually. No significant change in Cd(II) removal occurred on the application of dosages exceeding 0.007 g of HCIX-HFO.



This observation was unexpected since higher dosages would provide more Cd(II) adsorption sites. For Pb(II), adsorption increased as the adsorbent dosage increased until there was no noticeable change at a mass of 0.003 g. A significant increase in adsorption occurred between 0.001 g and 0.003 g of HCIX-HFO due to the availability of more adsorption sites. Upon adding >0.003 g HCIX-HFO, approximately 90% of Pb(II) was removed from the solution. However, the residual Pb(II) ion concentration in the bulk solution was too low to maintain a strong concentration gradient that would facilitate the diffusion of Pb(II) into the pores of the resin. Chanthapon et al. [74] observed a similar pattern for adsorbent dosage in studies related to adsorption procedures using ion-exchange resins. In a different study, Kumari et al. [77] observed an elevated Cr(VI) removal with increasing chitosan dosage.




3.2.5. Adsorption of Cd(II) and Pb(II) from Binary Solution


The investigation on the impact of sulfate on simultaneous Cd(II) and Pb(II) adsorption via HCIX-HFO at pH 4 showed substantial adsorption of both metals. Pb(II) exhibited a higher capacity of 2.50 mg·g−1 compared to Cd(II) with 1.54 mg·g−1 (Table 3). Interestingly, these values were similar to the singular adsorption of each metal, indicating no meaningful competitive effect. The distinct adsorption sites and mechanisms of HCIX-HFO could account for this. The ionic radius of these metals follows the order of Cd(II) < Pb(II) [78]. Cd(II), being smaller in ionic radius than Pb(II), may prefer the cation-exchange sites of the parent resin, where it faces competition from sulfate. Conversely, Pb(II) may form stable complexes with the HFO ligands through Lewis acid interactions [74]. As previously reported, HCIX-HFO demonstrated selective adsorption for Cd(II) and Pb(II) [79,80]. Kesenci et al. [81] produced a copolymer of poly(ethylene glycol dimethacrylate-acrylamide) for the removal of Pb, Hg, and Cd aqueous solutions, revealing a preferential order of metal removal as Pb > Cd > Hg.



Most Pb(II) ions tend to precipitate as PbSO4 in aqueous environments characterized by high sulfate concentrations. Consequently, when addressing AMD with elevated sulfate contents, the Pb(II) concentration may be significantly low. However, it is imperative to recognize that lead poses a severe health risk to humans and animals, even at low concentrations. The World Health Organization underscores that there is no safe limit for lead exposure, highlighting the importance of mitigating its presence in water sources.




3.2.6. Adsorption of Metal Ions from Actual AMD


The pH and metal ion concentrations of AMD sample from the Witwatersrand Mining Basin were measured (Table 2). Using HCIX-HFO, the adsorption efficiencies for Cu(II), Ni(II), and Pb(II) were 92.5%, 92.6%, and 45.2%, respectively (Table 4). However, the adsorption of other cationic species was negligible, indicating that HCIX-HFO could not effectively remove other metal ions from the AMD sample with a low pH of 2.62. Numerous studies have demonstrated that the adsorption efficiency of heavy metal ions is notably higher under moderate pH conditions compared to lower pH levels. Razzaz et al. [82] elucidated that the maximum adsorption of Pb (II) and Cu (II) onto chitosan/TiO2 nanofibers occurred at pH 6.0. In contrast, the adsorption was lowest within the pH range of 2.0 to 4.0.




3.2.7. Regeneration of HCIX-HFO


Regeneration experiments were conducted with NaCl and NaOH for HCIX-HFO, which had adsorbed Pb(II) and Cd(II). NaCl effectively desorbed metal ions, with removal efficiencies of 99.9% for Cd(II) and 98.8% for Pb(II). On the other hand, NaOH did not measurably desorb any metal ions. The resin manufacturer recommends the regeneration of cation-exchange resin (HCIX) that forms part of HCIX-HFO using NaCl, HCl, or H2SO4. These regeneration agents should restore the sulfonate-exchange sites to Na+ or H+ forms. NaCl and NaOH produce the Na+ form, while HCl and H2SO4 produce the H+ form. It is interesting to note that Kunaschk et al. [83] introduced an alternative perspective detailing the successful regeneration of HFO by utilizing NaOH.




3.2.8. Data Modeling


The adsorption kinetics of Cr(VI) via HAIX-HFO were analyzed using three models: pseudo-first-order, pseudo-second-order, and intraparticle diffusion. The pseudo-second-order model (Table 5) provided the best fit for the experimental data in the presence and absence of sulfate. This observation suggests that chemisorption dominates the adsorption process, which involves transferring or sharing electrons between Cr(VI) and the functional groups of HAIX-HFO [32]. The efficacy between the experimental and calculated qe values from the pseudo-second-order model supports this conclusion. Kolodynska and colleagues [44] reported similar findings for Cr(VI) adsorption using commercial HFO anion-exchange resins. However, some studies have found that the pseudo-first-order model was more suitable for describing Cr(VI) adsorption kinetics in binary solutions [43,45]. The intraparticle diffusion model showed that the Cr(VI) diffusion rate was higher without sulfate than with sulfate (Table 5). This revelation indicates that the presence of sulfate on the surface of HAIX-HFO hindered the diffusion of Cr(VI) into the pores of the adsorbent [84]. The boundary layer thickness (BLT) values also confirmed this effect, as they were lower without sulfate than with sulfate.



The adsorption kinetics of Cd(II) and Pb(II) via HCIX-HFO were also described well with the pseudo-second-order model, as shown by the similarity between the experimental and calculated qe values. The model has also been reported to fit the adsorption data of Cd(II) with sulfonate cation-exchange resins [64] and with cationic inodiacetate-exchange resins [66]. The intraparticle diffusion model indicated that Cd(II)’s and Pb(II)’s surface adsorption on HCIX-HFO was negligible, as evidenced by the very low or zero BLT values.



The equilibrium isotherms provide insight into the adsorption mechanism. Three parameter models (Langmuir, Freundlich, and Temkin) were fitted to the isotherm data (Table 6). The modeled adsorption capacities (qmax) were compared to the experimentally determined adsorption capacities (qe·exp) and the calculated capacities (qe·cal) from each model. The Langmuir model, which assumes monolayer adsorption with uniform binding sites and energies [85], provided the best fit for Cr(VI) adsorption without sulfate. This case’s Langmuir separation factor (RL) was 0.0467, indicating favorable adsorption [86]. The Temkin model, which considers the interactions between adsorbate and adsorbent as well as the variation of binding energies, was more suitable for Cr(VI) adsorption with sulfate.



The adsorption equilibrium of Cd(II) using HCIX-HFO needed to be better represented by any of the three models. The Freundlich and Langmuir models were the closest but had some limitations. The Freundlich model had an n value of 0.35, which implied unfavorable adsorption of Cd(II). This outcome suggested that HCIX-HFO had a low Cd(II) adsorption capacity. The Langmuir model had negative values for KL and Qmax, which were not physically meaningful [87].



The Freundlich model best described the adsorption equilibrium of Pb(II) using HCIX-HFO at pH 4 with a sulfate medium. The Freundlich model parameters, KF and n, were 17.6 L·g−1 and 1.73, respectively. The n value 1.73 indicated favorable Pb(II) adsorption, while the KF value showed strong adsorption. Chanthapon et al. [74] reported a similar Pb(II) adsorption result on a cationic exchanger with zerovalent iron nanoparticles. The Freundlich model fitted the experimental data closely at low Pb(II) concentrations, while the Langmuir model was more suitable at high concentrations. This finding could be due to the different types of adsorption sites in HCIX-HFO, such as the ligand-exchange sites of the ferric oxide nanoparticles and the sulfonate cation-exchange sites of the resin.






4. Conclusions


This study entailed developing hybrid ion-exchange resins by integrating HFO nanoparticles into anionic and cationic resin matrices. The anionic hybrid resin, HAIX-HFO, showed remarkable performance in removing Cr(VI) from acidic water, achieving almost a 99.1% adsorption efficiency at pH 4 and a slightly lower one at pH 5. Despite the high sulfate concentration, which reduced Cr(VI) adsorption, HAIX-HFO exhibited selectivity for Cr(VI). The adsorption kinetics of Cr(VI) were explained via the pseudo-second-order and intraparticle diffusion models, the applicability of which varied depending on sulfate presence or absence. The R2 values for the pseudo-second-order values were 0.9929 and 0.9856 for Cr(VI) with and without sulfate, respectively. The intraparticle diffusion model revealed that sulfate on the HAIX-HFO surface lowered the Cr(VI) diffusion rate. Furthermore, the Langmuir and Temkin models were the best fit for describing the adsorption equilibrium of Cr(VI) without and with sulfate, respectively. Similarly, the cationic hybrid resin, HCIX-HFO, demonstrated optimal adsorption efficiencies of 98.2% and 97.1% at pH 4 for Cd(II) and Pb(II), respectively. The pseudo-second-order model described their adsorption kinetics in sulfate. While Cd(II) adsorption equilibrium followed the Freundlich and Langmuir models, the Freundlich model indicated that HCIX-HFO may not be a suitable Cd(II) adsorbent. In the binary solution, HCIX-HFO preferred Pb(II) over Cd(II). Furthermore, HCIX-HFO displayed its effectiveness in removing Cu(II), Ni(II), and Pb(II) from an actual acid mine drainage sample. Moreover, the use of NaCl demonstrated exceptional capability in regenerating heavy metal-laden HCIX-HFO. These findings underscore the potential of hybrid ion-exchange resins incorporating HFO nanoparticles in addressing the challenges associated with acid mine drainage treatment.
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Figure 1. SEM images and EDS spectra of the hybrid anionic and cationic exchange resins embedded with HFO. 
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Figure 2. Raman spectra for HAIX-HFO and HCIX-HFO resin beads. 






Figure 2. Raman spectra for HAIX-HFO and HCIX-HFO resin beads.



[image: Materials 17 01168 g002]







[image: Materials 17 01168 g003] 





Figure 3. Effects of pH on removal adsorption efficiency of Cr(VI), Cd(II), and Pb(II). 
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Figure 4. Effects of sulfate concentration on the removal of Cr(VI) via HAIX-HFO. 
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Figure 5. Removal efficiency for Cr(VI) with and without sulfate via HAIX-HFO as well as Cd(II) and Pb(II) in sulfate via HCIX-HFO as a function of time. 
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Figure 6. Removal efficiency for Cr(VI) with and without sulfate via HAIX-HFO as well as Cd(II) and Pb(II) via HCIX-HFO (in the presence of sulfate) as a function of resin dosage. 
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Table 1. Properties of Amberlite IRA400 and IMAC HP1110 unmodified resins.






Table 1. Properties of Amberlite IRA400 and IMAC HP1110 unmodified resins.










	
	IRA400
	HP1110





	Notation
	HAIX
	HCIX



	Matrix
	Polystyrene/divinylbenzene copolymer
	Styrene/divinylbenzene (gel)



	Functional groups
	Quaternary ammonium
	Sulfonates



	Total exchange capacity
	≥1.4 eq/L
	≥2.2 eq/L



	Moisture holding capacity
	40–47%
	36–44%



	Ionic form
	Cl−
	Na+



	Physical form
	Pale yellow translucent beads
	Uniform size, amber beads










 





Table 2. Mean concentration of heavy metals in AMD.






Table 2. Mean concentration of heavy metals in AMD.





	Metal
	Concentration (mg·L−1)





	Cd
	0.021 (±1.21 × 10−6)



	Co
	3.147 (±0.027)



	Cr
	0.188 (±4.22 × 10−6)



	Cu
	1.421 (±3.59 × 10−5)



	Fe
	0.910 (±0.0002)



	Mg
	31.20 (±0.041)



	Ni
	16.10 (±0.052)



	Pb
	0.031 (±2.85 × 10−6)



	Ti
	20.53 (±1.75)



	Zn
	14.70 (±0.055)










 





Table 3. Mean Cd(II) and Pb(II) removal using HCIX-HFO.






Table 3. Mean Cd(II) and Pb(II) removal using HCIX-HFO.





	Metal Ion
	Removal Efficiency (%)
	Adsorption Capacity, qe (mg·g−1)





	Pb(II)
	99.67 (±0.032)
	2.50 (±0.011)



	Cd(II)
	30.54 (±0.029)
	1.54 (±0.050)










 





Table 4. Adsorption of metal ions from the actual AMD.






Table 4. Adsorption of metal ions from the actual AMD.





	

	
AMD before

	
AMD after

	
Removal

	
Adsorption




	

	
Treatment (mg·L−1)

	
Adsorption (mg·L−1)

	
Efficiency (%)

	
Capacity (mg·L−1)






	
Cu

	
1.421 (±3.59 × 10−5)

	
0.107 (±7.58 × 10−6)

	
92.47 (±0.194)

	
0.522 (±0.0135)




	
Ni

	
16.10 (±0.052)

	
1.192 (±3.33 × 10−5)

	
92.60 (±0.036)

	
5.86 (±0.0283)




	
Pb

	
0.031 (±2.85 × 10−6)

	
0.017 (±1.23 × 10−11)

	
45.16 (±0.011)

	
0.069 (±1.72 × 10−5)











 





Table 5. Kinetics model parameters for Cr(VI) adsorption on HAIX-HFO as well as Cd(II) and Pb(II) adsorption on HCIX-HFO in pH 4 aqueous solution.






Table 5. Kinetics model parameters for Cr(VI) adsorption on HAIX-HFO as well as Cd(II) and Pb(II) adsorption on HCIX-HFO in pH 4 aqueous solution.





	

	

	

	

	
Pseudo-First-Order Model

	
Pseudo-Second-Order Model

	
Intraparticle




	
Hybrid

	
Metal Ion

	
SO42−

	
qe·exp

	
K1

	
qe1·cal

	
R2

	
K2

	
qe2·cal

	
R2

	
Kip

	
BLT

	
R2




	
Sorbent

	
(mg·L−1)

	
(mg·L−1)

	
(mg·g−1)

	
(min−1)

	
(mg·g−1)

	
(-)

	
(g·min−1mg−1)

	
(mg·g−1)

	
(-)

	
(mg·g−1min0.5)

	
(-)

	
(-)






	
HAIX-HFO

	
Cr(VI)

	
0

	
4.91

	
0.006

	
2.970

	
0.5784

	
0.002

	
5.79

	
0.9856

	
0.4323

	
0.0806

	
0.9735




	
HAIX-HFO

	
Cr(VI)

	
3000

	
2.22

	
0.006

	
1.020

	
0.1898

	
0.013

	
2.47

	
0.9929

	
0.1524

	
0.1045

	
0.9794




	
HCIX-HFO

	
Pb(II)

	
3000

	
1.45

	
0.006

	
0.642

	
0.2249

	
0.016

	
1.65

	
0.9964

	
0.1282

	
0.0611

	
0.9858




	
HCIX-HFO

	
Cd(II)

	
3000

	
2.27

	
0.004

	
1.200

	
0.3749

	
0.008

	
2.54

	
0.9773

	
0.1123

	
0.2606

	
0.9874











 





Table 6. Freundlich, Langmuir, and Temkin isotherm constants for the adsorption of Cr(VI) on HAIX-HFO as well as Cd(II) and Pb(II) on HCIX-HFO.






Table 6. Freundlich, Langmuir, and Temkin isotherm constants for the adsorption of Cr(VI) on HAIX-HFO as well as Cd(II) and Pb(II) on HCIX-HFO.





	

	

	

	
Freundlich

	
Langmuir

	
Temkin




	
Hybrid

	
Metal Ion

	
SO42−

	
KF

	
n

	
R2

	
Qmax

	
KL

	
R2

	
A

	
B

	
R2




	
Sorbent

	
(mg·L−1)

	
(mg·L−1)

	
(L·g−1)

	
(-)

	
(-)

	
(mg·g−1)

	
(L·mg−1)

	
(-)

	
(L·g−1)

	
(J·mol−1)

	
(-)






	
HAIX-HFO

	
Cr(VI)

	
0

	
61.20

	
1.70

	
0.9643

	
25.10

	
18.14

	
0.9764

	
223

	
494

	
0.9635




	
HAIX-HFO

	
Cr(VI)

	
3000

	
4.48

	
1.30

	
0.8438

	
8.88

	
0.83

	
0.4218

	
8.90

	
1357

	
0.8505




	
H