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Abstract

:

Nanoscale zero-valent iron (NZVI) is a material that is extensively applied for water pollution treatment, but its poor dispersibility, easy oxidation, and inconvenient collection limit its application. To overcome these drawbacks and limit secondary contamination of nanomaterials, we confine NZVI supported by reduced graphene oxide (rGO) in the scaffold of sodium alginate (SA) gel beads (SA/NZVI-rGO). Scanning electron microscopy showed that the NZVI was uniformly dispersed in the gel beads. Fourier transform infrared spectroscopy demonstrated that the hydrogen bonding and conjugation between SA and rGO allowed the NZVI-rGO to be successfully embedded in SA. Furthermore, the mechanical strength, swelling resistance, and Cr(VI) removal capacity of SA/NZVI-rGO were enhanced by optimizing the ratio of NZVI and rGO. Interestingly, cation exchange may drive Cr(VI) removal above 82% over a wide pH range. In the complex environment of actual Cr(VI) wastewater, Cr(VI) removal efficiency still reached 70.25%. Pseudo-first-order kinetics and Langmuir adsorption isotherm are preferred to explain the removal process. The mechanism of Cr(VI) removal by SA/NZVI-rGO is dominated by reduction and adsorption. The sustainable removal of Cr(VI) by packed columns could be well fitted by the Thomas, Adams–Bohart, and Yoon–Nelson models, and importantly, the gel beads maintained integrity during the prolonged removal. These results will contribute significant insights into the practical application of SA/NZVI-rGO beads for the Cr(VI) removal in aqueous environments.
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1. Introduction


Water pollution caused by heavy metals is a critical issue since their detrimental effects on the environment and living organisms. Chromium is a typical heavy metal element commonly occurring in industrial wastewater, such as electroplating, textile printing and dyeing, steel and leather manufacturing, and accumulating in soil and water [1]. The toxicity of chromium is highly correlated with its valence, and hexavalent chromium (Cr(VI)), which is highly toxic relative to trivalent chromium (Cr(III)), is even more hazardous [2]. Since Cr(VI) is strongly oxidizing and water-soluble, long periods of exposure to high levels of Cr(VI) in humans may cause cancer and cellular tissue malformations [3]; therefore, there is a necessity to remove Cr(VI) from the aqueous environment.



Nano-zero-valent iron (NZVI) has been extensively applied to remove pollutants from groundwater, including heavy metals [4,5,6,7] and organics [7,8,9], because of its large specific surface area, high reactivity [10], and the possibility of injection into aquifers [11]. However, if NZVI is present at higher concentrations, NZVI tends to aggregate into larger particles owing to magnetic and van der Waals forces, thus reducing the specific surface area and mobility in water [12]. Moreover, under natural conditions, the structure and chemical properties of NZVI change due to its high reactivity, gradually oxidizing and corroding with time [13]. To enhance the dispersion and stability of NZVI, loading NZVI on porous materials is an effective approach. Currently, NZVI has been successfully loaded onto graphene [14], silica [15], carbon nanotubes [16], activated carbon [17], bentonite [18], and other materials. Loading NZVI onto graphene can effectively reduce particle agglomeration and show efficient treatment efficiency for organic matter [19] and heavy metals [20].



However, the practical applications of such nanocomposites are still restricted for reasons of economy and safety. Since most of these composites are nano-powder materials, they are difficult to separate and collect after application in water pollution remediation. From an economic point of view, the fact that inconvenient collection and reuse will undoubtedly cause an increase in treatment costs. What is more difficult is that from the perspective of environment and biomedicine, these nanomaterials that are inconvenient to collect are likely to cause secondary pollution to the environment. It has been reported that nano-scale materials, such as NZVI and GO are harmful to plants, animals, and even humans [21,22]. Therefore, the development of a remediation agent that is easy to collect, safe, and economical has become a hot topic of current research.



Alginate, a natural polysaccharide derived from seaweed, is a biodegradable, non-toxic, and water-insoluble gel gent [23]. Alginate can be chelated with divalent cations to form hydrogels, and alginate–calcium hydrogel/bead embedding is commonly used in the food industry and biomedical field for purposes such as the immobilization of living cells [24] and transportation of drugs [25]. In addition, the alginate-encapsulated NZVI technology has been applied in water treatment technology and the encapsulation does not affect the reactivity of NZVI. Bezbaruah et al. found that the reactivity of alginate-encapsulated NZVI for nitrate removal was comparable to that of bare NZVI and that entrapped NZVI could overcome the fluidity and sedimentation challenges related to bare NZVI [26]. The encapsulation process improves the co-removal efficiency of Cu(II) and MCB compared to Ni/Fe nanoparticles alone, and the gel beads can be reused multiple times with little effect on the removal efficiency, indicating the positive effect of encapsulation on degradation and reduction as well as improved economics [27]. However, alginate gels inevitably swell under certain conditions, which reduces their mechanical properties and limits the use of hydrogels [28]. It has been shown that the mechanical properties of sodium alginate (SA) beads can be improved by encapsulating graphene oxide (GO) in SA beads and then reducing them to form a reduced graphene oxide/sodium alginate (rGO/SA) bead [29]. Hence, the formation of gel beads by coating NZVI and rGO with sodium alginate not only avoids the disadvantages of nano-powder materials but also sufficiently utilizes the advantage that carbon materials can overcome the poor mechanical properties of sodium alginate.



Considering that rGO can not only improve the dispersibility and lifetime of NZVI but also enhance the mechanical strength of sodium alginate. Therefore, in this study, pre-synthesized NZVI supported by rGO (NZVI-rGO) was mixed with SA, and then the mixture was pumped into calcium chloride (CaCl2) solution to form the final product SA/NZVI-rGO gel beads. We demonstrate that SA/NZVI-rGO gel beads improve durability, mechanical strength, and NZVI dispersibility. Further, the ratio of NZVI-rGO was optimized to boost the anti-swelling and mechanical strength of SA/NZVI-rGO gel beads. Considering Cr(VI) as the target pollutant, the effects of bead composition, dose ratio of NZVI and rGO, pH, initial concentration of Cr(VI), and solid–liquid ratio on the removal effect were discussed. The kinetics, adsorption isotherms, and possible removal mechanisms of Cr(VI) removal by SA/NZVI-rGO gel beads were investigated. Finally, the performance of the gel beads under continuous removal was investigated by fixed-bed column experiments and simulated using three different models at different flow rates, concentrations, and column heights.




2. Materials and Methods


2.1. Materials


Sodium alginate (SA) and potassium dichromate (K2Cr2O7) were obtained from Tianjin Fuchen Chemical Reagent Co. Ltd., Tianjin, China. Sodium borohydride (NaBH4), diphenyl carbamide, anhydrous calcium chloride (CaCl2), and ferrous sulfate heptahydrate (FeSO4·7H2O) were bought from the Sinopharm Group Chemical Reagent Co. Ltd., Shanghai, China. Graphene oxide powder was received from Suzhou Hengqiu Technology Co. Ltd., Suzhou, China. None of the chemicals involved in the experiment were further purified. All solutions were made using deionized water.




2.2. Procedures for SA/NZVI-rGO Beads Synthesis


To load NZVI onto rGO (Scheme 1a), GO (5 mg/mL) dissolved in water was pulverized by an ultrasonic cell pulverizer (Biosafer, 900-92, Biosafer Co., Nanjing, China) for 10 min, and then sonicated for 1 h in a water bath. Then, the GO suspension mixed with a solution of FeSO4·7H2O (2.482 g/ 20 mL) was transferred to a three-necked flask, and NaBH4 solution (2.5133 g/ 50 mL) was then dripped into the three-necked flask using a peristaltic pump at a rate of 1.5 mL/min. The mixture was constantly stirred and introduced with nitrogen gas. With the intense reductivity of NaBH4, Fe2+ and GO were reduced to NZVI-rGO. The final synthesized material was filtered through a 0.45 μm filter membrane and freeze-dried for 24 h. The NZVI-rGO at a ratio of NZVI: rGO = 1:1 was made. Considering the influence of different dosing ratios of NZVI and rGO on the final product, NZVI-rGO were also produced in ratios of 2:1, 3:1, and 5:1. The composite materials were named as xNZVI-rGO (1NZVI-rGO, 2NZVI-rGO, 3NZVI-rGO, and 5NZVI-rGO), where the x was the ratio of NZVI and rGO.



Next, to encapsulate the NZVI-rGO in SA (Scheme 1b), 3 g of SA was dispersed in 50 mL of purified water and stirred for 3 h, and then left to defoam. NZVI-rGO (0.8 g/40 mL) dissolved in purified water was treated with an ultrasonic cell crusher for 10 min. The mixed SA and NZVI-rGO solutions were subsequently stirred under nitrogen for 1 h and then left to defoam. To obtain SA/NZVI-rGO gel beads, the mixed SA and NZVI-rGO were slowly dropped into CaCl2 solution (500 mL 10 mg/mL) using a peristaltic pump (Scheme 1c). SA/NZVI-rGO gel beads rinsed repeatedly with purified water were freeze-dried. The beads were washed several times with deionized water and then freeze-dried. Unless otherwise stated, SA/NZVI-rGO beads below refer to SA/2NZVI-rGO beads.



To compare the performance of different gel beads, SA, SA mixed NZVI, and SA mixed rGO solutions were, respectively, dropped into 500 mL of 10 mg/mL CaCl2 solution with mechanical stirring to obtain SA gel beads, SA/NZVI gel beads, and SA/rGO gel beads.



To fit the mechanical test apparatus, SA/xNZVI-rGO mixture was poured into PTFE molds and injected with CaCl2 to gelate for 48 h to make rectangles (10 mm × 10 mm × 15 mm).




2.3. Characterization and Analysis Methods


Scanning electron microscopy (SEM, JSM-7900 F, JEOL Ltd., Tokyo, Japan) and Fourier transform infrared spectroscopy (FTIR, IRAffinity-1S, Shimadzu, Tokyo, Japan) were applied to observe the surface morphology and analyze the functional groups. An X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, Warrington, UK) was applied to determine elemental composition and valence state of gel beads. The zeta potential of products is measured with zeta potential analyzer (90 Plus, Brookhaven, NY, USA) at 25 ℃. The concentration of Cr(VI) was quantified by UV-Vis spectrophotometer (2802S UV/VIS, Shanghai Unicosh Instruments Co., Shanghai, China). The compressive strength was tested using an electronic universal testing machine (CMT6103, MTS, Akron, OH, USA) with a compression rate of 0.5 mm min−1. The swelling ratio (SR%) and water content (WC%) are illustrated in Text S1.




2.4. Batch Experiments and Column Experiments


The Cr(VI) removal batch experiments were conducted by different gel beads (gel beads prepared by coating different components with SA as well as SA/NZVI-rGO beads by NZVI and rGO in different dosing ratios) to compare the removal effect and further optimize the SA/NZVI-rGO gel beads. The removal of Cr(VI) (100 mL) by beads at differing conditions was compared by batch experiments. The removal experiments were all performed using a water bath thermostatic oscillator at 150 rad/min. Aliquots were obtained at specified intervals and filtered with a 0.22 μm filter membrane. The effects of pHs (from 3 to 11), initial Cr(VI) concentrations (from 10 to 400 mg/L), and solid-to-liquid ratios (from 0.5 to 5 mg/mL) on Cr(VI) removal were considered separately. The calculation of removal capacity and removal efficiency is shown in Text S2.



The practical applicability of SA/NZVI-rGO gel beads was verified by treating real Cr(VI)-containing wastewater, which was taken from a chemical factory in Beijing, China. The composition of the actual Cr(VI)-containing wastewater is shown in Table S2. Cation and anion contents were detected using inductively coupled plasma mass spectrometry (ICP-MS 7800, Agilent, Beijing, China) and ion chromatography (ICS-1100, Thermo Dionex, Warrington, UK), respectively.



Column experiments were conducted in Plexiglas columns (2 cm inner diameter × 14 cm height), which were tightly packed with SA/NZVI-rGO beads in the middle and packed with 2 cm thick glass beads at the top and bottom to ensure uniform water inflow and to prevent leakage of SA/NZVI-rGO beads from the bottom of the column, with the effluent flowing through the column in an upward direction. The effluent was obtained from the sampling port at regular intervals and sample collection was stopped when effluent concentration was almost equivalent to influent concentration. The effects of different flow rates (0.7, 2, 4 mL/min), bed heights (4.5, 6.5, 8.5 cm), and influent concentrations of Cr(VI) (10, 30, 40 mg/L) at a temperature of 25 °C and pH 3 of the Cr(VI) solution were considered. The breakthrough curve was obtained by plotting Ct/C0 versus time.





3. Results and Discussion


3.1. Characterization of SA/NZVI-rGO Beads


The digital photographs of SA/NZVI beads, SA/NZVI-rGO beads, SA beads, and freeze-dried SA/NZVI-rGO beads, respectively, were shown in Figure 1 and Figure S1. All the beads showed a sphere-like shape with a diameter of about 3 mm and the color ranged from transparent (SA beads) to black (SA/NZVI beads and SA/NZVI-rGO beads). The encapsulated structure facilitates an easy separation of the gel beads from the treated wastewater. A certain mass of SA/NZVI-rGO beads was freeze-dried and then weighed, and the water content was 96.61%, as calculated by Equation (S2). In addition, SA/NZVI beads’ color turned from black to brownish red due to the rapid oxidation of the highly reactive NZVI in a short period (Figure 1a,c). However, SA/NZVI-rGO beads did not change their color after 22 h of Cr(VI) removal (Figure 1d), and the color of the SA/NZVI-rGO beads remained unchanged after 226 days of sealed storage (Figure S1b), which indicates that the mere SA coating of NZVI did not reduce the oxidation rate of NZVI, but the pre-loading of NZVI on rGO can reduce the oxidation rate of SA/NZVI-rGO beads, which is beneficial for preservation in practical applications. And previous studies have also shown that NZVI can be coupled with carbon materials to build galvanic cells, which could expedite the electron release of NZVI and prevent the formation of oxidation films [30,31].



The SEM images in Figure 2 and Figure S2 show the morphology and structure of NZVI, NZVI-rGO, and SA/NZVI-rGO. Figure S2 reveals that massive amounts of NZVI particles are tightly connected to form large chain-like aggregates with poor dispersion. Figure 2a reveals the NZVI particles loaded on rGO nanosheets with folded lamellar structures are well dispersed. Our previous studies have demonstrated that well-dispersed NZVI could improve antioxidant properties [32]. These observations imply that NZVI with enhanced dispersion by rGO will contribute to increased reactive sites for the removal of contaminants. Figure 2b shows that SA/NZVI-rGO beads have a continuous three-dimensional staggered fibrous structure, and NZVI is well dispersed in beads, which indicates that SA/NZVI-rGO beads are more abundant in folds and channels than NZVI-rGO and greatly enhance the adsorption capacity of heavy metal contaminants.



FTIR spectra of SA beads, NZVI-rGO powder, and SA/ NZVI-rGO beads before and after Cr(VI) removal are compared in Figure 3. For SA beads, the wide band around 3400 cm−1 represented the telescoping vibrations of O-H, C-H at 2922 cm−1, O=C-O at 1430 cm−1, C=O at 1625 cm−1, and O-H at 1029 cm−1 represent the typical structure of alginate [33]. In NZVI-rGO, there is also a strong and wide peak near 3400 cm−1 associated with the telescoping vibration of the O-H group, with representative absorption peaks at 1648, 1398, 1128, and 1029 cm−1 ascribed to the deformation vibration peak of aromatic C=C, carboxy O=C-O, epoxy C-O, and hydroxyl O-H, respectively [34,35,36]. The weak peak at 692 cm−1 may be the Fe-O telescoping vibration belonging to Fe3O4 nanoparticles [37], which is consistent with the XPS results. Additionally, the spectra of NZVI-rGO and SA/NZVI-rGO remain almost identical, which indicates that SA successfully encapsulates NZVI-rGO. Specifically, the O=C-O of the SA/NZVI-rGO spectrum shifted significantly from 1398 cm−1 to 1428 cm−1 compared with the NZVI-rGO spectrum, indicating that some interfacial hydrogen bonds were formed between rGO and SA, which could cause a tight adhesion between the SA and rGO surfaces [38]. Meanwhile, the carbon atoms in rGO are bonded with sp2 hybrid orbitals, and the remaining electrons in the p orbitals can form delocalized π bonds. The O-H on the SA can contribute electrons to the free-moving π-electrons, thereby enhancing the π-electron cloud densities of the conjugated systems, which in turn promotes the tight adhesion of rGO on the SA [39]. These results indicate that NZVI-rGO can be uniformly and stably embedded in SA. The FTIR spectra of SA/NZVI-rGO before and after the removal of Cr(VI) (Figure 3) were utilized to identify the functional groups participating in the Cr(VI) removal. After Cr(VI) removal, a broad peak of O-H at 3400 cm−1 was observed to be narrowed, suggesting that O-H participated in the removal of Cr(VI). Also, an enhancement of the vibrational peaks of carboxyl groups at 1428 cm−1 (O=C-O) and 1618 cm−1 (C=O) was noted, which is congruous with prior studies that hydroxyl groups could serve as an electron donator to reduce Cr(VI) by being oxidized to carboxyl groups [40,41].



XPS spectra identified the elemental formation and chemical valence of the SA/NZVI-rGO beads before and after the removal of Cr(VI). Previous research has demonstrated NZVI has a kernel-shell system with an Fe(0) kernel and an iron oxide shell [42]. As shown in the Fe 2p spectra of SA/NZVI-rGO beads (Figure 4b), Fe2O3 at 711.95 eV (Fe 2p3/2) and 725.52 eV (Fe 2p1/2), Fe3O4 at 710.31 eV (Fe 2p3/2) and 723.11 eV (Fe 2p1/2), and Fe(0) at 705.79 eV (Fe 2p3/2), which proves the successful loading of NZVI particles on rGO nanosheets [43]. In Figure 4b, after Cr(VI) removal, the peak area of Fe(III) was elevated by 21.86% and that of Fe(II) was lessened by 2.22%, and Fe(0) disappeared, which confirmed that oxidative conversion of Fe(0) and Fe(II) to Fe(III) during Cr(VI) reduction by SA/NZVI-rGO gel beads. From the O1s spectrum (Figure 4c), the peaks observed at 531.06 eV, 529.51 eV, and 529.43 eV are attributed to O-H, O=C/O=C-O, and Fe-O, separately [44]. The mol ratio of Fe-O went up from 15.49% to 19.75% after the removal of Cr(VI), further demonstrating that the Fe(0) that provided electrons to Cr(VI) was being oxidized. Additionally, the mol ratio of O-H lessened from 66.43% to 52.84% and the molar ratio of O=C/O=C-O increased from 20.07% to 27.41%, which indicates that the hydroxyl groups donated electrons and were oxidized to carboxyl groups for the process of reducing Cr(VI) [45,46], which is consistent with the FTIR results. Cr 2p binding energy peak of Cr atoms was observed at 578.08 eV for the SA/NZVI-rGO beads after the removal in Figure 4a, and as shown in the Cr 2p split-peak spectrum (Figure 4d), Cr(III) corresponded at 576.03 eV (Cr 2p3/2) and 585.39 eV (Cr 2p1/2), while Cr(VI) at 578.43 eV (Cr 2p3/2) and 587.79 eV (Cr 2p1/2), indicating that both Cr(VI) and Cr(III) being reduced were adsorbed on gel beads. The results show that Cr(III) accounts for 85.69% of the total Cr on SA/NZVI-rGO, which means that the reduction is the primary cause for Cr(VI) removal. We further found that the intensity of the Ca 2p peak decreased (Figure S3), which implies that part of the Cr(III) ions possibly displaces Ca2+ to form carboxylated metal complexes within the gel beads instead of releasing them directly into the aqueous solution, which is consistent with the previous findings [47].



The zeta potential is applied to analyze the electrostatic characteristics of the material. To further explore the removal mechanism, Figure 5a demonstrates the zeta potential of SA/NZVI-rGO at different pHs. It is observed that SA/NZVI-rGO is positively charged at a low pH and has a strong negative charge when the pH was higher. At a low pH, Cr(VI) exists primarily as HCrO4− [43], and as the pH < zero point charge (pHzpc), the surface of SA/NZVI-rGO is electropositive because of the carboxylate protonation, thus benefiting SA/NZVI-rGO in an acidic environment for Cr(VI) retention. However, when the pH > pHzpc, the gel beads are electronegative on account of the deprotonation of functional groups, which causes an electrostatic repulsion against the negatively charged Cr2O42−, thereby being unfavorable to the adsorption. These prove that electrostatic interactions have a major role in Cr(VI) adsorption on SA/NZVI-rGO.



To investigate the effect of the surface charge on the stability of gels, Figure 5b shows the zeta potential values of SA gel, NZVI powder, NZVI-rGO powder, SA/NZVI gel, and SA/ NZVI-rGO gel. The zeta potential of SA gel is −0.16 mV, the NZVI powder is 1 mV, and the NZVI-rGO powder is −15.90 mV; therefore, the NZVI-rGO powder contains more charge than the first two. And SA/ NZVI-rGO gel has a higher zeta potential value than SA/NZVI gel, probably because the stronger electrostatic repulsion between SA and NZVI-rGO makes the gel enhanced and forms a more stable gel [29].




3.2. Swelling and Mechanical Properties


For the mechanical tests, all the gels were made into rectangles, as shown in Figure S4. The picture of the gel before, during, and after compression show that the gel is elastic. The stress–strain curves and Young’s modulus of gels with different rGO contents are shown in Figure 6a and Figure 6b, respectively. For SA/NZVI-rGO gels, no yielding was exhibited in any of the stress–strain curves, indicating neither fracture strain nor fracture strength is generated during compression [48]. The gels with a higher rGO content exhibited a higher Young’s modulus, indicating better compressive properties. For SA/NZVI gels without rGO addition, yielding occurred at a strain of 19.05% (Figure 6a), when the stress was 10 KPa, indicating that the addition of rGO and the higher rGO content resulted in better mechanical properties of the gels. Other studies have also found improved mechanical properties after adding rGO to alginate-based gels [29,49]. In Figure 6c, different gel beads were immersed in deionized water at different pHs, and the experimental procedure revealed that the SA/5NZVI-rGO gel beads in deionized water at pH = 13 were the first to dissolve and break compared to other pHs. At the same pH, the lower the rGO content, the higher the swelling ratio, which is consistent with the change in the decrease in the mechanical strength, further demonstrating that the swelling behavior decreases the mechanical strength. The reason for this phenomenon may be that rGO nanosheets dispersed uniformly in SA can restrict the movement of alginate chains [50]. Meanwhile, FTIR demonstrated that the interfacial hydrogen bonding and conjugated electron interaction between rGO and SA could enhance the compact structure within the gel beads, thus hindering and weakening the diffusion of water molecules within the gel beads. Thus, SA/NZVI-rGO gel beads, which improve the mechanical strength by adding the appropriate amount of rGO and maintain excellent anti-swelling properties in a broad pH range, are ideal for practical applications in the treatment of Cr(VI) contaminated wastewater.




3.3. Bath Experiments


3.3.1. Effect of Different Bead Components


The prepared SA/NZVI-rGO gel beads showed a strong performance in removing Cr(VI), which is shown in Figure 7a. Cr(VI) at an initial concentration of 10 mg/L was removed with 0.5 g of SA/NZVI-rGO gel beads. The Cr(VI) removal reached equilibrium at the 80th minute, in which 98% of Cr(VI) was removed. To compare the contribution of the three components (SA, NZVI, and rGO) within the beads to the Cr(VI) removal, SA beads, SA/NZVI beads, and SA/rGO beads were made, respectively. As shown in Figure 7a, SA beads removed only about 1% of Cr(VI), SA/rGO beads improved the removal efficiency by about 14% over SA beads, whereas SA/NZVI beads improved the removal of Cr(VI) by about 95% over SA beads and by about 81% over SA/rGO beads. The SA/NZVI beads showed a relatively lower removal efficiency but a relatively higher removal rate than the SA/NZVI-rGO beads. In the gel beads, the NZVI acts as the active component to reduce Cr(VI) to Cr(III), and its high reactivity leads to a quicker and larger removal of Cr(VI). Nevertheless, compared to SA/NZVI-rGO gel beads, SA/NZVI gel beads are more prone to oxidation and show poor mechanical properties, which would limit the practical application of SA/NZVI beads. Therefore, we chose a SA/NZVI-rGO gel bead with oxidation resistance, enhanced mechanical properties, and effective Cr(VI) removal as the remediation agent.




3.3.2. Effect of Different Dosing Ratios of NZVI and rGO


NZVI, which has strong reducibility, is the active ingredient in the reduction of Cr(VI) to Cr(III), and rGO is the component that can improve the mechanical properties of beads. To consider the influence of the dose ratio of NZVI and rGO on the removal capacity, 0.5 g SA/xNZVI-rGO gel beads were used to remove the Cr(VI) solution (100 mL, 10 mg/L). The removal capacity of the SA/NZVI-rGO beads for Cr(VI) increased with the dosage ratio of NZVI and rGO increasing (Figure 7b). The removal capacity of SA/2NZVI-rGO beads for Cr(VI) (2.07 mg/g) was almost twice that of SA/1NZVI-rGO beads (1.24 mg/g), which may be accounted for the more available active sites. However, as the dosing ratios of NZVI and rGO were further increased, SA/3NZVI-rGO beads and SA/5NZVI-rGO beads no longer showed a significant increase in the Cr(VI) removal capacity compared with SA/2NZVI-rGO beads, and the reaction rates of the three beads were similar in the early stage of Cr(VI) removal. The cause may be that the excess NZVI particles are severely agglomerated during the loading of rGO, thereby reducing the active sites, resulting in a no longer evident improvement in the removal capacity of Cr(VI) [51]. Also, considering the effect of rGO dosage on the mechanical properties and swelling ratio of the gel beads, SA/2NZVI-rGO was finally selected as the gel beads used in the subsequent experiments. The SA/2NZVI-rGO gel beads were used for reusability experiments, details and results are available in Text S3.




3.3.3. Effect of Initial Solution pH


The different initial pH of solution also influences the Cr(VI) removal. As demonstrated in Figure 8a, with an initial pH of 3, the removal efficiency of Cr(VI) at the 80th minute could reach over 98%. As the pH increases to 5 and 7, the removal of Cr(VI) dropped to 91.74% and 89.67%, separately. When the solution was alkaline, the removal efficiency of Cr(VI) further dropped to 88.41% (pH 9) and 82.09% (pH 11). The decrease in the Cr(VI) removal efficiency with an increasing pH is mainly related to the charge on the gel beads and the species of Cr(VI) ions. On the one hand, SA/NZVI-rGO gel beads are susceptible to protonation in acidic solutions and have a strong electrostatic attraction to Cr(VI) anions. This can be confirmed by zeta potential of SA/NZVI-rGO gel beads at a different pH (Figure 5a). On the other hand, a different pH affects the Cr(VI) species, which influence the adsorption. The Cr(VI) species at different pH values were analyzed using Visual MINTEQ software (Figure 8b). At a low pH range, Cr(VI) was primarily in the form of HCrO4− and when the pH increases it mainly appears as CrO42−. And the reduction of Cr(VI) to Cr(III) is dependent on H+ ions in solution, as shown in Equations (1) and (2). HCrO4− has less sorption-free energy compared to CrO42−, which facilitates the adsorption [52,53].


  H C r  O 4 −  + 7  H +  + 3  e −  → C  r  3 +   + 4  H 2  O  



(1)






  C r  O 4  2 −   + 8  H +  + 3  e −  → C  r  3 +   + 4  H 2  O  



(2)







However, the removal of Cr(VI) in the present study was almost pH-independent (even at pH = 11, Cr(VI) removal reached over 80%), which may be explained by the synergy of adsorption and reduction. Specifically, the reduction of Cr(VI) to Cr(III) is accompanied by the consumption of protons; however, it is noteworthy that with the increase in Cr(III), the cation exchange between Cr(III) and Ca(II) occurs on the three-dimensional structure of alginate, which is presented in the XPS results (Figure S3), and Ca(II) is re-released into environment, resulting in a localized pH decrease (hydrolysis process), which would again facilitate the adsorption and reduction. The minimum removal efficiency of SA/NZVI-rGO gel beads for Cr(VI) at a broad pH range was compared with other NZVI-based materials, and the results are presented in Table S1. The results show that the SA/NZVI-rGO gel beads can remove Cr(VI) efficiently in a broad pH range.




3.3.4. Effect of Initial Cr(VI) Concentration


Figure 8c shows the removal capacity and removal efficiency of Cr(VI) by SA/NZVI-rGO beads under different initial concentrations (10 mg/L–400 mg/L). The removal capacity of the SA/NZVI-rGO beads exhibited an increasing tendency with an increasing initial concentration, and the removal capacity of SA/NZVI-rGO beads reached a maximum of 55.42 mg/g at the initial concentration of Cr(VI) of 400 mg/L. When the removal reached equilibrium, the removal efficiency of Cr(VI) reached about 99% (at the initial concentration of 10 mg/L–100 mg/L), but as the initial concentration was further increased, the removal efficiency of Cr(VI) showed a decreasing trend, and the removal efficiency dropped to 70% at the initial concentration of 400 mg/L. When the concentration of Cr(VI) is high, a Fe-Cr hydroxide layer forms on gel beads to surround NZVI, thus preventing the reduction of Cr(VI) by electron transfer from NZVI [54].




3.3.5. Effect of Solid-to-Liquid Ratio


The solid-to-liquid ratio between gel beads and Cr(VI) waste solution is also a key factor affecting the removal of Cr(VI). The Cr(VI) (100 mL) removal increased continuously (from 45% to 98%) with an increasing solid-to-liquid ratio (from 0.5 mg/mL to 5 mg/mL), while the removal capacity showed the opposite trend, decreasing from 9.57 mg/g to 2.07 mg/g, as shown in Figure 8d. It is attributed to a large amount of Cr(VI) competing for the available sites of gel beads at low dosing levels, resulting in a low removal efficiency but high removal capacity. As the dosage of SA/NZVI-rGO beads was appropriately increasing (from 0.5 mg/mL to 3 mg/mL), the increase in the Cr(VI) removal efficiency showed a rapid upward trend; however, as the dosage of gel beads was further increased (from 3 mg/mL to 5 mg/mL), the removal efficiency of Cr(VI) no longer increased significantly. The reason for this is that the higher the solid–liquid ratio, the more overlapping active sites there are [55].




3.3.6. Cr(VI) Removal from Real Wastewater


The performance of the SA/NZVI-rGO gel beads for Cr(VI) removal from real wastewater was investigated. As shown in Figure 9, under the same operating conditions, when the removal reached equilibrium, the removal efficiency of the simulated Cr(VI)-containing wastewater reached 91.5%, while the removal efficiency of Cr(VI) in the actual wastewater reached 70.25%. As shown in Table S2, the coexisting ions in real wastewater are usually quite complex. After the removal experiments, Ca2+ and Na+ in the wastewater increased due to the ion exchange of SA/NZVI-rGO gel beads, and most of the remaining anion and cation concentrations decreased. This proves that substantial coexisting anions and cations in the actual Cr(VI)-containing wastewater will vie with Cr(VI) ions for available sorption sites, leading to a decreased Cr(VI) removal. However, despite the complexity of the actual wastewater environment, the SA/NZVI-rGO beads still showed a nice Cr(VI) removal efficiency.





3.4. Kinetics Study of the Reaction


Based on the above results, the Cr(VI) removal by the SA/NZVI-rGO gel beads involves both adsorption and reduction. The adsorption kinetics models and reduction kinetics models were fitted to the experimental data for clarifying detailed kinetics of Cr(VI) removal.



3.4.1. Adsorption Kinetics


Pseudo-first-order adsorption kinetics model and pseudo-second-order adsorption kinetics model are usually fitted for adsorption kinetics [56]. The pseudo-first-order adsorption kinetics equation and pseudo-second-order adsorption kinetics equation are below, respectively:


   Q t  =  Q e  ( 1 −  e  −  k 1  t   )  



(3)






   Q t  =    k 2   Q e 2  t   1 +  k 2   Q e  t    



(4)




where Qe is the adsorption amount at equilibrium (mg/g); Qt is the adsorption amount at time t (mg/g); k1 is the rate constant of the pseudo-first-order adsorption kinetics model; k2 is the rate constant of the pseudo-second-order adsorption kinetics model.



According to the experimental data of Cr(VI) removal by the SA/xNZVI-rGO beads, the fitting results of the adsorption kinetics are presented in Table 1. As a result, correlation coefficients (R2) of pseudo-first-order adsorption kinetics are larger than that of pseudo-second-order adsorption kinetics, and the fitted Qe is closer to the measured qe, indicating that the Cr(VI) adsorption by SA/NZVI-rGO gel beads is more consistent with the pseudo-first-order adsorption kinetics, which demonstrates that physical sorption is the main rate control step in adsorption process of SA/NZVI-rGO gel beads [57].




3.4.2. Reduction Kinetics


According to the experiments on the Cr(VI) removal by the SA/xNZVI-rGO beads, using the pseudo-first-order reduction kinetics model and the pseudo-second-order reduction kinetics model to fit the above experimental data [58]. The models of pseudo-first-order reduction kinetics and pseudo-second-order reduction kinetics can be described below:


  ln    C t     C 0    = −  k  o b s 1   t  



(5)






  ln  (   1   C t    −  1   C 0     )  =  k  o b s 2   t  



(6)




where C0 is the initial contaminant concentration (mg/L); Ct is the contaminant concentration at time t (mg/L); kobs1 is the pseudo-first-order rate constant (min−1); kobs2 is the pseudo-second-order rate constant (L/mg/min).



The pseudo-first-order/pseudo-second-order reduction kinetics parameters are listed in Table 2. The R2 of the pseudo-first-order kinetics fits ranged from 0.937 to 0.992; however, the R2 of pseudo-second-order kinetics fits were all less than 0.9, indicating that the Cr(VI) reduction by SA/NZVI-rGO gel beads is consistent with the pseudo-first-order reduction kinetics. It is in agreement with the statement that the pseudo-first-order kinetics model can correctly characterize the kinetics of NZVI particles and modified NZVI [59,60]. Additionally, when the ratio of NZVI to rGO was increased to 2:1, an abrupt increase in kobs1 was observed, indicating that SA/2NZVI-rGO has fast reduction kinetics. A comparison of k1 for the pseudo-first-order adsorption kinetics (Table 1) and kobs1 for the pseudo-first-order reduction kinetics (Table 2) revealed that adsorption served as the velocity-limiting step since the reduction process is far faster than that of adsorption [58].





3.5. Adsorption Isotherm Analysis


Further analysis of the adsorption mechanism was based on different initial concentration experiments. The experimental data were fitted using the Langmuir adsorption isotherm model and the Freundlich adsorption isotherm model. The Langmuir isotherm model hypothesizes that adsorption takes place on a monolayer where all adsorption sites are of equal energy, and the adsorption capacity is dependent on the number of adsorption sites on the adsorbent [61]. The linear form of Langmuir model could be written as follows:


     C e     Q e    =  1   k L   Q m    +    C e     Q m     



(7)




where Ce (mg/L) and Qe (mg/g) are the equilibrium concentration and equilibrium adsorption amount of Cr(VI) after removal; kL (L/mg) is a constant correlated with the adsorption energy; Qm (mg/g) is theoretical maximum adsorption amount.



Langmuir separation factor (RL) can reflect basic features of Langmuir isotherm, and RL determines whether the adsorption process is advantageous or not, and the equation is as follows:


   R L  =  1  1 +  k L   C 0     



(8)




where C0 is initial concentration of adsorbent.



Freundlich isotherm model is empirical. It assumes that adsorbent has a non-homogeneous sorption surface with different binding forces at each adsorption site, and is multilayer adsorption [62]. The linear equation for the Langmuir model is represented below:


  ln  Q e  = ln  k F  +   ln  C e   n   



(9)




where kF is a constant relevant to the capacity of the adsorbent; n is a constant that responds to the sorption strength of the adsorbent.



The fitted isothermal adsorption parameters from the experimental data of different initial concentrations are shown in Table 3. The relevant coefficient of the Langmuir isothermal model (R2 = 0.968) is larger than that of the Freundlich isothermal model (R2 = 0.924), so the Langmuir isothermal adsorption model provides a more favorable fitting of the measured data. The RL was between 0 and 1 for this experiment, indicating that adsorption is easy to perform [63]. Furthermore, the maximum theorized capacity for Cr(VI) removal by SA/NZVI-rGO gel beads using the Langmuir isothermal adsorption model is 53.42 mg/g, which is approaching the measured maximum sorption capacity (55.42 mg/g). The removal capacity of SA/NZVI-rGO gel beads for Cr(VI) was contrasted with that of other NZVI-based materials, and the results are shown in Table S3. It can be observed that the SA/NZVI-rGO gel beads have a comparable removal capacity. Although this capacity does not remarkably increase to other published NZVI-based materials, the amount of NZVI used in this study is relatively low (per gram of SA/NZVI-rGO beads contains only 0.14 g NZVI).




3.6. Removal Mechanism


Reasonable removal mechanisms, including reduction, electrostatic interaction, and ion exchange, are proposed in Figure 10. The Cr 2p XPS spectra and kinetic results confirmed Cr(VI) removal by gel beads was achieved by adsorption and reduction, which was the main rate control step. Specifically, the high water content (96.61%) of the SA/NZVI-rGO gel beads promoted the penetration of the Cr(VI) solution, and the abundant folds and channels within the gel beads shown by SEM favored the attachment of Cr(VI). Under different pHs, the zeta potential of SA/NZVI-rGO beads (Figure 5a) and Cr(VI) removal experiments (Figure 8a) showed that the electrostatic attraction between positively charged SA/NZVI-rGO gel beads and negatively charged Cr(VI) favored the adsorption of Cr(VI) by SA/NZVI-rGO in acidic environments. Furthermore, the XPS spectra of SA/NZVI-rGO before and after Cr(VI) removal demonstrated that Fe(0) was oxidized to Fe(II) and Fe(III), as well Cr(VI) was reduced to Cr(III) through obtaining electrons given by Fe(0), and Cr(III) reacts with OH− in an aqueous solution to form Cr(OH)3 deposited on the gel beads. The presence of rGO led to a faster reduction of Cr(VI) to Cr(III) due to the formation of massive primary batteries by NZVI and rGO to accelerate the release of electrons [64,65]. Then, Fe(II), which is the result of the oxidation of Fe(0) losing electrons, can further reduce Cr(VI) to Cr(III), and Fe(II) was eventually oxidized to Fe(III). Additionally, FTIR (Figure 3) and O 1s XPS spectra (Figure 4c) of SA/NZVI-rGO before and after Cr(VI) removal demonstrate the hydroxyl group is an electron donor that can reduce Cr(VI) to Cr(III) and then to be oxidized to carboxyl groups. It is interesting to note that in the alginate matrix, Cr(III) can undergo an ion exchange with -COO...Ca...OOC- (Figure S3), thus releasing Ca(II) to further decrease the solution’s pH. This means that more H+ is available in the aqueous solution for electrostatic adsorption due to the protonation of functional groups and for reduction, which may indirectly improve the removal [66]. Thus, the synergistic combination of the proposed removal mechanisms can provide the SA/NZVI-rGO gel beads with a great removal capacity for the effective Cr(VI) removal from aqueous solutions.




3.7. Column Experiments and Model Fitting


Column experiments were applied to research the continuous Cr(VI) removal by SA/NZVI-rGO beads. Theoretical column models are available to simulate the breakthrough performance of columns packed with SA/NZVI-rGO beads, and the Thomas, Adams—Bohart, and Yoon—Nelson models were fitted and analyzed to the measured data, and the above models are described in detail in Text S4. As can be seen from Figure 11a,d,g, when the bed height rose from 4.5 cm to 8.5 cm (flow rate 0.7 mL/min, influent concentration 10 mg/L), the breakthrough time and removal performance increased due to the increase in the adsorption binding sites and the prolonged exposure time of Cr(VI) to the gel beads, resulting in an improved removal efficiency of Cr(VI) [47]. As a result, the higher filling of the column would slowly decrease the removal performance of the column, which is ideal for operation, and a similar finding has been published in the literature [67]. When the influent concentration of Cr(VI) was increased from 10 mg/mL to 40 mg/mL (flow rate 0.7 mL/min, bed height 8.5 cm) (Figure 11b,e,h), the breakthrough time and depletion time of gel beads bed will be advanced because the binding sites would saturate more quickly at higher concentrations [68]. When the flow rate was accelerated from 0.7 mL/min to 4.0 mL/min (bed height 4.5 cm, influent concentration 10 mg/L) (Figure 11c,f,i), both the exhaustion time and removal performance decreased, and the faster flow rate reduced the contact time of Cr(VI) with SA/NZVI-rGO beads, resulting in a steeper penetration curve. This is because a too fast flow rate increases the mass transfer rate, which leads to the increase in the Cr(VI) adsorbed per unit bed height and faster saturation of the bed column, which is consistent with the literature reports [69,70]. Furthermore, due to the excellent mechanical properties and enhanced swelling resistance of the SA/NZVI-rGO gel beads, the gel beads in fixed-bed column keep their integrity after continuous removal. NZVI-rGO confinement in SA reduces nanomaterial contamination due to uncontrolled migration of nanoparticles. The SA/NZVI-rGO gel beads are available for treatment of actual Cr(VI) wastewater.



As presented in Figure 11, these models were fitted to the measured data from column experiments under different conditions. The parameters of each model were acquired from the nonlinear form of the model equation and summarized in Tables S4–S6. When the bed height increased, the flow rate increased and the influent concentration decreased, respectively, KT, KAB, and KYN increased. The well-fitted Thomas model suggested external diffusion and internal diffusion are not restrictive steps, and the well-fitted Adam–Bohart model demonstrates that external mass transfer governs dynamics of the whole system [67]. It can be concluded from the Yoon–Nelson model’ fit that τ increases with a higher bed height and a lower influent concentration and flow rate, respectively, and τ increases indicating a slower fixed bed exhaustion, which is ideal for removal processes. All models have high correlation coefficients (R2 > 0.823), indicating that all three models have a good fit, there is evidence that the above models, which are mathematically verified to be equivalent, all exhibit high levels of fit performance [71].





4. Conclusions


In this study, the NZVI that was pre-loaded on rGO was embedded into SA to synthesize SA/NZVI-rGO gel beads for removing Cr(VI) from the aqueous solution. The research proved the following: (1) The optimized gel beads simultaneously improved oxidation resistance, swell resistance, and compression strength. (2) The SA/NZVI-rGO gel beads could achieve a substantial Cr(VI) removal in a broad pH range (3–11) or a wide Cr(VI) concentration range (10–100 mg/L). The Langmuir adsorption isotherm demonstrated that the adsorption of Cr(VI) by SA/NZVI-rGO occurred easily, and the theoretical maximum removal capacity was 53.42 mg/g. (3) The removal mechanism of Cr(VI) is a synergy of adsorption, reduction, and ion exchange, where the reduction is dominant. (4) The Adams–Bohart, Thomas, and Yoon–Nelson models showed a good fit for the continuous Cr(VI) removal under different conditions in packed columns. Importantly, the gel beads in the column maintained integrity all the time, owing to their excellent mechanical strength, not only facilitating collection but also limiting the uncontrolled migration of NZVI-rGO, which provides a reliable basis for reducing secondary environmental contamination by nanomaterials in practical applications. Overall, by demonstrating improved oxidation resistance, enhanced mechanical properties and swelling resistance, easy collection, and efficient Cr(VI) removal, the SA/NZVI-rGO beads are a promising remediation agent in Cr(VI) wastewater treatment.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym15183764/s1, Figure S1: Photographs of (a) SA/NZVI beads and (b) SA/NZVI-rGO beads stored under seal for 226 days; Photographs of (c) SA beads and (d) freeze-dried SA/NZVI-rGO beads; Figure S2: SEM of NZVI; Figure S3: Ca 2p XPS spectra of SA/NZVI-rGO beads before and after removal Cr(VI); Figure S4: Photographs of hydrogels before, during, and after compression; Figure S5: The reuse of SA/NZVI-rGO gel beads (initial concentration 20 mg/L, pH3, dosage 0.5 g, 298 K); Table S1: Comparison of the removal efficiency of Cr(VI) by NZVI-based materials under alkaline conditions; Table S2: Composition of the actual Cr(VI) wastewater before and after treatment; Table S3: Comparison of maximum adsorption capacity of Cr(VI) by NZVI-based materials; Table S4: Effect of bed height on column adsorption model constants; Table S5: Effect of initial concentration on column adsorption model constants; Table S6: Effect of flow rate on column adsorption model constants. References [72,73,74,75,76,77,78,79,80,81,82] are cited in the supplementary materials.





Author Contributions


Q.J.: conceptualization, methodology, resources, supervision, writing—review and editing, project administration, funding acquisition. Y.M.: methodology, investigation, data curation, writing original draft, formal analysis. J.H.: investigation. Z.R.: writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, Grant No. 41907176.




Data Availability Statement


The data that have been used are confidential.




Acknowledgments


We would like to thank all the participants. This work was financially supported by the National Natural Science Foundation of China (Grant No. 41907176).




Conflicts of Interest


The authors declare that they have no known competing financial interest or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Barrera-Díaz, C.E.; Lugo-Lugo, V.; Bilyeu, B. A review of chemical, electrochemical and biological methods for aqueous Cr(VI) reduction. J. Hazard. Mater. 2012, 223–224, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Kimbrough, D.E.; Cohen, Y.; Winer, A.M.; Creelman, L.; Mabuni, C. A Critical Assessment of Chromium in the Environment. Crit. Rev. Environ. Sci. Technol. 1999, 29, 1–46. [Google Scholar] [CrossRef]

	



Saha, R.; Nandi, R.; Saha, B. Sources and toxicity of hexavalent chromium. J. Coord. Chem. 2011, 64, 1782–1806. [Google Scholar] [CrossRef]

	



Azzam, A.M.; El-Wakeel, S.T.; Mostafa, B.B.; El-Shahat, M. Removal of Pb, Cd, Cu and Ni from aqueous solution using nano scale zero valent iron particles. J. Environ. Chem. Eng. 2016, 4, 2196–2206. [Google Scholar] [CrossRef]

	



Dongsheng, Z.; Wenqiang, G.; Guozhang, C.; Shuai, L.; Weizhou, J.; Youzhi, L. Removal of heavy metal lead(II) using nanoscale zero-valent iron with different preservation methods. Adv. Powder Technol. 2018, 30, 581–589. [Google Scholar] [CrossRef]

	



Li, S.; Wang, W.; Liang, F.; Zhang, W.-X. Heavy metal removal using nanoscale zero-valent iron (nZVI): Theory and application. J. Hazard. Mater. 2017, 322, 163–171. [Google Scholar] [CrossRef]

	



Stefaniuk, M.; Oleszczuk, P.; Ok, Y.S. Review on nano zerovalent iron (nZVI): From synthesis to environmental applications. Chem. Eng. J. 2016, 287, 618–632. [Google Scholar] [CrossRef]

	



Chen, J.; Qiu, X.; Fang, Z.; Yang, M.; Pokeung, T.; Gu, F.; Cheng, W.; Lan, B. Removal mechanism of antibiotic metronidazole from aquatic solutions by using nanoscale zero-valent iron particles. Chem. Eng. J. 2012, 181–182, 113–119. [Google Scholar] [CrossRef]

	



Li, Q.; Chen, Z.; Wang, H.; Yang, H.; Wen, T.; Wang, S.; Hu, B.; Wang, X. Removal of organic compounds by nanoscale zero-valent iron and its composites. Sci. Total. Environ. 2021, 792, 148546. [Google Scholar] [CrossRef] [PubMed]

	



Morgada, M.E.; Levy, I.K.; Salomone, V.; Farías, S.S.; López, G.; Litter, M.I. Arsenic (V) removal with nanoparticulate zerovalent iron: Effect of UV light and humic acids. Catal. Today 2009, 143, 261–268. [Google Scholar] [CrossRef]

	



Zhang, W.-X. Nanoscale Iron Particles for Environmental Remediation: An Overview. J. Nanoparticle Res. 2003, 5, 323–332. [Google Scholar] [CrossRef]

	



Zhao, X.; Liu, W.; Cai, Z.; Han, B.; Qian, T.; Zhao, D. An overview of preparation and applications of stabilized zero-valent iron nanoparticles for soil and groundwater remediation. Water Res. 2016, 100, 245–266. [Google Scholar] [CrossRef]

	



Calderon, B.; Fullana, A. Heavy metal release due to aging effect during zero valent iron nanoparticles remediation. Water Res. 2015, 83, 1–9. [Google Scholar] [CrossRef]

	



Jabeen, H.; Kemp, K.C.; Chandra, V. Synthesis of nano zerovalent iron nanoparticles—Graphene composite for the treatment of lead contaminated water. J. Environ. Manag. 2013, 130, 429–435. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.; Ma, Y.; Wan, J.; Wang, Y.; Guan, Z.; Yan, Z. Investigation of factors affecting the physicochemical properties and degradation performance of nZVI@mesoSiO2 nanocomposites. J. Mater. Sci. 2019, 54, 7483–7502. [Google Scholar] [CrossRef]

	



Xue, X.; Lv, X.; Jiang, G.; Baig, S.A.; Xu, X. Influence of Environmental Factors on Hexavalent Chromium Removal from Aqueous Solutions by Nano-Adsorbent Composites. CLEAN-Soil Air Water 2016, 44, 162–168. [Google Scholar] [CrossRef]

	



Xu, C.-H.; Zhu, L.-J.; Wang, X.-H.; Lin, S.; Chen, Y.-M. Fast and Highly Efficient Removal of Chromate from Aqueous Solution Using Nanoscale Zero-Valent Iron/Activated Carbon (NZVI/AC). Water Air Soil Pollut. 2014, 225, 1–13. [Google Scholar] [CrossRef]

	



Shi, L.-N.; Zhang, X.; Chen, Z.-L. Removal of Chromium (VI) from wastewater using bentonite-supported nanoscale zero-valent iron. Water Res. 2011, 45, 886–892. [Google Scholar] [CrossRef]

	



Jing, Q.; You, W.; Tong, L.; Xiao, W.; Kang, S.; Ren, Z. Response surface design for removal of Cr(VI) by hydrogel-supported sulfidated nano zero-valent iron (S-nZVI@H). Water Sci. Technol. J. Int. Assoc. Water Pollut. Res. 2021, 84, 1190–1205. [Google Scholar] [CrossRef]

	



Ren, L.; Dong, J.; Chi, Z.; Huang, H. Reduced graphene oxide-nano zero value iron (rGO-nZVI) micro-electrolysis accelerating Cr(VI) removal in aquifer. J. Environ. Sci. 2018, 73, 96–106. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Zhu, J.; Wang, F.; Xiong, Y.; Wu, Y.; Wang, Q.; Weng, J.; Zhang, Z.; Chen, W.; Liu, S. Improved In Vitro and In Vivo Biocompatibility of Graphene Oxide through Surface Modification: Poly(Acrylic Acid)-Functionalization is Superior to PEGylation. ACS Nano 2016, 10, 3267–3281. [Google Scholar] [CrossRef] [PubMed]

	



Xue, W.; Huang, D.; Zeng, G.; Wan, J.; Cheng, M.; Zhang, C.; Hu, C.; Li, J. Performance and toxicity assessment of nanoscale zero valent iron particles in the remediation of contaminated soil: A review. Chemosphere 2018, 210, 1145–1156. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Liu, F.; Xia, B.; Du, Q.; Zhang, P.; Wang, D.; Wang, Z.; Xia, Y. Removal of copper from aqueous solution by carbon nanotube/calcium alginate composites. J. Hazard. Mater. 2010, 177, 876–880. [Google Scholar] [CrossRef] [PubMed]

	



Olivas, G.I.; Barbosa-Cánovas, G.V. Alginate–calcium films: Water vapor permeability and mechanical properties as affected by plasticizer and relative humidity. Lwt-Food Sci. Technol. 2008, 41, 359–366. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106–126. [Google Scholar] [CrossRef]

	



Bezbaruah, A.N.; Krajangpan, S.; Chisholm, B.J.; Khan, E.; Bermudez, J.J.E. Entrapment of iron nanoparticles in calcium alginate beads for groundwater remediation applications. J. Hazard. Mater. 2009, 166, 1339–1343. [Google Scholar] [CrossRef]

	



Kuang, Y.; Du, J.; Zhou, R.; Chen, Z.; Megharaj, M.; Naidu, R. Calcium alginate encapsulated Ni/Fe nanoparticles beads for simultaneous removal of Cu (II) and monochlorobenzene. J. Colloid Interface Sci. 2015, 447, 85–91. [Google Scholar] [CrossRef]

	



Kamata, H.; Akagi, Y.; Kayasuga-Kariya, Y.; Chung, U.-I.; Sakai, T. “Nonswellable” Hydrogel Without Mechanical Hysteresis. Science 2014, 343, 873–875. [Google Scholar] [CrossRef]

	



Zhuang, Y.; Yu, F.; Chen, H.; Zheng, J.; Ma, J.; Chen, J. Alginate/graphene double-network nanocomposite hydrogel beads with low-swelling, enhanced mechanical properties, and enhanced adsorption capacity. J. Mater. Chem. A 2016, 4, 10885–10892. [Google Scholar] [CrossRef]

	



Dou, X.; Li, R.; Zhao, B.; Liang, W. Arsenate removal from water by zero-valent iron/activated carbon galvanic couples. J. Hazard. Mater. 2010, 182, 108–114. [Google Scholar] [CrossRef]

	



Lv, X.; Xue, X.; Jiang, G.; Wu, D.; Sheng, T.; Zhou, H.; Xu, X. Nanoscale Zero-Valent Iron (nZVI) assembled on magnetic Fe3O4/graphene for Chromium (VI) removal from aqueous solution. J. Colloid Interface Sci. 2014, 417, 51–59. [Google Scholar] [CrossRef]

	



Jing, Q.; You, W.; Qiao, S.; Ma, Y.; Ren, Z. Comprehensive understanding of adsorption and reduction on 2,4-DCP and Cr(VI) removal process by NZVI-rGO: Performance and mechanism. J. Water Process. Eng. 2023, 51. [Google Scholar] [CrossRef]

	



Roosen, J.; Pype, J.; Binnemans, K.; Mullens, S. Shaping of Alginate–Silica Hybrid Materials into Microspheres through Vibrating-Nozzle Technology and Their Use for the Recovery of Neodymium from Aqueous Solutions. Ind. Eng. Chem. Res. 2015, 54, 12836–12846. [Google Scholar] [CrossRef]

	



Bharti; Khurana, I.; Shaw, A.K.; Saxena, A.; Khurana, J.M.; Rai, P.K. Removal of Trinitrotoluene with Nano Zerovalent Iron Impregnated Graphene Oxide. Water Air Soil Pollut. 2018, 229, 17. [Google Scholar] [CrossRef]

	



Li, J.; Chen, C.; Zhu, K.; Wang, X. Nanoscale zero-valent iron particles modified on reduced graphene oxides using a plasma technique for Cd(II) removal. J. Taiwan Inst. Chem. Eng. 2016, 59, 389–394. [Google Scholar] [CrossRef]

	



Sahoo, S.K.; Padhiari, S.; Biswal, S.; Panda, B.; Hota, G. Fe3O4 nanoparticles functionalized GO/g-C3N4 nanocomposite: An efficient magnetic nanoadsorbent for adsorptive removal of organic pollutants. Mater. Chem. Phys. 2020, 244, 122710. [Google Scholar] [CrossRef]

	



Gu, M.; Sui, Q.; Farooq, U.; Zhang, X.; Qiu, Z.; Lyu, S. Enhanced degradation of trichloroethylene in oxidative environment by nZVI/PDA functionalized rGO catalyst. J. Hazard. Mater. 2018, 359, 157–165. [Google Scholar] [CrossRef]

	



Modrogan, C.; Pandele, A.M.; Bobirică, C.; Dobrotǎ, D.; Dăncilă, A.M.; Gârleanu, G.; Orbuleţ, O.D.; Borda, C.; Gârleanu, D.; Orbeci, C. Synthesis, Characterization and Sorption Capacity Examination for a Novel Hydrogel Composite Based on Gellan Gum and Graphene Oxide (GG/GO). Polymers 2020, 12, 1182. [Google Scholar] [CrossRef]

	



Zhao, W.; Qi, Y.; Wang, Y.; Xue, Y.; Xu, P.; Li, Z.; Li, Q. Morphology and Thermal Properties of Calcium Alginate/Reduced Graphene Oxide Composites. Polymers 2018, 10, 990. [Google Scholar] [CrossRef]

	



Song, L.; Liu, F.; Zhu, C.; Li, A. Facile one-step fabrication of carboxymethyl cellulose based hydrogel for highly efficient removal of Cr(VI) under mild acidic condition. Chem. Eng. J. 2019, 369, 641–651. [Google Scholar] [CrossRef]

	



Zhao, C.; Hu, L.; Zhang, C.; Wang, S.; Wang, X.; Huo, Z. Preparation of biochar-interpenetrated iron-alginate hydrogel as a pH-independent sorbent for removal of Cr(VI) and Pb(II). Environ. Pollut. 2021, 287, 117303. [Google Scholar] [CrossRef] [PubMed]

	



Yan, W.; Herzing, A.A.; Kiely, C.J.; Zhang, W.-X. Nanoscale zero-valent iron (nZVI): Aspects of the core-shell structure and reactions with inorganic species in water. J. Contam. Hydrol. 2010, 118, 96–104. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, M.; Zhang, C.; Yang, X.; Liu, L.; Wang, X.; Yin, W.; Li, Y.C.; Wang, S.; Fu, W. Preparation of highly-conductive pyrogenic carbon-supported zero-valent iron for enhanced Cr(VI) reduction. J. Hazard. Mater. 2020, 396, 122712. [Google Scholar] [CrossRef] [PubMed]

	



Majumder, S.; Sardar, M.; Satpati, B.; Kumar, S.; Banerjee, S. Magnetization Enhancement of Fe3O4 by Attaching onto Graphene Oxide: An Interfacial Effect. J. Phys. Chem. C 2018, 122, 21356–21365. [Google Scholar] [CrossRef]

	



Song, L.; Feng, Y.; Zhu, C.; Liu, F.; Li, A. Enhanced synergistic removal of Cr(VI) and Cd(II) with bi-functional biomass-based composites. J. Hazard. Mater. 2020, 388, 121776. [Google Scholar] [CrossRef]

	



Zhu, C.; Liu, F.; Zhang, Y.; Wei, M.; Zhang, X.; Ling, C.; Li, A. Nitrogen-doped chitosan-Fe(III) composite as a dual-functional material for synergistically enhanced co-removal of Cu(II) and Cr(VI) based on adsorption and redox. Chem. Eng. J. 2016, 306, 579–587. [Google Scholar] [CrossRef]

	



Patel, H. Fixed-bed column adsorption study: A comprehensive review. Appl. Water Sci. 2019, 9, 45. [Google Scholar] [CrossRef]

	



Yao, W.; Geng, C.; Han, D.; Chen, F.; Fu, Q. Strong and conductive double-network graphene/PVA gel. RSC Adv. 2014, 4, 39588–39595. [Google Scholar] [CrossRef]

	



Zhuang, J.; Dai, J.; Ghaffar, S.H.; Yu, Y.; Tian, Q.; Fan, M. Development of highly efficient, renewable and durable alginate composite aerogels for oil/water separation. Surf. Coatings Technol. 2020, 388, 125551. [Google Scholar] [CrossRef]

	



Li, J.; Ma, J.; Chen, S.; Huang, Y.; He, J. Adsorption of lysozyme by alginate/graphene oxide composite beads with enhanced stability and mechanical property. Mater. Sci. Eng. C 2018, 89, 25–32. [Google Scholar] [CrossRef]

	



Deng, J.; Dong, H.; Zhang, C.; Jiang, Z.; Cheng, Y.; Hou, K.; Zhang, L.; Fan, C. Nanoscale zero-valent iron/biochar composite as an activator for Fenton-like removal of sulfamethazine. Sep. Purif. Technol. 2018, 202, 130–137. [Google Scholar] [CrossRef]

	



Pérez-Candela, M.; Martín-Martínez, J.M.; Torregrosa-Maciá, R. Chromium(VI) removal with activated carbons. Water Res. 1995, 29, 2174–2180. [Google Scholar] [CrossRef]

	



Yi, Y.; Tu, G.; Zhao, D.; Tsang, P.E.; Fang, Z. Key role of FeO in the reduction of Cr(VI) by magnetic biochar synthesised using steel pickling waste liquor and sugarcane bagasse. J. Clean. Prod. 2020, 245, 118886. [Google Scholar] [CrossRef]

	



Huang, X.-Y.; Ling, L.; Zhang, W.-X. Nanoencapsulation of hexavalent chromium with nanoscale zero-valent iron: High resolution chemical mapping of the passivation layer. J. Environ. Sci. 2018, 67, 4–13. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, N.; Yang, Y.; Li, J.; Wang, S.; Lv, J.; Tang, R. Novel carbothermal synthesis of Fe, N co-doped oak wood biochar (Fe/N-OB) for fast and effective Cr(VI) removal. Colloids Surfaces A Physicochem. Eng. Asp. 2020, 600, 124926. [Google Scholar] [CrossRef]

	



Özcan, A.S.; Gök, Ö.; Özcan, A. Adsorption of lead(II) ions onto 8-hydroxy quinoline-immobilized bentonite. J. Hazard. Mater. 2009, 161, 499–509. [Google Scholar] [CrossRef]

	



Wang, Z.; Wu, X.; Luo, S.; Wang, Y.; Tong, Z.; Deng, Q. Shell biomass material supported nano-zero valent iron to remove Pb2+ and Cd 2+ in water. R. Soc. Open Sci. 2020, 7, 201192. [Google Scholar] [CrossRef]

	



Chen, Z.; Wang, T.; Jin, X.; Chen, Z.; Megharaj, M.; Naidu, R. Multifunctional kaolinite-supported nanoscale zero-valent iron used for the adsorption and degradation of crystal violet in aqueous solution. J. Colloid Interface Sci. 2013, 398, 59–66. [Google Scholar] [CrossRef]

	



Liu, X.; Zhang, S.; Zhang, X.; Guo, H.; Cao, X.; Lou, Z.; Zhang, W.; Wang, C. A novel lignin hydrogel supported nZVI for efficient removal of Cr(VI). Chemosphere 2022, 301, 134781. [Google Scholar] [CrossRef]

	



Shi, L.-N.; Lin, Y.-M.; Zhang, X.; Chen, Z.-L. Synthesis, characterization and kinetics of bentonite supported nZVI for the removal of Cr(VI) from aqueous solution. Chem. Eng. J. 2011, 171, 612–617. [Google Scholar] [CrossRef]

	



Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 1918, 40, 1361–1403. [Google Scholar] [CrossRef]

	



Freundlich, H.M.F. Über die Adsorption in Lösungen. Z. Phys. Chem. 1907, 57U, 385–470. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, Y.; Fang, Y.; Mwamulima, T.; Song, S.; Peng, C. Removal of crystal violet and methylene blue from aqueous solutions using the fly ash-based adsorbent material-supported zero-valent iron. J. Mol. Liq. 2018, 250, 468–476. [Google Scholar] [CrossRef]

	



Gu, H.; Gao, Y.; Xiong, M.; Zhang, D.; Chen, W.; Xu, Z. Removal of nitrobenzene from aqueous solution by graphene/biochar supported nanoscale zero-valent-iron: Reduction enhancement behavior and mechanism. Sep. Purif. Technol. 2021, 275, 119146. [Google Scholar] [CrossRef]

	



Mon, P.P.; Cho, P.P.; Chanadana, L.; Kumar, K.A.; Dobhal, S.; Shashidhar, T.; Madras, G.; Subrahmanyam, C. Bio-waste assisted phase transformation of Fe3O4/carbon to nZVI/graphene composites and its application in reductive elimination of Cr(VI) removal from aquifer. Sep. Purif. Technol. 2023, 306. [Google Scholar] [CrossRef]

	



Zhang, W.; Wang, H.; Hu, X.; Feng, H.; Xiong, W.; Guo, W.; Zhou, J.; Mosa, A.; Peng, Y. Multicavity triethylenetetramine-chitosan/alginate composite beads for enhanced Cr(VI) removal. J. Clean. Prod. 2019, 231, 733–745. [Google Scholar] [CrossRef]

	



Omitola, O.B.; Abonyi, M.N.; Akpomie, K.G.; Dawodu, F.A.; Adams-Bohart, Y.N. Thomas modeling of the fix-bed continuous column adsorption of amoxicillin onto silver nanoparticle-maize leaf composite. Appl. Water Sci. 2022, 12, 94. [Google Scholar] [CrossRef]

	



Jain, M.; Garg, V.; Kadirvelu, K. Cadmium(II) sorption and desorption in a fixed bed column using sunflower waste carbon calcium–alginate beads. Bioresour. Technol. 2012, 129, 242–248. [Google Scholar] [CrossRef]

	



Ko, D.C.; Porter, J.F.; McKay, G. Optimised correlations for the fixed-bed adsorption of metal ions on bone char. Chem. Eng. Sci. 2000, 55, 5819–5829. [Google Scholar] [CrossRef]

	



Njaramba, L.; Kim, S.; Kim, Y.; Cha, B.; Kim, N.; Yoon, Y.; Park, C. Remarkable adsorption for hazardous organic and in-organic contaminants by multifunctional amorphous core–shell structures of metal–organic framework-alginate compo-sites. Chem. Eng. J. 2022, 431, 133415. [Google Scholar] [CrossRef]

	



Chu, K.H. Breakthrough curve analysis by simplistic models of fixed bed adsorption: In defense of the century-old Bohart-Adams model. Chem. Eng. J. 2019, 380, 122513. [Google Scholar] [CrossRef]

	



Bohart, G.S.; Adams, E.Q. Some Aspects of the Behavior of Charcoal with Respect to Chlorine. J. Am. Chem. Soc. 1920, 42, 523–544. [Google Scholar] [CrossRef]

	



Cheng, Y.; Dong, H.; Hao, T. CaCO3 coated nanoscale zero-valent iron (nZVI) for the removal of chromium(VI) in aqueous solution. Sep. Purif. Technol. 2020, 257, 117967. [Google Scholar] [CrossRef]

	



Lv, X.; Qin, X.; Wang, K.; Peng, Y.; Wang, P.; Jiang, G. Nanoscale zero valent iron supported on MgAl-LDH-decorated reduced graphene oxide: Enhanced performance in Cr(VI) removal, mechanism and regeneration. J. Hazard. Mater. 2019, 373, 176–186. [Google Scholar] [CrossRef]

	



Sarojini, G.; Babu, S.V.; Rajamohan, N.; Kumar, P.S.; Rajasimman, M. Surface modified polymer-magnetic-algae nanocomposite for the removal of chromium- equilibrium and mechanism studies. Environ. Res. 2021, 201, 111626. [Google Scholar] [CrossRef]

	



Tian, Z.; Jing, Q.; Qiao, S.; You, W. Encapsulation/capture of S-nZVI particles by PANa-PAM hydrogel limits their leakage and improves Cr(VI) removal. Process. Saf. Environ. Prot. 2023, 172, 124–135. [Google Scholar] [CrossRef]

	



Wang, T.; Sun, Y.; Bai, L.; Han, C.; Sun, X. Ultrafast removal of Cr(VI) by chitosan coated biochar-supported nano zero-valent iron aerogel from aqueous solution: Application performance and reaction mechanism. Sep. Purif. Technol. 2023, 306, 122631. [Google Scholar] [CrossRef]

	



Wen, R.; Tu, B.; Guo, X.; Hao, X.; Wu, X.; Tao, H. An ion release controlled Cr(VI) treatment agent: Nano zero-valent iron/carbon/alginate composite gel. Int. J. Biol. Macromol. 2019, 146, 692–704. [Google Scholar] [CrossRef]

	



Yi, Y.; Wang, X.; Zhang, Y.; Yang, K.; Ma, J.; Ning, P. Formation and mechanism of nanoscale zerovalent iron supported by phosphoric acid modified biochar for highly efficient removal of Cr(VI). Adv. Powder Technol. 2023, 34, 103826. [Google Scholar] [CrossRef]

	



Yoon, Y.H.; Nelson, J.H. Application of Gas Adsorption Kinetics I. A Theoretical Model for Respirator Cartridge Service Life. Am. Ind. Hyg. Assoc. J. 1984, 45, 509–516. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, R.; Zhou, Z.; Zhao, X.; Jing, G. Enhanced Cr(VI) removal from simulated electroplating rinse wastewater by amino-functionalized vermiculite-supported nanoscale zero-valent iron. Chemosphere 2018, 218, 458–467. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.; Ma, M.; Zhao, Y.; Baig, S.A.; Hu, S.; Ye, M.; Wang, J. Integrated green complexing agent and biochar modified nano zero-valent iron for hexavalent chromium removal: A characterisation and performance study. Sci. Total. Environ. 2022, 834, 155080. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 15 03764 sch001] 





Scheme 1. Preparation process of the (a) NZVI-rGO, (b) SA/NZVI-rGO gel beads, and (c) SA gel beads. 
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Figure 1. Photographs of just-prepared (a) SA/NZVI beads and (b) SA/NZVI-rGO beads, of (c) SA/NZVI beads exposed to oxygen for 2 h, of (d) SA/NZVI-rGO beads after removal of Cr(VI) for 22 h. 
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Figure 2. SEM of (a) NZVI-rGO and (b) SA/ NZVI-rGO beads. 
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Figure 3. FTIR spectrums of SA, NZVI-rGO, and SA/NZVI-rGO before and after Cr(VI) removal. 
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Figure 4. (a) Wide XPS spectrums, (b) Fe 2p and (c) O 1s XPS spectrums of SA/NZVI-rGO beads before and after Cr(VI) removal, and (d) Cr 2p XPS spectra of SA/NZVI-rGO beads after removal. 
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Figure 5. (a) Zeta potential of SA/NZVI-rGO gel under different pH. (b) Zeta potential of SA gel, NZVI powder, NZVI-rGO powder, SA/NZVI gel, and SA/ NZVI-rGO gel at pH = 7. 






Figure 5. (a) Zeta potential of SA/NZVI-rGO gel under different pH. (b) Zeta potential of SA gel, NZVI powder, NZVI-rGO powder, SA/NZVI gel, and SA/ NZVI-rGO gel at pH = 7.



[image: Polymers 15 03764 g005]







[image: Polymers 15 03764 g006] 





Figure 6. (a) Compressive stress–strain curves and (b) Young’s modulus of gels with different rGO contents and (c) swelling ratio of SA/xNZVI-rGO gels at different pH. 
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Figure 7. The effects of (a) different beads components and (b) different dosing ratios of NZVI and rGO on the Cr(VI) removal (initial concentration 10 mg/L, pH 3, dosage 0.5 g, 298 K). 
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Figure 8. The effects of (a) different pH (initial concentration 10 mg/L, dosage 0.5 g, 298 K), (c) different initial concentrations (dosage 0.5 g, pH 3, 298 K), and (d) different solid-to-liquid ratios (initial concentration 10 mg/L, pH 3, 298 K) on the Cr(VI) removal. And (b) species distribution of Cr(VI) at different pHs. 
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Figure 9. The removal effect of SA/NZVI-rGO beads on real and simulated wastewater with equal Cr(VI) concentration (initial concentration 13.75 mg/L, 100 mL, pH 5.58, dosage 0.4 g, 298 K). 
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Figure 10. Schematic diagram of the mechanism of Cr(VI) removal by SA/NZVI-rGO. 
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Figure 11. Effect of (a) bed height, (b) influent concentration, and (c) flow rate on the breakthrough curve of continuous Cr(VI) removal by SA/NZVI-rGO. The lines represent the curves fitted with (a–c) Thomas, (d–f) Adam–Bohart, and (g–i) Yoon–Nelson models. 
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Table 1. Pseudo-first-order/pseudo-second-order adsorption kinetics parameters for Cr(VI) adsorption.
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Parameter

	
SA/1NZVI-rGO

	
SA/2NZVI-rGO

	
SA/3NZVI-rGO

	
SA/5NZVI-rGO






	

	
qe

	
1.243

	
2.073

	
2.103

	
2.219




	
pseudo-first-order

	
k1 (min−1)

	
0.012

	
0.066

	
0.056

	
0.080




	
Qe (mg g−1)

	
1.299

	
2.057

	
2.110

	
2.188




	
R2

	
0.986

	
0.994

	
0.998

	
0.988




	
pseudo-second-order

	
k2 (g−1mg−1min−1)

	
0.007

	
0.043

	
0.034

	
0.051




	
Qe (mg g−1)

	
1.692

	
2.23

	
2.31

	
2.348




	
R2

	
0.981

	
0.984

	
0.965

	
0.987











 





Table 2. Pseudo-first-order/pseudo-second-order reduction kinetics parameters for Cr(VI) reduction.
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Pseudo-First-Order

	
Pseudo-Second-Order




	

	
kobs1 (10−2min−1)

	
R2

	
kobs2 (10−2 L/mg/min)

	
R2






	
SA/1NZVI-rGO

	
0.385

	
0.937

	
0.979

	
0.773




	
SA/2NZVI-rGO

	
5.829

	
0.992

	
1.531

	
0.615




	
SA/3NZVI-rGO

	
4.351

	
0.969

	
0.985

	
0.490




	
SA/5NZVI-rGO

	
6.792

	
0.984

	
1.341

	
0.575











 





Table 3. Langmuir and Freundlich isotherms parameters of Cr(VI) removal by SA/NZVI-rGO gel beads.
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Langmuir Model

	
Freundlich Model






	
kL

	
Qm

	
R2

	
RL

	
kF

	
n

	
R2




	
0.111

	
53.42

	
0.968

	
0.474–0.022

	
6.932

	
2.238

	
0.924

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check CrossRef













media/file8.jpg
Intensity (counts/s)

Binding Energy (eV)

) e Tl Fep
sanzvico.cam
H o
& [aer
H Vi v
H e
: am
v
sors
e e
BidingEnerzy (V) Bindng Enrgy (V)
% =
cxmyssa sz
2|
H cam
HE
H
S C—





media/file13.png
[ W
= S
= <

Compressive Stress (Kpa)
[a—y
(=3
(=}

20 ’,/”

0 J
0 n
% 10 20 30 40 /!

== SA/INZVI-rGO
==+ =SA/2NZVI-rGO
= = =SA/3ANZVI-rGO
== = SA/SNZVI-rGO
=== SA/NZVI

120 160

Strain (%)

3 [~]
I —]

=)
(=)

Compression Modulus (KPa)
[\ =
< <

(7] N
< <

[y
—}

(b
-S(A)INZVI—rGO

SA/2NZV1-rGO

SA/3NZVI-rGO
SA/SNZVI-rGO

=

= =S
2 >
= =

Swelling, Ratio (7o)






media/file12.jpg
-

Bhovieco






media/file18.jpg
100

®
g

2
E

2
3

—e— simulating Cr(VI) waste water!
—a— Actual Cr(VI) waste water

Removal Efficiency(%)

0
S

0 50 100 150 200 250 300

Time (min)





media/file9.png
Intensity (counts/s)

Intensity (counts/s)

(2)

SA/NZVI-rGO-Cr(VI)

SA/NZVI-rGO
Cls
Fe2p C: 2p
CI2
1200 1000 800 600 400 200 0
Binding Energy (eV)
Ols
(c) O-H 0=C/0=C-0
Fe-O
(19.75%)
after
0=C/0=C-0
O-H (20.07%)
(66.43%)
Fe-O
(15.49%)
before
| 1 | | |
536 532 528 524

Binding Energy (eV)

Intensity (counts/s)

Intensity (counts/s)

(b) Fe2pl/2 Fe2p3/2

Fe(11)

after

Fe2p

Fe(I11)

Fe2pl/2 Fe2p3/2

before =~

730 725 720 715 710
Binding Energy (eV)

705

(d)
Cr(IT)=85.69% Cr2p3/2
Cr(VI)=14.31%

Cr2pl/2
Cr(VI)

Cr(I)

Cr2p

590 585 580 575
Binding Energy (eV)

570





media/file14.jpg
5
H

Efficiency(%)

Removs
Removal Capi

e SusNVLIGO,

Time (min)
Time (min)





media/file20.jpg
>
a3k s cro:
D 4 07 W 565" 20 71,0
W) e a0 ->crom,§

Se=0 4 aum
> Se=0 + e

SANZVIIGO

® P —
?-“T:‘Z»/ OO 132210 Cuien

N et e





media/file23.png
4.5 cm
6.5 cm
8.5cm
Thomas

Thomas

Thomas

1000 2000 3000 4000 5000 6000
T(min)
1.oH(d) = e
/ Cﬁ i 7 - N
0.8} @ g7 Ag#ﬁ“%P
o d& Y/
< 0.6} @“7 / O 4.5cm
= o 6.5
U / D CIn
0.4 / A 85cm
== = Adam-Bohart
0.2 |, = = Adam-Bohart
_ — = Adam-Bohart
.0 E [l [l [ [ [ [
0 1000 2000 3000 4000 5000 6000
T(min)
1’0-(g) @ ’.—-°_°
R4l .- DA0N
08 s o oAM@£M%A
= /
O 0.6F © 4.5cm
o 7 o 6.5cm
0.4 / A 85cm
oiP ﬁ( - = -Yoon-Nelson
0.2 - = - Yoon-Nelson
== = -Yoon-Nelson

0.0 a 1 a 1 1 a 1 a 1 a 1
0 1000 2000 3000 4000 5000 6000
T(min)

c/

A 10 mg/L
0O 30 mg/L
© 40 mg/L

0.0 o 1 . L a L a 1 . 1 a L
0 1000 2000 3000 4000 5000 6000

T(min)
1.0t(e) o PR
7 -
0.8} @E@Sﬁ o _
o6k o 7/ oy
J 0. A
S /
04y 7/ 2/
/ A 10 mg/L
0.2 0O 30 mg/LL
O 40 mg/L
0.0 1 1 L 1 1 1
0 1000 2000 3000 4000 5000 6000
T(min)
1.0F(h) - e
7,7 -
0.8} g@hﬂ“ B LONONOEA
/ :é
o o/' /B
S 06f L P
@) /
0.4 4 el
A 10 mg/L
0.2 O 30 mg/L
O 40 mg/L

0.0 a 1 a 1 a 1 a 1 a 1 a 1
0 1000 2000 3000 4000 5000 6000

T(min)

C/

C/Cy

© 4 mL/min
0 2 mL/min
A 0.7 mL/min

1000

1500 2000

T(min)

O 4 mL/min
O 2 mL/min
A (0.7 mL/min

500

1000

1500 2000

T(min)

© 4 mL/min
O 2 mL/min
A (0.7 mL/min

1500 2000





media/file5.png
x50,000 15.0kKV UED x50, 000





media/file15.png
Removal Efficiency(%)

100

80

60

40

20

—4—SA / NZVI-rGO
—o—SA /NZVI
—o—=SA/rGO

—#— SA

100

150 200 250

Time (min)

300

Removal Capicity (mg/g)

2.5

2.0

1.5

1.0

0.5

0.0

| (b)

—4—SA/INZVI-rGO
—o— SA/2NZVI-rGO
~——=SA/3NZVI-rGO
—#— SA/SNZVI-rGO

100

150 200 250 300

Time (min)






media/file19.png
Removal Efficiency(%)

100

80

60

40

20

—eo—simulating Cr(VI) waste water
—&— Actual Cr(VI) waste water

L 1 L L |
50 100 150 200 250 300

Time (min)






media/file2.jpg





nav.xhtml


  polymers-15-03764


  
    		
      polymers-15-03764
    


  




  





media/file11.png
NZVI

SA/NZVI1-rGO

NZVI1-rGO

=T = =] ~
|
(Aw) [enuajod €127

_|6 =

1
e
T

1
=
JA o

(AwW) renuajod Rz

_4'] -

12

pH





media/file6.jpg
1428 BB 2 00
o : ]

I
: SA/NZVI-rGO-Cr|

Transmittance (%)
=
f j
=
i

14301625
W
| | | | Al

; r
1000 1500 2000 2500 3000 3500
Wavenumber (cm™")






media/file1.png
(a)

(b)

)

reduction

ultrasonicate / ‘
I | crosslink :I’:]
ot

NZVI-rGO NZVI-rGO NZVI-rGO  SA/NZVI-rGO
SA SA gcl beads

stirring stirring

r-;_‘i'_;: — —

defoam ~ } crosslink - I =






media/file10.jpg
)

Nzvi

NZV1+GO

SANZVIFGO

o






media/file7.png
Transmittance (%)

1
SA/NZVI-rGO-Cr

1l | |
1000 1500 2000 2500 3000 3500
Wavenumber (cm™!)






media/file24.png





media/file16.jpg
@iw) ypdu)y

T = 8 % 8 - oz 3 3 s 7 =
00 s (1010 0 s o 0 oo mow
= = o o esouoy
g (17 3sae .
5 H
N H
g 23
Z: H
H L
H £
E
3

s & ° T & & % W
1 sy T 0 Cwpw ey






media/file3.png





media/file22.jpg
T





media/file17.png
cror ¥

100

~

7~

(b

S S — =
R o < (o]

0/,) SANAAS (JA)I)) JO I3BIUAIIJ

—eo—pH=11

—=— pH=3
~—o—pH=S5
—e— pH=7
—4— pH=9

@) go]

S S — =
R o < (o]

(94)AUWYJ [BAOWIY

14

12

10

100 150 200 250 300

S0

pH

Time (min)

(3/8w) y1de) [BAOWY

=
o = o] o < (g}
] ] ] ! ] ]
-1 W
- <
-1 N
-1
=
| | | | | P
= = S = — =
= o o < [\
=
~  (94) AOuanyyy BAOwY
2
(38/8w) Ay1de) [BAOWY
S S — = — =
o w, < e (@] = =
] ] ! ] ! ] ! ] ! ] !
o
1 <&
<
o
1 <&
en
o
1 <&
[\
o
1 &
—
| L | L | L | L P
= S = — =