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Abstract:



Reducing the levels of heavy metals in wastewaters below the permissible limits is imperative before they are discharged into the environment. At the same time, water treatment technologies should be not only efficient, but also affordable. In accordance with these principles, this study assessed the possibility of recovering iron-contaminated residues, resulting from the treatment of synthetic acid mine drainage, for the subsequent remediation of Cr(VI) polluted aqueous solutions. Bentonite, an inexpensive and available natural material, was used as an adsorbent for the removal of Fe(II) from synthetic acid mine drainage (AMD). Then, Fe(II)-contaminated bentonite, the residue generated during the treatment of AMD, was recovered and activated with sodium borohydride in order to convert the adsorbed Fe(II) to Fe(0). Subsequently, the Fe(0)-containing bentonite (Be-Fe(0)) was further used for the treatment of Cr(VI) contaminated aqueous solutions. Reactive materials investigated in this work were characterized by means of scanning electron microscopy-energy dispersive angle X-ray spectrometry (SEM-EDX), X-ray diffraction spectroscopy (XRD), point of zero charge, and image photographs. The effect of several important parameters (pH, temperature, metal concentration, and ionic strength) on both treatment processes was investigated and discussed. It was shown that the efficiency of Cr(VI) removal with Be-Fe(0) was much higher than with bentonite. On the basis of the present study it can be concluded that residues generated during the treatment of AMD with bentonite can be used as a cheap precursor for the production an Fe(0)-based reagent, with good Cr(VI) removal potential.






Keywords:


waste reuse; acid mine drainage; hexavalent chromium; pollution; water treatment








1. Introduction


Metallic elements are widespread components of the rocks and minerals of the earth’s crust. Heavy metals are extremely toxic, non-biodegradable, persistent, and have a great tendency for bioaccumulation in the food chain [1]. Even though some of them (e.g., Fe, Cu, Mn, Zn) are part of many natural biogeochemical cycles that support life [2], the uncontrolled release of heavy metals into the aquatic ecosystem, as a result of industrial, agricultural, and urban pollution, poses a serious threat to the environmental quality. Chromium is an important heavy metal used in a variety of industrial applications, including wood preservation, the preparation of inorganic chemicals and pigments, textile dying, leather tanning, metallurgy, and metal electroplating; all these industries have released large quantities of chromium into the environment due to accidental events or inadequate precautionary measures [3]. Chromium can exist in oxidation states ranging from (−IV) to (+VI); however, in natural environments, chromium can be found mainly in two of its most stable oxidation states, (+III) and (+VI) [4], which display a markedly different toxicity, chemical behavior, and mobility [5]. Under circumneutral pH conditions, Cr(VI) is present as highly mobile anions, which are toxic to living organisms and well-established human carcinogens [6,7,8]. On the other hand, Cr(III) has a very low mobility in the environment and is 500 to 1000 times less toxic to a living cell than Cr(VI) [9]. Therefore, it is important to reduce the concentrations of Cr(VI) in wastewaters below the permissible limits, before being discharged into the environment. Iron is another important heavy metal with numerous industrial applications, which can also be found in natural aqueous environments, mainly in two oxidation states: Fe(II) and Fe(III) [10]. Because under circumneutral conditions Fe(III) is frequently confined to the particulate phase, Fe(II) is the more soluble and mobile form of iron [11,12]. The two oxidation states of iron are capable of accepting and donating electrons; hence, iron participates in redox reactions which are essential for the diverse metabolic processes of most living cells [13,14,15,16]. However, in the case of an excessive concentration within cells, the same redox property of iron also accounts for its toxicity [10,14,17,18]. Therefore, it is obvious that iron concentration in body tissues must be tightly regulated, as well as its concentration in natural effluents. In recent years, there has been great interest in the use of natural materials, available in large quantities, as inexpensive alternative adsorbents [19,20]. Clay minerals are classified as promising cheap adsorbents for heavy metal removal because they offer several advantages, including that they: (1) are readily available, (2) are inexpensive, (3) have a layered structure and large specific surface area, (4) have a good chemical and mechanical stability, and (5) have a high cation exchange capacity [20,21]. At the same time, using metallic iron (Fe(0)) for the removal of various pollutants, including heavy metals, has also become increasingly popular in the last few decades [3,22,23]. The policy framework for managing solid waste encourages the prevention of their generation and/or waste recycling. Accordingly, the reuse of waste materials resulting from water treatment technologies, as reactive materials for other water treatment processes, can become a crucial component, especially in developing nations, in their efforts to address pollution caused by industrial activities. Therefore, in the first phase of this study, we investigated the use of bentonite as a cheap adsorbent for the removal of Fe(II) from synthetic acid mine drainage (AMD). Then, the exhausted bentonite resulting from this step was recovered and treated with sodium borohydride in order to reduce the adsorbed iron from Fe(II) to Fe(0). Finally, the resultant Fe(0)-doped bentonite, hereinafter referred to as Be-Fe(0), was further used for the remediation of Cr(VI) polluted waters. The effect of several important parameters on both treatment processes was investigated, and the efficiency of Cr(VI) removal with Be-Fe(0) and with normal bentonite was comparatively discussed. In addition, the mechanism of Cr(VI) removal with Be-Fe(0) was also evaluated.




2. Materials and Methods


2.1. Materials


The clay employed in the present study for the retaining of Fe(II) was bentonite (O: 53.99%; Si: 34.09%; Al: 6.27%; K: 2.53%; Ca: 1.76%; Fe: 0.90%; Mg: 0.46%) obtained from a local Romanian deposit. The fresh bentonite was ground and passed through a 0.5 mm sieve, washed with distilled water, dried in oven at 105 °C for 24 h, and further used in treatability experiments. Fe(II) (AMD) and Cr(VI) stock solutions (1000 mg/L) were prepared by dissolving the required amount of AR grade FeSO4·7H2O and K2Cr2O7, respectively, in distilled water. Then, synthetic AMD and Cr(VI) working solutions with desired concentrations were prepared by the appropriate dilution of stock solution. The synthetic AMD solution contained only Fe2+ because this is usually the major metal cation in real AMD generated as a result of iron-based sulfide mineral oxidation (e.g., pyrite) in the presence of water and atmospheric oxygen [24,25]. The pH of synthetic solutions was adjusted before experiments to the required value by the addition of small amounts of concentrated H2SO4.




2.2. Experimental Procedure


2.2.1. Fe(II) Treatability Experiments


Batch Fe(II) treatability experiments were conducted in 800 mL Berzelius flasks, by introducing 15 g of bentonite into 500 mL synthetic AMD solution. All experiments were conducted at an initial Fe(II) concentration of 100 mg/L, except those investigating the impact of Fe(II) initial concentration. The mixture was stirred using an Ovan agitator (200 rpm) and, at timed intervals, samples were withdrawn, filtered using a 0.45 μm filter, and analyzed for Fe(total).




2.2.2. Recovery and Activation of Exhausted Bentonite


At the end of the Fe(II) treatability experiments, about 200 g of spent bentonite was recovered. Because Fe(II) treatability experiments were conducted with variations of several important experimental parameters (pH, temperature, Fe(II) concentration, ionic strength), they resulted in different Fe(II) removal efficiencies of bentonite; therefore, samples of exhausted bentonite from different experiments were characterized by different amounts of Fe(II) adsorbed. In order to obtain a homogeneous concentration of adsorbed Fe(II), the 200 g of exhausted bentonite was further reacted with 1000 mL solution Fe(II) 100 mg/L, at room temperature and pH 2.9. After 24 h of mixing, the spent bentonite was separated by filtration, washed thoroughly with distilled water to drain out the un-exchanged iron, and, finally, dried at 105 °C for another 24 h. By means of a mass balance calculation, the concentration of adsorbed iron was determined to be about 1.5 mg Fe/g bentonite. Then, 300 mL distilled water was added over the recovered bentonite, and the obtained slurry was stirred at a rate of 200 rpm, in order to keep the bentonite particles in suspension. Sodium borohydride (NaBH4) was used as a reducing agent to convert the adsorbed iron from Fe(II) to Fe(0) via the liquid-phase reduction method [26]:


Fe(H2O)62+(aq) + 2BH4−(aq) → Fe0(s)↓+ 2B(OH)3(aq) + 7H2(g)↑



(1)







This process was carried out because Fe(0) is a stronger reductant than Fe(II) (E° = −0.44 V and +0.77 V for Fe2+/Fe0 and Fe3+/Fe2+, respectively, [3]). A 200% excess of borohydride was applied in order to accelerate the reaction and to compensate for any NaBH4 that reacts with the water. After the complete addition of NaBH4, the mixture was further stirred for 1 h. The resultant Be-Fe(0) was separated from the solution, washed twice with ethanol, dried at 50 °C overnight in an oven, and kept in a vacuum desiccator prior to use.




2.2.3. Cr(VI) Treatability Experiments


Cr(VI) treatability experiments were conducted in 800 mL Berzelius flasks by introducing 10 g of Be-Fe(0) into a 500 mL Cr(VI) solution. All experiments were conducted at an initial Cr(VI) concentration of 2 mg/L, except those investigating the impact of Cr(VI) initial concentration. The mixture was stirred (200 rpm) and, periodically, aliquots were extracted, filtered, and analyzed for Cr(VI). In addition, control experiments with fresh (unmodified) bentonite were also carried out, under similar experimental conditions; however, because preliminary tests showed a very low affinity of bentonite towards Cr(VI) even at a very low pH, the dose of bentonite used in the control experiments was increased to 60 g/L.




2.2.4. Analytical Procedure


Cr(VI) concentration in the filtrate was analyzed by the 1,5-diphenylcarbazide colorimetric method at 540 nm [27]. In addition, for the investigation of the mechanism of Cr(VI) removal with Be-Fe(0), Cr(total) was also determined, by oxidizing any Cr(III) with KMnO4, followed by analysis as Cr(VI) [27]; then, Cr(III), if any, was evaluated as the difference between Cr(total) and Cr(VI). Fe(total) concentration was determined via the 1,10-ortophenantroline method, at 510 nm, by the reduction of any Fe(III) to Fe(II) with hydroxylamine hydrochloride and subsequent analysis as Fe(II) [27]. After the color (purple and orange, for Cr(VI) and Fe(total), respectively) was fully developed, samples were transferred to a Specord 200 PLUS spectrophotometer, where the absorbance was measured in 10 mm pathlength glass cells. The pH of the samples was measured using an Inolab 7320 pH-meter calibrated with three standards. The point of zero charge (pHpzc) of the bentonite surface was determined using the pH drift method [28]. Scanning electron microscopy (SEM)-energy dispersive angle X-ray spectrometry (EDX) and X-ray diffraction (XRD) were employed to investigate the surface morphology and chemical composition of bentonite. The SEM-EDX analysis was performed on an Inspect S scanning electron microscope (FEI, Eindhoven, Holland) coupled with a GENESIS XM 2i energy dispersive angle X-ray spectrometer. The XRD measurements were performed at 40 kV and 30 mA on a X’Pert PRO MPD Diffractometer (FEI, Eindhoven, Holland) equipped with a Cu anode X-ray tube and PixCEL detector (Cu Kα radiation, λ = 1.54056 Å). The ionic strength of the solutions was estimated using the empirical relation of Russel [29]:


[image: there is no content]



(2)




where I is the ionic strength (M) and [image: there is no content] is the conductivity (μS/cm).






3. Results and Discussion


3.1. Mitigation of Fe(II) Pollution


3.1.1. Effect of pH


In this study, the impact of initial pH was studied within the pH range of 1.0–4.0, at room temperature (22 °C). These pH values were selected because they are within the range of levels reported for pH in AMD environments [30,31]. It can be seen from Figure 1 and Figure S1 (supplementary material) that both the rate of Fe(II) adsorption and adsorption capacity of bentonite decreased with decreasing pH from 4.0 to 2.1.


Figure 1. Effect of pH on Fe(II) removal by bentonite.
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On the one hand, this observation can be related to electrostatic interactions between cationic Fe2+ species and anionic charged centers on the surface of bentonite. Acid-base equilibria of bentonite surface groups in aqueous solutions can be represented as follows:


Be-OH + H+ ⇔ Be-OH2+



(3)






Be-OH + HO− ⇔ Be-O− + H2O



(4)







The value of bentonite pHpzc was found to be 7.2 (Figure S2); therefore, over the entire pH range that was studied for the adsorption of Fe(II), the number of positive charges existent at the surface of bentonite was greater than that of negative charges; hence, the net charge of the surface of bentonite was positive. However, by decreasing the solution pH from 4.0 to 2.1, Equation (3) becomes favored, leading to a gradual increase of the net positive charge. Accordingly, the hindering effect of decreasing the pH from 4.0 to 2.1 can be attributed to the increase in electrostatic repulsion forces between Fe2+ cations and the positively charged bentonite surface. On the other hand, the observed pH dependence may be attributed to a higher competition for the negatively charged sites between Fe2+ and H3O+ cations, as a result of the increasing H3O+ concentration with decreasing solution pH. Figure 1 also reveals that, by further decreasing the pH to even lower values (1.5 and 1.0), the concentration of Fe(II) in solution increased over the initial value of 100 mg/L, up to about 133 mg/L. Since the control experiments carried out in the absence of Fe(II), at pH 1.0 (just distilled water with pH 1.0), over a 24 h period, showed no release of dissolved iron from the stainless steel stirring rods of the agitator, the phenomenon noticed at pH 1.0 and 1.5 can be attributed to the solubilization of iron existent in the bentonite structure.




3.1.2. Effect of Temperature


The effect of temperature was investigated over the range of 6–32 °C, at pH 2.9. The results presented in Figure 2 and Figure S3 (supplementary material) show that the adsorption of Fe(II) on bentonite was significantly affected by this parameter, increasing with increasing temperature; this behavior indicates that the adsorption process was endothermic in nature. Furthermore, from Figure 2, it is apparent that adsorption reached saturation faster at low temperatures than at high temperatures. The enhancement of adsorption efficacy with increasing temperature may be attributed to better interactions between Fe(II) and bentonite, as a result of the creation of new adsorption sites, or of increased rates of intraparticle diffusion of Fe(II) ions into the pores of bentonite at higher temperatures [32]. The positive value of ΔH (Table S1, supplementary material) supports the endothermic nature of adsorption, while the positive value of ΔS (Table S1, supplementary material) reflects an increased randomness at the solid/solution interface during the adsorption process [33]. In addition, the positive value of the ΔG at 6 °C suggests that, at low temperatures, the adsorption of Fe(II) on bentonite is not spontaneous; however, the process becomes spontaneous at temperatures ≥ 22 °C, when negative ΔG values were obtained (Table S1, supplementary material). All this supports the fact that Fe(II) adsorption is favored by an increase in temperature.


Figure 2. Effect of temperature on Fe(II) removal by bentonite.
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3.1.3. Effect of Fe(II) Concentration


The influence of Fe(II) concentration was researched by varying the initial Fe(II) concentration over the range of 75–500 mg/L, at pH 2.9 and room temperature (22 °C). These concentrations were selected because they are within the range of the levels of reported Fe(II) in AMD environments [30,31]. As revealed in Figure 3, the efficiency of adsorption was found to increase proportionally with the decrease of Fe(II) concentration. This phenomenon may be ascribed to increasing the bentonite:Fe(II) mass ratio with decreasing Fe(II) concentration, while maintaining the bentonite dose. As a result, a greater surface area, and thus a higher number of adsorption sites, will be available for the retaining of low concentrations of Fe(II). Instead, at higher Fe(II) concentrations, no sufficient adsorption sites were available at the bentonite surface and, therefore, Fe(II) was much more slowly retained from the solution, due the rapid saturation of the adsorption centers. On the other hand, Figure S4 (supplementary material) indicates that the adsorption capacity of bentonite increased from 1.13 to 2.33 mg/g by increasing the initial concentration of Cr(VI) from 75 to 500 mg/L. One can see from this figure that the adsorption capacity of bentonite constantly increased with increasing Fe(II) concentration, until a steady state value was reached, corresponding to the maximal adsorption capacity. The improved bentonite adsorption capacities observed at higher Fe(II) concentrations are attributable to the increasing of the Fe(II) concentration gradient at the solution-bentonite interface, leading to more frequent collisions between Fe(II) and bentonite, and therefore, to increased mass transfer driving forces [34].


Figure 3. Effect of Fe(II) concentration on Fe(II) removal by bentonite.
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3.1.4. Effect of Ionic Strength


The ionic strength effect was tested at room temperature (22 °C) and pH 2.9, by using NaCl with concentrations of 0, 0.01, 0.03, and 0.05 M as a background electrolyte. Figure 4 and Figure S5 (supplementary material) portray the impact of ionic strength on the adsorption process. These figures clearly reveal that less Fe(II) was adsorbed by bentonite in the presence of competing cations (Na+) than when no cations were added; in addition, the efficiency of Fe(II) adsorption was progressively hindered with increasing ionic strength. This effect is usually interpreted as indicating a non-specific adsorption mechanism (physisorption) [35].


Figure 4. Effect of ionic strength on Fe(II) removal by bentonite.
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3.2. Mitigation of Cr(VI) Pollution


3.2.1. Effect of pH


The effect of solution pH was studied within the initial pH range of 1.0–4.0, at room temperature. The present experiments showed that both the rate of Cr(VI) removal (Figure 5) and Cr(VI) removal capacity of Be-Fe(0) (Figure S6, supplementary material) were enhanced by decreasing the pH from 4.0 to 1.0. Nevertheless, it is important to point out that the most notable improvement in Cr(VI) removal was achieved by decreasing the pH from 4.0 to 1.5; a further decrease of the pH to 1.0 led only to a minor enhancement of Cr(VI) removal efficacy. By comparing these findings with the results of control experiments carried out with bentonite under the same experimental conditions, but with a three times higher bentonite dose, it clearly shows that the efficacy of Be-Fe(0) to remove Cr(V) was much higher than that of bentonite (Figure 6 and Figure S7, supplementary material).


Figure 5. Effect of pH on Cr(VI) removal by Be-Fe(0).
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Figure 6. Effect of pH on Cr(VI) removal by bentonite.
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This behavior can only be ascribed to the existence of Fe(0) centers at the surface of Be-Fe(0), which are responsible for a much more efficient mechanism of Cr(VI) removal, as discussed later in Section 3.4. From Equations (6)–(12), it is obvious that for both mechanisms of Cr(VI) removal (adsorption and chemical reduction), a decrease of pH (thus, an increase in H+ concentration) will lead to an increase in the efficiency of Cr(VI) removal. On the one hand, by decreasing the solution pH from 4.0 to 1.0, Equation (3) becomes favored, leading to a gradual increase of the Be-Fe(0) net positive charge. As a result, the attracting electrostatic forces between Cr(VI) anions and the positively charged Be-Fe(0) surface will also increase, leading to a better retaining of Cr(VI). At the same time, the observed effect of decreasing the pH may be attributed to lower competition for the positively charged sites between HCrO4− and HO− anions, as a result of decreasing the HO− concentration with decreasing the solution pH. On the other hand, the stoichiometry of Equations (8)–(12) clearly shows that all these reactions are highly dependent on the H+ concentration in the solution; for most of them, the chemical reduction of Cr(VI) will be favored when the concentration of H+ in the solution increases (LeChatelier’s principle).




3.2.2. Effect of Temperature


The impact of temperature was investigated over the range of 6–32 °C, at pH 1.0. From Figure 7 and Figure S8 (supplementary material), it can be seen that the higher the solution temperature, the better the efficiency of Cr(VI) removal and the Cr(VI) removal capacity of Be-Fe(0). The same effect was observed for the control experiments, conducted with bentonite under similar experimental conditions (Figure 8 and Figure S9, supplementary material). This result indicates that the removal of Cr(VI) with both Be-Fe(0) and bentonite is endothermic in nature. The endothermic nature of Cr(VI) removal process with both materials is confirmed by the positive value of ΔH (Table S1, supplementary material), while the positive value of ΔS (Table S1, supplementary material) reflects an increased randomness at the solid/solution interface during the adsorption process [33]. Figure 8 and Figure S9 (supplementary material) also reveal that the very low efficiency of Cr(VI) removal with bentonite was only slightly improved when the temperature was raised from 6 to 22 °C, and then significantly enhanced by further increasing the temperature from 22 to 32 °C; this is confirmed by the positive values of the ΔG observed for the process of Cr(VI) removal with bentonite at 6 °C and 22 °C, suggesting that, at these temperatures, the process is not spontaneous; instead, the Cr(VI) removal with bentonite was much more efficient at high temperatures (32 °C), when it was found to be spontaneous (Table S1, supplementary material). On the other hand, important improvements in Cr(VI) removal efficacy were achieved with Be-Fe(0) by increasing the temperature not only from 22 to 32 °C, but also from 6 to 22 °C (Figure 7 and Figure S8, supplementary material). This observation is endorsed by the negative values of the ΔG observed for the process of Cr(VI) removal with Be-Fe(0) (Table S1, supplementary material), indicating the spontaneous nature and feasibility of this process over the entire studied temperature range; moreover, since the values of ΔG become more negative at a higher temperature, it means that Cr(VI) removal with Be-Fe(0) is thermodynamically favored by increasing the temperature. All these discrepancies between the influence of temperature on Cr(VI) removal with Be-Fe(0) and bentonite strongly suggest that the mechanisms responsible for the removal of Cr(VI) with the two materials are also different, confirming thus the existence of Fe(0) centers at the surface of Be-Fe(0).


Figure 7. Effect of temperature on Cr(VI) removal by Be-Fe(0).



[image: Chemengineering 01 00009 g007]





Figure 8. Effect of temperature on Cr(VI) removal by bentonite.
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3.2.3. Effect of Cr(VI) Concentration


The influence of the Cr(VI) concentration was researched by varying the Cr(VI) concentration over the range of 1–5 mg/L, at room temperature (22 °C) and pH 1.0. These concentrations were chosen because they are within the common levels in subsurface Cr(VI)-contaminated environments [36]. As presented in Figure 9, the removal of Cr(VI) with Be-Fe(0) is significantly influenced by the initial Cr(VI) concentration: the higher the initial Cr(VI) concentration, the lower the efficiency of the removal process. This phenomenon is attributable to the fact that, by maintaining the Be-Fe(0) dose and increasing the Cr(VI) concentration, the number of reactive sites (available for the interaction with Cr(VI)) of each gram of Be-Fe(0) will decrease, and saturation of the adsorption centers will occur more rapidly.


Figure 9. Effect of Cr(VI) concentration on Cr(VI) removal by Be-Fe(0).
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On the other hand, Figure S10 (supplementary material) indicates that the highest Cr(VI) removal capacity of Be-Fe(0) was observed over the Cr(VI) concentration range of 2–4 mg/L. The Cr(VI) removal capacity of Be-Fe(0) increased from 0.05 to about 0.9 mg/g, by increasing the initial concentration of Cr(VI) from 1 to 4 mg/L; subsequently, the Cr(VI) removal capacity of Be-Fe(0) decreased to 0.04 mg/g when the Cr(VI) initial concentration was further increased to 5 mg/L (Figure S10, supplementary material). As reported for the retaining of Fe(II) on bentonite at Section 3.1.3, normally, the retaining capacity should constantly increase with an increasing adsorbate concentration, until a steady state value is reached, corresponding to the maximal adsorption capacity of that adsorbent. The initial increase of the Be-Fe(0) removal capacity with increasing Cr(VI) concentration is attributable to the increasing Cr(VI) concentration gradient at the solution-Be-Fe(0) interface, which leads to more frequent collisions between Cr(VI) and Be-Fe(0), hence, to increased mass transfer driving forces. The subsequent decline of the Be-Fe(0) Cr(VI) removal capacity at a Cr(VI) concentration of 5 mg/L can be related to the ability of HCrO4− to dimerize [3]:


HCrO4− + HCrO4− ⇔ Cr2O72− + H2O



(5)







With increasing HCrO4− concentration, Equilibrium (12) shifts to the right, leading to an increase in the Cr2O72− concentration (Le Châtelier’s principle). Because Cr2O72− anions are species with larger volume than HCrO4−, they cannot access all reactive centers located inside Be-Fe(0) pores, which led to a lower removal capacity of Be-Fe(0). The same effect of increasing the Cr(VI) concentration was also observed for the control experiments conducted with bentonite under similar experimental conditions (Figure 10 and Figure S11, supplementary material).


Figure 10. Effect of Cr(VI) concentration on Cr(VI) removal by bentonite.
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3.2.4. Effect of Ionic Strength


The ionic strength effect was tested at room temperature (22 °C) and pH 2.1 by using NaCl with concentrations of 0, 0.1, 0.3, and 0.5 M as a background electrolyte. As illustrated in Figure 11 and in Figure S12 (supplementary material), the removal of Cr(VI) with Be-Fe(0) was considerably enhanced by increasing the concentration of NaCl. On the contrary, control experiments conducted with bentonite revealed that adsorption of Cr(VI) on bentonite was not influenced by the increase of background ionic strength (Figure 12 and Figure S13, supplementary material). The contrasting effect of ionic strength on the removal of Cr(VI) with bentonite and with Be-Fe(0) clearly indicates that two different mechanisms are involved in the removal of Cr(VI) with the two materials. While the effect of ionic strength on Cr(VI) removal with bentonite can be interpreted as indicating a strong specific adsorption mechanism [35], the results obtained with Be-Fe(0) can be ascribed solely to the existence of Fe(0) particles at the surface of Be-Fe(0).


Figure 11. Effect of ionic strength on Cr(VI) removal by Be-Fe(0).
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Figure 12. Effect of ionic strength on Cr(VI) removal by bentonite.
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This is in accordance with previous works which demonstrated that Cl− may accelerate Fe(0) corrosion by forming soluble complexes with Fe(II), which are carried away from the metal surface [37]. Therefore, the enhanced removal of Cr(VI) with Be-Fe(0) in the presence of Cl− can be ascribed to: (1) higher amounts of soluble Fe(II) in solution, which are available for the reduction of Cr(VI) to Cr(III) (Equation (10)); and (2) delaying of the formation of oxide layers on the Fe(0) surface [38].





3.3. Solid Phase Characterization


Figure S13 presents the images of fresh bentonite (A) and Be-Fe(0) (B). It can be seen that the color of Be-Fe(0) is slightly darker than that of bentonite. This confirms the occurrence of black Fe(0) particles at the surface of Be-Fe(0), as a result of reacting exhausted bentonite with borohydride. SEM-EDX and XRD analysis of exhausted bentonite resulting from acid mine drainage treatment gave similar results to those observed for the fresh bentonite (Figures S15–S18, supplementary material). This is attributable to the fact that only small amounts of Fe(II) were adsorbed at the surface of bentonite, and, therefore, differences between fresh and exhausted bentonite are not discernible by this type of instrumental analysis. Similar XRD patterns and SEM images were also obtained for the materials (Be-Fe(0) and bentonite) used in the Cr(VI) treatability experiments (Figures S19–S24, supplementary material). In addition, no supplementary peaks of Fe(0) were noticed in the XRD spectra of fresh Be-Fe(0) (Figure S19, supplementary material), in comparison to the XRD spectra of exhausted bentonite from acid mine drainage treatment (Figure S16, supplementary material), indicating that only a very small amount of Fe(0) was formed at the surface of bentonite after the treatment with sodium borohydride. However, additional Cr peaks were observed in the EDX spectra of exhausted Be-Fe(0) recovered after the treatment of Cr(VI) solution (Figure S21, supplementary material), indicating that the removed Cr(VI) was retained at the surface of Be-Fe(0); in contrast, no Cr was identified at the surface of exhausted bentonite resulting from control experiments with Cr(VI) solution (Figure S23, supplementary material), which confirms the very low affinity of unmodified bentonite for Cr(VI).




3.4. Mechanism of Cr(VI) Removal with Be-Fe(0)


In order to assess the mechanism of Cr(VI) removal with Be-Fe(0), we compared the results of Cr(VI) removal experiments with those of Be-Fe(0) and with unmodified bentonite, carried out at room temperature (22 °C) and pH 1.0, by introducing a dose of 40 g/L solid material into a 2 mg/L Cr(VI) solution. Figure 13 reveals that the highest removal efficiency of normal bentonite was only 22%, obtained after 300 min, while for Be-Fe(0), the integral removal of Cr(VI) was achieved after only 240 min.


Figure 13. Comparison of Cr(VI) removal by Be-Fe(0) and bentonite.
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These different removal efficacies can be ascribed to the existence of Fe(0) centers at the surface of Be-Fe(0). Accordingly, while the removal of Cr(VI) with bentonite occurred through a pure adsorption mechanism, the removal of Cr(VI) with Be-Fe(0) may take place via a complex mechanism comprising: (1) adsorption on the ”Fe(0)-free” surface of Be-Fe(0); (2) adsorption on Fe(0) centers, or onto (hydr)oxide layers existent at surface of Fe(0) centers; (3) heterogeneous chemical reduction with Fe(0); (4) heterogeneous chemical reduction with solid corrosion products containing Fe(II), existing at the surface of Fe(0); and (5) homogenous Cr(VI) reduction with dissolved indirect reductants generated by Fe(0) corrosion, according to [3]:


Be-OH2+ + HCrO4− ⇔ Be-CrO4 + H2O



(6)






Be-Fe-OH2+ + HCrO4− ⇔ Be-Fe-CrO4 + H2O



(7)






3FeIIFeIII2O4 + HCrO4− + 14H2O + H+ → 4[Fe0.75Cr0.25](OH)3 + 6Fe(OH)3



(8)






3[FeII4FeIII2(OH)12][SO4.3H2O] + 4HCrO4− + 5H2O → 16[Fe0.75Cr0.25](OH)3 + 2H+ +

3SO42− + 6Fe(OH)3



(9)






2HCrO4− + 3Fe0 + 14H+ → 3Fe2+ + 2Cr3+ + 8H2O



(10)






HCrO4− + 3Fe2+ + 7H+ → 3Fe3+ + Cr3+ + 4H2O



(11)






2HCrO4− + 3H2 + 8H+ → 2Cr3+ + 8H2O



(12)







Figure 13 clearly suggests that, even if Cr(VI) adsorption on the “Fe(0)-free” surface of Be-Fe(0) (Mechanism 1) may take place, its contribution to Cr(VI) removal with Be-Fe(0) is less important. At the same time, since no Cr(III) was detected in the solution after 240 min (when all Cr(VI) was already removed), and the working environment was highly acidic (i.e., adsorption and/or precipitation of dissolved Cr(III) is not significant), Cr(VI) removal via homogenous reduction with dissolved indirect reductants (Mechanism 5) can also be ruled out. Therefore, it can be reasonably presumed that the removal of Cr(VI) with Be-Fe(0) was mainly the result of Cr(VI) adsorption on Fe(0) centers existent at the Be-Fe(0) surface, or, onto (hydr)oxide layers existent at the surface of Fe(0) centers (depending on working pH), followed by possible Cr(VI) heterogeneous chemical reduction to Cr(III) with Fe(0) [3] or with solid structural Fe(II) [39], with both processes being favored by the low pH values involved in this study.





4. Conclusions


Water and wastewater treatment technologies are known to generate important amounts of waste residues, raising concerns about their associated management and environmental costs. In order to reduce the environmental impact induced by classic disposal methods (e.g., landfill), the prevention/minimization of waste generation and recycling/reuse of water treatment process residues should take precedence over disposal. This work presents investigations on two different water treatment technologies which, apparently, have nothing in common: the removal of Fe(II) from contaminated AMD by adsorption on bentonite, and the treatment of Cr(VI) contaminated solutions by use of metallic iron. The present study suggests that the two treatment technologies can be connected if residues resulting from the first one are further used as reactive materials for the second one. Before being reused for the abatement of Cr(VI) pollution, the exhausted bentonite recovered from the treatment of AMD was chemically activated with sodium borohydride, in order to achieve the reduction of adsorbed Fe(II) to Fe(0). The experimental results from this study clearly demonstrated that exhausted bentonite activated with sodium borohydride has a much better capacity to remove Cr(VI) from aqueous solutions than fresh unmodified bentonite, which is attributable to the existence of Fe(0) centers at the surface of Be-Fe(0). The overall data presented in this study strongly suggests that the removal of Cr(VI) with Be-Fe(0) was mainly the result of Cr(VI) adsorption on Fe(0) or onto (hydr)oxide layers existent at the surface of Fe(0), probably followed by its heterogeneous chemical reduction to Cr(III).
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