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Abstract

:

In most countries, arsenic (As) and antimony (Sb) are regulated pollutants, due to their significant impacts on the environment and human health. Iron-based (Fe) coagulants play a fundamental role in the removal of both elements from aqueous media. This study aims to investigate the competitive removal of As and Sb in relation to Fe solubility. Coagulation experiments were conducted in synthetic water under various pH and contaminant loading, using ferric chloride (FC) as a coagulant. In the single system, the pentavalent species significantly reduced the Fe solubility and thereby enhanced the mobility of As and Sb under these environmental conditions. The coexistence of pentavalent and trivalent species in the binary system considerably decreases the Fe solubility at acidic conditions while enhancing the dissolution under alkaline conditions, thus affecting the overall removal of both species. The presence of four redox species in the quaternary system decreases the Fe solubility remarkably over a wide pH range, with better Sb removal, as compared to As under similar conditions. The adsorption study of the single system showed a decrease in As(V) adsorption capacity at higher concentration, while in the binary system, the Sb(III) showed strong adsorption potential, compared to other species. In the quaternary system, the presence of all four redox species has a synergistic effect on total Sb adsorption, in comparison to the total As. Furthermore, the results of Fourier transform infrared (FT-IR) analysis of FC composite contaminant flocs confirm that the combined effect of charge neutralization and inner sphere complexation might be a possible removal mechanism. These findings may facilitate the fate, transport and comparative removal of redox species in the heterogeneous aquatic environment.
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1. Introduction


Arsenic (As) and antimony (Sb) have numerous applications, including the manufacture of plastics, batteries, flame retardants and semiconductor materials [1,2,3]. A recent research survey [4] indicated that the global annual consumption of Sb was 188,000 tons, about fivefold more than that of As. As a result, anthropogenic emission causes As and Sb concentrations in soils and waters that greatly exceed their baseline concentrations [5]. It is estimated that a large population of Bangladesh and West Bengal has been affected, due to the consumption of As-contaminated groundwater [6]. The high levels of co-occurring As and Sb in soils and waters are mostly found in the vicinity of mining and smelting areas [7,8]. Moreover, the groundwater near abandoned Sb mines in Slovakia presented high Sb levels of up to 1 mg/L [9]. A recent study [10,11] reported the concentration of Sb (6 mg/L) in underground well water and high contamination of Sb (5045 mg/Kg) and As (205 mg/Kg) in the soils near Xikuangshan Sb mine, China. Therefore, the release of these toxic elements from different sources into the environment has raised global concerns regarding their potential risk of exposure to human, as well as the aquatic environment.



The oxidation state of As and Sb in soil and aquatic environment strongly depend upon the system redox and pH. They are both mostly found in inorganic forms, that is, trivalent (As(III) and Sb(III)) under naturally reducing environment and pentavalent (As(V) and Sb(V)) species under toxic surroundings [12]. The trivalent species predominantly exist as As(OH)3 and Sb(OH)3 under the most natural water pH conditions [13,14]. Furthermore, the inorganic As(V) species occur in the forms of H2AsO4−, HAsO42− at pH (2.20–9.22) and Sb(V) is in the deprotonated form of antimonic acid as Sb(OH)6− at pH > 2.72 [15,16]. Previous studies [17] indicated that the trivalent form of both elements is tenfold more toxic in comparison with the pentavalent species. For example, the consumption of As-polluted water can cause severe health effects, such as lung and bladder cancers, as well as various kinds of skin lesions [18]. In addition, the adverse health effects of the oral uptake of water-soluble Sb in the human body, such as abdominal cramps, cardiac toxicity, vomiting and diarrhea, have also been well reported [19]. Therefore, due to the toxicological effect on human health, both elements are listed as pollutants of priority interest by the Council of European Union (EU) and the United States Environmental Protection Agency (USEPA) [17]. Furthermore, the Ministry of Environment in South Korea has recently included Sb in the monitoring list of the Water Quality and Aquatic Ecosystem Conservation Act planned to come into effect in January 2019 [20]. The USEPA has set high regulation standards of 10 µg/L As and 5 µg/L Sb for drinking water, to minimize the harmful effects of both elements on human health. Moreover, the World Health Organization (WHO) also established 10 µg/L as the guideline value for both elements in drinking water [17]. Therefore, it is necessary to remove both contaminants from drinking water sources, to reduce the possible associated risks.



Iron (Fe) minerals are considered important scavengers for As and Sb, due to their widespread distribution, large surface area and strong adsorption capability for heavy metals [21,22]. Fe-based coagulants, such as ferric chloride (FC), can regulate the concentration of soluble As and Sb species in surface/subsurface waters[23]. While the precipitation of Fe is the major pathway of Fe oxides, the dissolution of co-precipitated Fe may occur via reductive or non-reductive means in the heterogeneous aqueous environment [24]. The reductive dissolution of Fe may either be accomplished with various natural organic matter (NOM), protons, complex-forming ligands, or inorganic reductants (e.g., HS−, Fe2+, OH−) [24,25]. The inorganic reductants may notably influence the Fe solubility by changing physicochemical environments, such as pH, Fe2+ concentrations, phase transformation, inner spherical electron transfer and surface complexation reactions [26]. A recent study [27] has reported that NOM might enhance Fe(III) oxide dissolution, due to the formation of surface complexes. In our earlier study [13], the dissolution of Fe(III) precipitates in the presence of inorganic ligand like Sb(OH)6− under alkaline conditions was intensively investigated. The complete dissolution of Fe(III) precipitates was observed due to the complexation of Fe with Sb(OH)6− and strong electron transfer from Sb(OH)6− to Fe(III), resulting in the breaking of Fe–O bond in the mineral lattice [13]. In other words, this significantly influences the Fe(III) stability, thereby affecting the fate and mobility, as well as the removal behavior, of pollutants in natural waters [28,29]. Therefore, the geochemical and competitive removal behavior of coexisting As and Sb under heterogeneous aqueous environment is worth understanding.



Many researchers [30,31,32] have investigated the simultaneous removal performance of As and Sb in the multicomponent environment. The factors, such as pH, coagulant type and dosage, initial contaminant levels and NOM, affect the As or Sb adsorption onto the surface of Fe minerals [33,34]. A result of a recent study [35] on simultaneous adsorption by ferrihydrite reported the synergistic effect on Sb(III) removal, while the antagonistic effect on Sb(V) removal, over a wide pH range. Moreover, Sb(III) demonstrated strong adsorption potential irrespective of pH in the presence of coexisting As and Sb species [36]. Our previous study [13] has shown the significant inhibition of Sb removal under coexisting Sb(III, V) conditions with higher Sb(V) fraction using FC coagulation. The higher adsorption capacity of poorly crystalline coagulant has been also reported [34]. Some recent studies [1,36,37] have shown the variable coagulation efficiencies of As and Sb in a binary system. The promotional effect on As(V) adsorption by ferrihydrite was observed in the presence of Sb(V) media [1]. Moreover, the strong inhibition of As(III) adsorption in the presence of Sb(III) in their binary system has been reported [36]. In contrast, some researchers [37] have shown that both As and Sb adsorption rates will be enhanced as compared to a single solute system and high removal of these contaminants can be achieved by potassium ferrate in the binary system. However, studies reported in the literature are limited to the competitive adsorption behavior of As and Sb on various Fe minerals. In addition, a number of studies [38,39,40,41,42] had been conducted using FC coagulant for As or Sb removal from water but all these studies were limited to removal of single contaminant that is, either As or Sb species. To the best of our knowledge, no study has been conducted so far which provide the knowledge on simultaneous removal behavior of coexisting As and Sb species from water using FC as a coagulant. The previous literature also seems insufficient regarding the competitive As–Sb removal in relation to Fe solubility using FC coagulation in the heterogeneous aqueous environment.



The aim of this study is therefore to investigate the effect of As and Sb on Fe solubility in the single, binary and quaternary system at various pH, as well as different contaminant loading. This work also aims to evaluate the As and Sb removal under similar environmental conditions, to better understand the fate, mobility and transport of these contaminants in aqueous media. The yielded data were further used to clarify the removal mechanism of both elements in a complex environment.




2. Materials and Methods


2.1. Materials and Solutions Preparation


All the chemicals used in this study were of analytical reagent grade. The antimony (III) oxide (Sb2O3), arsenic (III) oxide (As2O3), potassium hexahydro-antimonate (KSb(OH)6) and sodium arsenate dibasic heptahydrate (Na2HAsO4·7H2O) were purchased from Sigma Aldrich (St. Louis, MO, USA); while iron (III) chloride hexahydrate (FeCl3·6H2O), nitric acid (HNO3), hydrochloric acid (HCl) and sodium hydroxide were obtained from the local suppliers. The stock solutions (100 mg/L) of Sb(III) and As(III) were prepared by dissolving Sb2O3 and As2O3 in 2 M HCl and 1 M NaOH solutions, respectively. The remaining stock solutions (100 mg/L) of Sb(V) and As(V) and 0.1 M Fe(III) were prepared by dissolving KSb(OH)6, Na2HAsO4·7H2O and FeCl3·6H2O in deionized (DI) water. Prior to use, all glassware and polyethylene bottles were washed with 15% HNO3 solution and then rinsed with DI water.




2.2. Coagulation Experiments


2.2.1. Experimental Conditions


The coagulation experiments were conducted to study the effect of pH (4–10) on Fe solubility and As, Sb removal, where 0.1 mM (27.029 mg/L) FC dose was used for solutions with 1 mg/L As(III, V) and Sb(III, V), respectively [13]. The experiments were also performed to study the competitive interactions of either As and Sb species in various binary systems over a broad pH range, where solutions contain single As and Sb species. The concentration of each species in a binary system was maintained at 1 mg/L. Following this procedure, additional experiments were conducted for the quaternary system over a wide pH range. The referred pH range (4–10) was selected since it provides information on As and Sb removal behavior at acidic (4–6), neutral (7) and basic (8–10) pH conditions. The follow-up experiments were performed under neutral pH conditions. The adsorption isotherm experiments were conducted in a single system by varying the initial As and Sb concentrations from (0.1–10) mg/L. The competitive adsorption isotherm experiments of As(III, V) and Sb(III, V) were also performed to investigate the adsorption affinity under binary and quaternary system over various initial concentrations of (0.1–10) mg/L for each species. All experiments were conducted at room temperature (RT).




2.2.2. Jar Test Procedure


Prior to coagulation experiment, the 100 mL of working solution was transferred to a 250 mL beaker. The optimum FC dose, that is, 0.1 mM was set for all experiments [13,33] and pH was adjusted using 0.1 M HCl and 0.1 M NaOH solution. Before the measurement of pH, the pH meter was calibrated with buffer solutions of (4.01, 7.00 and 10.01) at 25 °C. The coagulation experiments were conducted using a jar tester equipment (Model: SJ-10, Young Hana Tech Co., Ltd., Gyeongsangbuk-Do, Korea). The coagulation procedure followed the same method as described in our previous study [13] and briefly described as (1) rapid mixing at 140 rpm for 3 min; (2) slow mixing at 40 rpm for 20 min; and (3) settling for 30 min. The aliquot was then filtered using 0.45 µm glass fiber filter, collected and analyzed for the residual concentration of each species. The adsorption density (qe, g/mol) of As and Sb towards precipitated Fe was calculated using Equation (1):


   q e    =      C o  −  C e     C  F e      



(1)




where, Co (mg/L) is the initial and Ce (mg/L) is the aliquot concentration of As and Sb and CFe (mM) is the concentration of Fe precipitates in the solution.




2.2.3. Adsorption Isotherm Models


To further elucidate the adsorption affinity of each As and Sb species under neutral pH, experimental data and goodness of fit of selected isotherms (Langmuir and Freundlich models) were acquired at different contamination levels. Moreover, these isotherm models are commonly used to study various adsorption process under the single and coexisting system. Langmuir isotherm assumes that homogeneous adsorption on the adsorbent surface sites with the same energy, while the Freundlich model assumes that adsorption takes place on the specific heterogeneous sites of the adsorbent [43,44]. The nonlinear forms of the Langmuir and Freundlich isotherms are given by Equations (2) and (3), respectively:


   q e    =      q m     K L     C e    1   +    K L     C e     



(2)






   q e    =    K F     C e   1 n     



(3)




where qe (g/mol) is the amount of As and Sb species adsorbed on FC surface sites; Ce (mg/L) is the equilibrium concentration of As and Sb in solution; qm and KL in Langmuir equation represent the maximum adsorption affinity and Langmuir constant related to adsorption energy; KF and n in Freundlich equation represent the constant related to the adsorption capacity and intensity of heterogeneity, respectively.





2.3. Other Analytical Methods


The residual concentration was analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES: Model Varian, Agilent technologies, Sana Clara, CA, USA). The precise detection limits of ICP-OES for Fe, As and Sb are 0.001, 0.007 and 0.003 mg/L respectively while, the quantification limits are 0.0035, 0.048 and 0.01 mg/L for Fe, As and Sb respectively. The pH of the solution was measured by pH meter (HACH: HQ40d Portable pH, Conductivity, oxidation-reduction potential (ORP) and ion selective electrode (ISE) Multi-Parameter Meter, Hach Company, Loveland, CO, USA). The Fourier Transform Infrared Spectroscopy (FT/IR-4700, spectroscopy and JASCO Analytical Instruments, Easton, PA, USA) results of the precipitated Fe after interaction with As-Sb in the range (400–4000) cm−1 were used to investigate the bonding features. The speciations of As, Fe and Sb were obtained using Visual MINTEQ 3.1 (KTH, Stockholm, Sweden).





3. Results and Discussion


3.1. Effect of pH on Fe Solubility and As and Sb Removal by Coagulation


The speciations of As, Fe and Sb as a function of pH were derived to better understand the influence of pH on these species during the removal process, as shown in (Supplementary Information (SI): Figure S1 and Table S1). It can be observed that the dominant form of Fe(III) over the pH range (3.76–8.48) is Fe(OH)2+, while at pH above 8.48, Fe(OH)4− occurs (Figure S1). Moreover, the small fraction of Fe(OH)3 in the pH range (7.67–9.27) can also be observed. The As and Sb speciations in an aqueous environment are mainly controlled by the redox conditions and pH of the solution [17]. Table S1 shows that when pH ranges below (9.22 to 10.4), the trivalent forms, that is, arsenite (As(III)) and antimonite (Sb(III), exist in the form of H3AsO3 and Sb(OH)3, respectively. Similarly, in the pH range (2.7–11.53), the pentavalent forms, that is, arsenate (As(V)) and antimonate (Sb(V)), can be either H2AsO4− or HAsO42− and Sb(OH)6−, respectively. In general, the inorganic forms of As and Sb in natural waters, which are typically in the pH range (4–8), include trivalent forms of H3AsO3 and Sb(OH)3 and pentavalent forms of H2AsO4− or HAsO42− and Sb(OH)6−, respectively.



3.1.1. Single Solute System


Figure 1A shows the Fe solubility behavior as a function of pH using FC coagulation in a single solute system. The dotted line of “Control” indicates the Fe solubility in the absence of As and Sb species, while the four solid lines represent the Fe solubility in the presence of both species. At “Control” conditions, the Fe solubility gradually decreases from 65.4%–49.4% (pH (4 to 5)) and FC precipitates become insoluble upon further increase of pH from (6–10). The presence of Sb(III, V) species showed the negligible effect on Fe solubility under extremely acidic conditions, that is, pH (4–5). In contrast, the presence of As(III, V) species showed a remarkable decrease in Fe solubility at those conditions. Such observation could be explained by the solution complexes and destabilization of Fe(III) by As species under the highly acidic conditions [14]. For example, the intrinsic surface complexation constant log K for As(V)/Fe(OH)3 complex of 25.83 was about three times greater than that of Sb(V)/Fe(OH)3 complex of 8.4 [34,45]. It is likely that the adsorbed As(V) on precipitated Fe may also facilitate the Fe coagulation and flocculation process. Therefore, the Fe solubility is significantly reduced, due to the stronger affinity between As(V) and Fe(OH)3. Moreover, in the case of As(V), the increase in the supernatant pH from (5 to 5.57) was observed (Table S2 of the Supplementary Information (SI)). Thus, the closeness of pH near/at the isoelectric point (IEP) of FC may also be responsible for the significant decrease in Fe solubility in the presence of As(V), as compared to Sb(V) [14]. However, the Fe solubility was found negligible under neutral pH conditions in the absence and presence of As and Sb species. The Fe solubility under extreme basic conditions was enhanced to 84%–100% in the presence of As(V) and Sb(V) species. These results are consistent with previous studies that suggested the increase in Fe(III) solubility due to the effect of ligand-induced dissolution [13,14].



Moreover, the release of Fe(III) into the solution might be enhanced due to the inner sphere complexation of anionic ligands molecules with surface groups of Fe [46,47,48,49]. The surface charge of ligands may also be responsible for the increase in Fe solubility under these conditions. As discussed above, the dominant form of As(V)/Sb(V) was HAsO42−/Sb(OH)6− (Table S1), while the Fe(III) existed as Fe(OH)4− under extremely basic conditions (Figure S1). The As(V)/Sb(V) species may act as an inorganic ligand binding to Fe(III) hydroxyl complex. Two modes of Fe(III) release in response to ligand sorption can be proposed, considering the association of Fe(III) on As(V)/Sb(V) [39]. First, either the attachment of As(V) or Sb(V) occurs through chemical bond (≡Fe–O–As≡ or ≡Fe–O–Sb≡) at the Fe(OH)3 interface, resulting in the formation of surface active species (≡FeAsO42− or ≡FeOSbO(OH)4−), thus weakening the Fe–O bond and leading to detachment of the Fe–As or Fe–Sb groups [34,39,45]. The bond breaking at the interface of Fe(OH)3 would lead to the release of Fe(III) in solution, thereby enhancing Fe solubility. Secondly, the attachment of As(V) or Sb(V) through Fe(OH)3 surface interaction energy would lead to the release of Fe complex [39]. The stability of Fe(III) lattice may be affected by the van der Wall (vdW) forces of attraction and electrostatic repulsive forces, as described by the Derja-Guin-Landau-Verwey-Overbeek (DLVO) theory [50]. Initially, the precipitated Fe is held to the Fe(III) surface by dominant vdW attractive forces. The introduction of anionic ligands (As(V) or Sb(V)) will result in its adsorption on the precipitated Fe. This ultimately brings higher negative charge density on the Fe(OH)3 surface, which in turn increase the electrostatic repulsive forces between the molecules [51]. A negligible amount of energy is required to detach the Fe–As or Fe–Sb complex from the surface lattice. Thus the lowering of energy barrier as a result of interaction under these conditions may significantly enhance the dissolution of Fe atoms [51]. The Fe solubility was therefore remarkably increased in the presence of As(V) or Sb(V) species under extreme basic conditions.



Figure 1B presents the removal of As and Sb species by FC coagulation over various pH ranging (4–10). Interestingly, the removal behavior of these species was in close relation to the Fe solubility. The removal of As(III) and Sb(III) was enhanced upon increasing pH, due to the decrease in Fe solubility (Figure 1A,B). These results are consistent with the previous findings [13,14]. The Sb(III) removal was found relatively higher than the As(III) (Figure 1B), which may be ascribed to Sb(III) being a stronger Lewis base than As(III) [15]. Moreover, the first dissociation constant pKa of Sb(OH)3 (10.4) was also higher than the H3AsO3 (9.22), as shown in Table S1. Under such pH edge, Fe(III) existed as Fe(OH)2+ between pH (3.76 and 8.48) and Fe(OH)4− above pH 8.48 (Figure S1); thus Sb(OH)3 might strongly diffuse into the Fe precipitate surface, regardless of the charge potential required to engage in the adsorption process [13]. Furthermore, considering the surface sites of amphoteric precipitated Fe as Lewis acids, the interaction of Sb(III) and the Fe precipitate surface sites would be much higher than As(III) [36]. To further evaluate the adsorption strength of As(III) and Sb(III), the adsorption density of both species were calculated and also presented in Figure 1C. Similar to the removal behavior, higher adsorption potential of Sb(III) was obtained as compared to As(III) over the entire pH range.



In contrast, the removal behaviors of As(V) and Sb(V) were more strongly affected by pH (Figure 1B), due to the significant change of Fe solubility with pH (Figure 1A). Unsurprisingly, As(V) and Sb(V) were preferentially removed at acidic conditions and showed the highest removal at pH (6 and 7), owing to the sufficient availability of FC precipitates (Figure 1A,B). However, the removal efficiency of both species decreased significantly at pH (9 and 10), due to the increase in Fe solubility (>90%) (Figure 1A,B). The adsorption potentials of As(V) and Sb(V) were found highest at pH 5 (16.57 g/mol As(V), 18.46 g/mol Sb(V)), at pH (6–7) (~9.80 g/mol As(V), Sb(V)) with decreasing trend upon further increasing pH (Figure 2C). It can be observed that when the pH ranges (4–10), the arsenate and antimonate exist as anionic forms of H2AsO4− (pKa: 2.2), HAsO42− (pKa: 6.97) and Sb(OH)6− (pKa: 2.7), respectively (Table S1). These results suggest that the electrostatic attraction of these negatively charged As(V) or Sb(V) and positively charged Fe(III) hydroxyl species favors the highest As(V) or Sb(V) diffusion, as well as adsorption on the FC precipitates at the acidic pH conditions [14,33,45]. However, at basic pH conditions, both contaminants and FC precipitates were negatively charged, resulting in higher Fe solubility (Figure 1A) and hinder the As(V) or Sb(V) diffusion and adsorption process, due to the strong electrostatic repulsion. In addition, the competition of OH− with As(V) or Sb(V) on FC precipitate surface might also contribute towards the poor adsorption of these species specifically at higher pH values [33,45]. In summary, the adsorption sequence of As and Sb over a wide pH range can be elucidated in a single solute system. The adsorption potential of As and Sb species during FC coagulation in a single system at pH (5, 7 and 9) can be arranged in the orders of (Sb(V) > As(V) > Sb(III) > As(III)), (As(V) > Sb(III) > Sb(V) > As(III)) and (Sb(III) > As(III) > As(V) > Sb(V)), respectively.




3.1.2. Binary System


Figure 2A shows the Fe solubility as a function of pH using FC in the binary systems of As(III)/Sb(III), As(III)/Sb(V), Sb(III)/As(V) and As(V)/Sb(V). It is worth noting that in all binary systems, the Fe solubility was significantly reduced at acidic pH; however, negligible effect on Fe solubility was observed under neutral pH. This observation may be attributable to the presence of As species imparting a great effect on Fe solubility under acidic pH range, as already observed in a single system (Figure 1A), thereby allowing more Fe precipitation. The change in pH was also monitored under all binary systems, which showed its negligible role in the change in Fe solubility (Table S3 of the SI). Moreover, the Fe(III) hydroxyl complex existed as Fe(OH)2+, the As(III) and Sb(III) species occurred as H3AsO3 and Sb(OH)3 respectively, while the As(V) and Sb(V) species existed as HAsO4− and Sb(OH)6− under acidic pH range (4–5) (Figure S1 and Table S1). It can be assumed that under acidic conditions, the positively charged Fe(III) hydrolyzed species would attract the negatively charged dissociated As(V) and Sb(V) species, thereby decreasing the stability and neutralizing the overall surface charge of Fe(III)-complexes in the system.



The existence of As(III) and Sb(III) species in such environment will cause interaction with these species on the surface sites of Fe(III)-complex, as well as dissociated Fe(III) hydrolyzed species; thus drastically decreasing the Fe solubility under acidic conditions [52]. Moreover, the FC precipitates become completely insoluble in the As(V)/Sb(V) binary system under acidic conditions (Figure 2A). This might be attributed to the more negative surface charge of these species at an acidic condition, which promotes strong attraction towards positively charged dissociated Fe(III) hydrolyzed species, as shown in Table S1. On the other hand, the Fe solubility was enhanced in the binary system of As(V)/Sb(V) under alkaline conditions (viz. pH (9–10)). The effect of As(V) on Fe solubility as compared to Sb(V) was more pronounced at the basic environment, thus promoting Fe dissolution around 90%–100% in binary systems of Sb(III)/As(V) and As(V)/Sb(V) under these conditions (Figure 2A). This may be attributable to the much stronger electron donation from HAsO42− to Fe(OH)4− than Sb(OH)6− easily eliminating the electron density between Fe and oxygen atoms of the mineral lattice [51]. This results in the weakening of the Fe–O bond and lowering the energy barrier among molecules, which promotes the Fe dissolution in the binary system [51]. Similarly, the presence of Sb(V) in the As(III)/Sb(V) binary system enhanced the Fe solubility (50%) under alkaline conditions. In contrast, the As(III)/Sb(III) binary system indicated the negligible effect on Fe solubility under basic environment, as presented in Figure 2A.



To understand the effect of pH on competitive As and Sb removal by FC coagulation, experiments were performed with As and Sb binary systems over a broad pH range (4–10) (Figure 2B–E). The presence of Sb(III) and Sb(V) species indicated the inhibitory effect on As(III) removal over a broad pH range (Figure 2B). The more prominent adverse effect on As(III) removal was observed under the influence of Sb(V), specifically at alkaline pH. This may be ascribed to either the competition of As(III) and Sb(V) on surface sites, or lesser available FC precipitates might result in significant inhibition of As(III) removal under these conditions (Figure 2A,B). Therefore, the adsorption potential of As(III) was reduced in the binary system over the entire pH range (Figure 2D), when compared to the single solute system (Figure 1C). Similar results were observed in a recent study [36], which showed the strong inhibitory influence on As(III) adsorption onto ferrihydrite, due to the presence of Sb(III) and Sb(V) species. The removal efficiencies and adsorption sequences of Sb(III) under the influence of As(III) and As(V) were similar for the pH range (5–8) (Figure 2B,D), indicating that both As species had little effect on Sb(III) adsorption. At pH 4, approximately 27% more Sb(III) removal was observed in the presence of As(V) than As(III), thus indicating the inhibitory effect of As(III) on Sb(III) species at low pH (Figure 2B). In addition, at alkaline pH (viz. (9–10)), the Sb(III) removal was significantly inhibited in the Sb(III)/As(V) binary system, due to the dissociation of precipitated Fe under these conditions (Figure 2A,B,D). Elsewhere, the Sb(III) showed stronger adsorption affinity than As(III) using FC over a broad pH range.



Compared to the removal phenomenon of As(III) and Sb(III) in a binary system, the As(V) and Sb(V) showed distinct removal using FC under these conditions. The presence of Sb(III) and Sb(V) species showed similar As(V) removal trend of ~90%–100% from pH (4–7) and decreased upon further increasing pH (Figure 2C). Besides the enhanced Fe solubility under extremely basic conditions (Figure 2A), the more negative effect on As(V) removal was observed in As(V)/Sb(V) binary system (Figure 2C), suggesting the competition of As(V) with Sb(V) on available FC surface sites. However, at pH 8, the strongest adsorption density (18.24 g/mol) for As(V) in As(V)/Sb(III) binary system was observed (Figure 2E). The coexistence of Sb(III) in such binary system had remarkably reduced the Fe solubility (Figure 2A) and the dominant form of Fe(III) and As(V) was Fe(OH)2+ and HAsO42− respectively (Figure S1 and Table S1). The strong electrostatic attraction from negatively charged As(V) towards positively charged Fe(III) hydrolyzed species may have contributed to such strong binding affinity of As(V) under such an environment [14,45]. In comparison with As(V), the removal efficiency and adsorption affinity of Sb(V) in the presence of As(III) and As(V) was different, indicating that the two As species had different effects on Sb(V) removal. Even though almost complete Fe precipitation occurred at pH (4–7) in Sb(V)/As(III) and Sb(V)/As(V) binary systems (Figure 2A), more reduction in Sb(V) removal by FC was observed under the influence of As(V) than As(III) (Figure 2C,E). Similar observations were previously reported [36], which showed the greater inhibitory effect of As(V) on Sb(V), when compared with As(III). However, in the present study, significant reduction in Sb(V) removal (1.75%) in the presence of As(V) was observed at pH 8, which occurred due to the enhanced Fe solubility under these pH conditions (Figure 2A,C). At pH (9 and 10), negligible Sb(V) removal was observed in the Sb(V)/As(V) binary system, while around 9%–12% Sb(V) removal was observed in the Sb(V)/As(III) system (Figure 2C). In general, the adsorption potential of Sb(V) was inhibited to a greater extent in the presence of As(V), as compared to As(III), over a broad pH range. This may be attributable to the As(V) having a higher charge density and relative smaller spatial structure [16,53]. The steric hindrance of As(V) would be lower than that of Sb(V), which increases the adhesion ability of As(V) on FC precipitates and thus the more active surface sites will be occupied by As(V) [7,54], which easily blocks the dispersion of Sb(V) species on the precipitated Fe surface [55]. Therefore, As(V) species showed stronger adsorption density as compared to Sb(V) in the binary system, as shown in Figure 2E. In summary, the adsorption sequence of As and Sb species by FC in binary system at pH (5, 7 and 9) can be arranged in the orders of (As(V) > Sb(III) > Sb(V) > As(III)), (As(V) > Sb(III) > Sb(V) > As(III)) and (Sb(III) > As(V) ≈ As(III) > Sb(V)), respectively.




3.1.3. Quaternary System


Figure 3A shows the Fe solubility and competitive removal of total As, as well as total Sb species, under a quaternary system, using FC coagulation across various pH range. Interestingly, the co-presence of redox species (As(III), Sb(III), As(V) and Sb(V)) significantly reduced the Fe solubility, irrespective of pH (Figure 3A). Under acidic conditions, the coexistence of negatively charged As(V) and Sb(V) might be responsible for such a phenomenon, as discussed in Section 3.1.2. However, at alkaline conditions, the neutral As(III) and Sb(III) species must have actively interacted with As(V)/Sb(V) induced Fe(III) dissociated hydroxyl species, which resulted in the formation of a substantial amount of FC precipitates [15]. Moreover, the change in pH was also monitored before and after coagulation in the quaternary system, which showed that pH remains consistent, hence did not show any effect on FC precipitation under those conditions (Table S4 of the SI).



Figure 3A shows the competitive removal of Total As and Sb under quaternary system over a broad pH range. As shown, the total Sb removal was found to be higher than the total As regardless of pH; moreover, under acidic conditions, the highest As (47.74%) and Sb (56.46%) removal were achieved, which continuously decreased upon increasing pH. At neutral pH, around 40.2% Sb and 29.59% As removal were observed. In contrast at extremely basic condition (viz. pH 10), about 33.61% Sb removal was achieved with negligible As removal. Similarly, the adsorption affinity of total Sb was higher than total As over the entire pH range (Figure 3B). Under basic conditions, the difference between adsorbed Sb and adsorbed As increased to a large extent, indicating much superior Sb affinity towards FC precipitates than As in such an environment.



Based on observations in a binary system, the relatively similar adsorption affinity of As and Sb around pH (4–5) under quaternary conditions may be ascribed to As(V) being preferentially removed at such pH range, with strong inhibitory effect on As(III) sorption. Moreover, a recent study [56] reported the reduction in total As removal in the As(III)/As(V) binary system. Our previous study [13] also indicated the reduction in total Sb removal in mixed Sb(III)-Sb(V) aqueous solution but relatively less reduction in total Sb removal was observed, compared to total As removal [13,56]. The strongest adsorption affinity of Sb(III) has also been previously reported in the quaternary system [36]. Therefore, based on the previous literature and current observations, it can be inferred that Sb(III) contains a high adsorption affinity, followed by As(V), under such pH (6–7) range. Similarly, under basic pH (8–10), the adsorption affinity of Sb becomes superior in the quaternary system, due to the adhesion ability of As(V) and Sb(V) being affected by strong electrostatic repulsion forces between molecules and FC species in such aqueous media [45]. Also, the antagonistic effect on As(III) sorption towards FC surface sites was also observed in the presence of both Sb species (Figure 2D). Based on the binary and quaternary system trends, the adsorption envelops of As and Sb species under quaternary conditions at pH (5, 7 and 9) can be anticipated in the order of (As(V) > Sb(III) > Sb(V) > As(III)), (Sb(III) > As(V) > Sb(V) > As(III)) and (Sb(III) > As(III) > As(V) ≈ Sb(V)), respectively.





3.2. Modeling As and Sb Coagulation Data by Isotherm Studies


3.2.1. Single Solute System


Figure 4 illustrates the adsorption isotherms of As(III, V) and Sb(III, V) on FC precipitates in the single solute system. The adsorption data were fitted with Langmuir and Freundlich (Figure 4A,B) models, while Table 1 shows the fitted parameters. These show that the Sb(III) species revealed the strongest adsorption affinity onto FC surface sites with the regression (R2) values of 0.985 (Langmuir) and 0.990 (Freundlich), respectively. The R2 value for As(III) species was determined to be (0.917 and 0.984) for the Langmuir and Freundlich adsorption models, respectively, thus suggesting the multilayer formation of As(III) species on FC precipitates. In contrast, the Langmuir model (R2:0.994) fitted better than the Freundlich model (R2:0.852) for Sb(V) species, which indicates the monolayer formation of Sb(V) species onto FC precipitates [57]. Unlike other contaminants, the adsorption isotherm fitting parameters for As(V) species were not obtained using both models. This contradicted the findings of previous studies [1,36], which reported Freundlich fitting for As(V) species on ferrihydrite surface. The possible reason might be related to the adsorbent dosage and initial concentration of As(V) in the aqueous solution. The result of the present adsorption study indicates the decrease in the adsorption capacity at initial As(V) concentration greater than 2 mg/L with 0.1 mM FC dose. In order to further clarify such distinct adsorption behavior of As(V), FC precipitates were monitored during whole adsorption experiments. The results revealed that the Fe solubility was significantly enhanced when the initial concentration of As(V) rose above 2 mg/L (Figure S2 of the SI). This phenomenon might be attributed to at pH 7, the negatively charged As(V) species (HAsO42−) being strongly bound onto the surface of positively charged Fe(III) hydrolyzed species (Fe(OH)2+) [14]. When the concentration of HAsO42− increases from (0 to 1.5) mg/L, charge neutralization occurs; while on further increasing the concentration of HAsO42− above 2 mg/L, charge reversal of the Fe(III)-complex occurs, thus weakening the Fe–O bond and lowering the energy barrier [51]. As a result, dissolution of FC precipitates was proceeded to pertain to further increase in the concentration of As(V) species in such aqueous media.




3.2.2. Binary System


Figure 5 shows the experimental results of the binary system containing As and Sb species and the Langmuir and Freundlich model fits under various initial concentrations at pH 7. In the binary system, Sb(III) species showed a significant increase in adsorption capacity onto FC precipitates in the presence of As(III) and As(V) species. These results are consistent with the previous findings that indicated that the Sb(III) species did not reach the isotherm plateau [36]. The adsorption capacity of As(III) species showed inhibitory effect on As(III) sorption with increasing concentration in the presence of Sb(III) and Sb(V) species (Figure 5A,C). In contrast to the single solute system, the As(V) species shows an increase in adsorption potential with increasing concentration in the binary system (Figure 5B,D). Figure S3 of the SI shows that the significant decrease in Fe solubility in the binary system might result in such an increase in As(V) adsorption capacity. Moreover, the Sb(V) adsorption onto FC precipitates was significantly affected in a binary system, as compared to any other species (Figure 5B,D). The Freundlich model was preferred for the adsorption of As(V) and Sb(V) in the binary systems, as indicated by their strong correlation coefficient (Table 2). However, the As(III) and Sb(III) species showed distinct adsorption phenomena, depending upon the type of species present in the system. For example, the As(III) species followed the Langmuir model in the As(III)/Sb(V) binary system and the Freundlich model in the As(III)/Sb(III) binary system. In general, such behavior is in good agreement with the observed competition between the species and available FC surface sites in the binary system.




3.2.3. Quaternary System


Figure 6 shows the competitive adsorption experimental results of the quaternary system and their non-linear isotherm fittings. The results indicate that the adsorption affinity of Sb species rivals the adsorption capacity of As species on FC precipitates in coexisting environments at neutral pH (Figure 6A,B). Similar to the binary system, the total Sb adsorption onto the sites of FC surface becomes highly favorable in the presence of As species. Besides complete FC precipitation (Figure S4 of the SI), such an adsorption phenomenon indicates that only Sb species would preferentially adsorb onto FC precipitates in a complex heterogeneous environment containing a higher concentration of both species. Furthermore, Table 3 shows the Langmuir and Freundlich fitting parameters for the total Sb species (i.e., Sb(III, V)), which further confirms the strong Sb adsorption affinity of 82.04 g/mol under the quaternary system.





3.3. Mechanism of As and Sb Removal by FC Coagulation


The FT-IR analysis of FC precipitates in single, binary and quaternary systems was recorded to explore the bond formation and possible removal mechanism, as shown in Figure 7. The broad peak in all flocs around 3384–3396 cm−1 was ascribed to the polar interaction of Fe ions and their hydrolyzed products, which tends to form complexes with contaminants [58]. The peaks appearing at (~1632 and 900–1367) cm−1 were ascribed to the deformation of water molecules and enrichment of aliphatic/carbohydrates OH functional groups, respectively [59,60]. In comparison with the pristine spectra of all species (Figure S5), except As(V), no significant shift in other FC flocs was observed in the single solute system (Figure 7A). The shift in the peak of As(V) from 832–812 cm−1 further clarified the strong adsorption potential of As(V) via complexation in the single solute system [59]. The flocs spectra in the binary systems of Sb(III)/As(III) and Sb(V)/As(III) indicated a negligible shift in their peaks, when compared with pristine contaminants. However, the significant shift in As(V) peak from (832 to (802–810)) cm−1 was observed in their binary system, which indicates that the presence of Sb species will rarely have a competitive effect. Interestingly, after reaction with FC flocs, the binary system of Sb(V)/As(V) showed the new peak at (694 instead of 682) cm−1, which may be attributable to the Sb(III)-O vibration.



In the quaternary system, the strong stretching vibration of Sb(III)-O were also observed in the range (~455–462) cm−1 in all flocs under all pH conditions. In the case of pH (5 and 7), the peaks appearing at (455, 596 and around (802–818)) cm−1 correspond to Sb(III)-O, Sb(V)-O and As(V)-O stretching vibrations, which further clarifies that these groups could be involved in complex coordination with FC precipitates during their competitive adsorption [57,59].



At pH 9, the peak at 586 cm−1 appears with higher intensity, due to the interaction between As(III) species and FC flocs under competitive environment [39]. Furthermore, the intensity of the peak at 810 cm−1 is significantly reduced, which indicates the inhibition of As(V) adsorption onto FC flocs under basic pH conditions. Thus, the significant shifts, as well as distinct intensity peaks in the contaminant FC flocs, well support the adsorption sequence of redox species. Similar to As, the most plausible chemical interactions between Sb and FC precipitates were the formation of inner-sphere complexes with OH functional groups at the surface of the FC hydrolyzed products [30,61]. Therefore, it can be inferred from the adsorption capacities and FT-IR spectra that the possible removal mechanism for As and Sb species might be the combination of charge neutralization and inner sphere complexation. This mechanism is consistent with previous research [7,8,36,52], working on the removal of heavy metals by coagulation.





4. Conclusions


In this study, we systematically investigated the influence of pH and contaminant loading of four redox species on Fe solubility, as well as their adsorptive removal behavior, in the single, binary and quaternary system. The results of the single solute system showed the adverse effect on Fe solubility in the presence of pentavalent species at the elevated pH, thereby reducing the overall adsorption capacity of As(V) and Sb(V). Moreover, the adsorption density of both species in the binary system is significantly affected by the increase in Fe solubility under extremely alkaline condition. The competitive adsorption behavior in the presence of the four redox species differs remarkably at different pH conditions. The association of all species has a synergistic effect on total Sb removal, while having a strong inhibitory effect on As removal. The decrease in adsorption capacity of As(V) in the single system at higher contaminant loading was observed, while in the binary system, Sb(III) showed a strong adsorption potential in comparison to other species. Moreover, in the quaternary system, the higher adsorption capacity of Sb indicates the synergistic effect in the co-presence of other species. The FT-IR analysis of FC contaminant flocs reveals that mechanisms, such as charge neutralization and inner sphere complexation, might be involved in the removal of all species by coagulation. These outcomes advance understanding of the removal efficiency and removal mechanism of these toxic contaminants, as well as the optimization of coagulant thereafter.
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Figure 1. Single solute system of As and Sb species showing (A) Fe solubility (%); (B) removal efficiency (%); (C) adsorption densities (g/mol) under various pH in the range (4–10) with 0.1 mM FC coagulant dose. 
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Figure 2. Binary system of As and Sb species showing (A) Fe solubility (%); (B,C) Removal efficiency (%); (D,E) Adsorption densities (g/mol) under various pH range (4–10) with 0.1 mM FC coagulant dose. 
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Figure 3. The quaternary system of As and Sb species showing (A) Fe solubility (%) and removal efficiency (%); (B) Adsorption densities (g/mol) under various pH range (4–10) with 0.1 mM FC coagulant dose. 
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Figure 4. Under the initial As and Sb concentrations of (0.1 to 10) mg/L, pH: 7 and 0.1 mM FC dose, showing (A) Langmuir; and (B) Freundlich fitting of the As and Sb coagulation data for the single solute system. 
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Figure 5. Under initial As and Sb concentrations of (0.1 to 10) mg/L, pH: 7 and 0.1 mM FC dose, showing (A,B) Langmuir; and (C,D) Freundlich fitting of the As and Sb coagulation data for the binary system. 
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Figure 6. Under the initial As and Sb concentrations of (0.1 to 10) mg/L, pH: 7 and 0.1 mM FC dose, showing the (A) Langmuir; and (B) Freundlich fitting of the As and Sb coagulation data for the quaternary system. 
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Figure 7. FT-IR spectra analysis of FC contaminants flocs showing (A) Single solute; (B) binary; and (C) quaternary system, after coagulation with 0.1 mM FC dose. 
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Table 1. Adsorption isotherm parameters of As(III) and Sb(III, V) on FC precipitates in the single solute system.
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Contaminants

	
Langmuir Fitting

	
Freundlich Fitting




	
KL (L/mg)

	
qm (g/mol)

	
R2

	
KF (g/mol) (L/mg)     1 n    

	
n

	
R2






	
As(III)

	
0.559

	
38.01

	
0.917

	
13.346

	
2.221

	
0.984




	
Sb(III)

	
0.622

	
111.95

	
0.985

	
38.359

	
1.586

	
0.990




	
Sb(V)

	
3.961

	
32.74

	
0.994

	
20.255

	
3.457

	
0.852
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Table 2. Adsorption isotherm parameters of As and Sb species on FC precipitates in the binary system.






Table 2. Adsorption isotherm parameters of As and Sb species on FC precipitates in the binary system.





	
Sample

	
Solutes

	
Langmuir Fitting

	
Freundlich Fitting




	
KL (L/mg)

	
qm (g/mol)

	
R2

	
KF (g/mol) (L/mg)     1 n    

	
n

	
R2






	
As(III)/Sb(III)

	
As(III)

	
0.355

	
23.11

	
0.981

	
6.169

	
1.984

	
0.987




	
Sb(III)

	
0.400

	
132.29

	
0.962

	
34.666

	
1.465

	
0.950




	
As(III)/Sb(V)

	
As(III)

	
0.264

	
40.99

	
0.908

	
8.308

	
1.661

	
0.861




	
Sb(V)

	
0.586

	
12.84

	
0.550

	
4.896

	
2.608

	
0.652




	
As(V)/Sb(III)

	
As(V)

	
1.053

	
53.32

	
0.848

	
21.258

	
2.276

	
0.895




	
Sb(III)

	
0.00001

	
5771510

	
0.962

	
42.400

	
0.729

	
0.996




	
As(V)/Sb(V)

	
As(V)

	
0.135

	
116.97

	
0.945

	
15.574

	
1.497

	
0.951




	
Sb(V)

	
0.122

	
49.19

	
0.928

	
7.028

	
1.696

	
0.967
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Table 3. Parameters of the Langmuir and Freundlich adsorption models for Sb species on FC precipitates in the quaternary system.
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Solutes

	
Langmuir Fitting

	
Freundlich Fitting




	
KL (L/mg)

	
qm (g/mol)

	
R2

	
KF (g/mol) (L/mg)     1 n    

	
n

	
R2






	
Sb(III, V)

	
0.069

	
82.04

	
0.995

	
6.82

	
1.485

	
0.998
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