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Abstract

:

The environmental mobility of antimony (Sb) is largely unexplored in geochemical environments. Iron oxide minerals are considered major sinks for Sb. Among the different oxidation states of Sb, (+) V is found more commonly in a wide redox range. Despite many adsorption studies of Sb (V) with various iron oxide minerals, detailed research on the adsorption mechanism of Sb (V) on hematite using macroscopic, spectroscopic, and surface complexation modeling is rare. Thus, the main objective of our study is to evaluate the surface complexation mechanism of Sb (V) on hematite under a range of solution properties using macroscopic, in situ attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopic, and surface complexation modeling. The results indicate that the Sb (V) adsorption on hematite was highest at pH 4–6. After pH 6, the adsorption decreased sharply and became negligible above pH 9. The effect of ionic strength was negligible from pH 4 to 6. The spectroscopic results confirmed the presence of inner- and outer-sphere surface complexes at lower pH values, and only outer-sphere-type surface complex at pH 8. Surface complexation models successfully predicted the Sb (V) adsorption envelope. Our research will improve the understanding of Sb (V) mobility in iron-oxide-rich environments.
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1. Introduction


Elevated concentrations of antimony (Sb) in soil, sediments, and water bodies occur due to heavy mining operations and the subsequent use of antimony (Sb) in many industrial applications [1,2,3]. Another well-established contamination source has been linked to military and civilian shooting ranges. Antimony (Sb) is used as a hardening agent in lead bullets, and thus Sb is ultimately released into the environment when the bullets corrode [4,5]. Owing to the suspected carcinogenic effects of Sb in humans and other living organisms, the United State Environmental Protection Agency (USEPA) has declared Sb and its compounds as contaminants of emerging concern and set a maximum contamination level (MCL) value of 6 µg L−1 for drinking water [6,7,8]. Indeed, greatly elevated concentrations of Sb in the soil (17,500 mg kg−1) due to anthropogenic activities compared to background concentrations (0.05–0.22 mg kg−1) have been reported [9].



Among the two major oxidation states (III and V) of Sb in the geochemical environments, Sb (V) is reported as the most dominant species prevalent in wide redox range (360 to −140 mV) while Sb (III) is considered to be more toxic [1,10,11,12,13,14]. In addition, the mobility and solubility of Sb (V) are greater than those of Sb (III) [12,13]. In shooting range soils, EXAFS characterization indicated that Sb (V) was the major species [15]. Macroscopic and spectroscopic characterizations of soils and sediments have suggested that iron oxides, hydroxides, and oxyhydroxides are major sinks for Sb (V) species, and strong associations have been observed [14,16,17]. Consequently, many adsorption studies using pure iron mineral phases have been reported [10,11,12,13,17,18,19,20]. Macroscopic studies coupled with surface complexation modeling using goethite as a mineral indicate that Sb (V) has strong affinity for goethite and the adsorption is pH-dependent, where Sb (V) retention decreased drastically above pH 6 [10]. Leuz et al.proposed that the adsorption of Sb (V) on goethite occurred via a combination of inner-sphere and outer-sphere mechanisms. Tighe et al. (2005) [16] reported high affinity of amorphous Fe(OH)3 for Sb (V). In their study, the authors observed a sharp decrease of Sb (V) adsorption on amorphous Fe(OH)3 above pH 4 at an initial Sb (V) concentration of 23.4 µM. In contrast, no pH dependence was observed at lower initial Sb (V) concentrations (~0.234 µM). Guo et al. (2014) [20] reported a similar decrease of Sb (V) adsorption (initial concentration range of 51–200 µM) above pH 6 for goethite and hydrous ferric oxide (HFO) minerals.



To enhance the understanding of the biogeochemical cycling of Sb, it is important that macroscopic characterization of adsorption process be coupled with direct spectroscopic evaluations. In situ attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy has been accepted as an established means to investigate adsorption processes in real-time in the presence of water, provided the solute has IR-active bands that can change upon adsorption on solid surfaces [21,22,23,24,25,26,27]. Generally, the octahedral SbO6 core of hexahydroxyantimonate [Sb(OH)6-] species has six normal modes of vibration, among which ʋ3 and ʋ4 modes are IR active [28]. These modes originate from ν(Sb-O) antisymmetric stretch motions and δ(Sb-O) bending motions [27]. The spectral signatures of these modes are in the undetectable regions (680–230 cm−1) of in situ ATR-FTIR spectra. However, the solid hexahydroxyantimonate salts showed distinctive ν(O-H) stretching bands at 3220 cm−1 and δ(O-H) and γ(O-H) deformation bands at 1105 and 735 cm−1, respectively [27]. Indeed, a steady increase of the absorbance values of the IR bands at ~3200 and 1100 cm−1 was noticed when ~100 µM Sb (V) had been adsorbed on amorphous iron oxide as a function of time (0–30 min) at pH 3 [27]. The authors reported strong pH dependence of the Sb (V) adsorption on amorphous iron oxide and concomitant inner-sphere and outer-sphere surface complexation. In a different study, Muller et al. (2015) [26] evaluated the competitive adsorption mechanism of As (V) and Sb (V) on six-line ferrihydrite and noted a similar sharp IR band at ~1109 cm−1 for Sb (V) adsorption at pH 3, which became broader and weaker as the pH increased.



Our main objective of this research is to evaluate the adsorption mechanism of Sb (V) on synthetic hematite, a common iron oxide in the environment, as a function of various solution properties using macroscopic, in situ ATR-FTIR spectroscopic experiments, and to apply surface complexation modeling to fit the adsorption edge data.




2. Materials and Methods


2.1. Reagent and Materials


Hematite (α-Fe2O3) was synthesized using the methods described in Sugimoto et al. (1993) [29], by Elzinga and Kretzschmar (2013) [30], and in our earlier studies [31,32]. To summarize, a gel was formed by the slow addition of 500 mL of 2 M FeCl3 solution over a period of 5 min to a continuously stirred 500 mL solution of 5.4 M NaOH. Then the gel was aged in a sealed Pyrex glass bottle at 101 °C for 8 days in an oven. After that, the dried product was cooled to room temperature and washed with Milli-Q water (18.2 MΏ cm) until the electrical conductivity value reached ~<5 μS cm−1. After freeze-drying the cleaned suspension, X-ray diffraction (Rigaku, Woodlands, TX) was performed to confirm the mineral identity. The mineral was stored in a dry place at room temperature. Potassium hexahydroxyantimonate [KSb(OH)6] was purchased from Sigma–Aldrich (St. Louis, MO, USA).




2.2. Antimony Sorption Experiments


Batch sorption experiments were carried out to determine the Sb (V) adsorption envelopes on hematite. The initial concentration of Sb (V) for sorption edge experiments was maintained at 8.21 μM (1000 μg L−1) and was consistent with our previously published studies and environmentally relevant concentrations of Sb (V) [10,33]. The sorption-edge experiments were initiated in a 15 mL polypropylene centrifuge tube by adding appropriate amounts of Sb (V) stock solutions into a final 10 mL volume of overnight-equilibrated (24 h) hematite suspension at three different ionic strengths (I = 0.001, 0.01, and 0.1 M KCl) and at a pH range of 4–11. The pH was controlled by the addition of small volumes of 0.1 M HCl or NaOH, and the final pH value was recorded. The suspension was equilibrated for 24 h at 298 K. Preliminary kinetic experiments revealed a sorption equilibration time less than 1 h. After 24 h equilibration in an end-to-end shaker at 300 rpm, the final pH values for the suspension were recorded. Then the suspension was filtered using 0.22 μm syringe filter (Fischer Scientific, 09-730-19). The filtrates were analyzed for total Sb concentration using ICP-OES (iCAP 7400, Thermo Electron, West Palm Beach, FL, USA). The loss of Sb (V) was detected by the difference between the initial added Sb (V) (i.e., 8.21 μM) in the suspension and the amount of total Sb measured in the filtrate.




2.3. In Situ ATR-FTIR Experiments


To obtain molecular mechanisms of Sb (V) adsorption on hematite, in situ ATR-FTIR experiments were carried out using 45° ZnSe horizontal ATR (HATR) flow cell attachment as described in our earlier studies and in the other studies in the literature [22,23,24,25,31,32,34,35,36]. Extensive discussions on the flow cell set up and experimental system can be found in these cited references.



The effects on pH on the Sb (V) adsorption mechanism on hematite was evaluated by conducting an in situ ATR-FTIR pH envelope experiment. The experiment was started by initiating an equilibration step by circulating the background electrolyte solution (0.01 M KCl) through the hematite-coated sealed ZnSe HATR cell at a flow rate of 2 mL min−1 from a reaction vessel (500 mL total electrolyte volume) using a peristaltic pump (Watson Marlow 400, Falmouth, UK). The outlet of the solution from the flow cell was closed into the reaction vessel to maintain a constant reservoir volume. The reaction vessel was continuously purged with Ar to avoid interference from carbonate. The pH was recorded using a pH electrode inserted into the reaction vessel. The even mixing of the electrolyte solution inside the reaction vessel was ensured by the use of a magnetic stirring rod. Approximately 2 h was set for this preliminary equilibration step, in which background spectra were continuously collected averaging over 64 scans at a spectral resolution of 4 cm−1. The pH was controlled throughout the equilibration step by adding small volumes of 0.1 M HCl or NaOH. The pH envelope experiment was started by adding an appropriate amount of Sb (V) stock solution into the vessel to reach an initial Sb (V) concentration of 5 μM. The pH was controlled at 5 (±0.04). The spectra were collected for 1 h until no further increase of the IR band was noticed. Then, the pH was increased to the next value and these steps were continued until spectra were collected in a pH range of 5–8.



Infrared spectra of aqueous Sb (V) were also collected in a similar pH range (5–8) using a Ge ATR crystal to help interpret the Sb (V)-hematite adsorption spectra. The aqueous and adsorbed spectra of Sb (V) were plotted with absolute absorbance value at each pH value for comparing the increase of absorbance due to adsorption of Sb (V) on hematite. A similar comparison was also made by normalizing the aqueous and adsorbed Sb (V) spectra to determine the shape of the IR band irrespective of the absorbance value.




2.4. Surface Complexation Modeling


The 2 pKa formulation of the triple-layer surface complexation model (TLM) was used to describe the adsorption of Sb (V) on hematite as a function of pH. See Essington (2015) [37] for a detailed description of the TLM. The TLM views the solid–solution interface to consist of an inner Helmholtz layer for the adsorption of protons and species complexed by inner-sphere mechanisms, an outer Helmholtz layer for the retention of species complexed by an outer-sphere mechanism, and a diffuse layer for counter-ion charge. The charge density in each of the inner and outer Helmholtz layers is proportional to the electrical potential in each layer, where the inner and outer layer capacitance values (C1 and C2) are the proportionality factors. The diffuse layer charge distribution is predicted using Gouy–Chapman double-layer theory. Adsorption reactions at the solid–solution interface are described by intrinsic equilibrium constants (Kint values), which are true constants at a fixed ionic strength. The C1, C2, and Kint values for proton adsorption and desorption and counter-ion complexation in the outer Helmholtz plane are fixed values in the TLM (Tables S1 and S2). Other fixed parameters included the equilibrium constants (log K values adjusted for ionic strength) that describe the aqueous speciation of Sb, the specific surface area (SA), suspension density (a), and the counter-ion concentrations (0.001, 0.01, and 0.1 M KCl). The total site concentration (ST) was an optimized parameter, as was the total site density (nS, which was computed from ST, SA, and a).



The FITEQL 4.0 computer code was used to optimize the log Kint values for user-defined adsorption reactions by minimizing the variance between experimental and predicted Sb adsorption envelopes [38]. The measure of goodness-of-fit generated by FITEQL is VY, the weighted sum of squares of residuals divided by the degrees of freedom. In general, chemical models that produce VY values less than 20 are deemed acceptable, although the desired result is to identify a chemical model that generates the smallest value of VY, and is supported by a mechanistic interpretation of the experimental ATR-FTIR data. Several surface complexation reactions have been proposed to describe Sb retention at variable-charge surface functional groups [39,40,41,42]. Commonly, these include inner-sphere monodentate or bidentate and outer-sphere surface complexes, alone or in combination. The ATR-FTIR findings indicate that both inner- and outer-sphere Sb surface species are formed at the hematite surface.



Three surface complexation models were examined (Table 1). The models were applied independently to the three ionic strength conditions. Model I considered the formation of the inner-sphere complex ≡FeOSb(OH)4° and the outer-sphere complex ≡FeOH2+−Sb(OH)6−. Model II considered the formation of inner-sphere surface complex ≡FeOSb(OH)5− and outer-sphere surface complex ≡FeOH2+−Sb(OH)6−. Model III considered the formation of the inner-sphere surface complex (≡FeO)2Sb(OH)3° and the outer-sphere complex ≡FeOH2+−Sb(OH)6−.





3. Results and Discussion


3.1. In Situ ATR-FTIR Analysis of Sb (V) Adsorption on Hematite


The results from in situ ATR-FTIR experiments are presented in Figure 1, Figure 2 and Figure 3. In Figure 1, the final spectra of hematite-adsorbed Sb (V) (5 µM) was stacked on top of aqueous Sb (V) (25 µM) spectra at pH values 5–8 to identify the increase of IR absorbance value due to the adsorption of Sb (V) on hematite. Study of ~10 µM Sb (V) adsorption on minerals was considered consistent with mine effluent and environmentally relevant concentrations of antimony [1,2,26]. For measurements of aqueous Sb (V) FTIR spectra, a five times greater concentration (25 µM) was used in order to obtain a detectable signal. Generally, other researchers have used much higher concentrations of aqueous Sb (V) (~50 mM) to obtain detectable signals [26,27]. The increase of the absorbance value of the IR band in the Sb (V)-hematite adsorption spectra compared to the aqueous one is indicative of surface complexation (Figure 1). A strong infrared band at 1111 cm−1 was found at pH 5, which became weaker and broader and ultimately disappeared at pH 8. McComb et al. (2007) [27] identified this IR band (~1100 cm−1 in their study) as an indicator of strongly adsorbed surface species of Sb (V) on iron oxide. The weak shoulder at 1015 cm−1 at pH 5, 6, and 7 became a broad peak at pH 8 (Figure 1). This IR band is a characteristic of in-plane O-H deformation [δ(O-H)] mode in aqueous Sb (V) salt [26,27]. Thus, this IR band is indicative of very weak surface interactions of Sb (V) with hematite. These findings are consistent with macroscopic adsorption data, in which the adsorption envelope of Sb (V) on hematite steeply decreased after pH 6 (Figure 4). Another way to investigate the characteristic IR band change due to adsorption can be done by comparing the normalized spectra of aqueous and adsorbed Sb (V) species (Figure 2).



An example of this type of comparison for pH 5 suggested a significant difference of the shape of the IR band at 1111 cm−1 (Figure 2). In addition, a shape change (~1069 cm−1) and shifts (~1015 cm−1) of the shoulders in the Sb (V)-hematite adsorption spectrum compared to the aqueous Sb (V) spectrum can be noticed at pH 5. Further, the Sb (V)-hematite adsorption spectra at pH 5–8 were stacked in the 900–1300 cm−1 wavenumber region to scrutinize the change in IR bands due to pH increase (Figure 3). In this comparison, the changes discussed based on Figure 1 were magnified in the 900–1300 cm−1 spectral region and the changes are consistent with previous discussions. Overall, the FTIR data indicate a combination of inner- and outer-sphere surface complexes at low pH values (5–7), which changed to outer-sphere surface complexation at pH 8. Weakening of the IR band (~1111 cm−1) assigned for inner-sphere surface complexation upon increasing pH was very clear (Figure 1 and Figure 3). Below we use these spectroscopic results to hypothesize the possible surface complexes using thermodynamic-based surface complexation modeling.




3.2. Adsorption Envelope and Surface Complexation Modeling


The adsorption envelope for Sb (V) with a concentration of 8.21 µM (1000 µg L−1) indicated about 100–90% adsorption on hematite (2 g L−1) at a pH range of 4–6 (Figure 4). The adsorption decreased steeply from pH 6.5 to 9 from a value of about 80% to below detectable levels. The behavior of the Sb (V)-hematite adsorption envelope followed a similar trend to other oxide minerals [10,33,40]. For example, Leuz et al. (2006) [10] found that between pH 3 and 6, about 96% of Sb (V) was adsorbed on goethite at ionic strength values of 0.1 and 0.01 M KCl. Beyond pH 6, a sharp decrease of Sb (V) adsorption was reported until pH 9 and ultimately reached below detectable levels at pH 12. However, compared to Leuz et al. (2006) [10], our sorption envelope data indicate minor ionic strength dependence above pH 6 (Figure 4). The trend of pH dependence of Sb (V) adsorption on hematite in our study is consistent with the observation of in situ ATR-FTIR experiments, in which the IR band at 1111 cm−1 at pH 5, indicative of strong inner-sphere surface complexation, gradually became broader and ultimately disappeared at higher pH value (pH = 8) (Figure 1). Conversely, the IR band at 1015 cm−1, a characteristic in-plane O-H deformation [δ(O-H)] mode of aqueous Sb (OH)6- species, became increasingly prominent by changing from a shoulder to a broad IR band as the pH increased to 8 (Figure 1). Building on the evidence from macroscopic adsorption envelope and in situ ATR-FTIR experiments, we conducted our surface complexation modeling (SCM) exercises to explain and model the sorption envelope.



In the literature, various surface complexation reactions have been proposed to describe Sb (V) retention at variable-charge surface functional groups [33,39,40,41,42,43]. Here we fit the adsorption envelope data using model I (assumes inner-sphere [≡FeOSb(OH)4°] and outer-sphere [≡FeOH2+—Sb(OH)6−] complexes), model II (assumes inner-sphere [≡FeOSb(OH)5−] and outer-sphere [≡FeOH2+—Sb(OH)6−] complexes), and model III (assumes bidentate inner-sphere [(≡FeO)2Sb(OH)3°] and outer-sphere [≡FeOH2+—Sb(OH)6−] complexes) (Table 1). Model III performed somewhat better than model I for 0.1 M ionic strength (Figure 4). Thus, incorporating a bidentate inner-sphere surface complex in the model improved the fit at 0.1 M ionic strength. Use of the ≡FeOSb(OH)5− monodentate surface complex instead of the ≡FeOSb(OH)4° surface complex made model II not convergent for 0.1 M ionic strength data. Overall, all models predicted a ligand exchange reaction, in which a proton is consumed. Thus, the models are consistent with the adsorption envelope behavior, in which increasing pH decreased the adsorption of Sb (V). The occurrence of inner-sphere and outer-sphere surface complexes can be rationalized using the ATR-FTIR data presented in the previous section (Figure 1, Figure 2 and Figure 3). However, specific stoichiometry or type (monodentate or bidentate) cannot be determined by ATR-FTIR spectroscopic data. Other researchers identified monodentate and bidentate surface complexes of Sb (V) on iron oxides using EXAFS [10,20].
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Figure 1. The in situ ATR-FTIR spectra of adsorbed and dissolved Sb (V) were stacked at each pH value. The intensity scale is drawn on actual scale obtained in the experiment. 
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Figure 2. Normalized in situ ATR-FTIR spectra of adsorbed and dissolved Sb (V) at pH 5. 
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Figure 3. In situ ATR-FTIR spectra of hematite-adsorbed 5 µM Sb (V) collected at pH values 5–8. 






Figure 3. In situ ATR-FTIR spectra of hematite-adsorbed 5 µM Sb (V) collected at pH values 5–8.



[image: Soilsystems 05 00020 g003]







[image: Soilsystems 05 00020 g004 550] 





Figure 4. (A) (Top) Model 1. The experimental and predicted adsorption of Sb on hematite as a function of pH in 0.001, 0.01, and 0.1 M KCl ionic media. The surface complexation model assumes the formation of inner-sphere [≡FeOSb(OH)4°] and outer-sphere [≡FeOH2+−Sb(OH)6−] complexes. (B) (Middle) Model II. The experimental and predicted adsorption of Sb on hematite as a function of pH in 0.001 and 0.01 M KCl ionic media. The surface complexation model assumes the formation of inner-sphere [≡FeOSb(OH)5−] and outer-sphere [≡FeOH2+−Sb(OH)6−] complexes. (C) (Bottom) Model III. The experimental and predicted adsorption of Sb on hematite as a function of pH in 0.001 and 0.01 M KCl ionic media. The surface complexation model assumes the formation of bidentate inner-sphere [(≡FeO)2Sb(OH)3°] and outer-sphere [≡FeOH2+−Sb(OH)6−] complexes. 
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Table 1. The optimized triple layer surface complexation models that describe the adsorption of antimony by hematite as a function of pH and ionic strength.
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log Kint †




	
Reaction

	
0.001

	
0.01

	
0.1






	
Model I




	
≡FeOH0 + H+ + Sb(OH)6− = ≡FeOSb(OH)40 + 2H2O

	
8.56(0.10)

	
8.49(0.10)

	
8.42(0.10)




	
≡FeOH0 + H+ + Sb(OH)6− = ≡FeOH2+−Sb(OH)6−

	
10.80(0.14)

	
11.31(0.14)

	
11.41(0.09)




	
VY ‡

	
0.053

	
0.227

	
1.219




	
Model II




	
≡FeOH0 + Sb(OH)6− = ≡FeOSb(OH)5− + H2O

	
2.20(0.10)

	
2.42(0.53)

	
2.76(0.10)




	
≡FeOH0 + H+ + Sb(OH)6− = ≡FeOH2+−Sb(OH)6−

	
10.66(0.17)

	
11.11(0.27)

	
NC §




	
VY

	
0.142

	
0.161

	
0.703




	
Model III




	
2≡FeOH0 + H+ + Sb(OH)6− = (≡FeO)2Sb(OH)30

	
13.56(0.20)

	
14.19(0.20)

	
13.95(0.24)




	
≡FeOH0 + H+ + Sb(OH)6− = ≡FeOH2+−Sb(OH)6−

	
10.52(0.27)

	
10.72(1.0)

	
10.32(1.9)




	
VY

	
0.067

	
0.410

	
0.410








† Common logarithm of the intrinsic surface complexation constants (standard deviation). ‡ VY is the weighted sum of squares divided by the degrees of freedom. § NC, the optimization procedure would not converge with this species considered.
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