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Abstract

:

The immobilization and transformation of arsenic at the mineral-organic interface in soil environments ultimately depend on the soil components and their interactions. Herein, the effect of humic acid (HA) and a typical bacterium (a Gram-positive Bacillus subtilis) coating on the adsorption of arsenate As(V) to kaolinite (Kao) mineral was investigated. The As(V) adsorption reaction kinetics, isotherms, thermodynamics, and mechanism on the clay mineral-organic composites of kaolinite-Bacillus subtilis (Kao-B.s) and humic acid-kaolinite-Bacillus subtilis (Kao-HA-B.s) were investigated. The As(V) adsorption on the composites was better fitted to pseudo-second-order kinetics and the Freundlich model. The adsorption capacity of As(V) followed the order of Kao-HA-B.s > Kao-B.s > B.s > Kao-HA > Kao. The positive ΔH (31.44, 5.87 kJ mol−1) and ΔG (0.10–0.96 kJ mol−1) values confirmed that the adsorption of As(V) by all composites was nonspontaneous and endothermic in character at room temperature. The FT-IR, XRD, and thermodynamic results revealed that the adsorption mechanism of As(V) on the kaolinite–organic interfaces could be attributed to the electrostatic forces between the terminal aluminum or silanol groups of kaolinite and As(V) and the complexation between HA, bacteria, and As(V), which formed an inner-sphere complex and surface complex, respectively. The experimental results showed that the adsorption of As(V) on the Kao-HA or Kao-bacteria system was accompanied by significant additive interactions, while the ternary Kao-HA-bacteria system had a significant inhibitory effect on As(V) binding at a higher HA content due to the shielding effect, with the promotion effect shown at a lower concentration for dispersion effect for HA on the kaolinite particles.
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1. Introduction


Arsenic is a metalloid pollutant of significant environmental concern due to its toxicity and widespread occurrence through volcanic eruption, the dissolution of ores and sediments, sewage disposal, mining, industry, and agriculture [1,2]. The immobilization and transformation of arsenic in complex systems in the soil environment mainly depend on its interactions with major soil components, such as minerals, soil organic matter, and micro-organisms [3,4]. About 50–90% of the dissolved organic carbon in soils and sediments is represented by humic acid (HA), which usually binds to minerals together with most micro-organisms [5] and forms mineral-organic aggregates through its functional groups such as carboxyl, phenol, amine, and hydroxyl [6,7,8,9]. The mechanisms for arsenic sorption on oxyhydroxides, clay minerals, humic acid, and micro-organism surfaces [7,10,11,12,13,14] have been widely conducted. The inner-sphere As(V) complexes on metal oxide surfaces were formed by surface complexation reactions through ligand exchange for the hydroxyl group; carboxylics, phenolics, and amines were considered to represent the most important group for the immobilization of As(V) on humic acid and bacteria, or a ternary system of humic acid-inherent metal cation-arsenic was formed [1,7,14,15,16]. However, the surface characteristics and sorption properties of mineral-organic composites for arsenic varied greatly when compared to the crude component, especially in terms of the number of reactive sites, surface charge, and metal-binding affinity [17,18,19]. Kaolinite (Kao) is one of the most abundant clay minerals, for which the group mineral structure consists of tetrahedral (Si) and octahedral (Al) sheets stacked in 1:1 layers, and the chemical interactions between As(V) and kaolinite occur in the inner-surface hydroxyls of the octahedral through the formation of ligand structures [7,13,20,21].



The interactions of As(V) with clay mineral-organic complexes have not been systematically investigated, although numerous investigations have focused on bacterial attachment to pure or iron oxide-coated quartz [22,23,24,25] and kaolinite in the presence of HA [7,26,27] and binding to dissolved humic substances [1,28,29,30]. The effect of increasing As(V) adsorption on the modified kaolinite with HA was reported by Cornu et al. [27] in comparison with crude kaolinite, and HA significantly reduced the number of oxyanions adsorbed onto mineral surfaces [17,18]. Zhou et al. [12] and Fang et al. [31] discovered that the relative adsorption capacity and intensity of kaolinite for As(V) is higher with Halobacillus sp. Y35, and the components of the biofilm are not affected by minerals; the functional groups -OH, -NH, CH2, -SH, -COO are responsible for metal ions binding [5]. A facilitating role and lower exothermic adhesion enthalpy were observed during HA coating on bacterial cell adhesion onto kaolinite combining electrostatic forces, chemical interactions, and the dispersion effect [32]. In ferrihydrite-organic-bacteria cosorption systems, the mineral was loosely associated with bacterial cells, whereas the ferrihydrite-HA composite was tighter, and As(V) reacted mainly with ferrihydrite. Consequently, understanding the adsorption behavior and mechanisms of As(V) on clay minerals in complex systems consisting of humic acid and/or bacteria would provide insights into predicting the fate and health risks of arsenic in the soil environment.



The aim of this study was to investigate the role, kinetics, and thermodynamic adsorption behavior of As(V) on the complexation of humic substances and/or bacteria with clay minerals in soil environments. kaolinite, humic acid, and Gram-positive Bacillus subtilis were selected as prototypes in this study, and the physicochemical characteristics, adsorption mechanism, and interaction on the binding of As(V) by the ternary composites of Mont/Kao-HA-bacteria were investigated by macroscopic sorption, together with XRD and FT-IR.




2. Materials and Methods


2.1. Materials


Kaolinite (Kao) was used as the clay mineral in this study and was purchased from Shanghai Yuanye Bio-technology Co., Ltd. (Shanghai, China). The kaolinite clays were ground to pass through an 80-mesh sieve. The mineral clay suspensions were prepared by dissolving, respectively, 50 g of each into 50 mL of Milli-Q water in a 1000 mL beaker and then treated with 15 mL of hydrogen peroxide (30%, solution) to remove the organic matter, and the excess of H2O2 was removed by evaporation [33]. The pH of the mineral solutions was adjusted to 9.0 for Kao by the addition of 0.1 mol∙L−1 NaOH and was dispersed by ultrasonic for 30 min. The dispersions were diluted to 1000 mL with Milli-Q water, and the <2 μm colloidal fractions were isolated by sedimentation using the pipette method [34]. The separated colloid dispersions were then flocculated with 0.5 mol∙L−1 CaCl2 solutions, and then the particles were washed with Milli-Q water until negative Cl−, determined by AgNO3 resolution. Finally, the minerals obtained were crushed to pass through a 100-mesh sieve after drying at 60 °C and stored for subsequent utilization.



Humic acid (HA) was supplied by Shanghai Yuanye Bio-technology Co., Ltd. (Shanghai, China), and was extracted from commercial peat by dissolving with 1.0 mol∙L−1 NaOH, filtered at 0.45 µm three times, and then it was precipitated with 1.0 mol∙L−1 HCl at a pH below 1.5, subsequently recovered by centrifugation and rinsed with Milli-Q water, finally rinsed with Milli-Q water to remove excess salt. The stock HA solution was prepared by dissolving with 1.0 mol∙L−1 NaOH at pH 8.0, filtered at 0.45 µm three times, and stored at 4 °C. The HA working solutions were prepared by dilution with 0.01 mol∙L−1 NaNO3 electrolyte and then dispersed in an ultrasonic bath for 10 min prior to use. The dissolved organic carbon concentrations of the HA solution were determined with an ELEMENTAR-TOC carbon analyzer (LiquiTOC/TNb, Hanau, German).



The Gram-positive Bacillus subtilis strain (CCTCC AB 90008, B. subtilis) was supplied by the China Center for Type Culture Collection (Wuhan, Hubei, China). The B. subtilis strain was initially inoculated in Luria-Bertani (LB) nutrient medium (10.0 g∙L−1 tryptone, 5.0 g∙L−1 yeast extract, 5.0 g∙L−1 NaCl) for 24–36 h at 37 °C; then the bacterial cells were cultivated to the late-exponential growth for 7–8 h at 28 °C, followed by expanding culture at a ratio of 1:100 for another 18 h. The fresh biomass was harvested by centrifugation at 5000 rpm for 12 min to harvest the cells, followed by three washing procedures with 0.1 mol∙L−1 NaNO3 electrolyte. The cell pellets were resuspended in the electrolyte (0.1 mol∙L−1 NaNO3) to form a parent solution and stored at 4 °C. 1mL of the suspension was taken and dried to constant weight at 60 °C to determine the bacterial concentration. The fresh B. subtilis biomass was used for the later adsorption experiments within 12 h to ensure bacterial activity and to minimize the production of bacterial secretions in this study. The bacteria obtained were resuspended with 0.01 mol∙L−1 NaNO3 solution.



NaCl, NaNO3, HNO3, and NaOH were of analytical reagent grade and were purchased from Sinopharm Chemical Reagent Shenyang Co., Ltd. (Shenyang, Liaoning, China).



Arsenate stock solutions (1000 mg∙L−1) were prepared by dissolving Na2HAsO4·7H2O in ultrapure water, and the required dilutions were obtained daily prior to use. The initial pH of the solutions was adjusted to 5.0 with 0.1 mol∙L−1 NaOH and HNO3, and the constant ionic strength was maintained with a 0.01 mol∙L−1 NaNO3 electrolyte solution. Hydrochloric acid, sodium hydroxide, and sodium borohydride were purchased from Adamas.




2.2. Preparation of the Composites


The mineral was suspended in 0.01 mol∙L−1 NaNO3 electrolyte for subsequent utilization and was dispersed in an ultrasonic bath for 10 min prior to use.



The binary Kao-B.subtilis mixture was formed at initial mass mineral to bacteria ratios of 1, 10, and 100 (dry weight basis). The Kao-B.subtilis suspensions were immediately shaken and adjusted to the chosen pH values by dropwise addition of 0.1 mol∙L−1 HNO3 and NaOH solutions and then allowed to equilibrate for 4 h at 28 °C in a shaker to achieve kaolinite-bacteria adhesion equilibrium. The mixture was then used for the adsorption experiments without any washing procedure.



The humic acid and kaolinite complex (Kao-HA) was obtained by mixing 2.0 g Kao and 200 mL HA working suspension (100, 500, 800, 1200, 1500 mg∙L−1) in a 500 mL conical flask, NaOH, and HNO3 solutions (1.0 mol∙L−1) were used to adjust the pH of the suspension to 5.0, and the ionic strength was maintained with a background electrolyte of 0.1 mol∙L−1 NaNO3, then the resulting Kao-HA complex suspension was shaken at 28 °C for 24 h. Subsequently, the suspension was centrifuged at 8000× g for 12 min to harvest the samples and rinsed three times with 0.01 mol∙L−1 NaNO3 solution until neither the supernatant became colorless nor HA particulates accumulating on the top of kaolinite fractions after centrifugation were visualized. Finally, the residue was air-dried at 45 °C, ground to pass through a 200-mesh sieve, and stored for future use. The excess HA remaining in the supernatant (including loss during the washings) was measured in a UV-vis spectrophotometer at 314 nm, and the amount of HA bound to kaolinite was then calculated.



The Kao-HA composite prepared above was suspended in 0.01 mol∙L−1 NaNO3, and the Kao-HA-B.subtilis ternary composites were formed by adding Pseudomonas putida parent suspensions (10 g∙L−1) dropwise to the Kao-HA suspension, adjusting the pH to 5.0. The ternary composite was shaken for 24 h at 25 °C, separated by centrifugation (8000× g for 12 min), and washed three times with electrolyte. The supernatants were subjected to UV-spectrophotometry, which showed that no free HA was released from the composites (<1%). The solid phase was suspended in 0.01 mol∙L−1 NaNO3 electrolyte. The final mass ratios of each fraction (dry-weight basis) in the ternary composites were 50:1:50 and 100:5:1 for Mont: HA: bacteria (denoted as Kao: HA: B.subtilis = 50:1:50, 100:5:1). The Kao-HA-bacteria composites were used for subsequent experiments.




2.3. Characterization


The crystal structure of Kao and Kao-organic aggregates before and after absorption of As(V) was characterized by XRD (Rigaku: Ultima IV, Tokyo, Japan) diffractometer at Cu K𝛼 radiation and a fixed power source (40 kV and 40 mA) with diffraction angle (2θ) ranging from 5° to 70°. The field emission scanning electron microscope (FE-SEM, HITACHI S-4800, Tokyo, Japan) was used to observe the surface morphology of Kao-organic aggregate samples. FT-IR spectra were determined by the accumulation of 256 scans with a resolution of 2 cm−1 within the range of 450–4000 cm−1 (Thermo Fisher Nicolet 670, Waltham, MA, USA). The As(V) concentration was determined by hydride generation atomic fluorescence absorption spectrophotometric analysis (Jinsuokun SK-2003AZ, Beijing, China) [12]. Experimental samples before and after As(V) adsorption were separated by centrifugation (8000× g for 12min), freeze-dried (Labconco FreeZone, Kansas City, MO, USA), and ground prior to further analysis. Cell morphology of Kao-B.subtilis and Kao-HA-B.subtilis composites before and after As(V) absorption (within 12 h after the end of each adsorption experiment), was observed using an Olympus CX23 confocal microscope (Olympus Corporation, Tokyo, Japan) and photographed at ×40 magnification.




2.4. Adsorption Study


Adsorption experiments were conducted in batch mode with the minerals and their composites (bacteria and HA) in a 50 mL plastic tube. Synthetic As(V) solution (2.5 mg∙L−1) was added to a conical flask with an adsorbent dosage of 2.5 g∙L−1. Samples were taken at certain intervals and filtered through a 0.45 μm nitrocellulose membrane filter to measure the residual As(V) concentration.



The adsorption isotherms experiments were performed at an initial pH of 5.0 and 25–45 °C, conducted with 20 mL As(V) solution (0.5 to 40 mg∙L−1) with electrolyte solutions in 50 mL polyethylene centrifuge tubes, and the dosage of the composite sorbent (Kao, Kao-HA, Kao-B.subtilis, and Kao-HA-B.subtilis) was 1.0 g∙L−1, the suspensions were elliptically shaken for 24 h until the adsorption equilibrium was reached. The samples were then separated by centrifugation (8000× g for 12 min) for analysis, and the residual concentration of As(V) in the clear supernatant solution was determined accordingly. The adsorption degree of As(V) was determined as follows:


   q e  =      C 0  −  C e    · V  m   



(1)




where qe represents the adsorption capacity of Cu2+ or Cd2+ at equilibrium time min (mg∙g−1); C0 and Ce are the initial and final concentrations of the heavy metal concentrations (mg∙L−1). V is the volume of the solution, and m is the weight of the sorbent (g).



The Freundlich adsorption processes were as follows:


   q e  =  k f   C e n   



(2)




where qe is the maximum adsorption capacity of As(V), whereas kf, n represent the adsorption constants of Freundlich models.



The adsorption kinetics experiments were conducted as follows: Kao, Kao-HA, Kao-B.subtilis, or Kao-HA-B.subtilis composites were added to 0.01 mol∙L−1 NaNO3 solutions with initial As(V)concentrations of 2.5 mg∙L−1. The pH of the reaction systems was kept at 5.0 throughout the experiments. Samples of 5 mL were then withdrawn at different time intervals (0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 180, 300, and 480 min). Residual As(V) concentrations in water were measured after filtering the samples through 0.45μm nylon filter membranes. The concentration of As(V) in the filtrate was then analyzed using a hydride generation-atomic fluorescence spectrophotometer. A pseudo-first-order and a pseudo-second-order model were applied to investigate the adsorption kinetics [35]:


  l g   (  q e  −  q t  ) = l g  q e  −    K 1    2.303   t  



(3)






   t   q e    =  1   k 2   q e 2    +  t   q e     



(4)




where qe and qt represent the adsorption capacity of As(V) at the pseudo-equilibrium condition and at time t, respectively (mg/g); k1 and k2 are the adsorption rate constants.



Meanwhile, three sets of batch adsorption experiments were carried out as a function of solution pH, ionic strength of the solution, composite types, and ratio on As(V) adsorption, respectively. The effect of pH on As(V) sorption was investigated from 3–10 using 0.1 mol∙L−1 HNO3 or 0.1 mol∙L-1 NaOH, and the final pH of the suspension after the equilibration time was mentioned. The relationship between the ionic strength and As(V) adsorption was carried out with the background electrolyte 0.01, 0.1, and 1 mol∙L−1 NaNO3. HA concentration (from 0.3% to 6.7%) and the binary or ternary composite types were also performed to study the interaction of As(V) with mineral-organo composites. Following the adsorption equilibration, the suspension was centrifuged at 8000× g for 12 min. The supernatant was filtered through 0.45 μm nylon filter membranes and collected for As(V) analysis.



All experiments were performed in triplicate, and the average values are reported here. A portion of the samples was dried for XRD and FTIR analysis.





3. Results and Discussion


3.1. The Effect of the Initial As(V) Solution pH


The surface charge of the adsorbent particles, the anionic forms of As(V), and the degree of ionization were dependent on the solution pH [36]. As shown in Figure 1, As(V) adsorption on Kao-organic composites gradually decreased with pH from 3.0 to 7.0, and a drastic drop in As(V) uptake at pH > 7 is observed. The sorption of As(V) on Kao-HA-B.subtilis was higher than that of Kao-B.subtilis, and lower at a higher HA content. The functional groups -OH, -NH, CH2, -SH, and -COO of Bacillus subtilis (CCTCC AB 90008) and HA played a key role in the As(V) adsorption, although negatively charged bacterial cells/HA could enhance the electrostatic repulsion between As(V) and Kao, Bacillus subtilis (CCTCC AB 90008) seemed stronger than that of HA in enhancing As(V) sorption, which agrees with previous studies [3,37,38,39]. Attachment on the ternary Kao-HA-B.subtilis composite was higher than that of the binary composite, indicating the advantage of the dispersion of kaolinite particles in the presence of HA under the multifactorial function of electrostatic forces, chemical interactions, steric hindrance, and mineral aggregation. This outcome was contrary to the classical Overbeek (DLVO) theory and the reduction of reactive surface sites through complexation reactions, and the bridging mechanism was proposed by Walker et al. for Cu2+ and Pb2+ adhesion on Escherichia coli cell envelopes-kaolinite composite [40,41,42]. However, a similar decreasing aggregation phenomenon was reported by Z. Hong et al. [32] for the effect of HA on the adhesion of Bacillus subtilis to kaolinite, providing more surface area for cell adhesion. The ionization of the weak arsenic acid depended on the corresponding pKa values (pKa1 = 3.60, pKa2 = 7.25, and pKa3 = 12.25), the H3AsO4 molecular form present at a pH of < 2.3, and the deprotonated AsO43- form (pH > 11); the dissociated H2AsO4- and HAsO42− were predominant at a pH from 2.3 to 5 and 7 to 10, respectively. In the range of pH 3.0–6.0, the speciation of As(V) showed H2AsO4- dominance, whereas HAsO42− was predominant at pH 8 and 10. The direct proton transfer due to the amphoteric hydroxyl groups (-OH) determined the surface charge of the minerals. Since the zero-point charge (pHzpc) for kaolinite is pH 2.3, at which the net charge on the surface is neutral, H2AsO4− could easily attach to the surface of kaolinite-organo composites in a low acidic medium, while the surface became increasingly negative: superior to the pHpzc, more As(V) remained in the solution due to strong electrostatic repulsion with As(V) species (HAsO42− and AsO43−). Furthermore, the adsorption of As(V) was observed to increase around pH 5, suggesting that the formation of an Al-organo-As composite was due to surface complexation reactions interfering with the interaction of As(V) with kaolinite; As(V) preferentially bound to the anions of Al2OH2+ and SiO− rather than to the OH− ions.



Based on the modeling of As(V) adsorption on kaolinite, it is shown that bidentate ligands are favored at a lower pH, while monodentate ligands are favored at high pH values [12,21]. Furthermore, the adsorption rate is mainly controlled by the surface binding energy at the solid–liquid interface, which tends to have a higher adsorption rate. The binding power of Kao-HA-B.subtilis (plus the As(V) system) was greater than that of the Kao-B.subtilis system for increasing the absolute values of the zeta potential.



In addition, after adsorption, the pHfinal values tended to be neutral because the hydroxylated surface of the composites was modified by amphoteric dissociation. The adsorption capacity of the Kao-B.subtilis system was obviously lower than that of the Kao-HA-B.subtilis system within all experimental pH ranges.



Figure 1b revealed that there was a significant capacity for the ternary humic acid-kaolinite-bacteria composite (50:1:50) to buffer highly acidic and alkaline systems, which was in agreement with the data from other published As(V) adsorptions onto minerals [37,38].




3.2. Effect of Ionic Strength


The influence of ionic strength on As(V) adsorption onto the coating of B. subtlis and humic acid with kaolinite was shown in Figure 2.



The amount of As(V) sorption with the Kao-B.subtilis and Kao-HA-B.subtilis (50:1:50) composites first increased and then decreased with ionic strength. The As(V) adsorption capacity increased from 0.08 to 0.22 mg∙g−1 for the Kao-B.subtilis system and from 0.51 to 0.57 mg∙g−1 for the Kao-HA-B.subtilis ternary one with increasing ionic strength (from 0.01 to 0.1 mol∙L−1). The surface modification of kaolinite by humic acid could enhance the adhesion of B. subtilis, indicating that the dispersion effect of HA on kaolinite dominated the adsorption process. These trends are consistent with the previously reported results [32,43]. Clay minerals could form an internal ligand structure with arsenic due to the aluminum oxide octahedron in their system, and the bonds at the edges of the outer surface were broken, making the edges have oxide-like characteristics [44]. As the ionic strength increased, some of the H+ on the surface of the oxide could be replaced by more and more Na+ and released into the solution. This promoted the adsorption of As(V).



However, increasing the ionic strength would increase the net negative charge on the HA molecules and decrease the point of zero charges [45], resulting in a decrease in arsenic sorption.




3.3. Effect of Composite Type and Proportion


Humic acid is an essential component of soil organic matter. Proportions of the mineral-organic composites were used to investigate the effect of HA and bacteria on As(V) adsorption on the kaolinite layer. As shown in Figure 3a, the maximum As(V) adsorption capacities followed the order of Kao-HA-B.s (50:1:50) > Kao-B.s >B.s> Kao-HA-B.s (100:5:1) > Kao-HA > Kao, indicating the enhancing effect of HA and Bacillus subtilis on As(V) adsorption. The adsorption performance in the ternary system (Kao-HA-B.s) was inhibited at higher HA content compared to the mineral-bacteria binary system, indicating that a strong adsorption site masking effect [24,32] developed in the Kao-HA-B.subtilis ternary system at higher HA concentrations, and the interaction of As(V) with bacterial functional groups was blocked by humic acid through site-specific reactions.



The promotion of As(V) by HA was observed at lower doses of HA (from 0.3% to 2.0%), which can be seen in Figure 3a,b. The enhancement of Bacillus subtilis adhesion to kaolinite by HA coatings had been found due to the decrease in the aggregation of kaolinite [40], for which the physicochemical interfacial process, which was enhanced with As(V) species. However, the adsorption experiments showed the inhibition of As(V) adsorbed on kaolinite at a higher HA dosage (from 4.8% to 6.7%). The adsorption property strongly supported competition between HA and As(V) for the binding sites on the mineral surfaces. The crystal edges or broken bonds of the mineral surface chemical structure determined the adsorption capacity of the clay minerals [46]. The adsorption of humic acid on kaolinite was shown via adsorption modeling to be a combination of inner-sphere complex monodentate ligands and outer-sphere H-bonds. In contrast, the inner-sphere bidentate ligands dominated during As(V) adhesion, with a smaller percentage forming monodentate ligands [47]; thus, the HA had a stronger affinity for Kao than that of As(V).




3.4. Adsorption Kinetics


The As(V) adsorption kinetic curves of As(V) on Kao-B.subtilis and Kao-HA-B.subtilis (50:1:50) are presented in Figure 4; the adsorption equilibrium time in the ternary system was approximately 300 min regarding the Kao-B.subtilis composite, whereas it took about 1000 min for the Kao-HA-B.subtilis system. The pseudo-first-order and pseudo-second-order models were applied to research the adsorption kinetics [35], and the calculated kinetic parameters are summarized in Table 1 via the plot in Figure 5a,b. As shown in Figure 5, the pseudo-second-order equation provided higher values of correlation coefficients than 0.999 for As(V) when compared with the other one, and the modeled sorption capacity was in accordance with the obtained experimental data, indicating that chemisorption controlled the adsorption process for As(V), and the mineral-organic composites were controlled by the sharing or exchanging of electrons between the As(V) and composites [13]. As presented in Table 1, the kinetic data showed a faster adsorption rate for the Kao-HA-B.subtilis system than the Kao-B.subtilis system regarding the adsorption capacity towards As(V), indicating that the adsorption site and porosity of the Kao-HA-B.subtilis ternary system increased at a lower HA content.




3.5. Adsorption Isotherms


Figure 6a,b shows the adsorption isotherms of As(V) on Kao-B.subtilis and the Kao-HA-B.subtilis (50:1:50) systems at different temperatures (26–45 °C). The obtained adsorption isotherm data can be described by the Freundlich equation (Figure 6c), and the relative parameters are summarized in Table 2. The high correlation coefficients showed that the As(V) adsorption on Kao-B.subtilis and Kao-HA-B.subtilis systems fitted the Freundlich isotherm, indicating that the kaolinite-organic complexes had multilayer adsorption sites for As(V). The value of q for As(V) adsorption was positively correlated with temperature, which was consistent with those reported in the literature [48]. Furthermore, As(V) was prone to adsorb onto the surfaces of the Kao-HA-B.subtilis complexes at room temperature owing to the lower 1/n.



The As(V) adsorption thermodynamic parameters, equilibrium constant K, and enthalpy (ΔH°) were obtained as the values that gave the best fit for this expression (to the cumulative heat release curves) (Figure 6b). The Gibbs free energy (ΔG°) and entropy (ΔS°) for As(V) adsorption can be calculated according to Equations (5)–(7), and the results of the thermodynamic parameters are given in Table 3.


  ∆  G °   = - R T l n   K   



(5)






  K =    C a     C s     



(6)






   l n K =    ∆  S °   R     -      ∆  H °    R T    



(7)




where T was the solution temperature (K), R was the gas constant (J∙mol−1∙K−1), and Ca and Cs were the equilibrium concentrations of As(V) on the adsorbent and in the solution, respectively.



From Table 3, it can be seen that ∆G and ∆H are positive at lower temperatures, indicating that the adsorption process is nonspontaneous and endothermic. In contrast, the negative values of ∆G at 45 °C indicate the spontaneous and exothermic adsorption reaction of As(V) on the kaolinite-organic complexes. As shown in Table 3, the adsorption of As(V) by all composites was a spontaneous entropy-increase reaction, indicating that the inner-sphere complexes were formed during the adsorption process [37,49,50,51].




3.6. Characterization of Kao-Organic Aggregates


As mentioned above, the binding strength for As(V) bound the ternary system more strongly than the binary system. The properties of the clay minerals and their composites before and after the adsorption were investigated by SEM, optical microscopy, XRD, and FTIR characterization.



3.6.1. SEM and Optical Microscopy Analyses


The morphology images of kaolinite, humic acid, B.subtilis, and the Kao-organic aggregates before and after As(V)absorption are shown in Figure 7 and Figure 8.



Kaolinite showed a layered hexagonal shape with a size mostly smaller than 2 μm. The kaolinite grains tend to clump together but do not produce a compact mineral film with plenty of naked cell surface. The humic acid was adsorbed on the kaolinite particle surfaces and produced compact aggregates. This close association for our Kao-HA adsorbed composite was similar to those reported in the Kao-organo composites formed via a coprecipitation procedure [24,40]. The bacterial cells tend to be “glued” together, possibly through the agglutination of extracellular polymers. The association between the kaolinite and the cells was not tight enough to produce a compact mineral film. An aggregated phenomenon in a pure mineral system was found, but the kaolinite particles were more dispersed in the bacteria mixtures; the surface adsorption sites for metals in the kaolinite-bacteria composite were sufficient in each end-member component. The enhancement of Bacillus subtilis adhesion to kaolinite by HA coatings was found due to a decrease in the aggregation of kaolinite, for which the physicochemical interfacial process was enhanced by As(V) species.




3.6.2. XRD Analysis


The XRD patterns of kaolinite, HA, Kao-B.subtilis, and the Kao-HA-B.subtilis composites before and after the reaction of As(V) are shown in Figure 9.



The peaks at 16.37° and 25.98° are assignable to the typical characteristic diffraction pattern of kaolinite, corresponding to (001) and (002) of kaolinite (JCPDS No. 01-080-0886), respectively. There was no significant change in the basal spacing of the kaolinite after the adsorption of HA or bacteria, indicating that they were not intercalated into the interlayer of the kaolinite due to the large molecule structure, which was also reported by Wu and Chassapis et al. [52,53]. In contrast, interlayer spacing increased from 0.5411 nm to 0.55 nm for the Kao-B.subtilis Kao-HA-B.subtilis complexes upon the reaction with As(V), revealing that the inner-sphere complex for the Kao-B.subtilis and Kao-HA-B.subtilis composites.



The increase in this interlayer spacing in the Kao-B.subtilis system suggested that As(V) could penetrate the bacteria in the outer layer banded with carboxyl groups and form various inner-sphere complexes with kaolinite due to the variable charges in the latter gibbsite basal planes [54,55] or the arsenic ions that were initially adsorbed on bacterial and/or humic acid surfaces (at lower HA content), which were bound to the lower potential of humic acid [56]. As the reaction proceeded, they would gradually transfer to the high potential energy mineral functional groups through chemical bonds or co-ordinate covalent bonds, thus forming an internal layer complex.




3.6.3. FTIR Analysis


The FT-IR spectra of the binary Kao-HA and ternary Kao-HA-bacteria complexes before and after reaction with As(V) are shown in Figure 10.



When compared to the FT-IR spectrum of kaolinite and humic acid, new adsorption peaks appeared after the adsorption of As(V) on the mineral-organic composites. The characteristic of the O-H stretching vibration of water in the complexes and the hydroxyl groups of the physically adsorbed water molecules contributed to the absorption band of kaolinite at ca. 3669 and 1681 cm−1 before As(V) adsorption [57]; conversely, a bathochromic shift for the O-H band (3418–3305 cm−1) was observed in all the spectra of the Kao-B.subtilis and Kao-HA-B.subtilis composites after As(V)adsorption, which was characteristically enhanced after the bacteria and As(V) were adsorbed on the surface of the kaolinite due to the presence of SiO− and AlO−, which provide relatively strong interactions through inner-spherical surface interactions [39]. However, the intensity of this peak decreased in the ternary system for the inhibitory effect of HA, which was due to the partial coverage of the inner-sphere binding sites of kaolinite, which was also reported by Du and Wu [24,50,52]. Similar trends were observed in the vibrational bands corresponding to the phenolics (1385 cm−1) and aromatics (1573 cm−1) of pure HA spectra and for the C=O and N-H/N-C of amide (1657 and 1546 cm−1) for B.subtilis. When compared to the binary complex of Kao-HA, the new spectra of the Kao-HA-B.subtilis system displayed band shifts for the O-H band (from 3450 to 3392 cm−1) and C=O (from 1646 to 1657 cm−1), and presented the N-H/N-C of amide (1546 cm−1), indicating that the chemical interactions increased during bacteria adhesion to the Kao-HA composite.



The adsorption peaks at around 3418 cm−1 and 3371cm−1 were attributed to As-O vibration; the peak shift intensities of these As-O peaks from those reported in the studies were the result of lower kaolinite and HA content [50,57]. The relative intensities of the bands at ca. 985 cm−1 and 676 cm−1 increased significantly after arsenate adsorption, which could arise from the replacement of hydroxyl groups existing on the composites with As(V) by surface complexation.





3.7. Adsorption Mechanism


Kaolinite, humic acid, and Bacillus subtilis, as represented by the most ubiquitous and abundant components in the soil, play a crucial role in the immobilization and transformation of both metals and metalloids. Based on the above analysis, surface complexation, and electrostatic interactions are the main mechanisms for As(V) adsorption in mineral-organic binary and ternary systems.



Our results showed that the adsorption of As(V) in the binary systems of the Kao-HA or Kao-B.subtilis composites were a synergistic process, which was greater than that in single systems. Two possible explanations are as follows: (1) As(V) was able to penetrate the bacteria in the outer layer banded with the carboxyl groups and form various inner-sphere complexes with kaolinite due to the variable charges in the latter’s gibbsite basal planes. (2) The arsenic ions initially adsorbed on the bacterial and/or humic acid surfaces (at lower HA content) were bound to the lower potential of humic acid. As the reaction proceeded, they would gradually transfer to the higher potential energy mineral functional groups through chemical bonds or co-ordinate covalent bonds, thus forming an internal layer complex. In the ternary Kao-HA-bacteria system, a significant inhibitory effect on As(V) binding was observed at a higher HA content due to the shielding effect, while a promoting effect was shown at a lower concentration due to the dispersion effect of HA on the kaolinite particles. In the thermodynamic models, the adsorption of As(V) by all composites was a spontaneous entropy increase reaction, indicating that the inner-sphere complexes were formed during the adsorption process.



When taken together in combination with previous findings, our results demonstrate a universal synergistic effect with respect to humic acid (from 0.3% to 2.0%) and bacteria, playing a promoting role in the adsorption of As(V) on soil clay minerals.





4. Conclusions


This research demonstrates that the interaction of As(V) with kaolinite in the presence of natural organic matter and bacteria depends more upon the properties of the clay than on the presence of organic matter. The adsorption kinetics of As(V) onto the humic acid-kaolinite-Bacillus subtilis or kaolinite-humic acid composites could be described by the pseudo-second-order equation, and the maximum adsorption capacity for As(V) was 3.97 and 4.66 mg∙g−1 at an initial arsenic concentration of 21.15 mg∙L−1, respectively, and the adsorption processes were controlled by chemisorption. The dominant adsorption mechanism was surface complexation via the hydroxyl groups that exist on kaolinite with As(V). The adsorption isotherms of the process were better described by the Freundlich isotherm model, revealing the endothermic and favorable nature of the adsorption process. HA (at lower content) and bacteria promoted the adsorption of As(V), and the adsorption performance in the ternary system was higher than that of the mineral-bacteria binary system and the mineral-humic acid system with the multivariate function of electrostatic forces, chemical interactions, steric hindrance, and mineral aggregation, whereas the adsorption site masking effect occurred in the ternary system with a higher HA content. The maximum adsorption capacities followed the order of Kao-HA-B.s (50:1:50) > Kao-B.s > B.s > Kao-HA-B.s (100:5:1) > Kao-HA > Kao.
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Figure 1. Effect of pH on As(V) adsorption onto kaolinite composites: (a) pH & q; (b) pHinitial & pHfinal (C0: 2.5 mg∙L−1; adsorbent dosage: 2.5 mg∙L−1; T: 25 °C; Ionic strength: 0.01 mol∙L−1; t: 24 h). 






Figure 1. Effect of pH on As(V) adsorption onto kaolinite composites: (a) pH & q; (b) pHinitial & pHfinal (C0: 2.5 mg∙L−1; adsorbent dosage: 2.5 mg∙L−1; T: 25 °C; Ionic strength: 0.01 mol∙L−1; t: 24 h).



[image: Agronomy 13 00611 g001]







[image: Agronomy 13 00611 g002 550] 





Figure 2. Effect of ionic strength on As(V) adsorption on Kao-B.s and Kao-HA-B.s (50:1:50) complexes (C0: 2.5 mg∙L−1; adsorbent dosage: 2.5 mg∙L−1; T: 25 °C; pH: 5; t: 24 h). 
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Figure 3. Effect of composite types on As(V) adsorption on Kao-B.s and Kao-HA-B.s ((a) C0: 0.5–21.15 mg∙L−1; (b) C0: 2.5 mg∙L−1; adsorbent dosage: 2.5 mg∙L−1; T: 25 °C; ionic strength: 0.01 mol∙L−1; t: 24 h). 
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Figure 4. The adsorption kinetics of As(V) on Kao-B.s and Kao-HA-B.s (50:1:50) (C0: 1.0 mg∙L−1; adsorbent dosage: 2.5 mg∙L−1; T: 25 °C; ionic strength: 0.01 mol∙L−1; pH: 5). 
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Figure 5. The adsorption kinetics of As(V) on Kao-B.s (a) and Kao-HA-B.s (50:1:50) (b) (C0: 1.0 mg∙L−1; adsorbent dosage: 2.5 mg∙L−1; T: 25 °C; ionic strength: 0.01 mol∙L−1; pH: 5). 
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Figure 6. As(V) adsorption isotherms on Kao-B.s (a) and Kao-HA-B.s (50:1:50) (b), Freundlich model fitting (c) and plot of lnk versus 1/T (d) (Adsorbent dosage: 2.5 mg∙g−1; pH: 5; ionic strength: 0.01 mol∙L−1; t: 48 h). 
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Figure 7. SEM images of composites before and after As(V) adsorption. 
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Figure 8. Optical microscopy of composites before and after As(V) adsorption. 
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Figure 9. XRD pattern of composites before and after As(V) adsorption. 
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Figure 10. FT-IR spectra of composites before and after reaction with As(V). 
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Table 1. Adsorption kinetics parameters for As(V) on Kao-B.s and Kao-HA-B.s (50:1:50).
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Model

	
Parameters

	
Kao-B.s

	
Kao-HA-B.s






	
Pseudo-first-order

	
k1 (min−1)

	
0.00205

	
0.00253




	
qe (mg∙g−1)

	
0.0372

	
0.0794




	
R2

	
0.89235

	
0.95943




	
Pseudo-second-order

	
k2 (mg∙g−1 min−1)

	
0.329

	
0.0934




	
qe (mg∙g−1)

	
0.129

	
0.156




	
R2

	
0.99915

	
0.99944
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Table 2. Parameters for As(V) adsorption on Kao-B.s and Kao-HA-B.s systems by Freundlich isotherm models.






Table 2. Parameters for As(V) adsorption on Kao-B.s and Kao-HA-B.s systems by Freundlich isotherm models.





	
Temperature

(°C)

	
Kao-B.s

	
Kao-HA-B.s (50:1:50)




	
Freundlich Parameters

	
Freundlich Parameters




	
kf

(mg∙g−1)

	
1/n

	
R2

	
kf

(mg∙g−1)

	
1/n

	
R2






	
26

	
0.295

	
1.12

	
0.9844

	
0.437

	
0.93

	
0.98962




	
34

	
0.389

	
1.08

	
0.99566

	
0.347

	
1.01

	
0.9779




	
45

	
0.468

	
1.03

	
0.99617

	
0.389

	
1.06

	
0.9987
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Table 3. Thermodynamic parameters of As(V) adsorption on Kao-B.s and Kao-HA-B.s (50:1:50).






Table 3. Thermodynamic parameters of As(V) adsorption on Kao-B.s and Kao-HA-B.s (50:1:50).





	
T(K)

	
As R%

	
ΔG (kJ∙mol−1)

	
ΔH (kJ∙mol−1)

	
ΔS (J∙mol−1∙K−1)




	
Kao-B.s

	
Kao-HA-B.s

	
Kao-B.s

	
Kao-HA-B.s

	
Kao-B.s

	
Kao-HA-B.s

	
Kao-B.s

	
Kao-HA-B.s






	
299.15

	
45.57

	
45.95

	
0.96

	
0.41

	
31.44

	
8.57

	
101.76

	
27.35




	
307.15

	
51.01

	
48.98

	
0.25

	
0.10




	
318.15

	
59.02

	
51.07

	
−0.97

	
−0.12
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