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Porous hybrid materials in the remediation of water contaminated with As(III) and As(V)
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Highlights
· •
Bentonite and locally collected clay employed to obtain the porous hybrid materials.
· •
The materials are characterized.
· •
The mechanism is proposed in efficient and effective attenuation of As(III) and As(V).
· •
The selectivity of materials obtained for arsenic.
Abstract
The aim of this study is to synthesize novel hybrid porous materials using locally available clay and commercial bentonite and to assess their suitability in the attenuation of arsenic from ground water. Therefore, the clay samples are modified with hexadecylammonium bromide (HDTMA) or pillared with aluminium and then modified with HDTMA. The hybrid materials are characterized by the FT-IR, XRD and SEM analytical methods. Moreover, the BET (Brunauer–Emmett–Teller) specific surface area along with the pore diameter was obtained for these solids. Hybrid materials are then assessed in an effective and efficient remediation of aquatic environment contaminated with arsenic. Various physico-chemical parametric studies enable to deduce plausible mechanism involved at solid/solution interface. The sorptive pH (pH 2.0–10.0), concentrations (1.0–20.0 mg/L) and background electrolyte concentrations (0.001–0.1 mg L−1 NaNO3) dependence sorption of As(III) and As(V) is studied by these solids. The sorption of As(III) or As(V) by these hybrid materials are further illustrated with the FT-IR analysis conducted for the arsenic loaded solids. Further, the simultaneous removal of phenol and arsenic is assessed and results show that the hybrid materials are useful in simultaneous remediation of water contaminated with phenol and, at least, As(V). The removal of arsenic is assessed separately in presence of several cations (Cd(II), Cu(II) and Mn(II)) and anions (glycine, iminodiacetic acid, ethylene diamine tetra acetic acid disodium salt, oxalic acid, phosphate and sulfate).
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Introduction
Clay and minerals are useful natural porous materials widely employed in the treatment of wastewater contaminated with several heavy metals toxic ions [1], [2]. However, the pristine clay materials are found less effective, in particular, in the remediation of several micro-pollutants of organic origin or oxyanions viz., arsenic, chromium etc. [3], [4], [5]. Moreover, because of its low settling capacity, the clay materials found difficult to recover from the treated solutions [6]. Therefore, to enhance the applicability of natural clay materials, a strategic surface modification of clay minerals attracted greater attention in the recent past. The modified clay materials find many applications not only in environmental engineering [3], [7], [8] but also in material sciences [9], [10]. The modification of clay is basically of two types i.e., either by physical or by chemical. The exchange of exchangeable cations with surfactant molecule is a physical modification whereas silylation or pillaring with inorganic cations or polymer composites are the chemical modifications [1].
Bentonite is natural clay containing mainly the smectite and kaolinite mineral phases. Smectite is fairly an expanding three-sheet phyllosilicate, where the T:O (tetrahedral (T) [SiO4]4− or octahedral (O) [AlO3(OH)3]6−) ratio is 2:l and the charge of the three-sheet layer (unit cell) is 0.5–1.2 e uc−1 (negative charge). This charge arises from the isomorphous substitution of Al3+ and Si4+ in the tetrahedral sheet and Mg2+ for Al3+ in the octahedral sheet. This group possesses no hydroxyl functionality within the interlayer [3], [11]. On the other hand, kaolinite and serpentine group is having two-sheet phyllosilicates, where T:O ratio is 1:1 and the charge of the two-sheet layer (unit cell) is 0 e uc−1. Since bentonite contains dominantly the smectite mineral having permanent negative charge which is usually compensated by the exchangeable cations (i.e., Na+, K+, Mg2+, Ca2+, etc.). These cations are present within the interlayer space [11], [12]. Therefore, bentonite clay shows fairly a high cation exchange capacity (CEC) and found good water replaced swelling type mineral [13]. The high specific surface area enables it for a useful material for adsorption/absorption of several ionic or polar compounds.
Arsenic is ubiquitous in natural environment. It is widely distributed in air, soil and water [14], [15]. It is reported that the ground water, at several places of Bangladesh, India, USA, China, Mexico, Taiwan, is greatly contaminated with arsenic [16]. A rough approximation envisages that more than 100 million people are badly affected with arsenic poisoning around the globe [17], [18], [19]. Moreover, according to the International Agency for Research on Cancer (IARC), inorganic arsenic compounds are classified as Group 1 carcinogen (carcinogenic to humans) [20], [21]. A long term exposure of arsenic causes lung, liver, kidney, bladder and skin cancer. Also it causes pigmentation change, skin thickening (hyperkeratosis), neurological disorders, muscular weakness, loss of appetite, nausea, etc. [16], [22]. This compels regulatory bodies viz., WHO (World Health Organization) and US EPA (United States Environmental Protection Agency) to reduce the arsenic permissible level from 50 μg L−1 to 10 μg L−1 in the drinking water.
Several materials are used previously in the remediation of arsenic contaminated waters. The activated alumina is functionalized with the mercaptopropyl-silica (i.e., 3-mercaptopropyl triethoxysilane). The modified hybrid material, having meso-porosity, shows an enhanced uptake of As(III) as studied under the batch and fixed-bed column studies. It is proposed that the arsenic(III) is forming a strong covalent bond with the sulfhydryl site of hybrid solid [23]. Hybrid porous inorganic/organic polymer-type materials are synthesized by encapsulating the hydrated iron oxide with the polymer anion resin (styrene–divinylbenzene copolymer). The hybrid material is characterized and employed in the removal of arsenic from aqueous solutions under the fixed-bed column studies [24], [25]. A sol–gel preparation route is adopted to obtain novel hybrid zirconium polyacrylamide (ZrPACM-43) material. The material is further utilized in the removal of As(III) under the batch reactor studies. The sorption data is collected for various physico-chemical parametric studies as to deduce the mechanism of sorption [26]. In addition, variety of hybrid materials, nano-structured hybrid materials are shown prominence in the removal of heavy metals or even several organic contaminants from aqueous solutions [27], [28], [29], [30]. In a line, the porous organo-modified hybrid clay materials show applicability in the decontamination of several inorganic oxyanions [31], [32], [33]. It is reported that the incorporation of cationic surfactants within the clay interspace enhances the anions sorption capacity especially when the surfactant loading exceeds to the CEC (cation exchange capacity) of clay [3], [34]. Li and Bowman [33] proposed following uptake mechanism for several anions (nitrate, arsenate and chromate) sorption onto the HDTMA modified kaolinite clay:�(HDTMA-Clay-Br)+AO�=(HDTMA-Clay)�-AO�+xBr-where ‘A’ referred either N, Cr or As. Similarly, novel aluminium pillared HDTMA-modified-sericite is found to be useful in the removal of As(III) and As(V) from aqueous solutions. It is reported that the arsenate(V) is sorbed specifically onto the solid surface [22]. Surfactant modified-bentonites are prepared by varied dose of cationic surfactants, and are employed in the removal of As(V) and As(III) from aqueous solutions [35]. The results show that the adsorption capacities of bentonite modified with octadecyl benzyl dimethyl ammonium is significantly higher than the un-modified bentonite. The adsorption kinetics is fitted well to the pseudo-second-order rate model.
Therefore, keeping in view the wide applicability of porous clay materials, the present communication aims to obtain the novel hybrid materials using the natural bentonite and locally available clay. These hybrid materials are then assessed for the removal behavior of As(III) and As(V) from aqueous solutions in a wide range of physico-chemical parametric studies as to deduce mechanism involved at solid/solution interface. Further, the study aims to assess the selectivity and suitability of materials in the remediation of arsenic contaminated water in presence of several cations and anions.
Section snippets
Materials
Bentonite is procured from commercial supplier and it was mined from Bhuj, Gujarat, India. The sample was washed with distilled water and dried in a drying oven at 90 °C. The local clay was collected from the field of Mizoram, India. Since this was having several impurities hence, was thoroughly separated using the standard ISRIC (International Soil Reference and Information Centre) method as described elsewhere (http://www.isric.org/isric/webdocs/docs/ISRIC_TechPap09_2002.pdf). These clay
Characterization of materials
The FT-IR spectra of bentonite and local clay based samples were obtained and results presented elsewhere [36]. The results clearly show that the modified clay samples i.e., BH, BAH, LCH or LCAH possess with prominent IR peaks centring around 2930 cm−1 and 2850 cm−1, which are assigned as CH2 asymmetric stretching and CH2 symmetric stretching vibrations, respectively [37]. This, therefore, concludes that the HDTMA is firmly occupied the place within the interspace of clay samples.
Further, the
Conclusions
Hybrid porous materials are obtained modifying the bentonite (B) and local clay (LC) using the HDTMA (BH or LCH) or aluminium pillared HDTMA (BAH or LCAH). The solids are characterized by the IR and XRD analytical methods. IR data shows that the HDTMA is inoculated within the clay structure. XRD data shows the characteristics diffraction peaks of quartz, smectite, illite and kaolinite phases are visible with these two clay samples i.e., bentonite and local clay. The SEM images reveal that the
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