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Abstract

:

Among the various technologies tested for removing the anionic species resulting from arsenic contamination, sorption methods have received unflagging interest. Being potential sorbent materials, clay minerals modified by cationic surfactants are often examined for this purpose. Among the clay minerals tested, information regarding sorption properties of expanded vermiculite modified with surfactants is scarce. Therefore, the present study aims to prepare organo-vermiculites modified with hexadecyltrimethylammonium (HDTMA) and benzyldimethylhexadecylammonium (HDBA) at surfactant concentrations of 0.5, 1.0, and 2.0 cation exchange capacity. Modified sorbents were identified and characterized using the analytical methods that can determine phase composition and textural properties of the samples. The sorption of As(III) and As(V) as a function of initial pH value, initial concentration of As(III, V), and initial dosage of sorbent was investigated. The results show that HDTMA and HDBA affect the properties of raw vermiculite. For instance, increase in the concentration of surfactants is often accompanied by a change in interlayer space or textural properties of vermiculite. It was observed that tested organo-minerals adsorbed As(V) to a greater extent compared to As(III). Various analytical studies were carried out and the results revealed the successful synthesis of organo-vermiculite. Moreover, the study also showed that the structure of organo-vermiculite has a significant impact on the uptake of As(III) and As(V) anions.
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1. Introduction


Arsenic (As) is a highly toxic element to both humans and animals and one of the most hazardous substances in the environment [1]. Arsenic exists primarily in two oxidation forms: arsenate (As(V)) and arsenite (As(III)). As(III) is more toxic than As(V) and pose a greater threat to society due to its higher solubility in aqueous solutions [2]. Contamination of water with arsenic compounds is one of the most significant scientific challenges. Natural activities that increase As concentration in aqueous systems are weathering, volcanic emissions, erosion of soils/rock, and biological metabolism [3,4], while mining wastes, ceramic manufacturing industries, agricultural chemicals, petroleum refining, coal fly ash, and military operations contribute to the anthropogenic sources of arsenic [5,6]. Hence, rapidly increasing urbanization and industrialization activities considerably enhance the degree of arsenic pollution. Annually, more than 60,000 tons of arsenic is emitted into the environment [5]. Standard provisional guideline of the World Health Organization (WHO) for drinking water is 10 µg/L [7]. Millions of people are being exposed to the harmful effects of arsenic. Exposure to water contaminated with arsenic results in various health problems such as diabetes, circulatory disorders, neurological complications, hepatic and renal dysfunction, skin cancer, and gangrene of the limbs [8].



In the last decades, various technologies for removing As from contaminated water have been investigated, such as oxidation, coagulation, ion exchange, precipitation, membrane filtration, biological treatment, and sorption [9,10,11]. However, most of these methods have drawbacks, including high costs, deficient removal, generation of waste products, or high reagent and energy requirement. Among the methods mentioned earlier, adsorption seems to be the most effective method [1,12]. For removal by adsorption technique, activated carbon, metal-organic frameworks, zeolites, bog iron ores, water treatment residuals, and activated alumina have been proven to be promising adsorbents for arsenic removal [13,14,15,16,17].



Clay minerals are low-cost and nontoxic sorbents. Raw clays are able to sorb cations owing to their negatively charged surface; however, they display low sorption efficiency for negatively charged contaminants such as arsenic [18]. Nevertheless, clays can be chemically modified by organic surfactants, which change the charge on the clay surface from negative to positive [19]. The organo-clays are hydrophobic materials that can effectively sorb anions and organic compounds. Modified kaolinite, montmorillonite, and illite are the most popular clay minerals that are used as sorbents [20,21,22]. However, only a few studies have focused on using organo-vermiculites to sorb anions [23,24].



Vermiculite is a 2:1 phyllosilicate mineral having a sandwiched structure with two tetrahedral sheets coupled with one octahedral sheet [25]. Vermiculite has a large internal surface, high cation exchange capacity (CEC), and high negative charge on the silicate layers [26,27]. Therefore, addition of a surfactant is necessary for the sorption of anions. For the purpose of this study, the authors chose two surface active agents: hexadecyltrimethylammonium bromide (HDTMA-Br) and benzyldimethylhexadecylammonium chloride (HDBA-Cl). HDTMA-Br is most commonly used [28,29], and the HDTMA molecule consists of 16 carbon atoms and constitutes the chain where hydrophilic head is attached. Organo-vermiculite modified with HDTMA has been proved to be an effective sorbent for organic compounds and anions [30,31]. HDBA-Cl is less commonly used and is an amphiphilic surfactant with one hydrophilic group and two hydrophobic groups [32].



The primary objective of this study was to prepare quaternary ammonium salt-modified organo-vermiculites (HDTMA-Br and HDBA-Cl) at surfactant concentrations of 0.5, 1.0, and 2.0 CEC. Organo-vermiculites were characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and thermogravimetric and differential thermal analysis (TG/DTA). The textural parameters were also evaluated. The secondary objective was to test the potential adsorption capacity for As(III) and As(V) ions. Assessment was done to determine the possibility of the binding of arsenic anions onto organo-vermiculites, which in turn will allow to evaluate whether this material can be successfully used in installations for water and wastewater treatment.




2. Materials and Methods


2.1. Materials


Raw, expanded vermiculite (VER) with a size fraction of 0.25–1 mm, purchased from Kazakhstan’s manufacturer AVENUE (Shymkent, Kazakstan), was investigated in this study. Prior to organic modification using HDTMA-Br and HDBA-Cl, the CEC of vermiculite was determined. This procedure allows to estimate the number of cationic surfactant molecules which are attached to form a monolayer (corresponding to 1.0 CEC) on the surface of vermiculite and in the interlayer space [33]. Thus, 1 g of VER was dispersed in 100 mL of double-distilled water and mixed by using a magnetic stirrer at 80 °C for 3 h. Subsequently, 1 g of dissolved HDTMA-Br was added to this suspension and stirred additionally for 24 h. After this period, another portion of dissolved 1 g HDTMA-Br was added and mixed for 5 h. Then, the modified material was centrifuged at 4500 rpm for 5 min and washed with hot double-distilled water as long as reaction for bromides (Br−), determined by applying AgNO3, was negative. Finally, the material thus obtained was washed with hot ethanol and dried at 105 °C for 24 h. An automatic analyzer CHNS Vario EL III (Elementar Analysensysteme GmbH, Langenselbold, Germany) was used to measure the content of nitrogen (N), carbon (C), and hydrogen (H) in VER before and after HDTMA treatment. Based on the differences between the amounts of N, C, and H elements in HDTMA-modified vermiculite and VER, CEC could be calculated. The results obtained indicate that 1.0 CEC of vermiculite is equal to 89 meq/100 g and corresponds to sorption of 25.4 g of HDTMA or 32.1g of HDBA/100 g of VER.



After determining the CEC value, the next step was to prepare organo-sorbents (six samples): HDTMA-vermiculite with 0.5, 1.0, and 2.0 CEC and HDBA-vermiculite with 0.5, 1.0, and 2.0 CEC. The content in each of the six beakers, containing 30 g of VER and 600 mL of double-distilled water, was mixed by using a magnetic stirrer at 65 °C. Then, dissolved HDTMA-Br or HDBA-Cl solution containing an appropriate amount of surfactant (Table 1) was added to suspensions and further stirred at 65 °C for 6 h. After this period, unwashed, modified samples were placed in a heated bath and left to dry for 24 h. Finally, the organo-vermiculites were homogenized in an agate mortar. The six organo-sorbent samples thus prepared were named as follows:




	
HDTMA-modified VER at the concentrations of 0.5, 1.0, and 2.0 CEC: 0.5 HDTMA, 1.0 HDTMA, and 2.0 HDTMA, respectively.



	
HDBA-modified VER at the concentrations of 0.5, 1.0, and 2.0 CEC: 0.5 HDBA, 1.0 HDBA, and 2.0 HDBA, respectively.









2.2. Sorption Experiments


The batch experiments to determine As(III) and As(V) sorption were carried out at 20 ± 1 °C. The following reagents were used as the source of arsenic ions: NaAsO2 for As(III) anions and Na2HAsO4∙7H2O for As(V) anions. All experiments were conducted in duplicates.



The experiments relating to adsorption of As(III)/(V) anions were executed in two stages:




	
In the first stage, experiments were conducted using VER and all organo-sorbents, i.e., 0.5, 1.0, 2.0 HDTMA and 0.5, 1.0, 2.0 HDBA.



	
In the second stage, experiments were conducted using VER, 0.5, 2.0 HDTMA, and 0.5, 2.0 HDBA.








In the first stage, sorption of arsenic oxyanions onto unmodified and modified vermiculite was examined for variable pH values in the range of 2–12 at the initial concentration of 1.3 mmol of As(III) or As(V)/L. The pH was adjusted by adding 0.1 M NaOH and 0.1 M NHO3. In addition, the sorption of arsenic anions was determined for different initial concentrations (0.5–20 mmol/L) of As(III) and As(V) at an initial pH value of 5. Therefore, 100 mg of each sample and 5 mL of As(III) or As(V) solution were taken into 7.5 mL polypropylene tubes and shaken for 24 h. Afterward, the mixtures were centrifuged at 14,000 rpm for 10 min and decanted. The pH value of all the supernatants was measured. In the second stage, the sorption of As(III) and As(V) onto VER and only 0.5, 2.0 HDTMA and 0.5, 2.0 HDBA was measured for the variable sorbent dosage at a range of 10–150 g/L, at the initial concentration of 5 mmol As(III) or As(V)/L and initial pH value equal to 6. Then, 5 mL of As(III) or As(V) solution was mixed with an appropriate portion of samples in 7.5 mL polypropylene tubes and shaken for 24 h. The sample portions corresponded to 50, 100, 250, 375, 500, and 750 mg, respectively. After 24 h, the mixtures were centrifuged at 14,000 rpm for 10 min and decanted.



The content of As(III) and As(V) in supernatants was measured using atomic absorption spectrometer (Savant AA GBC Scientific Equipment, Braeside, Australia). The adsorption efficiency S (mmol/kg) was calculated as follows:


S=(C0−CeqC0)



(1)




where C0 is the initial As(III) or As(V) concentration (mmol/L) and Ceq is the concentration of As(III) or As(V) in equilibrium solution (mmol/L) after sorption.




2.3. Adsorption Models


In order to describe the adsorption of As(III) and As(V) onto unmodified and modified vermiculite, two well-known models, i.e., Langmuir [34] and Freundlich [35] isotherm models were used (corresponding to Equations (2) and (3), respectively):


n=KL×Q×Ceq1+KL×Ceq



(2)






n=KF×Ceq1/v



(3)




where n is the adsorbed amount of As(III) or As(V) onto unmodified and modified vermiculite (mmol/kg), Ceq is the concentration of As(III) or As(V) in equilibrium solution (mmol/L) after sorption, KL is the Langmuir adsorption constant (L/mmol), Q is the maximum adsorption capacity (mmol/kg), KF is the Freundlich adsorption constant (mmol/kg), and v is the Freundlich dimensionless constant.



The KL and KF adsorption constants were calculated from linearization of Langmuir (Equation (4)) and Freundlich (Equation (5)) adsorption equations:


Ceqn=1KL×Q+CeqQ



(4)






logn=logKF+1v×logCeq



(5)








2.4. Analytical Methods


The mineral composition of the investigated samples was obtained via powder XRD, using SmartLab RIGAKU diffractometer (RIGAKU, Tokyo, Japan) with graphite-monochromatized CuKα radiation, operating at a voltage of 9 kV and measuring step 0.05° 2θ/1 s. The XRD patterns were interpreted using XRayan program (Version 4.2.2, “KOMA”, Warsaw, Poland). The FTIR spectra were recorded by Nicolet 6700 spectrometer (Fishers, Waltham, MA, USA) using the drift technique (3 wt. % sample/KBr) with 64 scans at 4 cm−1 resolution in the 4000–400 cm−1 region. Morphology observations of uncoated samples were analyzed by field emission scanning electron microscope (FEI QUANTA 200, Graz, Austria). The N2 adsorption/desorption isotherms were measured at −196 °C using ASAP 2020 apparatus (Micromeritics, Norcross, GA, USA). Prior to measurements, samples were outgassed for 24 h at 100 °C. Based on the data obtained from N2 isotherms, specific surface area (SBET) was calculated by applying Brunauer–Emmett–Teller (BET) equation, while Barrett–Joyner–Halenda (BJH) method was used to determine the pore size distribution. The thermal analysis (DTA/TG) coupled with the measurement of evolved gases composition was performed by using Netzsch STA 449 F3 Jupiter apparatus (Netzsch, Chennai, India). Samples were heated at a temperature range of 30–1000 °C at a heating rate of 10 °C/min. Simultaneously the evolved gaseous products will be analyzed with the Aeolos QMS 403 C mass spectrometer (Netzsch, Chennai, India).





3. Results


3.1. Modification of Vermiculite with HDTMA and HDBA


3.1.1. XRD


XRD patterns of HDTMA, VER, 0.5 and 2.0 HDTMA are presented in Figure 1. The basal VER’s reflection at 14.31 Å suggests that hydrated magnesium cations are located in its interlayer space (Figure 1b). Analysis of vermiculite after modification with HDTMA reveals significant changes in relation to VER. The patterns display two characteristic reflections at 38–39 Å and 17–19 Å [18]. In the case of reflection at 38–39 Å, the intensity of reflection slightly increased with an increase in the added surfactant concentration, whereas for the reflection at 14 Å, the intensity of reflection decreased in case of 2.0 HDTMA (Figure 1c,d). This finding supports the fact that VER is almost fully saturated with HDTMA at 2.0 CEC and that the basal reflection of vermiculite disappears completely [36]. Additionally, most of the VER reflections disappear completely for 2.0 HDTMA. Reflections at 38–39 Å and 17–19 Å are more rounded in the case of 0.5 HDTMA than for modifications involving 2.0 HDTMA. Figure 1a represents the XRD pattern of HDTMA-Br. It can be noted that there are no reflections from the salt in 0.5 and 2.0 HDTMA samples, confirming that there is no physical mixture of the vermiculite and surfactant. Hence, the modification has been carried out correctly. The results, which coincide with others described in the literature, confirm that the modification of vermiculite using HDTMA was successful. Various mineral–organic complexes capable of adsorbing different anions have been designed [18,24,30].



XRD patterns of HDBA, VER, and 0.5 and 2.0 HDBA are presented in Figure 2. The basic change in relation to vermiculite is related to the shift of the diagnostic reflection toward a higher d-value, which results directly from an increase in the interplanar distance of this mineral (Figure 2b–d). Similarly to the VER modified with HDTMA, a higher intensity of reflection originating from a lower modification was observed, which indicates the disappearance of reflections from vermiculite. Figure 2a shows the HDBA pattern, which shows that as before, the reflections characteristic of HDBA are not visible in the diffraction patterns of 0.5 and 2.0 HDBA, indicating that the modification proceeded completely.




3.1.2. FTIR


The results of FTIR analysis for VER, 0.5 and 2.0 HDTMA, and 0.5 and 2.0 HDBA are presented in Figure 3. The diagnostic bands characteristic of the vermiculite, related to vibrations at tetrahedral and octahedral sheets (as well as for the other layered silicates), are observed at the range of 400–1000 cm−1 [37,38]. The band at 3650 cm−1 is ascribed to vermiculite’s structural hydroxyl group. The stretching and deformation vibrations of water molecules are observed at 3410 and 1655 cm−1, respectively. The adsorption of HDTMA on vermiculite in the analyzed samples is evidenced by the presence of additional bands that are derived from vibrations of surfactant molecules (occurring at the positions 2918, 2850, 1487, and 1473 cm−1), which were found to be absent in VER [39,40]. Bands occurring in the 2920–2850 cm−1 range are the result of symmetrical and asymmetric C–H stretching vibrations occurring within the methylene groups of HDTMA [18,39,41]. The characteristic bands observed at around 1470 cm−1 are derived from bending vibrations of C–H within the methyl groups of the surfactant [26,42,43,44]. The presence of HDBA was revealed by the presence of bands at the following positions: 2923, 2853, and 1450 cm−1 [45]. Increasing the amount of surfactant caused an increase in the intensity of these bands, while the intensity of bands characteristic of vermiculite decreased.



The modification of vermiculite did not cause significant changes in the location and intensity of its diagnostic bands. This is due to the fact that the modification occurred only on the surface of the mineral [46]. However, a shift of the bands, originating from the vibrations of the water molecules, toward the lower wavenumbers was observed in relation to the IR spectrum of VER (range: 3410–3390 cm−1; 1655–1647 cm−1; 750–720 cm−1; and 610–600 cm−1). The peaks relating to O–H stretching vibration and bending vibration also declined [47]. These changes are caused by a decrease in the amount of water in the mineral interlayer space, which is associated with the hydrophobization of its surface and the greater size of the organic cations compared to the inorganic ones originally present in the mineral [43,46].




3.1.3. N2-BET


The textural parameters of VER, 0.5, 2.0 HDTMA, and 0.5, 2.0 HDBA have been obtained by the nitrogen adsorption/desorption studies (Figure 4 and Table 2). According to the IUPAC system, a VER has a type IV of isotherms and H4 type of hysteresis loop, which are characteristic of mesoporous materials with narrow slit-like pores [48]. The specific surface area (SBET) of VER is 7.34 m2/g. The pore size distribution is relatively varied; however, a pore size greater than 10 nm dominates (Figure 5). The pores have an average diameter of 10.48 nm.



Significant changes are observed in the N2-isotherm curves of organo-vermiculates after HDTMA modifications. The results show that isotherms of 0.5, 2.0 HDTMA lay below the VER, corresponding to decreased sorption capacity of N2 (Figure 4) which subsequently results in a decrease in porosity, pore volume, and SBET of modified organo-sorbents. It is a consequence of the uptake of relatively larger HDTMA molecules onto external [49] and internal space of vermiculite which limits access to its pores. Wherein, a reduction of porosity, manifested by decreased pore volume, is more visible for the organo-sorbent samples using the HDTMA concentrations exceeding CEC of vermiculite. Generally, higher loading of vermiculite by HDTMA molecules reduces the porosity of modified sorbents. Additionally, the modification caused a change in the shape of the pores, which is demonstrated by narrowing of the hysteresis loop of 0.5 and 2.0 HDTMA isotherms.



Analysis of pore size distribution indicates significant differences between 0.5 and 2.0 HDTMA pore diameters in comparison to VER (Figure 5). Attachment of HDTMA molecules onto the surface of vermiculite induces a decrease in the number of small pores, owing to an increase in the average pore size of modified HDTMA vermiculite. Moreover, the curves also show that increasing load of HDTMA also caused a drop in the diameter of large pores (>10 nm). Nevertheless, the average pore size was higher with reference to VER and equaled 14.35 nm, and was found to be 11.35 nm for 0.5 and 2.0 HDTMA.



The results of nitrogen adsorption/desorption studies for 0.5 and 2.0 HDBA are more complicated. In the case of 2.0 HDBA, a decrease in the SBET (5.93 m2/g) value and its porosity has been observed, which is manifested by the location of 2.0 HDBA’s adsorption/desorption isotherm curve below the isotherm curve of VER (Figure 4). Similar to HDTMA modification, increasing amounts of HDBA-adsorbed molecules limit the access to vermiculite’s pores, thus decreasing its porosity. On the other hand, 0.5 HDBA isotherms line above the adsorption/desorption curve of VER, indicating an increase in the porosity of 0.5 HDBA. Its specific surface area (SBET) also increases by two times when compared to the SBET of VER (Table 2). Enhanced porosity could be related to the specific arrangement of HDBA molecules, particularly in the internal space of the vermiculite. The hysteresis loops of both 0.5 and 2.0 HDBA isotherms are almost unnoticeable when compared to VER, suggesting that modification changes the shape of the pores of organo-vermiculites.



The curves representing the pore size distribution of 0.5 and 2.0 HDBA samples reveal that regardless of the modification by the sorbents, the HDBA-vermiculite complexes predominantly contain small pores (<10 nm) (Figure 5), resulting in decreased average pore diameter (Table 2). However, the number of small pores was greater in 0.5 HDBA sample than in 2.0 HDBA sample and greater than in VER. Hence, the specific surface area of 0.5 HDBA is higher compared to that of VER and all other organo-vermiculite combinations.




3.1.4. DTA/TG


The results of the thermal analysis of VER, 0.5 and 2.0 HDTMA, and 0.5 and 2.0 HDBA are presented in Figure 6. On DTA, the VER’s curve revealed several endothermic effects at the temperatures of ~100 °C and 200 °C and also at a higher temperature range of 600–900 °C. For VER, the peak at ~100 °C corresponds to the removal of water molecules physically absorbed on the expanded vermiculite surface and partially from the vermiculite’s interlayer space (Figure 6a). The endothermic peaks at 200 °C correspond to the second step of removal of water molecules which are intermediately connected with magnesium ions in the vermiculite’s interlayer space. At the temperature range of 600–900 °C, an endothermic effect associated with dehydroxylation of vermiculite and the formation of a crystalline structure are observed [50]. The exothermic peak at ~950 °C corresponds to the formation of a new phase of enstatite [51]. The analysis of TG and quadrupole mass spectra (QMS) shows a 12% loss of H2O molecules, which might be due to the hydration process that takes place at the temperatures of ~100 °C and 200 °C. Additionally, the hydroxylation of vermiculite (at the temperature range of 600–900 °C) is associated with an 8% loss of H2O molecules.



The analysis of DTA curve of HDTMA indicate the occurrence of an endothermic effect (103 °C and 250 °C) which is associated with rearrangements within the alkyl chains of surfactant (Figure 6b). The exothermic peak at 340 °C is related to the oxidation of HDTMA. The analysis of the TG curve of HDTMA shows a great loss of mass, which is related to oxidation of the surfactant. With the mass decrease, there was a significant increase in H2O and CO2 content.



Analysis of the TG curve of HDBA shows a great loss of mass which is related to HDBA decay and the oxidation of degradation products. At a low-temperature range (53 °C), an endothermic effect caused by rearrangements within the surfactant structure was observed on the DTA curve (Figure 6c). In the 250–350 °C temperature range, there are two exothermic peaks, resulting from the breakdown of the surfactant and formation of H2O and CO2.



Analysis of the DTA curves of 0.5 HDTMA and 2.0 HDTMA indicate the occurrence of several endothermic and exothermic effects. At a low-temperature range (30–100 °C), endothermic effects associated with initial dehydration of the vermiculite and rearrangements within the alkyl chains of the surfactant are observed (at 64 °C and 103 °C, respectively) (Figure 6d,e) [52]. At temperatures above 200 °C, the surfactant oxidizes, which is manifested by the occurrence of exothermic peaks (temperature range: 300–340 °C). At temperatures above 700 °C, effects resulting from dehydroxylation and breakdown of the mineral structure are predominantly observed [53,54]. An increase in the amount of surfactant does not lead to major changes in the structure, and changes were observed only for the peak associated with HDTMA pyrolysis. The peak became more sharper, which may be related to different spatial ordering of the surfactant (formation of micelles) [18].



Analysis of the TG curves of 0.5 HDTMA and 2.0 HDTMA discloses a lower mass-loss rate, which seems to be associated with the dehydration process, than in the case of VER. This effect is a result of the hydrophobic properties gained by the organo-vermiculite complex, due to a reduction in the amount of water located in the mineral’s structure. A greater loss of mass was related to the oxidation of the organic portion of the sample, i.e., the adsorbed surfactant. Moreover, greater the amount of surfactant that was oxidized, greater was the decrease of mass [55]. The loss was accompanied by an increase in H2O and CO2 content. With the increase in temperature, an increase in CO2 evolution was observed, with a simultaneous decrease in the amount of water vapor.



The results of the thermal analysis of 0.5 HDBA and 2.0 HDBA are more complex (Figure 6f,g). At a low-temperature range (25–105 °C), an endothermic effect caused by mineral dehydration and rearrangements within the surfactant structure was observed on the DTA curve. In the 300–500 °C temperature range, two distinct exothermic peaks separated by an endothermic peak were noted, resulting from the breakdown of the surfactant and formation of H2O and CO2. The occurrence of these peaks above 300 °C can indirectly prove the effectiveness of the modification process. The interaction of organic cations with the structure of the mineral minimizes the disintegration of the surfactant and occurs at a temperature higher than that required to disintegrate pure HDBA, what has also been observed in case of other surfacants for example stearyl dimethyl benzyl ammonium chloride (SDBA-Cl) [49,56]. At a higher temperature range (>650 °C), an endothermic effect associated with dehydroxylation of the mineral was noted [52,53].



The analysis of the TG curve shows that the largest loss of mass was recorded in the case of HDBA decay and the oxidation of the products of this decay, and the more the concentration of the surfactant, the greater was the mass loss. Significant losses were also observed following dehydration and dehydroxylation processes of vermiculite [53]. These changes were accompanied by the discharge of CO2 and H2O molecules. The shape of the QMS curves suggests that HDBA combustion is a long-term process, but it is more homogeneous than burning HDTMA. The final stage of HDBA oxidation process was accompanied by rapid oxidation of CO2 which was observed at 600 °C and 850 °C.




3.1.5. SEM


Figure 7 shows the shape of grain aggregates formed by VER, 0.5 and 2.0 HDTMA, and 0.5 and 2.0 HDBA. The aggregates of VER form specific irregular accordion-shaped grains, consisting of flakes. Since the VER’s layers are weakly compacted, a distinct porous microstructure is observed for its grain aggregates (Figure 7a,b). It should be noted that the studies were carried out using expanded VER, which was produced by high-temperature treatment. Under these conditions, molecules of water located in the vermiculite’s interlayer space are removed and connections between the layers become weak. Hence, the expanded vermiculite exhibits a highly porous microstructure [57]. The size of grain aggregates falls in the range of 0.5–1 mm. Generally, organo-vermiculite particles show an irregular structure with fine flakes [54,58]. The samples of 0.5 and 2.0 HDTMA form aggregates of similar shape and have a smaller size compared to VER (Figure 7c). It was noted that the greater the amount of surfactant used in the modification process, the greater was the degree of grain compression (Figure 7d). The dependence may be the effect of the modification process, which involves dispersion in water, heating, and drying of the material.



In the case of 0.5 HDBAC, the aggregates were characterized by a higher degree of compression than was observed prior to the modification of the mineral, reaching sizes up to 0.5 mm (Figure 7e). The greater amount of surfactant used in the modification process resulted in partial distortion of the grains and aggregates which became smaller and more compact (Figure 7f).






3.2. Sorption of As(III) and As(V) onto Modified and Unmodified Vermiculite


3.2.1. pH Effect


The effect of pH on the sorption of As(III) and As(V) is shown in Figure 8. The results revealed that pH generally does not significantly affect the sorption of As(III) and As(V) ions. However, a different trend can be observed in regard to the adsorption of As(V) on the 2.0 HDTMA—the removal was significantly smaller at pH > 6, and regarding the adsorption of As(III) onto 2.0 HDBA, it was observed that sorption does not occur at pH > 2. Modification of vermiculite with HDTMA and HDBA does not significantly increase the sorption properties of organo-vermiculites with respect to As(III) ion compared to the VER, regardless of the pH changes. However, the sorption of As(V) is slightly enhanced by the presence of HDTMA and HDBA on the surface of vermiculite, especially for 2.0 HDTMA. The removal of As(V) at a pH < 6 is more than two times greater than that observed for other modifications. The results indicate that the effect caused by pH changes does not depend on the type of surfactant used for modification. At low initial pH, the equilibrium pH values for all the samples are similar; if the initial pH > 6, differences between the equilibrium pH values are slightly higher (Figure S1 in Supplementary Materials). Generally, it was observed that the higher the sorption of As(III) or As(V) ions, the lower the equilibrium pH values.



3.2.2. Initial Concentration Effect


The results of the experiment performed to determine the effect of concentration on the sorption of As(III) and As(V) ions clearly show that an increase in the concentration of sorbate in the solution is associated with an increase in the sorption capacity (Figure 9). This correlation is observed for all sorbents; however, this condition is most obvious for 2.0 HDTMA and 2.0 HDBA modifications. An exception was observed with regard to the sorption of As(V) at an initial concentration of 10 mmol/L, where the sorption was the same or lower than observed at the initial concentration of 5 mmol/L. The highest efficiency for removal of As(III) and As(V) ions from the solution was noticed for 2.0 HDTMA modification, at an initial concentration of 20 mmol/L and was found to be 209 mmol/kg and 240.5 mmol/kg, respectively. With an increasing amount of the adsorbed surfactant, the degree of sorption was found to be higher. However, the removal efficiency of As(V) by 0.5 and 1.0 HDTMA and 0.5 and 1.0 HDBA complexes were relatively low. The sorption capacity of these materials only slightly increased in relation to the sorption capacity of unmodified vermiculite.



The pH values of all the tested samples considerably increased following the sorption process compared to the pH values of the basal solutions (Figure S2 in Supplementary Materials). In the case of As(III) sorption, at the low-concentration range, the pH value after the sorption process increased with an increase in the concentration, whereas at the higher concentration range the pH value decreased, still maintaining the value higher than the pH of the basal solution. In the case of As(V) sorption, the highest pH value was noted for samples with an initial surfactant concentration of 0.5 CEC. As the concentration increased, the pH value decreased, approaching the value observed before the sorption process.




3.2.3. Sorbent Dosage Effect


The results of the experiment performed to determine the effect of sorbent dosage on the sorption of arsenic oxyanions are shown in Figure 10. The amount of arsenic oxyanions removed was enhanced by 8% and 10% for As(III) and As(V) ions, respectively, with increasing dosage of VER. An increasing amount of 0.5 HDBA slightly improved the sorption capacity of arsenic anions. More than 10% of As(III) and As(V) ions are removed at 150 g/L concentration of modified sorbents. Surprising results were obtained for 0.5, 2.0 HDTMA and 2.0 HDBA samples. At 10 and 20 g/L concentrations of organo-vermiculite, a significant increase in the removal of both arsenic oxyanions was observed. However, further increase in the dosage of 0.5, 2.0 HDTMA and 2.0 HDBA resulted in a decrease of As(III) and As(V) sorption to an amount below or comparable to the sorption exhibited by VER.



The results of measured equilibrium pHeq values revealed that increased dosage of sorbent resulted in a rise in the pHeq values (Figure S3 in Supplementary Materials). However, a higher pH value was obtained following sorption of As(III) than for As(V). In the case of As(V) sorption onto 2.0 HDTMA and 2.0 HDBA, particularly at the dosage range of 10–50 g/L, the pHeq was lower than the pH value of the basal solution.




3.2.4. Adsorption Isotherms


The isotherm representing the sorption of As(III) anions onto VER follows the Langmuir model (Figure 11a; Figure S4a in Supplementary Materials) and shows a high coefficient of correlation, R2 > 0.95 (Table S1 in Supplementary Materials). The parameters included in the Langmuir isotherm model helped in the determination of maximum sorption capacity, which equals 13.04 mmol/kg. On the other hand, As(V) sorption onto VER is well-described by the Freundlich model (Figure 11b; Figure S4b). Similarly, sorption of both arsenic oxyanions onto 0.5 and 2.0 HDTMA and also As(III) onto 1.0 HDTMA fits better to the Freundlich model (Figure 11c; Figure S4c,d,g,k,l). The coefficient of correlation, R2, for As(V) sorption onto 1.0 HDTMA is slightly higher for the Langmuir model. However, the difference in the R2 coefficients (about 0.02) between Freundlich and Langmuir models was found to be negligible (Table S1). Furthermore, a better fitted experimental data for As(V) sorption was obtained for the Freundlich modeling curve (Figure S4h). Additionally, comparing the adsorption results of As(III) and As(V) at concentrations of 0.5 and 2.0 HDTMA suggests that despite an increase in the uptake of HDTMA molecules by the vermiculite, the obtained equilibrium sorption isotherm is still better presented by Freundlich isotherm. Following this deduction, results for As(V) uptake by 1.0 HDTMA are reflected by Freundlich model. Subsequently, As(III) and As(V) adsorption onto 0.5, 1.0, and 2.0 HDBA samples is better described by the Freundlich rather than the Langmuir isotherm model (Figure 11d; Figure S4e,f,i,j,m,n). Taken together, As(III) and As(V) adsorption isotherms for HDTMA- and HDBA-vermiculite combinations fitted better to Freundlich model. The steepness of the isotherm curves is a measure for the selectivity of an adsorption process; the steeper the isotherm, the stronger is the affinity of As(III, V) to sorption sites. The flattening of the sorption isotherms indicates the approach of the sorption maxima [24,59,60,61]. The flattening is more visible for adsorption of As(III) than for As(V), especially for vermiculite modified with HDBA. Moreover, for 2.0 HDTMA and 2.0 HDBA flattening cannot be detected for both As(III) and As(V), which means that sorbents have not been saturated.






4. Discussion


Modification of expanded vermiculite involves organic intercalation processes, which occur mainly through an ion exchange reaction between exchangeable cations from the structure of vermiculite and the quaternary ammonium salts with long alkyl chains. In the modified vermiculites, the interlayer spacing changes, due to the penetration of organic cations into the interlayer space and the resulting bulk effect. Various studies indicate that if the amount of the added quaternary ammonium salt is small (below CEC of the used mineral), the intercalation occurs mainly via ion exchange; however, when the amount of the added salt exceeds CEC, molecular adsorption also takes place [62,63]. The organic cations that enter into the vermiculite’s interlayer space are arranged into different orientations and cause a change in the thickness of crystal layers of the mineral.



Various studies relating to the modification of vermiculite indicate the formation of a paraffin-type arrangement in the interlayer space of the vermiculite. The type of arrangement depends on the organic cation size and the surface charge of the mineral. Small organic cations form monolayers in smectites; however, they must form bilayers in vermiculites to neutralize the greater charge. The attractive forces between the interlayer organic cations and the highly charged silicate surfaces are greater in vermiculites than in smectites. Therefore, for larger organic cations (like HDTMA and HDBA used in this study), bilayers are formed in smectites whereas paraffin complexes are formed in vermiculites [24,26,36,63,64,65,66,67]. The XRD results obtained in this study are similar to that reported in the literature data, which allows us to assume that during the modification of vermiculite, the paraffin-type arrangement occurs in the interlayer space of organo-vermiculites [24,31,68,69].



The reflections shown by the 2.0 HDTMA and 2.0 HDBA complexes appear to be sharper and better defined than those shown for the modification with 0.5 CEC. Well-defined, narrow reflections correspond not only to the larger amount of surfactant on the vermiculite’s surface, but also to the well-ordered crystal structure [24,26]. The differences observed with regard to the shape and position of the reflections, which depend on the type of modification, are in agreement with published studies about the influence of ammonium salt concentration on the intercalation process [30,36,70,71,72].



The surface area and porosity of organo-vermiculites were significantly reduced. These findings are consistent with various literature data [66,73]. The effect of these changes is also visible in the SEM images. The organo-vermiculite aggregates are characterized by a higher degree of compression than before the modification—aggregates became smaller and more compact. Furthermore, with the continuous addition of the surfactant, the lamellar structure of vermiculite disappears [74,75]. The occurrence of the DTA/TG and IR bands, which are characteristic for HDTMA and HDBA, alongside with the results of the analyses discussed above suggest that the modification of vermiculite with HDTMA and HDBA was successful. However, it should be noted that according to some previous studies, vermiculites treated with organic cations usually still contain unmodified layers [4,32]. This condition is mostly due to the formation of a hydrophobic barrier at the edges of large-sized crystals, which makes it difficult for the hydrated inorganic cations to diffuse out of the interlayer space [42,43]. Thus, some interlayer spaces may not be completely filled with organic cations, or interlayer spaces with exchangeable inorganic cations may remain. Nevertheless, even if the modification was not complete, both organo-vermiculites exhibit hydrophobic properties, which are characteristic to modified clays.



Clay minerals have been recognized as good sorbents of cations; however, they can also retain anions and neutral species. The immobilization of anions takes place on sites of temporary positive charge, like AlOH2+ and (in case of substitution of Fe3+ for Al3+) FeOH2+, formed by association of H+ ions with amphoteric OH and O on the clay mineral surfaces [76,77]. However, despite the fact that clay minerals are capable of uptaking anions, experiments concerning the removal of arsenic ions with VER revealed that its sorption capacity toward anions is poor, which was also proven before by other studies [24,77,78].



The previous studies disclosed that for different organo-clay minerals, anions selectivity depend mostly on the type of organic cation applied and also on the type of clay mineral [24]. Moreover, uptake of anions by organo-vermiculites might be hindered—the diffusion of anions is limited due to structures in their interlayer space, which are most probably the paraffin-type arrangements in vermiculites [24]. In addition, for the coarse vermiculite platelets, diffusion pathways for anions from edge sites of the platelets to adsorption sites in the middle are long, and the adsorption of anions at sites in the interlayer space also depends on the equivalent desorption of original anions, which have to diffuse through the interlayer space, which can explain the poor sorption capacity of vermiculites in comparison to other clay minerals [24].



The differences between the sorption capacities of organo-vermiculites under different pH conditions could be related to the speciation of arsenic. The dominant speciations for As(V) are HAsO42− or H2AsO4− and H3AsO30 for As(III); thus, changing of the surface charge does not have a significant impact on the behavior of zero-valent species of As(III), but on the other hand, increasing pH may cause competition between anionic forms of As(V) and OH- groups [79,80,81]. This explains poor sorption capacity of vermiculites regarding As(III)—zero-valent species of As(III) is reluctantly immobilized by vermiculites and organo-vermiculites. It should also be noted that at pH value < 6, As predominantly exists as a single-negative form (H2AsO4−), while at a higher pH value double-negative forms (HAsO42−) predominate. In the case of a one-negative form, one active center is sufficient for sorption to occur, whereas in the case of a two-negative form, two such centers are necessary [22,82]. Therefore, the effectiveness of As(V) sorption strongly depends on the pH of the solution.



In addition, adsorption of oxy-anionic species onto clay and organo-clay minerals is favorable when the pH is low, and maximum adsorption is usually achieved at pH 3–5 [24,83,84,85], which may suggest that the interaction occurred mainly due to the formation of inner-sphere complexes through silanol and aluminol groups present at the edges of clay mineral particles [78,85]. The observed dependency could also be due to the protonation/deprotonation reactions of the functional groups present on the surface of the organo-clays. Protonation at low pH usually increases the anion exchange capacity of the mineral [24]. Dultz et al. [24] suggest that the uptake of molecules (cation–anion pairs) and the protonation of functional groups are the most important mechanisms that prompt the immobilization of anions on the organo-clays. Initial concentration is also known to affect the effectiveness of As(III) and As(V) sorption. This may be associated with the surface coverage by ions and the active centers occupied by them. It is assumed that active centers are occupied first with ions that permanently get attached to the surface and no further changes occur. If more ions are available, then more sites are occupied [86].



The results obtained in the experiment to determine the sorption efficiency of As(III) and As(V) as a function of dosage indicate that against expectations, the higher dosage of sorbent does not increase the amount of the absorbed arsenic. An important factor that can potentially inhibit sorption is the high swelling capacity of vermiculite in contact with water. In cases where samples are treated with high sorbent doses, creating optimal conditions for sorption becomes difficult. Hence, at high doses, the interface between sorbate and sorbent becomes limited. The boundary layers are usually characterized by highest activity and hence the separation surface should be increased as much as possible, which in turn can be achieved by appropriate dispersion of the solid phase in the sorbate solution [87]. Increasing the density of the vermiculite suspension, with its significant swelling, caused a disturbance of the proportion between the solid and the solution, making some of the active sites of the mineral to be unavailable to sorbate. pH measurements revealed that at higher dosages, the pH value of the solution was also high. The pH increase results from the fact that vermiculite strongly alkalizes the solution—the pH of the aqueous suspension of this mineral is alkaline in nature and is usually in the range of 8–9 [88].




5. Conclusions


The modification process of expanded vermiculite with used HDTMA-Br and HDBA-Cl was successful. The present study shows distinct alteration in the properties of modified vermiculite, including changes its grain morphology, partial hydrophobization of surface, deterioration textural parameters (an exception is 0.5 HDBA, where higher porosity is observed) and increase interlayer space due to the fact that organic modification is controlled mainly by intercalation process and takes place only the on external and internal surface of vermiculite. The obtained results revealed that the modification process of vermiculite with different concentrations of HDTMA and HDBA and further utilization of the prepared organo-vermiculites for immobilization of arsenic compounds are more complex than suspected. The effectiveness of arsenic oxyanions sorption onto organo-vermiculite slightly depended on the pH of the arsenic solution. However, the higher alkalization of solution (pH > 6), impacts on the decreased sorption of As(III) and As(V). Under these conditions, low sorption of arsenic oxyanions is caused mainly by the presence of the competition effect between zerovalent As(III) and bivalent As(V) species and OH- groups. Nevertheless, a better sorption capacity was received for As(V) than for As(III). On the other hand, the results suggest that As (III, V) sorption capacity is greater with an increasing amount of HDTMA and HDBA adsorbed onto vermiculite. The maximum sorption capacity equaling 209 mmol/kg for As(III) and 240.5 mmol/kg for As(V) was obtained by used 2.0 HDTMA at the initial concentration of 20 mmol/ As(III,V) L. Moreover, the optimal sorption conditions, which were achieved at the low dosage of organo-vermiculite at the range 10–20 g/L, may be associated with obtaining a favorable proportion between the amount of sorbent and sorbate.



The modification of most of the clay minerals with HDTMA is well-described; however; there is still a lack of information regarding the use of HDBA. Our study revealed that HDBA can be used for effective modification of clay minerals, but in future studies, the effect of the surfactant on the interlayer structure has to be determined in more detail, including the characteristics of the spaces at the adsorption sites and the diffusion mechanisms for penetration of anions into the interlayer space.
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Figure 1. X-ray diffraction patterns of: (a) HDTMA, (b) raw, expanded vermiculite (VER), (c) 0.5 HDTMA, and (d) 2.0 HDTMA. 
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Figure 2. X-ray diffraction patterns of: (a) HDBA, (b) VER, (c) 0.5 HDBA, and (d) 2.0 HDBA. 
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Figure 3. FTIR spectra of: (a) VER, (b) 0.5 HDTMA, (c) 2.0 HDTMA, (d) 0.5 HDBA, and (e) 2.0 HDBA. 
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Figure 4. Comparison of N2 adsorption and desorption isotherms at −196 °C for VER, 0.5 and 2.0 HDTMA, and 0.5 and 2.0 HDBA. 
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Figure 5. Pore size distribution for VER, 0.5 and 2.0 HDTMA, and 0.5 and 2.0 HDBA. 
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Figure 6. Thermal analysis (DTA/TG) coupled with the measurement of evolved gases composition for: (a) VER, (b) HDTMA, (c) HDBA, (d) 0.5 HDTMA, (e) 2.0 HDTMA, (f) 0.5 HDBA, and (g) 2.0 HDBA. 
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Figure 7. SEM images of: (a) VER, (b) VER, (c) 0.5 HDTMA, (d) 2.0 HDTMA, (e) 0.5 HDBA, and (f) 2.0 HDBA. 
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Figure 8. Sorption of As(III) or As(V) ions as a function of equilibrium pH value for (a) VER, 0.5 HDTMA, 1.0 HDTMA, and 2.0 HDTMA, and (b) VER, 0.5 HDBA, 1.0 HDBA, and 2.0 HDBA. 
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Figure 9. Sorption of As(III) or As(V) ions as a function of equilibrium concentration for (a) VER, 0.5 HDTMA, 1.0 HDTMA, and 2.0 HDTMA, and (b) VER, 0.5 HDBA, 1.0 HDBA, and 2.0 HDBA. 
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Figure 10. Sorption of As(III) or As(V) ions as a function of dosage sorbent for (a) VER, 0.5 HDTMA, and 2.0 HDTMA, and (b) VER, 0.5 HDBA, and 2.0 HDBA. 
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Figure 11. Sorption isotherms of: VER, 0.5 HDTMA, and 2.0 HDTMA for As(III) (a) and for As(V) (b); VER, 0.5 HDBA, and 2.0 HDBA for As(III) (c) and for As(V) (d). The curves that best fit the Langmuir (dotted line) and Freundlich (solid line) models are presented. 
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Table 1. The amount of dissolved cationic surfactants (g) required to prepare 30 g of 0.5, 1.0, 2.0 hexadecyltrimethylammonium (HDTMA) and 0.5, 1.0, 2.0 benzyldimethylhexadecylammonium (HDBA).
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Parameter

	
HDTMA

	
HDBA






	
Multiple of CEC

	
0.5

	
1.0

	
2.0

	
0.5

	
1.0

	
2.0




	
Amount of organic salt (g)

	
4.9

	
9.7

	
19.5

	
5.3

	
10.6

	
21.2
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Table 2. The textural parameters of VER, 0.5 and 2.0 HDTMA, and 0.5 and 2.0 HDBA.






Table 2. The textural parameters of VER, 0.5 and 2.0 HDTMA, and 0.5 and 2.0 HDBA.





	Sample
	SBET (m2/g)
	Dp (nm)
	Vmes (cm3/g)





	VER
	7.34
	10.48
	0.0138



	0.5 HDTMA
	3.49
	14.35
	0.0070



	2.0 HDTMA
	4.23
	11.35
	0.0026



	0.5 HDBA
	15.47
	5.55
	0.0175



	2.0 HDBA
	5.93
	4.66
	0.0053







Abbreviations: Vmes, pore volume (Ø 1.7–300 nm); Dp, average pore diameter.
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