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Abstract

:

Layered silicates with a montmorillonite structure are widely used in various fields related to adsorption, gas and water treatment, catalysis, cosmetology and medicine. Under conditions of directed hydrothermal synthesis, montmorillonites with the specified characteristics can be obtained. The influence of the preparation method for montmorillonites of two compositions (Mg3Si4O10(OH)2 H2O and Na1.5Al0.5Mg1.5Si4O10(OH)2 H2O) on their sorption properties, moisture absorption, porous textural characteristics and surface properties has been studied. The nature of the initial reagents, the pH of the reaction medium and the synthesis temperature were chosen as the variable synthesis parameters. It has been established that the synthesis conditions significantly affect the properties of montmorillonite, which, in turn, determines the possibilities of using the materials obtained in specific areas.
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1. Introduction


Minerals with a montmorillonite structure are widely used in various industries—as sorbents for water and gas purification, desiccants, fillers of polymer-inorganic nanocomposites, catalysts and catalyst carriers, as well as sorbents for medical purposes [1,2,3,4,5,6,7].



Montmorillonite (MT) is a clay mineral belonging to the smectite group. The crystal structure of these minerals consists of layers built from three sheets—two tetrahedral silicon–oxygen sheets and an octahedral brucite or gibbsite sheet placed between them. Between the layers there can be water molecules and exchange cations. The MT layers have a symmetrical structure and are facing each other with like-charged oxygen atoms, as a result of which the silicon–oxygen networks and aluminum(magnesium)–oxygen–hydroxyl networks are held by van der Waals forces.



A distinctive feature of layered silicates with the structure of montmorillonite (MT) is the ability to intercalate polar liquids with expansion of the interlayer space and subsequent exfoliation into separate layers. This property of montmorillonite is actively used, for example, in the development of polymer-inorganic nanocomposites. A surge in interest in polymer-inorganic nanocomposites is associated with the work of scientists at the Toyota Research Center, who, starting in 1987 [8,9], published a series of articles containing the results of studying nanocomposites based on nylon and clay minerals. It has been found that small additions of layered silicates exfoliated in a polymer matrix into separate layers of nanoscale thickness led to a significant increase in thermal stability and improved the mechanical characteristics of the polymer. Since then, interest in polymer nanocomposites has been constantly growing. This is due to the possibility of a significant improvement in a number of physical and mechanical properties compared to micro- and macro-composites containing the same amount of inorganic filler. The ability of MT to adsorb heavy metals, organic cations, toxins, bacteria, etc., is also actively used in the development of sorbents for technical and medical purposes (for example, [10,11,12,13]). The direction associated with the ability of montmorillonite to absorb mycotoxins is extremely interesting, which makes it in demand in agriculture [14,15]. The possibility of using MT as a catalyst in the synthesis of RNA and DNA is being studied [16,17,18].



At the same time, raw minerals are complex and unstable multicomponent systems. Their physical and chemical properties significantly depend on the content of the main phase in the rock, the type of cation-exchange form and the nature of impurities. These circumstances limit the wider use of clay minerals in a number of areas, especially in those where the constancy of the structural and physicochemical characteristics of the materials used is necessary, for example, to solve a number of urgent problems in medicine and catalysis. In addition, the diversity of the composition, structural and textural characteristics of natural minerals does not allow for fundamental studies of the effect of structural and physicochemical parameters of materials on their sorption, catalytic and other practically significant properties. In this regard, the problem of obtaining and optimizing methods for the synthesis of montmorillonite with desired characteristics under conditions that allow for their industrial implementation becomes topical.



Many attempts have been made to obtain synthetic MT (for example, [19,20,21,22,23]), but only a few works describe the preparation of a single-phase product with the structure of montmorillonite. In most studies, the synthesis of MT was carried out at temperatures from 150 to 450 °C and autogenous pressure up to 150 MPa. However, there are exceptions. The authors of [24] carried out MT synthesis at low temperatures (from 3 to 20 °C) via co-precipitation of aluminum and magnesium hydroxides with the addition of silica. Depending on the composition of the initial solution, amorphous substances, Al(OH)3 or Mg(OH)2 or a mixture of various phyllosilicates (MT, illites and chlorites) were obtained. The main requirements for the reaction medium for MT synthesis were formulated: 1. pH of the medium must be alkaline or neutral. 2. A low concentration of silicon is required (unsaturated solution with respect to amorphous silicon). 3. The MgO content must be at least 6 wt.%. Such conclusions are consistent with the processes that occur during the formation of MT in nature. Raw MTs are formed during the weathering of alkaline (basic) or acidic rocks of volcanic origin. The most important factor is the composition of the rock, namely the content of magnesium and alkalis in it. From alkaline rocks with a high magnesium content, the formation of MT is possible under alkaline or neutral conditions. From acidic igneous rocks with low magnesium content, natural MTs form only under alkaline pH conditions.



Nevertheless, some works have shown the possibility of MT synthesis under slightly acidic pH conditions (4–6). The authors of [25,26] obtained aluminum–magnesium MT by hydrothermal treatment of hydrogels obtained from acetates of the corresponding metals and SiO2 in an HF medium.



An analysis of the available literature data shows that synthetic MTs usually require high temperatures (300–400 °C), autogenous pressure to achieve a higher degree of purity and crystallinity of the final product in an acceptable period of time. In addition, the nature of the starting reagents and the pH of the reaction medium can have a great influence. Thus, the use of acetates of the corresponding metals as initial reagents makes it possible to significantly reduce the synthesis temperature to 220–250 °C; however, the physicochemical properties of the final product may differ from the properties of montmorillonite obtained by other methods [27].



An analysis of the works available in the literature allows us to distinguish three main approaches to the synthesis of montmorillonite, which make it possible to obtain a single-phase product of a sufficiently high quality:




	
Hydrothermal treatment of hydrogels of the appropriate composition at temperatures of 300–350 °C in a neutral environment (pH = 7)



	
Hydrothermal treatment of a mixture of acetates of the corresponding metals and SiO2 at a temperature of 200–250 °C in a slightly acidic medium (pH = 4–6)



	
Hydrothermal treatment of a mixture of the corresponding oxides at a temperature of 300–350 °C in an alkaline medium, pH = 9–10.








The available numerous experimental data are unsystematic, which makes it impossible to determine the optimal technology for obtaining single-phase montmorillonite and to establish the effect of synthesis conditions on practically significant characteristics, such as particle size, specific surface area, surface properties, cation exchange capacity and a number of others. In this paper, an attempt is made to eliminate this gap and to identify the main patterns of the influence of production conditions on the practically important characteristics of montmorillonite.




2. Materials and Methods


2.1. Reagents


The following reagents were used for the synthesis and analysis of the samples: tetraethoxysilane ((C2H5O)4Si, special purity grade, ≥99.0%, Sigma, Stainheim, Germany), magnesium nitrate (Mg(NO3)2 6H2O, reagent grade, Vecton, Saint Petersburg, Russia), aluminum nitrate Al(NO3)3∙9H2O (reagent grade, ≥97.0%), ammonia NH4OH (25 wt% NH3 in H2O), ethanol C2H5OH (96 wt%), sodium acetate (NaCOOCH3, 99%, Fluka, Darmstadt, Germany), magnesium acetate (Mg(COOCH3)2 4H2O, 99%, Fluka, Darmstadt, Germany), aluminum oxide (Al2O3, 95%, NevaReaktiv, Saint Petersburg, Russia), silica gel (SiO2 nH2O, NevaReaktiv, Saint Petersburg, Russia), magnesium oxide (MgO, NevaReaktiv, Saint Petersburg, Russia), methylene blue C16H18N3SCl (chemically pure grade, Vecton, Saint Petersburg, Russia ), hydrochloric acid HCl (35–38 wt%, NevaReactiv, Saint Petersburg, Russia), sodium nitrate (NaNO3, ACS reagent, ≥99.0%, Sigma, Stainheim, Germany) and sodium hydroxide solution (50 wt% in water, Fluka, Darmstadt, Germany).




2.2. Synthesis


For the synthesis of montmorillonite samples, three main approaches were used, the conditions of which are presented in Table 1. All samples were obtained as a result of hydrothermal treatment of various initial reagents. Mixtures of metal acetates and oxides, dried aluminosilicate gels of the corresponding compositions and mixtures of the corresponding oxides were used as initial precursors subjected to hydrothermal treatment. The initial reagents were taken in stoichiometric ratios corresponding to the formulas of the corresponding samples. We synthesized two compositions of montmorillonite, corresponding to the general chemical formula Na2x(Al2(1−x),Mg2x)Si4O10(OH)2 nH2O (0 < x ≤ 1): with x = 1 (composition without aluminum, analog of natural saponite Mg3Si4O10(OH)2 H2O) and x = 0.75 (Na1.5Al0.5Mg1.5Si4O10(OH)2 H2O).



Hydrogels of the corresponding compositions were prepared according to the procedure described in [23]. Aluminum, magnesium and sodium nitrates were dissolved in the required amounts in nitric acid with the addition of ethanol, tetraethoxysilane was poured into the resulting mixture and precipitation was carried out with an ammonia solution. The resulting gel was dried at 100 °C for 30 h and then calcined at 500 °C for 1 h to decompose nitrates, remove water and organic compounds and form a gel based on the corresponding oxides. The starting reagents and dried gels were subjected to hydrothermal treatment in steel autoclaves with Teflon crucibles at appropriate temperatures, filling factor 0.8. The crystallization products were washed with distilled water and dried at 80 °C for 12 h.




2.3. Characterization


X-ray phase analysis of the samples was carried out using a powder diffractometer Rigaku Corporation, SmartLab 3 (CuKα—radiation, operating mode—40 kV/40 mA; semiconductor point detector (0D)—linear (1D), θ-θ geometry, measurement range 2ϑ = 5–70° (step 2θ = 0.01°)).



Chemical analysis of the samples for the content of Si and Al was carried out using the gravimetric method using quinolate of a silicon–molybdenum complex and by complexometric titration at pH 5. Loss on ignition и content of H2O was estimated from the weight loss upon calcination of the sample at 1000–1100 °C. The sodium content in the samples was determined by flame photometry on an iCE3000 atomic absorption spectrometer.



The morphology of the samples was studied by scanning electron microscopy (SEM) by using a Carl Zeiss Merlin instrument (Oberkochen, Germany) with a field-emission cathode. Powders of the samples were planted directly on conductive carbon tape without additional processing.



The porous structure was analyzed based on the low-temperature nitrogen sorption method (Quantachrome NOVA 1200e, USA; relative pressure range: 0.005–0.999 P/Po, pressure resolution 0.0015%). Degassing was performed at 300 °C for 12 h. The specific surface area of the sample was calculated using the BET method [28] using NOVAWin (USA) software. The relative error in the specific surface area value was 1%.



The electrokinetic (zeta) potential of the samples was determined using a particle size and zeta potential analyzer NaniBrook 90 PlusZeta (Brookehaven Instruments Corporation, Holtsville, NY, USA). The samples were a suspension obtained by dispersing 50 mg of sample in 20 mL of deionized water. Before measurements, the suspension was subjected to low-power (50 W) ultrasonication for two minutes on an ultrasonic processor UP50H.



The functional composition of the sample surface was studied via the method of adsorption of acid–base indicators with different pKa values in a range from −4.4 to 14.2, undergoing selective adsorption on the surface of active centers with the corresponding pKa values, according to the procedure described in [29]. The content of adsorption centers was determined from the change in the optical density of aqueous solutions of indicators using UV absorption spectroscopy (LEKISS2109UV spectrophotometer).



The moisture absorption capacity of the samples was determined under static conditions at a temperature of (20 ± 1) °C at various relative water vapor pressures. The pre-tested samples were dehydrated in an oven for two hours at a temperature of 200 °C. The moisture absorption kinetics were studied in a wide range of relative water vapor pressures from 0.18 to 0.95. A dried sample of 100 mg was placed in the boat of the torsion balance. Under the boat, there was a container with a saturated solution of various salts, providing a given value of p/ps of water vapor. The change in the mass of the sample in the boat was recorded on a scale of torsion balances depending on the saturation time. Upon reaching the value of weight gain, which does not change for 1 h, the experiment was stopped, and the last weight gain was considered to be equilibrium for this p/ps. The adsorption capacity was determined by the difference in the mass of the adsorbent sample before and after saturation to an equilibrium state, referred to as the initial mass of the dehydrated sample.



The adsorption capacity of the samples was determined with respect to the cationic organic dye—methylene blue (MB). The study of the equilibrium adsorption of MB was carried out at a concentration of MB in a range from 10 to 400 mg/L. To achieve this, 20 mg of the sample was dispersed in 20 mL of an aqueous dye solution. The experiments were carried out in static mode at room temperature in closed glass bottles with a volume of 50 mL with stirring for 120 min, which corresponded to the moment when adsorption equilibrium was established. The samples were filtered, and the concentration of dyes in the filtrate was determined as the arithmetic mean of three measurements. The concentration of MB was determined using UV absorption spectroscopy (LEKISS2109UV spectrophotometer, SHIMADZU UV-2600/2700) via optical density at a wavelength of 246 nm [30].



The capacity of the sorbent, mg/g (the amount of adsorbed substance) was determined using Formula (1):


  X   =         C   i   −   C   f     ·   V   s       m   s      



(1)




where Ci is the initial concentration of MB solution, g/L; Cf—final concentration after sorption, g/l; Vs is the volume of MB solution, L; ms—weight of the sorbent sample, g.





3. Results and Discussion


3.1. Phase and Chemical Composition of the Samples


The most important characteristic affecting the possibility of using a material in areas, such as medicine or catalysis, is its phase purity. X-ray diffraction patterns of the samples are shown in Figure 1. Samples of trioctahedral layered silicates of the montmorillonite subgroup were obtained, as evidenced by the position of the hkl reflection peaks characteristic of montmorillonite and saponite mineral at 7–10° (001), 19° (110), 28° (004), 35° (201), 53 (210) and 61° (060) [31].



The mineral saponite belongs to the group of trioctahedral magnesium smectites in the montmorillonite subgroup. It can be considered as a limiting case of montmorillonite Na2x(Al2(1−x),Mg2x)Si4O10(OH)2 nH2O with x = 1. Sometimes, in raw saponites, there are isomorphic substitutions of a part of silicon Si4+ in tetrahedral layers for aluminum Al3+.



The reflection in the region of angles 2θ = 6–9 (d001) characterizes the basal space between the silicon–oxygen sheets in the structure of montmorillonite. Thus, the position of the reflection on the diffraction pattern of magnesium montmorillonite MT-Al0 in the region of angles 2θ = 9.2 corresponds to an interlayer distance of 9.6 Å, a shift in the reflection for the MT-Al0 gel sample to the region of small angles 2θ = 7.1 indicates an increase in the interlayer distance to 12.4 Å. The reflections in the diffraction patterns are rather broad and asymmetric, which indicates a disordered structure and a high dispersion of the crystals. For the MT-Al0-ac and MT-Al0.5-ac patterns, the d001 peak is absent. The broadening and disappearance of the reflection peak (001) are associated with the loss of periodicity along the c axis and indicate a disordered packing of montmorillonite layers. It is known that montmorillonite packets are formed from layers, from which the secondary structure of montmorillonite is then formed, which can be seen in the electron micrographs of the samples shown in Figure 2.



Some samples contain impurity phases of silicon and aluminum oxides in insignificant amounts. This primarily applies to samples synthesized from oxides of the corresponding elements using method 3 (see Table 1). Impurity phases are also contained in very small amounts in the samples obtained by method 1. The samples obtained by method 2 are single-phase and do not contain impurity phases.



It should be noted that there is a significant decrease in the synthesis temperature when using method 1—from 350 °C (methods 2 and 3) to 220 °C. As shown earlier [32], at synthesis temperatures below 350 °C using method 2, the degree of crystallinity of montmorillonite decreases significantly, and at temperatures of 200 °C, it practically does not crystallize. The use of method 3 at temperatures lower than 350 °C leads to an increase in the amount of impurity phases and a decrease in the yield of montmorillonite.



Previously, the process of crystallization of montmorillonite with the composition Mg3Si4O10(OH)2 nH2O from oxides in an alkaline medium was studied [33]. The influence of the synthesis temperature, the duration of synthesis and the concentration of sodium hydroxide solution, which acts as a reaction medium, on the nature of montmorillonite crystallization was studied. It was found that in all cases, MT crystallizes with significant impurities in the brucite phase and, in some cases, phases of magnesium hydroxide and silicon oxide. The present work shows the possibility of obtaining montmorillonite with a small amount of an impurity phase through hydrothermal treatment of the corresponding oxides in a neutral medium at a temperature of 350 °C for three to four days.



Thus, the approach using dried gels of the corresponding composition as starting reagents subjected to hydrothermal treatment (method 2) can be considered optimal from the point of view of obtaining single-phase products with a montmorillonite structure. The gel is highly reactive, homogeneous and free of any crystal structures, which allows for faster synthesis time and avoids impurities.



The results of the chemical analysis of the samples presented in Table 2 confirm that aluminum–magnesium hydro-silicates have been obtained. The results of studying the samples using scanning electron microscopy (Figure 2) show that all samples have a layered particle morphology characteristic of montmorillonites.




3.2. Porous Textural Characteristics of the Samples


The porous textural characteristics and surface properties are very important characteristics of both sorption materials and catalysts. Table 3 presents the porous textural characteristics of the samples and the results of the evaluation of their surface zeta potential. The surface of all samples is negatively charged, which is a characteristic feature of aluminosilicates. The specific surface area is largely determined by the conditions of sample synthesis. Thus, for samples obtained using method 2, it is the largest and reaches 180 m2/g or more. The smallest specific surface area of the samples obtained by method 3 is 77–80 m2/g, depending on the composition of the sample.



The average particle size of the synthesized montmorillonites, determined from X-ray diffraction data, is 40 ± 7 nm. The particle size was calculated using the Scherrer formula using the reflection band 2θ = 19° (110), which characterizes the particle size in the plane perpendicular to the c axis. At the same time, knowing the specific surface area, one can estimate the average number of layers (n) forming a layered silicate particle using the formula proposed in [34]: S(M2/Γ) = 801.3/n + 5.13. The results of the calculations according to the given formula showed that for synthesized samples, the number of layers may vary from 4 to 13, depending on the composition and conditions of the synthesis.




3.3. Desiccant Capacity of the Samples


The ability to absorb moisture largely determines the possibility of using materials as desiccants and absorbers of liquids of various nature. The ability to absorb moisture largely determines the possibility of using materials as desiccants. Figure 3 presents the results of a study of the absorption of water vapor under study. The greatest moisture content is in MT-Al0.5 samples obtained by methods 1 and 2. With maximum values of p/ps 0.99, the moisture content of these samples reaches 55–57%. Small moisture content is characterized by sample Al0-ac (50% with p/ps 0.99). Samples obtained using method 3 demonstrate the lowest moisture content in a series of samples of the same chemical composition obtained by other methods.



The results show that the moisture capacity of MTs is determined via the chemical composition of samples—aluminum-containing samples, as a whole, have greater moisture content than compounds without aluminum. An exception is the composition of the MT-Al0-ac composition, demonstrating a fairly high degree of adsorption of water vapor, even exceeding such for aluminum-containing composition MT-Al0.5-ox. Connections between the specific surface of the samples and their moisture content were not found. A sample with the largest specific surface of MT-Al0 gel is characterized by the smallest absorption ability, and the MT-Al0.5 gel with the same specific surface shows the greatest absorption ability.




3.4. Distribution of Active Sites on the Surface


The distribution of active sites on the surface of solids is important for both potential catalysts and sorbents. The distribution of the adsorption sites on the surface of the studied samples as a function of their pKa values is shown in Figure 4. It is known that the properties of a solid surface are determined not only by the chemical nature of the substance but also depend on the method of preparing the sample, its dispersion and porosity, which demonstrate the presented results. Results obtained indicate the presence of different types of adsorption centers on the surface all samples, including Lewis base (pKa ≤ 0, formed by oxygen atoms) and acidic (pKa ≥ 14, formed by silicon atoms) as well as Brønsted acidic (0 < pKa < 6), neutral (pKa~6–8) and basic (8 < pKa < 14) sites, corresponding to hydroxyl groups [29]. Moreover, the number of certain centers on the surface of the samples is different, depending on the sample composition and their synthesis method.



The largest number of Brønsted and Lewis acid centers is characteristic of the MT-Al0.5 gel sample. Many Brønsted acid centers are also characteristic of the samples of MT-Al0-ac and MT-Al0 gel. For all samples obtained by method 3, the amount of acid centers is low. Despite the fact that the number of Lewis acid centers on the MT surface is not as large as the zeolites [35,36], montmorillonites are actively used in heterogeneous catalysis [6,37]. Therefore, we can conclude that method 2 contributes to the formation of more active centers on the MT surface and, therefore, can be used to obtain effective heterogeneous montmorillonite catalysts.




3.5. Methylene Blue Adsorption


Methylene blue (MB) is a cationic dye that is quite well sorbed by aluminosilicates that carry a negative [38,39,40,41,42]. At the same time, MB can act as a model compound, which makes it possible to evaluate both the ability of the material to be used as a sorbent for wastewater treatment from organic contaminants [43] and as a medical sorbent. Methylene blue can be considered as a simulant of medium-molecular-weight toxins, and the possibility of using materials as enterosorbents can be assessed [44].



Figure 5 shows MB adsorption isotherms by synthetic montmorillonites. The MT-Al0.5 gel sample has the greatest sorption capacity, and the MT-Al0 gel sample is characterized by the lowest levels of sorption capacity. At the same time, the Al0 composition, obtained by method 1 (MT-Al0-ac), also has a fairly high sorption capacity approaching the values of the MT-Al0.5 gel sample. Thus, we can conclude that the method of obtaining samples has the greatest effect on their physico-chemical and operational characteristics.



A comparative study of the applicability of the adsorption models of Langmuir, Freindlich and Dubinin–Radushkevich [45,46,47,48] was carried out. The parameters of the adsorption equations were calculated by the method of nonlinear regression using the OriginPro 8 program. The constants and parameters of all equations are given in Table 4. By comparing the correlation coefficients, it was shown that the Freundlich model best describes adsorption on all MT-Al0 samples. According to this model, the surface of the studied sorbents contains active centers with different energies of affinity for dye molecules. A value of 1/n can be considered as an indicator of the inhomogeneity of sorption centers: as the inhomogeneity increases, 1/n→0, and as the homogeneity of centers increases, 1/n→1. At the same time, the data obtained make it possible to characterize aluminosilicates as materials with a high concentration of sorption centers with different degrees of activity. The constant KF has a linear dependence on the adsorption capacity of the adsorbent, i.e., the larger this constant, the greater the adsorption capacity.



Taking into account the high values of the correlation coefficients (R2) and close values of the experimental and calculated sorption capacities, the Langmuir isotherm most adequately describes adsorption on all MT-Al0.5 samples. This model describes a homogeneous monomolecular adsorption process and assumes that the surface of a solid body contains a finite number of active centers with equal energy.



The Dubinin–Radushkevich isotherm model was used to determine the equation constants, which were subsequently used to calculate the free energy of methylene blue adsorption on the studied samples. The energy values were in a range from 0.2 to 22 kJ/mol. Based on this, it was concluded that the process of dye sorption proceeds according to the mechanism of physical adsorption (physical adsorption E = 10–30 kJ/mol, chemical adsorption—the energy of chemical adsorption reaches several hundred kJ/mol).



In the Supplementary Information file the results of an additional study of the kinetics of methylene blue adsorption using pseudo-first order (PFO) and pseudo-second order PSO) adsorption models (Figures S1 and S2, Table S1) [49,50,51].





4. Conclusions


Samples with a montmorillonite structure of two compositions (Mg3Si4O10(OH)2 H2O and Na1.5Al0.5Mg1.5Si4O10(OH)2 H2O) were obtained under hydrothermal conditions using three different approaches—hydrothermal treatment of hydrogels of the appropriate composition at temperatures of 300–350 °C in a neutral environment (pH = 7), hydrothermal treatment of a mixture of acetates of the corresponding metals and SiO2 at a temperature of 200–250 °C in a slightly acidic medium (pH = 4–6) and hydrothermal treatment of a mixture of the corresponding oxides at a temperature of 300–350 °C in an alkaline medium with pH = 9–10. It was established that the properties of samples are largely determined by their chemical composition; however, the method of obtaining samples has the greatest effect on their properties. Samples of the same composition obtained by various methods can vary significantly in their properties. The hydrogel crystallization method allows one to obtain single-phase samples with a high specific surface, which is probably associated with the porous structure, amorphous and uniformity of the original gel. However, this method is not suitable for obtaining magnesium–silicate samples of the Mg3Si4O10(OH)2 H2O composition, is multistage and cannot be attributed to environmentally friendly and resource-saving ones, as it requires quite high temperatures, as well as the use of toxic reagents (ammonia and tetraethoxysilane). At the same time, the high value of sorption capacity, moisture absorption, the number of active centers on the surface, as well as the phase purity of the resulting product allows us to recommend this method of montmorillonite obtaining for its further use in medicine and catalysis, where these indicators are necessary. The method of synthesis from oxides of the corresponding metals can be considered as the simplest, most environmentally friendly and cheap method of montmorillonite synthesis. However, the presence of impurity phases affects the properties of the material obtained using this method. The method of obtaining montmorillonite by using the hydrothermal treatment of the acetates of the corresponding metals in a weak acid medium allows one to obtain single-phase montmorillonite Mg3Si4O10(OH)2 H2O at a significantly lower temperature (200–250 °C), with sufficiently high values of moisture absorption and sorption capacity. This method can be considered a way of obtaining sorbents and dehumidifiers for technical purposes.
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Figure 1. X-ray diffraction patterns of the samples: (a)—Al0 compositions; (b)—Al0.5 compositions. Bar chart of the standards: *—quartz (PDF № 79-1913); ▲—Saponite 15 Å (PDF № 13-86); △—Al2O3 (PDF № 50-1496); □—Sap-15 Å Al-rich (PDF №30-789); ●—raw montmorillonite (PDF No. 48-74), ○–montmorillonite. 






Figure 1. X-ray diffraction patterns of the samples: (a)—Al0 compositions; (b)—Al0.5 compositions. Bar chart of the standards: *—quartz (PDF № 79-1913); ▲—Saponite 15 Å (PDF № 13-86); △—Al2O3 (PDF № 50-1496); □—Sap-15 Å Al-rich (PDF №30-789); ●—raw montmorillonite (PDF No. 48-74), ○–montmorillonite.



[image: Ceramics 06 00054 g001]







[image: Ceramics 06 00054 g002 550] 





Figure 2. SEM images of the samples: (a)—MT-Al0.5 gel; (b)—MT-Al0 gel; (c,d)—MT-Al0-ac. Samples are designated in accordance with the designations presented in Table 1. 
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Figure 3. Moisture adsorption isotherms. 
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Figure 4. Distribution of the adsorption centers as a function of their pKa values on the surface of samples. LBS—Lewis basic sites; BAS—Brønsted acidic sites; LAS—Lewis acidic sites. 
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Figure 5. Methylene blue adsorption isotherms. Langmuir isotherms: MT-Al0.5 gel, MT-Al0.5-ox, MT-Al0.5-ac Freundlich isotherms: MT-Al0 gel, MT-Al0-ox, MT-Al0-ac. 
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Table 1. Preparation conditions and sample compositions.
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Synthesis Method Designation

	
Sample Designation

	
Samples

(Composition by Synthesis)

	
Synthesis Conditions




	
Reagents

	
pH

	
T, °C

	
Processing Time, Days






	
1

	
MT-Al0-ac

	
Mg3Si4O10(OH)2 nH2O

	
Mg(COOCH3)2 4H2O, NaCOOCH3

Al2O3, SiO2

	
4–5

	
220

	
4–5




	
MT-Al0.5-ac

	
Na1.5Al0.5Mg1.5Si4O10(OH)2 H2O




	
2

	
MT-Al0 gel

	
Mg3Si4O10(OH)2 nH2O

	
Dried hydrogels of the appropriate composition

	
7

	
350

	
3–4




	
MT-Al0.5 gel

	
Na1.5Al0.5Mg1.5Si4O10(OH)2 H2O




	
3

	
MT-Al0-ox

	
Mg3Si4O10(OH)2 nH2O

	
MgO, SiO2, Al2O3

NaNO3

	
7–9

	
350

	
3–4




	
MT-Al0.5-ox

	
Na1.5Al0.5Mg1.5Si4O10(OH)2 H2O
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Table 2. Results of chemical analysis of the samples.
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Sample

	
Chemical Composition, wt.%




	
SiO2

	
Al2O3

	
MgO

	
Na2O

	
Loss on Ignition, %






	
MT-Al0-ac

	
59.1

	
-

	
21.0

	
0.04

	
13.1




	
MT-Al0 gel

	
61.2

	
-

	
32.2

	
0.02

	
6.6




	
MT-Al0-ox

	
52.6

	
-

	
27.3

	
0.13

	
12.9




	
MT-Al0.5-ac

	
52.7

	
7.5

	
11.7

	
4.47

	
17.4




	
MT-Al05 gel

	
58.1

	
13.8

	
13.1

	
2.76

	
8.9




	
MT-Al0.5-ox

	
57.3

	
10.8

	
16.2

	
0.20

	
11.0
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Table 3. Specific surface area and zeta potential of the sample surface.
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	Sample
	SSA a, m2/g
	n
	ζ-Potential, mV





	MT-Al0 gel
	188 ± 15
	4
	−11.8 ± 1.9



	MT-Al0-ac
	134 ± 7
	6
	−10.3 ± 0.6



	MT-Al0-ox
	84.7 ± 12
	10
	−18.6 ± 2.5



	MT-Al0.5 gel
	184 ± 15
	4
	−25.4 ± 0.8



	MT-Al0.5-ac
	89.3 ± 11
	9.5
	−22.5 ± 2.2



	MT-Al0.5-ox
	67.4 ± 8
	13
	−17.2 ± 2.6







a-SSA—specific surface area (m2/g).
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Table 4. Equation constants of methylene blue adsorption isotherms.
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Samples Morphology

	
qexp

	
Langmuir Equation

	
Freundlich Equation

	
Dubinin-Radushkevich




	
qm

	
KL,

	
R2

	
n

	
KF

	
R2

	
qm

	
β

	
E

	
R2






	
Al0 gel

	
70 ± 1

	
69 ± 4

	
(5.1 ± 0.2) × 10−2

	
0.97

	
6.1 ± 0.8

	
25 ± 3

	
0.99

	
63 ± 2

	
7.2 ± 0.1

	
0.30 ± 0.06

	
0.6




	
Al0-ox

	
164 ± 11

	
158 ± 7

	
0.45 ± 0.1

	
0.97

	
7.7 ± 1.1

	
80 ± 7

	
0.98

	
202 ± 15

	
(1.1 ±0.2) × 10−3

	
21 ± 1

	
0.97




	
Al0-ac

	
305 ± 10

	
282 ± 18

	
0.7 ± 0.3

	
0.94

	
10 ± 2

	
166 ± 17

	
0.98

	
411 ± 34

	
(5.0 ± 0.1) × 10−3

	
10 ± 2

	
0.97




	
Al0.5 gel

	
402 ± 10

	
383 ± 20

	
(2.5 ± 0.7) × 10−2

	
0.97

	
8 ± 2

	
190 ± 29

	
0.95

	
459 ± 22

	
(5.0 ± 0.1) × 10−3

	
10 ± 1

	
0.95




	
Al0.5-ox

	
111.5

	
117 ± 3

	
(1.3 ± 0.2) × 10−2

	
0.99

	
8 ± 3

	
58 ± 12

	
0.97

	
154 ± 9

	
6.7 ± 0.2

	
0.30 ± 0.02

	
0.99




	
Al0.5-ac

	
150 ± 5

	
145 ± 28

	
(8.4 ± 0.8) × 10−2

	
0.99

	
9 ± 1

	
84 ± 6

	
0.98

	
182 ± 33

	
9.6 ± 0.5

	
0.20 ± 0.04

	
0.99








qm—maximum sorption capacity (mg/g), qexp—experimental value of sorption capacity (mg/g); KL—Langmuir constant related to adsorption free energy (L/g); KF—Freundlich constant related to adsorbent capacity; β—the Dubinin–Radushkevich isotherm constant, mol2/(K2∙J); E—the adsorbate energy per molecule as the energy needed to remove molecules from the surface, kJ/mol.
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