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Abstract. 
Organobentonite powder was synthesized and characterized using laser diffraction, X-ray diffraction, low-temperature nitrogen adsorption-desorption technique, and dynamic light scattering. Obtained powder was found as material with mesopores. The organobentonite particles were larger than pure bentonite one. Hydroxyethyl cellulose (HEC) was filled with organobentonite particles by mechanical dispersion, and produced composite films were researched by the number of methods. New data relating to structure, tensile properties, and antimicrobial activity of HEC/organobentonite composites were obtained. Using results of X-ray diffraction, the reflections assigned to crystal filler in polymer material were proved. Concentration effect of the filling agent on tensile properties of composite film was revealed. Data of infrared (IR) spectrometry indicated a decrease in the density of hydrogen-bond net in HEC/organobentonite composite as compared with pristine HEC. Using microbiological tests, it was found that the HEC/organobentonite films exhibited bacteriostatic action against S. aureus and fungistatic action against molds. 



1. Introduction
In recent years, organic/inorganic composites have attracted much attention of researchers because of the perspective use of these materials in instrument engineering, electronics, building sector, food industry, medicine, and so on. Insertion of fillers results in modifying the pristine polymer matrix, which can lead to creation of materials with improved physical and chemical properties and the main service characteristics (mechanical, electrical). There are numerous publications devoted to the mechanical, optical, tribological, and thermochemical properties and structure of polymers containing different inorganic fillers [1–10].
Layered aluminosilicate is a commonly used material for the production of polymer composites [11, 12]. It has been used to enhance many properties of polymers such as modulus, thermal stability, flame retardancy, rheological behavior, and permeability [13]. The abundant montmorillonite (MMT) and bentonite (at least 70% of MMT) clays show the greatest promise of the entire range of layered silicates [14, 15].
The MMT clay has a layered structure and excellent hydrophilic and cation exchange properties [14]. The MMT clay is composed of units made of two silica tetrahedral sheets centered with an alumina octahedral sheet, which is called 2 : 1 phyllosilicate and chemically it is a metal silicate. Its layers are stacked by weak dipolar or van der Waals forces, and it has both surface and edge charges [16]. Stacking of these layers generates van der Waals gaps or galleries. The galleries are occupied by the inorganic cations, such as Na+, Ca2+, and Mg2+. When the inorganic cations are exchanged with the alkylammonium cations, montmorillonite possesses a good compatibility with polymers [17–19].
Montmorillonite is widely used for the preparation of polymer composites. Recent research focuses on incorporating layered silicates, especially Na-MMT, that could be used as the reinforcing phase due to the latter’s very high aspect ratio (~100). Thus, with a very low loading of MMT (1–10%), the produced nanocomposites exhibit up to tenfold increase in mechanical, thermal, electrical, and barrier properties [20, 21].
However, it is very difficult to achieve full dispersion of clay inside the polymer matrix. To achieve better dispersion, clay may be modified with various cationic surfactants including quaternary ammonium, phosphonium, and imidazolium ions. Organomontmorillonite clays, for example, can be obtained through the ion exchange reaction between cations in basal planes of the clay (Na+, Ca2+) and organic cations. This cation exchange process results in the expansion of the interlayer spacing and an increase in the basal spacing of the MMT [22].
Shah et al. [22] have emphasized that quaternary ammonium salts are commonly used for making organically modified clay because of their versatile functionalization compared to the other siloxane and phosphonium ion-based surface active agents. Moreover, the modification using these surfactants takes place through relatively simple and facile cation exchange process, which makes it a preferred route over the other options.
Thus, studies of organomontmorillonite and organobentonite clays remain relevant at the present time. The major direction of these studies involves the use of listed materials as fillers in polymer matrices and production of composites.
Hydroxyethyl cellulose is one of the best known polymers from the cellulose family of which the hydroxyl groups are replaced by hydroxyethyl groups. It has excellent film forming ability, biocompatibility, and biodegradability which makes it a suitable material for biomedical applications. Composites of natural biopolymers with aluminosilicates are used as packaging materials in the food industry [23]. Furthermore, clays are known to exhibit biological activity; hence, biopolymers modified with inorganic particles on base of MMT can be used to design antimicrobial drugs and matrices for drug delivery.
It should be noted that information relating to physicochemical properties and biological activity of such biopolymers is insufficient. In this connection, purposes of the current paper are synthesis and characterization of the organobentonite powder, production and study of structure, optical, mechanical properties, and antimicrobial action of the HEC/organobentonite composite films.
2. Materials and Methods
2.1. Materials
Hydroxyethyl cellulose (Hercules, US) with a molecular weight of 250000 was used as a template to produce the composite films. Organobentonite was used as the filling agent. Bentonite, sodium chloride, and hexadecyl trimethyl ammonium chloride (HDTMA-Cl) for synthesis of organobentonite were purchased from Sigma Aldrich, US.
2.2. Synthesis of Organobentonite Powder
At first, bentonite clay was concentrated with sodium ions. For this purpose, the bentonite batch (10 g) was immersed into an aqueous solution of 1 M NaCl (500 ml) by intensive stirring for 72 hours. Resultant suspension was washed by distilled water to remove the chloride-ions, centrifuged, and dried at a temperature of 373 K. HDTMA-Cl was chosen as a surfactant and 50 ml of HDTMA-Cl aqueous solution (20%) was prepared. Then the prepared HDTMA-Cl solution was gradually added to aqueous solution (500 ml) of bentonite concentrated with sodium ions (above-mentioned) by intensive stirring using the magnetic stirrer for 72 hours. Final product was washed by distilled water, centrifuged, and dried at a temperature of 373 K. Scheme of organobentonite synthesis is represented in Figure 1.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
			
		
			
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 1: Scheme of organobentonite synthesis.


2.3. Fabrication of the HEC/Organobentonite Composite Films
The aqueous HEC solutions and HEC/organobentonite solutions were prepared based on different mass ratio and stirred on a magnetic stirrer at a rate of 180 rpm for 72 h until a homogeneous gel was obtained. The homogeneity of gel was measured using an optical microscope Boetius (Germany): gel was homogeneous on the optical level. Then the obtained polymer solutions were casted onto a Teflon substrate followed by keeping at 293 K for 7 days to remove the solvent. By this technique, we prepared five samples of the composite films with various filler percentage (0.5, 1, 3, 5, and 10 wt.%). Unmodified HEC film was made by the solution cast method as well. The samples thickness was in the range of 25–35 μm.
2.4. Laser Diffraction
The sizes of the organobentonite particles were determined by a laser particle sizer (Fritsch Analysette 22 Compact, Germany) in the 0.3–300 μm range.
2.5. Low-Temperature Nitrogen Adsorption-Desorption Isotherms
Porosity of the organobentonite powder was estimated using a low-temperature nitrogen adsorption-desorption method. Before the adsorption measurements, the samples were degassed for 7 h at 363 K. Isotherms were recorded at 77 K by a Quantachrome Nova 1200 surface area analyzer (US). Three measurements were performed for each sample. Analysis of isotherms was carried out using Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), and Frenkel-Halsey-Hill (FHH) models. The results were represented as mean values ± standard deviations.
2.6. Optical Microscopy
The prepared samples of the HEC films and the HEC/organobentonite composite films were examined using a DMBA 310 microscope (Motic, Spain).
2.7. Scanning Electron Microscopy (SEM)
The HEC films and the HEC/organobentonite composite films were coated with a layer of platinum. Surface morphology of the prepared samples was investigated by JEOL JSM-5400 scanning electron microscope (Japan). All samples were examined using an accelerating beam at a voltage of 10 kV.
2.8. X-Ray Diffraction
The crystal structures of the organobentonite powder, the pure HEC films, and the HEC/organobentonite composites were evaluated with X-ray diffraction measurements on the base of Debye-Scherrer scheme. Wide-range X-ray diffraction patterns of both powder and film samples were obtained using a DRON-UM1 X-ray diffractometer (Russia) equipped with CuКα radiation ( = 0.154 nm). X-ray diffractometer was modernized for substances in condensed and polycrystalline state. A scan rate of 1 degree/min was used.
The crystallites size, , was determined using the Scherrer equation [25]:where  is the full width at half maximum and  is the Bragg angle. Interlayer distance, , was calculated using Bragg’s law:where  is the order of reflection.
The Segal method (peak height method) was used to calculate the crystallinity, , of the samples [26]: where  is the height of the (200) peak, which represents both crystalline and amorphous phases, and  is the lowest height between the (200) and (110) peaks, which represents amorphous material only.
2.9. IR Spectroscopy
For infrared (IR) spectroscopy of organobentonite, HEC, and HEC/organobentonite composites, the samples were prepared by dispersing into KBr and pressing to pellets. Transmission IR spectra were recorded by an Avatar 360 FT-IR ESR spectrometer with Fourier transform (Thermo Nicolet, US) in the wavenumber range of 4000–400 cm–1 with 16 scans and a resolution of 0.9 cm−1.
2.10. Electrokinetic Measurements
A surface charge (zeta potential) of the particle in suspension was measured by dynamic light scattering using a ZetaSizer Nano system (Malvern Instruments Inc., UK). For this purpose, bentonite and organobentonite powders were dispersed in water with neutral pH value.
2.11. Mechanical Tests
Tensile properties of both pure HEC films and HEC filled with organobentonite particles were measured under the conditions of uniaxial extension using the UTS 10 universal testing machine (UTStestsysteme, Germany). Before mechanical testing, the samples were kept in a desiccator for one day. For measurements, the films were cut into strips (2 mm × 20 mm) and then fixed between upper and lower platen of the tensile tester. Tests were conducted at the strain rate of 20 mm/min. The tensile strength, σ, and the breaking elongation, ε, were determined tacking into account the film thickness. No less than five tests were performed for each sample. The results have been represented as mean values ± standard deviations.
2.12. Microbiological Assays
Antimicrobial activity of the HEC films and the HEC/organobentonite composite films was screened against Gram-positives bacteria Staphylococcus aureus Rosenbach 209-P and fungi association consisting of Aspergillus niger F-2481, Cladosporium gossipicola Pidopl F-1902, and Cladosporium resinae Albida F-2034. Bacterial and fungal cultures were purchased from All-Russian collection of microorganisms-VKM (Moscow, Russia).
Study of bacteriostatic effect was performed by Kirby-Bauer disk diffusion method [27, 28] that was as follows. We have inoculated an aqueous suspension bacterial spores into the nutrient medium melted and cooled down to 45–50°C. Concentrations of bacterial spores were equal to  CFU/ml. Plain agar was used as a nutrient medium. A bacterial mixture was prepared using a turbidity standard. The mixture was then thoroughly blended and poured into Petri dishes that were placed on a strictly horizontal surface. After whole congelation, we put the test film specimens on the surface of congealed mixture and placed Petri dishes into a desiccator, in the bottom of which distilled water is poured. Then we placed the desiccator into the thermostat at a temperature of °C for 24 hours.
Other method was used to evaluate the stability of studied polymer materials against fungi association. We have placed the test film sample on the sterile Petri dish bottom and applied a fungus suspension onto it. Then we have put Petri dish into a desiccator, in the bottom of which distilled water is poured, and put the desiccator into the thermostat at a temperature of °C. Duration of tests was 28 days. Every 7 days we have opened the cover of the desiccator for the air intake and conducted a preliminary examination of the samples.
Finishing the experiences (in 24 hours for bacteria and in 28 days for fungi), we took the film samples and assessed stability against microorganisms.
3. Results and Discussion
3.1. Characterization of Organobentonite Powder
3.1.1. Granulometric Composition
Figure 2 shows the results of the laser diffraction for organomodified clay and bentonite (in insertion). The quantitative adjectives of the particle-size distributions are represented in Table 1.
Table 1: Quantitative adjectives of the particle-size distributions for the researched powders.
	

	Powder	 Mode (μm)	 Average size (μm) 	 Sizes relating to
 percentiles (μm)
	10%	50%	90%
	

	Organobentonite	63.9	74.8	20.4	69.4	127.6
		5.6	3.2	1.5	4.0	7.9
	


 for bentonite were found previously [24].






	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
		
	


Figure 2: Profile and bar chart of particle-size distribution for the organobentonite powder and bentonite (in insertion).


It can be seen that organobentonite predominantly contains particles less than 250 μm in diameter. Size distribution is monomodal with peak at 63.9 μm. On base of data analysis, it can be concluded that modification of bentonite by HDTMA-Cl results in a considerable enlargement of particles: the mode (maximum of particle-size distribution) increases from 5.6 to 63.9 μm; the average size rises from 4.5 to 74.8 μm. From the cumulative distributions, the sizes corresponding to 10%, 50%, and 90% of particles population were determined. These values have been listed in Table 1, too. The findings also demonstrate that the organobentonite particles are larger compared to basic bentonite.
3.1.2. Porous Structure
In order to determine the structural and adsorption parameters of organobentonite powder, the nitrogen adsorption/desorption isotherm was recorded. We concluded that the observed isotherm was of type II (Figure 3(a)), and synthesized powder was found as material with mesopores [29].




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
		
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
		
		
	


Figure 3: Isotherms of low-temperature nitrogen adsorption-desorption for organobentonite (a) and bentonite (c). BJH pore size distribution for organobentonite (b) and bentonite (d).


Analysis of the recorded isotherm was carried out using Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), and Frenkel-Halsey-Hill (FHH) models [30–34]. Figure 3(b) shows the pore size distribution for organobentonite powder that is plotted using the BJH model. It can be seen that it is monomodal. A specific surface area was determined from isotherm using both BET and FJH models ( and , resp.).
Previously in [24], we reported on researches the porous structure of bentonite. The results are shown in Figures 3(c) and 3(d). Table 2 shows the following numerical parameters of porous structure determined for organobentonite powder, as well for bentonite [24]:  is the total pore volume defined as the volume of liquid nitrogen corresponding to the amount adsorbed at a relative pressure of .  is the average pore diameter.  is the most probable pore diameter corresponding to the peak of the pore size distribution.  is the surface fractal dimension of porous material.
Table 2: Quantitative parameters of porous structure for bentonite and organobentonite powders.
	

	Parameter	Organobentonite 	
	

	 (m2/g)	25	58
	 (m2/g)	19	45
	 (cm3/g)	0.040	0.101
	 (nm)	6.28	6.98
	 (nm)	4.05	4.03
		2.65	2.76
	


 for bentonite were found previously [24].


It can be seen in Table 2 that for modified clay the specific surface area and the total pore volume are much less than for pure bentonite. Apparently, the reason for this effect is that the HDTMA-Cl particles fill the pores of the clay, resulting in reduced interface area. It should be noted that the pore filling behavior does not change the position of the distribution maximum when filling. But for organobentonite powders, the average pore size is smaller than for pure bentonite. This means that fraction of the large-dimension pores is reduced due to modification of clay with the surfactant particles. Conclusion on reduction of the specific surface area because of filling with the HDTMA-Cl particles is consistent with the data reported by Shah et al. [22] for montmorillonite modified with some quaternary ammonium surfactants.
To quantitatively evaluate the heterogeneities of surface, the fractal FHH model [34] was applied. Namely, data of low-temperature nitrogen adsorption/desorption were utilized to determine the surface fractal dimension of porous material, , taking into account the adsorbate surface tension effects. As can be seen in Table 2, for organobentonite,  value is less than for pure bentonite. That is, the modification of clay with the HDTMA-Cl particles results in smoothing of the surface.
3.1.3. Zeta Potential of the Bentonite and Organobentonite Particles in Suspensions
In order to prove the structural modification on surface of clay by the adsorption of HDTMA-Cl, zeta potential measurement was performed and the surface charge of the particles was determined.
The zeta potential value of bentonite was found to be −30.6 mV indicating that its surface is negatively charged. But the modification of clay with HDTMA-Cl resulted in a shift in the -potential value nearly 100 mV, so that the surface of the particles becomes positively charged (+67.3 mV). This effect is caused by the incorporation of the positively charged surfactant particles in the clay interlayer space. Such large value of the zeta potential is pointed to the strong stability of the colloidal system.
3.2. Structure and Properties of Hydroxyethyl Cellulose Filled with Organobentonite
3.2.1. Surface Morphology
Optical microscopy and scanning electron microscopy were used to analyze the distribution of the modified clay particles in the polymer matrix. Figure 4 shows the obtained micrographs for pure HEC and HEC/organobentonite composite containing 3 wt.% of filler. As seen in Figure 4(a), the surface of pure polymer is smooth, without any distinctive features; that is, the films are homogeneous on the optical level. Figure 4(b) shows that, in the HEC film with 3 wt.% of organobentonite, the filler particles with various sizes and shapes are fairly evenly distributed.
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(b)
Figure 4: Optical micrographs of the HEC films filled with organobentonite, wt.% of filler: (a) – 0; (b) – 3.


The data obtained by optical microscopy are consistent with the results of SEM (Figure 5). Polymer film without organoclay shows clear and smooth surface morphology. In contrast, in films filled with 3 wt.% of organobentonite, good dispersion of filler particles in HEC matrix can be observed, but also agglomerates with varying size are noticed (Figure 5(b)).
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(b)
Figure 5: SEM images of the HEC films filled with organobentonite, wt.% of filler: (a) – 0; (b) – 3.


3.2.2. Crystal Structure
Figure 6 shows the X-ray diffraction patterns of organobentonite and bentonite (reported previously [24]). The XRD pattern of bentonite (a) contains a well-pronounced reflection at , which corresponds to a distance between aluminosilicate basal surfaces of 1.26 nm. This characteristic peak is assigned to the (001) plane in a good agreement with a reference pattern for montmorillonite (JCPDS card number 29-1498). Modification of bentonite by the HDTMA-Cl particles results in displacement of the reflection (001) towards  (Figure 6(b)) and increase in the interplanar distance from 1.26 to 2.13 nm (Table 3). This conclusion is consistent with the data of [22, 35] in which the montmorillonite clays modified with quaternary ammonium salts were researched.
Table 3: Results of XRD analysis for bentonite and organobentonite powders.
	

	Powder	2θ0 (deg)	 (deg)	d (nm)	L (nm)
	

	Organobentonite	4.14	0.85	2.13	9.30
		7.02	1.45	1.26	5.73
	


 for bentonite were found previously [24].






	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
				
				
				
			
			
				
				
				
				
			
		
	


Figure 6: XRD patterns for bentonite (a) and organobentonite (b).


The crystallite size, , determined by (2), for organobentonite (9.30 nm) is larger than for pure bentonite (5.73 nm). It indicates the incorporation of the HDTMA-Cl particles into clay crystal grains.
Using X-ray analysis, we also received information on the structural changes taking place in formation of polymer composites.
Figure 7 shows the X-ray diffraction patterns of pure HEC and HEC/organobentonite composites. Pure HEC film shows the presence of two broad diffraction maxima (halo) centered at  = 9°-10° and 20° (Figure 7, pattern 1), which are typical for the semicrystalline structure of this polymer [36, 37]. The absence of HEC reflection at angles smaller than 8° allows one to detect structural changes of filler in the composite film. In the diffractograms for HEC/bentonite and HEC/organobentonite (patterns 2 and 3), the reflections at  = 4°-5° appear which indicates the presence of crystal filler in composite material.




	
	
		
			
		
			
				
					
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


Figure 7: XRD patterns for HEC ( 1), HEC/bentonite (1 wt.% of filler) composite films ( 2), and HEC/organobentonite (1 wt.% of filler) composite films ( 3).


It was shown above that the modification of bentonite by HDTMA-Cl resulted in increase in the interlayer distance and average crystallite size in clay (Table 3). We can therefore expect that the structural-crystal characteristics of HEC/organobentonite composites will be different from the same characteristics for HEC/bentonite composites. Figure 7 shows this difference: intensity of the aluminosilicate reflection (001) in pattern 3 is significantly higher than in pattern 2. Note for HEC/organobentonite composites that the crystallites size, , and the interlayer distance, , calculated by (1) and (2), respectively, increase with the filler content (Table 4). Also, Table 4 shows the crystallinity values of the polymer composite as a function of the filler concentration determined by the Segal method. However, there are no distinct trends. It can be assumed that this is due to the insufficient accuracy of the Segal method [38].
Table 4: Structural-crystal characteristics of the HEC/organobentonite composite films.
	

	Material	2θ0 (deg)	d (nm)	L (nm)	
	

	HEC/organobentonite (0.5 wt.%)	4.64	1.90	9.7	0.76
	HEC/organobentonite (1 wt.%)	4.47	1.97	10.0	0.93
	HEC/organobentonite (5 wt.%)	4.34	2.03	11.2	0.90
	



3.2.3. Tensile Strength
The tensile strength and the breaking elongation for the produced HEC/organobentonite composite films were found to be comparable to those of pure hydroxyethyl cellulose. It can be seen in Figure 8 that insertion of filler (up to 3 wt.%) into the hydroxyethyl cellulose matrix resulted in growth in tensile strength. Further increase in the filler concentration (up to 5 wt.%) reduced the σ value, possibly due to aggregation of the aluminosilicate particles. It should be noted that similar nonmonotonic dependence of tensile strength on the modified agent concentration was reported by Alexandre and Dubois [39] for the polyimide matrix filled with montmorillonite (main component of bentonite).




	
	
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
			
			
				
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
			
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
			
				
			
				
			
				
			
				
			
				
			
				
		
		
		
		
			
				
			
		
		
			
		
		
			
		
			
		
			
	


Figure 8: Concentration dependence of the tensile strength (1, 2) and the breaking elongation (3, 4) for HEC/bentonite (solid symbols) and HEC/organobentonite (open symbols) composite films.


Also Figure 8 shows increase in breaking elongation for films when the organobentonite content grows. Therefore, it is of great significance since it indicates the way to increase the deformability of polymer materials on base of hydroxyethyl cellulose.
The data obtained in this study are important in determining the filler concentration range that is permissible in the operation of polymer films.
3.2.4. Infrared Spectroscopy
Interaction between hydroxyethyl cellulose and filler can be investigated by analyzing the IR spectra of organobentonite, HEC, and HEC/organobentonite composite which are represented in Figure 9.




	
	
		
			
		
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
				
				
			
			
				
				
				
			
			
				
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


Figure 9: IR spectra of organobentonite ( 1), HEC ( 2), and HEC/organobentonite ( 3).


The IR spectrum of organobentonite (Figure 9, spectrum 1) displays bands at 3630 and 3400 cm−1 in the hydroxyl (–OH) stretching vibration region. The band at 3630 cm−1 is attributed to Me–OH (Me = Si, Mg, or Al) bonds, and the last broad one is attributed to hydrogen-bonded interlayer/adsorbed water. In the spectrum of organobentonite, there are bands at 2924 and 2851 cm−1, which are assigned to the antisymmetric and symmetric stretching vibrations of methylene groups (–CH2–) of the modifier aliphatic chains. In addition, there is also a sharp (–CH2–) bending vibration band at 1475 cm−1 [22]. the band at 1640 cm–1 belongs to the bending vibrations of the adsorbed H2O molecules. The intense broad band with the maximum at 1042 cm−1 corresponds to the Si–O–Si stretching vibrations of the SiO4 tetrahedra in the silicon-oxygen framework [40]. The band at 917 cm−1 is assigned to a vibration mode of Me–O– (Me,  = Mg, Al or Si) and the bands at 523 and 469 cm−1 are assigned to Si–O–Si bending mode [41]. The narrow band at 796 cm–1 corresponds to bending vibrations of silanol groups [42, 43].
The IR spectrum of the pure HEC film (Figure 9, spectrum 2) displays the broad band in the range of 3700–3000 cm−1 (maximum at 3423 cm−1) which is attributed to OH stretching mode. These hydroxyl groups are not free but enter into different modes of hydrogen bonds. In the absorption range of 3000–2800 cm−1, there are CH stretching vibrations of CH3 and CH2 groups. The absorption band at 1651 cm−1 corresponds to adsorbed water. The band at 1458 cm−1 contains the bending planar vibrations of the C–H and O–H bonds. The band at 1430 cm−1 contains the bending vibrations of the CH2 groups. The band at 1060 cm−1 is assigned to the stretching vibrations of C–O bonds in the alcohol and ether groups. Band at 933 cm−1 is attributed to bending vibrations of the CH groups. The absorption band at 890 cm−1 is assigned to C–O–C stretching at β-(1→4)-glycosidic linkages [44–46].
Spectrum 3 in Figure 9 is the IR spectrum of HEC/organobentonite composite containing 5 wt.% of filler. It shows the differences in contrast to the spectrum of HEC. The maximum of band in the region of 3700–3000 cm−1 is shifted by 7 cm−1 towards smaller wave numbers in the composite spectrum.
For the characteristics of these bands in the spectra of HEC and the composite, a symmetry index was used. The symmetry index is defined as the ratio of the left and right sides of the width of the absorption band at 3700–3000 cm−1 (OН-group), measured from the middle of the perpendicular drawn through the maximum of the band. The results are presented in Table 5. The increase in the symmetry index suggests that modification HEC with organoclay reduces the density of hydrogen-bond net of polymer. The maximum of water absorption band (1651 cm−1) is shifted by 11 cm−1 towards smaller wave numbers in the composite spectrum. This indicates a decline in the water concentration in the HEC/organobentonite composite film.
Table 5: Infrared crystallinity and symmetry indexes for pure HEC and HEC/organobentonite composites.
	

	Sample	Crystallinity index 	Symmetry index
	

	Pure HEC	1.37	3.78
	HEC/organobentonite	1.11	5.94
	



In addition, a crystallinity index was calculated as the ratio of the absorption band at 1430 cm−1 to the band at 890 cm−1 [47] (Table 5). The decrease in the values of the crystallinity index, , and the increase in the symmetry index for the HEC/organobentonite composite in comparison with similar characteristics to the unmodified HEC are due to the increase in the proportion of the amorphous regions in the polymer structure when modifying with organoclay.
Note that this conclusion does not correlate with the data of X-ray diffraction (Table 4). Similar mismatch is very common because the crystallinity values highly depend on the measurement method as well as the data analysis [38].
3.2.5. Antimicrobial Activity
It was noticed above that modification by nanoparticles can result in occurrence of new properties of polymer, for example, biological activity.
In the current paragraph, we describe data of the tests that were performed to compare antimicrobial action of the pure HEC films and HEC/organobentonite composite films. For these purposes, spores of bacterial and fungal cultures were incubated under conditions that are optimal for their growth and development (Section 2.12), and effect of produced films was researched.
Quantitative assessment of bacteriostatic action for the researched film materials against S. aureus was performed using width of a lysis zone as a measurable parameter. The lysis zone is the inhibition zone of bacterial growth formed in the nutrient medium. Figures 10(a) and 10(b) display the distinct lysis zone around the sample of the HEC/organobentonite composite film containing 5 wt.% of filler. But pristine HEC and HEC filled with organobentonite (less than 5 wt.%) do not exhibit bacteriostatic action against S. aureus (Table 6). From the data, we can conclude that hydroxyethyl cellulose exhibits bacteriostatic action as a result of doping with organobentonite (no less than 5 wt.% of filler). Apparently, one of the reasons of microorganisms inactivation is that organobentonite can adsorb the pathogenic bacteria and retain them within composite. This provides a physical barrier against bacterial development.
Table 6: Antibacterial activity of the HEC/organobentonite composite films against S. aureus.
	

	Filler content, wt.%	Size of the lysis zone (mm)
	

	0	0
	0.5	0
	1	0
	5	
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(b)
Figure 10: Effect of the filler concentration in the HEC/organobentonite composite films on inhibition of S. aureus growth: (a) HEC/organobentonite composite films with various filler concentrations, wt.%: 0 ( 1), 0.5 ( 2), 1 ( 3), and 5 ( 4); (b) HEC/organobentonite composite film with 5 wt.% of filler (on an enlarged scale).


Antifungal activity of the pure HEC films and the HEC/organobentonite composite films was researched against association of molds listed in Section 2.12. For these purposes, the other method (qualitative) was used. The data presented in Table 7 have indicated that growth of microorganisms was not detected on the surface of all films. So, the pure HEC films and HEC filled with organobentonite have fungal resistance.
Table 7: Biostability of the HEC/organobentonite composite films against molds.
	

	Filler content (wt.%)	Test results
	

	0	—
	0.5	—
	1	—
	5	—
	


 of microorganisms was not detected.


Thus, from the biological activity tests of hydroxyethyl cellulose filled with organobentonite, we have found that researched materials have exhibited antimicrobial action against a number of pathogenic bacteria and fungi. It should be noted that choice of these test cultures is due to that these species cause diseases of animals and humans and dominate during the biological corrosion of technical materials.
4. Conclusion
In the present paper, organobentonite particles were loaded into the hydroxyethyl cellulose matrix by mechanical dispersion, and composite films were obtained. The findings have shown that organobentonite proved to be quite effective modifiers for hydroxyethyl cellulose. Effect of the filler concentration on the structure and mechanical properties of polymer films was detected. It was found that HEC/organobentonite films can inhibit the growth of a number of pathogenic bacteria and fungi. The resulting data will provide better understanding of the preparation principles for such composites and formulation of new ideas and approaches that can give additional stimulus to the development of advanced technologies.
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