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Abstract

:

This paper presents the results of obtaining a composite film based on polyimide track membranes filled with a silica filler, although the issue of the deposition of this filler in the pores of the given membranes remained unexplored. The filler was obtained by hydrolysis of tetraethoxysilane using an alkaline and acid catalyst. This paper presents the results of the effect of the tetraethoxysilane hydrolysis reaction catalyst on the precipitation of hydrolysis products in the pores of the polyimide track membrane. The factors influencing the formation of silicon oxide nanofibers within the matrix template (polyimide track membrane) are determined. It was found that the use of an acid catalyst provides the highest rates of filling, while when using an alkaline catalyst, the filling is practically not observed, and only single pores are filled. The properties of the composite film obtained were investigated. SEM images of the surface and chip of the composite while using alkaline and acid catalyst are presented. The spatial structure of composite films based on track membranes was investigated by FTIR spectroscopy. The hydrolysis of tetraethoxysilane in an acid medium significantly decreases the optical density index of the membranes and simultaneously increases their light transmission index. The greatest changes are observed in the range of 500–1000 nm, and there are no detectable changes in the range of 340–500 nm. When using an alkaline catalyst, there is not the same significant decrease in the relative optical density index D.
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1. Introduction


The production of nanosystems based on high-purity silicon oxide, as well as precipitation of silicon oxide on various substrates, has a number of practical applications. These applications range from creating mesoporous adsorbents and nanofilters to obtaining antireflective coatings on optical glass [1,2,3,4]. In addition to the abovementioned applications of such systems, it is of great interest to study the properties of the composite polymeric materials filled with them. For example, treatment with vacuum ultraviolet (λ = 90–115 nm) of a polymer composite based on high-impact polystyrene and organosiloxane filler increases the solar radiation absorption by ∼15%, which was noted in the corresponding study [5].



While creating filled compositions, including polymeric ones, there is one essential restriction, which is the impossibility of introducing a significant amount of functional filler without the composite losing its strength characteristics. This restriction can be successfully eliminated by modifying the surface of the filler with various modifiers, including those containing silicon oxide [6,7]. In terms of quality, such systems significantly differ from their unmodified counterparts [8]. However, this solution is only applicable for polymer compositions—in which the filler is introduced before the polymer matrix is formed, such as in the method of hot pressing—or if it is necessary to introduce a significant amount of filler (more than 10% vol).



Polyimide track membranes are films in which there are many through pores, most often cylindrical and of the same size [9,10,11]. There are a number of works in which the creation of polymeric composites was carried out by deposition of metal salts in pores of polymer nuclear membranes [12,13], although the issue of deposition of silica filler in the pores of the given membranes remains unexplored.



In the case of an existing polymer matrix template, such as a track membrane, it is necessary to form the filler directly within the template or to obtain the filler of a strictly defined size for its subsequent introduction into the template. Theoretically, this technology has an advantage over volumetric composite molding, namely, the relative uniformity of filler distribution in the volume of the matrix. The uniformity of filler distribution in the volume of the matrix plays an important role if a small amount of filler needs to be introduced [14,15,16].



In most cases, the synthesis of silica fillers for composite systems is implemented by the sol-gel method with the use of a catalyst to accelerate the process [17,18,19]. In the process of silica filler production, the base catalyst is most often used due to the fact that it provides the necessary dynamics of the sol-gel system during tetraethoxysilane (TEOS) hydrolysis to form spherical structures of a regular shape [20,21]. In addition to the change in system viscosity (sol-gel transition), the resulting structure of the polycondensation reaction products significantly differs. Thus, a linear polymer is formed in an acid medium, while a branched cluster is formed in a base medium [22].



The most commonly used method for obtaining structures of this class is the Stöber process [23], which is represented by the growth of new layers around the core seeds. In general, the process is represented by layer-by-layer growth of silicon oxide particles on the surface of the primary nucleus, in some cases, the synthesis homogeneously proceeds in one stage, but a multistage variation of this method—which allows the synthesis of highly spherical silicon dioxide-based nanostructures by heterogeneous synthesis—is also widely studied. With a sufficiently accurate selection of the parameters of this process, including the introduction of cyclohexane molecules at the first stage to create seeds (heterogeneous synthesis), it is possible to obtain monomodal systems of spherical nanostructures in the size range of 20–100 nm with a size deviation of ∼5% [20]. The technology of silicon dioxide nanofibers production using electrospinning for their formation is also known [3,4]. It is noteworthy that the resulting nanofibers are represented by mesoporous silica gel with a spherical space unit [24].



The paper presents a method used to synthesize nanostructures of high-purity silica filler used for the modification of polymer composite based on a polyimide track membrane. The purpose of the work was to study the effect of the catalyst of the TEOS hydrolysis reaction on the precipitation of hydrolysis products in the pores of a polyimide track membrane to create a SiO2-filled composite film.




2. Materials and Methods


2.1. Synthesis of Silica Filler in Acid and Alkaline Media


A polyimide track (nuclear) membrane was used as a polymer matrix template. The SEM image of the membrane is shown in Figure 1.



The pore density of the Belgian (it4ip, Belgium) commercial track polyimide membrane was 5 × 108 cm−1. With an average pore size of 200 nm, their degree of filling is ≈1.57% vol, with the polymer ≈ 98.43% vol.



The following chemical reagents were used to produce the silica filler: TEOS (produced by EKOS-1 JSC, Russia), distilled (deionized) water, ammonium hydroxide 25% (Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany), and 96% acetic acid (Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany).



The process of silica filler production in a general form can be expressed in the form of a reaction, which in the case of complete flow is as follows:


  Si    (    OC  2   H 5   )   4  + 4  H 2   O     →  c a t .        SiO   2  + 4  C 2   H 5  OH  











Synthesis of the SiO2 filler was carried out in glass beakers with a lid with a total volume of the reaction mixture of 49.4 mL for each unit of glassware. The choice of this type of glassware was due to the necessity of placing the track membranes in them with their subsequent removal for drying. Because aqueous solutions of acids and bases do not mix well with TEOS, the first stage of hydrolysis (1.5 h) was performed with constant active stirring and heating of the reaction medium using an ultrasonic homogenizer (20 kHz, 60 °C). This allowed for a uniform distribution of the reagents throughout the reaction volume and an increase in the area of the contact boundary (aqueous medium—TEOS), which greatly affects the rate of the hydrolysis reaction.



An acidic hydrolysis medium was obtained by adding an aqueous acid solution per one mole of TEOS. The required reagents were premixed in a molar ratio of 2.46(H2O):0.012(acetic acid) to obtain a reaction mixture with pH ≈ 3.



To obtain an alkaline hydrolysis medium per one mole of TEOS, the necessary components were also premixed in the molar ratio 2.46(H2O):0.016(NH4OH) to obtain a reaction mixture with pH ≈ 11. The synthesis, analogous to acid hydrolysis, was performed in glass beakers with a lid and a total volume of the reaction mixture of 49.4 mL.




2.2. Membrane Treatment


Polyimide track membranes were pretreated with concentrated TEOS by placing them in the abovementioned alkoxide for 30 min under constant exposure to 20 kHz ultrasound and 20 W radiant power. This step was necessary to remove air from the pores. TEOS was chosen because PI track membranes are better wetted with non-polar liquids (contact angle for water ≈ 70 ± 5°, diiodomethane ≈ 40 ± 5). After the saturation of the membranes was completed, aqueous solutions of acid and base catalysts were introduced into the reaction volume, followed by the first stage of hydrolysis.



At the end of the first stage of hydrolysis, the membranes were extracted and washed in deionized water, followed by drying at 20 °C for one day. For the control samples, the light transmission spectrum was recorded, followed by a 1-h microwave treatment of the membranes at a frequency of 2450 Hz with a radiation power of 800 W. This step was necessary to effectively remove bound water and unreacted reagents from the silica filler obtained in the pores [25].




2.3. Research Method


The light transmission spectra of the track polyimide membranes were obtained using a LEKI SS1207 spectrophotometer (Finland). The spectral range of the spectrophotometer is from 325 to 1000 nm. The accuracy of the wavelength setting is ±2 nm.



In order to determine the spatial structure of the obtained composite film (polymer composite), we studied FTIR spectra obtained on a VERTEX 70 FTIR spectrometer (Bruker, Ettlingen, Germany).



X-ray powder diffractograms were obtained using ARL X’TRA (Thermo Fisher Scientific SARL, Ecublens, Switzerland).



A Being BV-50L vacuum drying oven (Being Instrument, Shanghai, China) was used for heat treatment.



Microwave treatment was performed using a NuWav-Pro microwave workstation (Nutech Analytical, Kolkata, India) at 800 W.



Ultrasonic treatment was performed using an ultrasonic laboratory unit (dispersant) И100-840 (Inlab Ultrasound LLC, St. Petersburg, Russia).





3. Results and Discussion


3.1. Spectrum of Light Transmission of Composites Based on Polyimide Track Membranes


Figure 2 shows the light transmission spectra of polyimide track membranes. The relative density index was set according to air (D = 0). The spectra for the membranes were recorded twice—before the microwave treatment and after that. The images were recorded in wavelength increments of 20 nm.



It is worth noting that the graphs have one common feature. In both cases, after hydrolysis and microwaves the spectra of the membranes show different parts, which closely replicate the features of the characteristic spectrum of a pure polyimide membrane. This property indicates the preservation of the porous structure of the track membrane.



As can be seen from the graphs shown in Figure 2, the TEOS hydrolysis in an acid medium significantly reduces the optical density index of the membranes and, simultaneously, increases their light transmission index. The greatest changes are observed in the range of 500–1000 nm, which corresponds to the long- and medium-wavelength range of the visible spectrum. In turn, in the 340–500 nm range, there are no detectable changes, and the membrane spectrum is characterized by a close-to-the-average spectrum of pure polyimide track membranes (Figure 2 line with triangular markers).



The decrease in the optical density of membranes after acid hydrolysis indicates the presence of SiO2. Silica nanofiller has an amorphous structure, which makes its optical properties similar to glass. Due to the formation of silica fibers in the membrane, light-conducting channels appear in the pores. In untreated membranes, part of the light flux is absorbed due to the non-perpendicular orientation of the pores, in the case of a treated membrane, this part of the light flux freely passes through.



The slight decrease in optical density of microwave-treated membranes most likely indicates the presence of hydrolysis products as well as unreacted TEOS and water in the nanofibrous filler. These liquids have different refractive indices, which are considerably higher than those of air, and their removal from the silica filler expectedly leads to a decrease in optical density. It is important to point out that after 1 h of microwave treatment, the surface temperature of the membranes was 142 ± 5 °C, which corresponds to the heating temperature of a pure polyimide membrane. It is most likely that the heating of polyimide membranes after microwave exposure is primarily due to the water content in both samples, in the case of the pure polyimide membrane, it is adsorbed from the air.



Figure 2 also shows the transmission spectra of the track polyimide membrane, the hydrolysis of the filler for this membrane was carried out with an alkaline catalyst. In contrast to the first variant of hydrolysis with an acidic catalyst, these membranes do not show the same significant decrease in the relative optical density D. The changes of this parameter are very small compared with the pure membrane and are within the range of variation of the given parameter for different samples of membranes. As in the first case, microwave treatment also leads to a slight decrease in the relative optical density within the wavelength range from 720 to 1000 nm, but these changes can also be considered insignificant.



As further studies have shown, the most complete removal of residual TEOS hydrolysis products using both acidic and basic catalysts can be achieved by subjecting the films to microwave treatment at 250 ± 5 °C for one hour, or by increasing the microwave treatment time to 3 h in the same mode. The removal of residual products of TEOS hydrolysis after microwave treatment is confirmed by EDX data (Figure 3). Atoms Si, O, and C were fixed in the silica filler before microwave treatment (Figure 3a). After microwave treatment, there is no further change in the optical density index for the track membrane samples and no traces of TEOS are detected within the silica filler, as indicated by the EDX spectra (Figure 3b).



Trace amounts of metallic chromium are detected due to the fact that, for EDX, it is applied as a coating on the surface of the sample (Figure 3).




3.2. FTIR Spectroscopy of Composites Based on Polyimide Track Membranes


To determine the content of hydrolysis products in the pores of the track polyimide membrane, FTIR spectra were analyzed for the clean and treated samples.



Figure 4 shows the FTIR absorption spectra for the membranes treated in different hydrolysis media followed by microwave treatment. The spectra of the pure polyimide track membrane and the membrane after treatment with hydrolysis products in an acid medium are also presented for comparison. The spectrum of the membrane after treatment with hydrolysis products with the base catalyst was not included in the following graph because it completely corresponds to the spectrum of the same membrane after microwave treatment according to the abovementioned procedure.



Table 1 presents the interpretation of the IR spectra of the track polyimide membranes considered in the work. Based on the IR spectra data and their interpretation, it can be noted that the treatment of the films with products of TEOS hydrolysis with acid catalyst significantly increases the peak at ≈1125 cm−1, which, in addition to oδ C-C and δip С-Н vibrations in the benzene ring in the corresponding bands clearly belonging to the polyimide membrane itself, is characteristic of organosilicon compounds (e.g., TEOS) and appears during the binding of Si-O-C ethoxy groups. In addition, there is an obvious increase in the absorption coefficient in the 2800–3700 cm−1 band, which corresponds to several compounds at once (O-H, valence longitudinal Si-OH, and H2O). Minor peaks in this band are observed both in the hydrolysis products and directly in the pure polyimide membrane, but in the membrane, they most probably belong only to the vibrations of H2O adsorbed from air-bound water in the pores. When considering the peak at ≈1125 cm−1, the complex structure of the silica filler (Figure 4 SiO2 pore filler) should also be taken into account. The structure of the filler also contains a certain amount of Si-O-C ethoxy groups. Thus, we can conclude that the significant enhancement of the absorption coefficient of the above band and peaks are explained by the presence of reagents and products of the hydrolysis reaction in the pores, in particular, SiO2 filler, water, and unreacted TEOS.



Considering the 1390–1360 cm−1 band, one can also note the enhancement of the peak at 1380 cm−1 for films after their treatment with TEOS hydrolysis products. This absorption band in polyimides (blue line in Figure 4) corresponds to the ν C-N bond, and for the pure film sample, this band is characterized by a doublet with peaks at 1380 cm−1 and 1372 cm−1. However, after treatment, the above doublet is smoothed to a band with approximately equal intensity throughout its length due to the enhancement of the peak at 1380 cm−1, corresponding to CH3 deformation symmetric vibrations. In view of the fact that the intensity of this peak does not decrease after heat treatment, this circumstance also indicates some content of hydrolysis products, including the silica filler precipitated in the membranes.



The presence of the silica filler in the membrane tracks can also be judged from the separate parts of the IR spectra. In the range from 400 to 1000 cm−1, relative enhancement of two peaks at once is detected, a peak at 472 cm−1 and a peak at 940 cm−1, related to the deformation vibrations of Si-OH and Si-O-Si, respectively [26]. These bonds are not present in TEOS molecules and are present only in the products of its complete and partial hydrolysis with the formation of a silica filler with a branched structure.




3.3. X-ray Phase Analysis of Silica Filler


In addition, the silica filler obtained as a result of the experiment was studied. Figure 5 shows the diffractograms of the silica filler powders immediately after hydrolysis (drying in a 120 ± 5 °C desiccator for 2 h) and treated for 1 h with a microwave frequency of 2450 Hz and a radiation power of 800 W.



It is evident from the diffractograms that microwave treatment and the presence of the template matrix do not cause obvious changes in the structure of the silica filler substance recorded by this method of study. For all four samples, the diffractograms are characterized by an amorphous halo with a broad peak within the 2θ area from 17.5° to 30°, which is characteristic of amorphous silica filler [27,28,29].



For silica fillers, the relative degree of crystallinity was estimated by a modified Segal method [30,31] using the following formula:


  C  I   (  X D R  )    =   A r e a   o f   c r y s t a l l i n e   d o m a i n   A r e a   o f   t o t a l   d o m a i n   · 100 %  











When evaluated by this method, the final index of crystallinity can significantly vary depending on the width of the selected range corresponding to the crystalline peak. With respect to the four samples presented in the study, the range of relative crystallinity index values are as follows: AC—40 ± 5%; AC + MV treatment—35 ± 5%; BC—38 ± 5%; BC + MV treatment—39 ± 5%. The indicated intervals of changes in the crystallinity index value overlap and, as a consequence, the difference between them can be considered insignificant. The presented relative crystallinity index values are within 40 ± 5%, which in general is typical for systems with a predominance of an amorphous phase when assessing the crystallinity index using this method.




3.4. Study of the Degree of Pore Filling


In order to study the obtained nanostructures and the degree of pore filling with silica filler, the membrane sample images were obtained for hydrolysis with different catalysts.



SEM images show a significant difference in the degree of pore filling depending on the catalyst used in the hydrolysis process. Thus, the use of an acidic catalyst provides the highest rates of filling (Figure 6a), while the use of an alkaline catalyst shows almost no filling and only single pores are filled (Figure 6b). In the micrographs, the different degrees of filling are reflected by the color change of the pores from gray, when the pore is filled, to dark gray or black, when the pore is not filled.



In addition to the different degrees of pore filling, it should also be pointed out that there is a significant difference in the type of nanostructures obtained. During hydrolysis with an acid catalyst, fibrous nanostructures that appear to resemble SiO2 nanofibers described in studies [3,4] are formed. It is most likely that in these structures the unit cells are represented by spherical particles and the resulting structure is mesoporous. This assumption is confirmed by studies of similar structures, as well as the presence of single nanospheres marked in the microphotographs.



In turn, base-catalyzed hydrolysis results in a system containing strictly spherical particles and their aggregates of irregular shape [20,21]. Some of these particles are still precipitated in the pores of the track polyimide membrane, but their number is small, and there are usually 1–3 nanoparticles per filled pore. It is also worth noting that the precipitation of nanospheres in the pores occurs at different depths and, as a consequence, in some pores, the particles may be at a considerable distance from the surface of the material, which may hinder their detection (zoomed in part on Figure 6d).





4. Conclusions


This paper presents the results of studies on the effect of the catalyst of the TEOS hydrolysis reaction on the precipitation of hydrolysis products in the pores of a polyimide track membrane to create a SiO2-filled polymer composite. It was found that the use of an acidic catalyst provides the highest rates of filling and leads to the formation of nanofibrous structures in pores. Due to the uncomplicated scalability and ease of implementation of the proposed method, it can be used as the basis of industrial technology for the production of SiO2-filled polymer composites.
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Figure 1. The SEM image of the polyimide track (nuclear) membrane. 
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Figure 2. Changes in the optical density index of track membranes when treated with products: AC—hydrolysis with acid catalyst; AC + MV treatment—hydrolysis with acid catalyst followed by microwave treatment; BC—Hydrolysis with base catalyst; BC + MV treatment—hydrolysis with base catalyst followed by microwave treatment. 
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Figure 3. The EDX spectra of silica filler: (a) before microwave treatment and (b) after microwave treatment. 
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Figure 4. FTIR spectra of composite films based on track membranes. 
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Figure 5. Diffractograms of silica filler: AC—hydrolysis with acid catalyst; AC + MV treatment—hydrolysis with acid catalyst followed by microwave treatment; BC—Hydrolysis with base catalyst; BC + MV treatment—hydrolysis with base catalyst followed by microwave treatment. 
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Figure 6. Microphotographs of the surface and chip of the track polyimide membrane: (a,b) hydrolysis with acidic catalyst followed by microwave treatment; (c,d) hydrolysis with base catalyst followed by microwave treatment; (e,f) clean track-etched polyimide membrane. 
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Table 1. Interpretation of IR spectra of track polyimide membranes treated with products of acidic and alkaline catalysts hydrolysis of TEOS.
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Component

	
Vibration Frequency, cm−1






	
Polyimide

	
ν C-О

	
1320–1210




	
Unflat δ ОН

	
1020–890




	
δooр ОН

	
750–650




	
νas С=О in imides

	
1790–1740




	
νs С=О in imides

	
1730–1690




	
Skeletal ν C-C in the benzene ring

	
1530–1475




	
δ С-С

	
1125–1090




	
δip С-Н in the benzene ring

	
1250–950




	
δoop С-Н in the benzene ring

	
900–690




	
ν C-N polyimides

	
1390–1360




	
ν Ar-O-Ar

	
1290–1230




	
Amide IV δ О=С-N interaction of ν C-N and ν C=О

	
≈620




	
Silica compounds and hydrolysis products

	
Si-OH

	
≈472




	
Si-O-Si

	
≈940




	
When binding ethoxy groups Si-O-C

	
≈1120




	
Valence symmetric Si-O-Si

	
≈1045




	
Asymmetric vibrations of bridging oxygen Si-O-Si

	
≈1080




	
Valence C-O

	
≈1170




	
Deformation symmetric CH3

	
≈1380




	
Deformation asymmetric CH3, scissors CH2

	
≈1455




	

	
Deformation H-O-H

	
≈1650




	

	
O-H, valence longitudinal Si-OH, H2O

	
3490–3100
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