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Abstract

:

Layered silicates are suitable for use as fillers in nanocomposites based on their particular features, such as large aspect ratio, easy availability, and chemical resistance. Among them, sericite is distinguished for its higher aspect ratio, higher resilience, and ultraviolet shielding and absorption. Previously, sericite was structure-modified and intercalated by CTAB to expand its interlayer space. The intercalated sericite seems promising for use in the fabrication of polymer/sericite composites or pillared sericite. However, special attention should be paid to the stability of the intercalated sericite because the CTAB inside the layer may be de-intercalated, which would affect the interlayer spacing and its surface properties. In this article, the stability of the sericite intercalated by CTAB was tested by changing different variables, such as different washing solvents, different temperatures, ultrasonic cleaning, and different solution conditions. Finally, sericite/polymer nanocomposites were produced with the stable intercalated sericite, and showed excellent properties compared with pure epoxy resin.
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1. Introduction


Recently, nanocomposites have attracted great attention due to their extraordinary properties. A wide variety of fillers, either natural ones or synthetic ones, can be used to intercalate into the polymer [1,2]. The conventional fillers for polymers are inorganic materials of mainly three categories: particles (e.g., calcium carbonate particles), fibers (e.g., glass fibers and carbon fibers), and plate-shaped particles (e.g., montmorillonite and vermiculite) [3,4,5,6,7,8]. Among them, layered silicates attract the most attention because of their easy availability, large aspect ratios, and chemical resistance [9,10,11,12]. However, in most cases, these layered silicates, which are hydrophilic by nature, need to be organically modified to produce polymer-compatible clay, to increase the compatibility between the layered silicate and the polymer matrix, and to lower the surface energy of the layered silicate. Until now, many methods have been developed to modify layered silicate. For example, the replacement of the inorganic exchange cations with alkylammonium surfactants can make clay compatible to the polymer matrix [13,14,15].



Many layered silicates can be organically modified for the fabrication of polymer/layered silicate nanocomposites. Some commonly used substrates for intercalation are swelling clays, such as kaolinite [16,17,18], vermiculite [19,20,21,22], and montmorillonite [23,24,25]. A few articles use sericite as a raw material for the fabrication of polymer/layered silicate nanocomposites. Sericite is a kind of 2:1 phyllosilicate similar to muscovite with a series of unique properties. It has a higher aspect ratio (more than 1000) [26,27,28], and higher resilience than other fillers, and can shield and absorb ultraviolet radiation [29]. Unlike other 2:1 phyllosilicates such as montmorillonite and vermiculite, sericite cannot swell in water, and is non-expandable due to the substitution of Al3+ for Si4+ in tetrahedral sheets, which results in a net negative surface charge balanced by K+, filling in the interlayer tightly. Therefore, sericite needs to be modified first in order to allow water and other molecules to enter the interlayer, and for cation exchanges. Previously, our team has successfully modified sericite by thermal modification, acid activation, and sodium modification [30]. The cation exchange capacity of the modified sericite reached 56.37 mmol/100 g, making it a suitable material for organic modification. The modified sericite was then intercalated by CTAB to expand its interlayer space from 1.00 nm to 5.07 nm. Therefore, sericite seems promising for use in the next step—for the fabrication of polymer/sericite composites or pillared sericite (e.g., Al-pillared sericite) in order to obtain better performances.



As for the intercalation of layered silicate, a lot of attention is given to methods that can modify layered silicate from hydrophilic to hydrophobic, but not much attention has been given to the stability of the modified layered silicate (or intercalated layered silicate). However, it should be noted that the stability of the intercalated layered silicate is very important, since the intercalated silicate needs to be used in the next step—for the fabrication of clay–polymer nanocomposites, or for the fabrication of pillared silicates (such as TiO2 pillared montmorillonite). If the intercalated layered silicate is not very stable, the interlayer spacing of the layered silicate will be changed, and its surface properties will be affected. Gu et al. [31] found that part of the intercalated CTAB in montmorillonite was de-intercalated when the colloidal particles produced by the hydrolysis of tetrabutyl titanate were in the suspension. The content of CTA+ in the interlayer decreased, and the distribution and inclination angle of CTA+ in the interlayer changed accordingly. Therefore, there is a great necessity to study the stability of intercalated layered silicate.



In this article, the stability of intercalated sericite was researched. Raw sericite (S0) was first modified to gain cation exchange capacity by thermal modification, acid activation, and sodium modification. Then, the modified sericite was intercalated by CTAB to increase d-space and change its surface wettability. Different conditions (e.g., washing solvents with different temperatures) were used to test the stability of the intercalated sericite. Finally, the stable intercalated sericite was added into epoxy resin to produce sericite/polymer nanocomposites, and these showed excellent properties. This article aims to provide some guidance to those who use intercalated layered silicate for the fabrication of polymer/layered silicate nanocomposites or pillared silicate.




2. Materials and Methods


2.1. Materials


Following gravity purification, drying, and grinding, raw sericite materials (S0) were obtained from the natural sericite produced in Anhui, China. S1 was produced by heating raw sericite materials at 800 °C for 1 h, and cooling them down to room temperature. S2 was produced by mixing 6 g of the thermally treated sericite with 200 g 5 M nitric acid at 95 °C for 4 h in a water bath. Stirring at a speed of 150 rpm and drying at ambient temperature was required for the next modification step. S3 was obtained by mixing 6 g of S2 with 200 g of saturated NaCl solution, and by stirring at the same rotational speed as before at 95 °C for 3 h. Then, S3 was washed with DI H2O and dried at room temperature. The cation exchange capacity (CEC) value of S3 reached 56 mmol/100 g, which is a great improvement compared to raw sericite (7.5 mmol/100 g). The XRD patterns and SEM images of S0 and S3 are shown in Figure 1 and Figure 2, respectively. All chemicals were of analytical grade, and were used without further purification.




2.2. The Intercalation Process and the Stability Tests


In order to test the stability of the intercalated product under different washing conditions (different solvents and temperatures), S3 was intercalated with CTAB (the amount of CTAB was 15 times the CEC of S3) at 80 °C for 24 h in a water bath. Then the product was washed with hot DI H2O (50 °C), cold DI H2O (25 °C), and ethanol (25 °C) separately, then centrifuged and dried. Ultrasonic cleaning was used in the procedure of washing to see if it had a negative effect on the stability of the intercalated product. The stability of intercalated product in the solution was also tested by putting the intercalated product in DMSO, and in a solution of CTAB (DMSO was used as solvent, and the amount of CTAB was 15 times theCEC of S3) at 80 °C for 24 h in a water bath, separately. Finally, different substrates were used in the intercalation process to see which one was better for future use.




2.3. The Preparation Process of Sericite/Polymer Nanocomposites


The epoxy-based matrix consists of a two functional diglycidylether of bisphenol A (DGEBA, Hubei Jusheng Technology, Wuhan, China) which is cured stoichiometrically with 4,4-diaminodiphenyl methane (DDM, Changsha Jiazhen biological Company, Changsha, China). As an accelerator, 3 wt.% tris(dimethylaminomethyl)phenol (DMP-30, Changzhou Shanfeng Chemical, Changzhou, China) was added to the reactive mixture. All nanocomposites were then cured at 80 °C for 2 h, and then at 150 °C for 2 h to achieve a fully cured polymer matrix. The chemical structures of the reactive components are presented in Figure 3.




2.4. Characterization


The changes in the d001 value of the sericite were determined by X-ray diffraction (XRD) analyses. The percentage of the intercalated layers to the total layers, defined as the intercalation rate, was used to judge the degree of intercalation. The XRD analyses were conducted with a Rigaku D/max-rA (12 kW) X-ray powder diffractometer (Rigaku, Tokyo, Japan), operated with Cu Kα radiation at 40 kV and 100 mA, and with a scanning speed of 0.5° (2θ)/min. The microstructure and morphologies were investigated by a Hitachi S-3500 SEM (Hitachi, Tokyo, Japan). The morphologies of the sericite/epoxy nanocomposites were characterized using a Tecnai F-20 transmission electron microscope (FEI, Hillsboro, OR, USA), applying a 200 kV accelerating voltage. The mechanical properties of the sericite/epoxy nanocomposites were tested by an electronic universal testing machine (WDW-300, Shimadzu, Kyoto, Japan).





3. Results and Discussion


3.1. The Effect of Different Washing Solvents and Temperatures on the Stability of the Intercalated Product


Figure 4 shows the XRD patterns of the intercalated products washed with different solvents at different temperatures. Obviously, cold DI H2O had the best effect of keeping the intercalation result. After being washed with cold DI H2O, the d-value of the newly emerged diffraction peak was 4.96 nm, which was more than five times the d-value of the modified sericite (S3). The peak pattern was sharp as well as symmetric, which means CTAB had ordered arrays in the interlayer of sericite. While the effects of hot DI H2O and cold ethanol were much worse than cold DI–H2O, no obvious diffraction peaks could be seen in the two XRD patterns. This means that washing with hot DI H2O and ethanol can make the CTAB in the interlayer de-intercalate and arrange in a disorderly manner. In spite of the de-intercalated effect, the final product still had some intercalated effect compared to S3.



CTAB has a much higher solubility in hot water and in ethanol than in cold water, which caused the de-intercalation of CTAB in the interlayer of sericite. Therefore, cold DI H2O should be used during the washing procedure in order to guarantee the modification effect.




3.2. The Effect of Ultrasonic Cleaning on the Stability of the Intercalated Product


Figure 5 shows the XRD patterns of the intercalated products after being treated with and without ultrasonic waves during the washing procedure. The solvent used in the washing procedure was cold DI H2O. It can be seen that ultrasonic cleaning had no obvious effect on the intercalation result.




3.3. The Stability of the Intercalated Product in the Solution


Intercalation is not the final procedure in the fabrication of polymer/clay nanocomposites or pillared composites. The intercalated products need to be used as raw material for the next step. Therefore, it is necessary to keep the intercalated product stable in the solution. In this part, the stability of intercalated product in the solution was tested by putting the intercalated product in DMSO solvent, and in a solution of CTAB (DMSO was used as the solvent and the amount of CTAB was 15 times the CEC of S3) at 80 °C for 24 h in a water bath, separately. Figure 6 shows the XRD patterns of the final products. The d-space of the intercalated sericite in the mixed solution of CTAB and DMSO was 5.79 nm, and the peak patterns were sharp, which means good crystallinity of the final product. The d-space of the intercalated sericite in the DMSO only reached 3.03 nm, and the diffraction peaks were much flatter. Therefore, it is clear that the stability of the intercalated product in the mixed solution of CTAB and DMSO was much better than in DMSO.



A hot solvent such as DMSO can dissolve CTAB and move CTAB out from the interlayer, causing the disorder of CTAB in the interlayer. However, the mixed solution of CTAB and DMSO can ensure a saturated solution of CTAB (the amount of CTAB was 15 times the CEC of S3, much higher than the solubility of CTAB in this temperature), and maintain the stability of CTAB in the interlayer with the help of osmotic pressure. Therefore, if the intercalated sericite needs to be used in a subsequent step, sufficient CTAB should be put into the solution in order to keep the intercalated CTAB stable inside the interlayer.




3.4. The Choice of Raw Material for the Intercalation Based on Stability, Intercalation Rate, and Other Experimental Conditions


Figure 7 shows the XRD patterns of different raw materials used in the intercalation. When S3 was used as a raw material, CTAB was used as an intercalation agent in DMSO solvent at 80 °C for 24 h. When the intercalated sericite was used as a raw material, CTAB was used as an intercalation agent in the DMSO at 80 °C for 3 h. It can be seen that it did not matter what the raw material was, the intercalation result was almost the same. The d-space was maintained between 4.88 and 4.99 nm, and both peak patterns were sharp and symmetrical.



The intercalation rates were calculated, and are shown in Table 1. From Table 1, it can be seen that both the intercalation rates were relatively high, ranging from 94.83% to 98.20%.



The usage of reagents and the experiment time are listed in Table 2. Obviously, the intercalated S3 consumed more reagent and had a longer experiment time. Based on these factors, S3 should be chosen for the intercalation. The intercalation did not improve by repeating it. The intercalated product made from S3 was stable, consumed less reagent, took less time, and had a higher intercalation rate.




3.5. Properties of the Sericite/Polymer Nanocomposites


Different amounts of stable intercalated sericite, using the optical conditions mentioned above (0.1 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt%), were added into epoxy resin to produce sericite/epoxy nanocomposites. In Figure 8, it can be seen that when the amount of sericite was less than 1 wt%, mainly exfoliated nanocomposites were formed. The interlayer spacing could be expanded to more than 8.8 nm, with the sheets of sericite distributed uniformly in the matrix. As the amount of sericite increased to 1.5 wt%, diffraction peaks emerged at 2θ < 2°, which means that part of the sericite was not exfoliated in the epoxy resin matrix, while the interlayer spacing still increased substantially. The increased amount of sericite increased the background of the previous d002 value of sericite, which means the exfoliation is not that completed, with part of sericite lamellar still in order degree.



The tensile strength, flexural strength, and impact strength of the sericite/epoxy nanocomposites with different amounts of sericite added were also tested and compared with pure epoxy resin with no sericite added. In Figure 9, it can be seen that the mechanical strength of the nanocomposites increased substantially compared with pure epoxy resin. The mechanical strength was best when the amount of sericite was 1%. The tensile strength (105 MPa) increased by 110% compared with pure epoxy resin (50 MPa), the flexural strength (110 MPa) increased by 41% compared with pure epoxy resin (78 MPa), and the impact strength (35 kJ/m2) increased by 94% compared with pure epoxy resin (18 kJ/m2).



Figure 10 shows TEM images of the sericite/epoxy nanocomposites (the amount of sericite was 1 wt%). The dark textures are sericite layers, while the light parts are epoxy resin. The sericite interlayers were still parallel while most of them were exfoliated to a relatively large extent with the distance at 20 nm or more. Together with the XRD patterns, this result proves the formation of exfoliated sericite/epoxy nanocomposites.



When compared with virgin epoxy resin, the sericite/epoxy resin nanocomposites had better mechanical properties. The results above also suggest that there is an optimum clay concentration for the nanocomposite, which was 1% in our case. Compared with epoxy resin, sericite is more naturally resistant to straining due to its high modulus. Moreover, when the added amount of sericite was less than (or equal to) 1%, mainly exfoliated sericite/epoxy nanocomposites could be formed, with most of the sericite lamella distributed uniformly in the epoxy resin. Therefore, the mechanical properties of sericite/epoxy nanocomposites improved dramatically when compared with pure epoxy resin. As the amount of sericite increased, the relative amount of intercalation/exfoliation of the sericite gradually increased with an increase in the sericite content, which means that the dispersion of sericite in epoxy resin was not as good as before, leading to decreased mechanical properties. The modifier of sericite—CTAB in our case—helped change the surfaces of sericite from hydrophilic to hydrophobic, leading to good adhesion between sericite and epoxy resin, which was the precondition to the improvement of the nanocomposite mechanical properties.





4. Conclusions


In summary, the intercalated sericite by cetyl trimethylammonium ion was stable during the washing procedure with cold (room-temperature) DI H2O. Hot DI H2O and ethanol could de-intercalate CTAB in the interlayer. Ultrasonic cleaning had no effect on the stability of the intercalated product. If the intercalated product needs to be used in a subsequent reaction step, a sufficient amount (larger than the solubility of CTAB) of CTAB should be put into the solution in order to prevent the de-intercalation of CTAB from the interlayer. The intercalated product made from S3 was stable, consumed less reagents, and had a higher intercalation rate compared with twice-intercalated products. The sericite/epoxy nanocomposites produced with stable intercalated sericite had better mechanical properties than pure epoxy resin. Mainly exfoliated sericite/epoxy nanocomposites with the layers of sericite dispersed very well in the epoxy resin were formed when the amount of sericite was 1 wt% or less based on the XRD and TEM results. Stable intercalated sericite is the precondition of a good adhesion between sericite and epoxy resin, which leads to good nanocomposite mechanical properties.
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Figure 1. XRD patterns of S0 and S3. 
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Figure 2. SEM images of (a) S0 and (b) S3. 
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Figure 3. The chemical structure of diglycidylether of bisphenol A (DGEBA) resin (left), 4,4-diaminodiphenyl methane (DDM) hardener (middle), and tris(dimethylaminomethyl)phenol (DMP-30) accelerator (right). 
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Figure 4. XRD patterns of the intercalated products washed with different solvents at different temperatures. a. S3; b. the intercalated product washed with cold DI H2O (25 °C); c. the intercalated product washed with hot DI H2O (50 °C); d. the intercalated product washed with cold ethanol (25 °C). 
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Figure 5. XRD patterns of the intercalated products: a. washed with ultrasonic cleaning; b. washed without ultrasonic cleaning. 
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Figure 6. Stability test of the intercalated products in the solution: a. the intercalated sericite was used as raw material and DMSO was used as a solvent, at 80 °C for 24 h; b. the intercalated sericite was used as raw material, CTAB (the amount of CTAB was 15 times the cation exchange capacity (CEC) of S3) and DMSO were used in the solution at 80 °C for 24 h. 
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Figure 7. XRD patterns of different raw materials used for the intercalation: a. raw material was S3, CTAB was used as intercalation agent in DMSO solvent; b. raw material was intercalated S3, CTAB was used as intercalation agent in DMSO solvent. 
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Figure 8. XRD patterns of the sericite/epoxy resin with different amounts of intercalated sericite added. 
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Figure 9. The effect of the added amount of intercalated sericite on the mechanical properties of the composites. 
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Figure 10. TEM images of the sericite/epoxy nanocomposites (the amount of sericite was 1 wt %). (a) scale bar 20 nm; (b) scale bar 100 nm. 
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Table 1. The intercalation rate using different raw materials.
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	S3
	Intercalated S3





	Intercalation rate (%)
	98.20
	94.83
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Table 2. The usage of reagents and experiment time with different raw materials for the intercalation.






Table 2. The usage of reagents and experiment time with different raw materials for the intercalation.










	
	S3
	Intercalated S3





	The amount of CTAB
	15 times the CEC of S3
	30 times the CEC of S3



	Experiment time
	24 h
	24 h + drying time + 3 h
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