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Abstract

:

In this study, we prepared plastic films composed of modified layered double hydroxides (LDHs), which were incorporated into a low-density polyethylene (LDPE) matrix. The sunscreen additive sulfonic phenylbenzimidazole acid sodium salt was incorporated as counter-anion in the interlayer of a nanoclay by means of ion-exchange reactions to improve thermal and optical properties. The modified LDHs were characterized using FT-IR, XRF, TGA, and XRD techniques. Cast extrusion was employed to obtain the nanocomposites with the new LDH incorporated into LDPE. The mechanical, rheological, and optical properties of the films were assessed, and the influence of a non-ionic surfactant was also evaluated. In addition, accelerated ageing tests were carried out to evaluate the influence of UV light on the mechanical and optical properties of the films.
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1. Introduction


In recent decades, a great deal of attention has been focused on the addition of inorganic layered materials to thermoplastic matrices to prepare new nanocomposites with higher compatibility between the inorganic filler and the organic polymer [1]. Layered double hydroxides (LDH) are a type of anionic clay, which are able to intercalate not only different kinds of additives, but also the polymeric chains of the nanocomposite [2]. The physical properties of LDH/polymer nanocomposites have been significantly improved recently [3,4]. The use of layered nanofillers as reinforcements in plastic materials increases flammability resistance and improves modulus impact strength and barrier properties of the resultant composite material [5,6,7].



The type and ratio of divalent and trivalent metal ions and the nature of the intercalated anion are key factors that can be adjusted and exert a major influence on the properties of the layered double hydroxide material. The LDH general formula is [M2+1−xM3+x(OH)2]An−x/n·mH2O, where M is a transition metal such as divalent and trivalent cations, and A is an interlayer inorganic anion [8]. LDHs are positively charged by the brucite-like sheets that are balanced by anions placed in the interlayers to ensure the electroneutrality of the material. Specifically, when the nanoclays contain Mg and Al sheets with CO32− anions, these LDHs are usually called hydrotalcites. Recently, the ability of LDHs to exchange the counter anions has caught the attention of the scientific community. LDH host layers improve the thermal and optical stabilization of the exchanged anions. This feature opens the possibility of these materials progressing the development of promising applications in different fields such as wastewater clarification [9], biomedicine [10], and polymer additives [11,12], among others [13].



Melt mixing is the preferred method for the preparation of polymer composites modified with LDH because of the absence of monomers and solvents. Therefore, it is an easy, economical, and environmentally friendly technique for the manufacturing of nano- and microcomposites. Furthermore, the major deformation and energy employed during extrusion improve the dispersion of the nanomaterial into the thermoplastic material [14]. The dispersion of nanoclays into plastic matrices is a technological challenge as the lack of polarity of the polymeric backbone complicates the homogeneous dispersion of the platelets. Thus, the addition of compatibilizers is a widely used strategy to favor the exfoliation of hydrotalcite-like particles [15].



Polyethylene is a plastic that is broadly used in many different domestic and industrial applications, with three different structures depending on the degree of ramification of the polymeric chain: high-density polyethylene (HDPE), linear low-density polyethylene (LLDPE), and low-density polyethylene (LDPE). From the structural point of view, LDPE has the most branching with lower intermolecular forces, which causes higher flexibility. This plastic is especially used in the manufacturing of disposable bags, packaging, and greenhouse applications. UV irradiation [16], thermo-oxidation [17], and chemical oxidation [18] are the most common degradation mechanisms of polyethylene, which is a non-biodegradable plastic that causes environmental problems [19]. For outdoor applications, polyethylene-based materials suffer from photodegradation. The atmosphere filters the sunlight, but UV radiation (290–400 nm) affects the stability of polyolefin plastics due to the presence of catalyzers and/or the different additives used in manufacturing. Therefore, UV light can affect the service life of polyethylene, so the use of sunscreen additives is necessary [20].



We have previously evaluated the addition of a modified LDH to LDPE matrix to improve the optical properties of the composite [21]. Based on that, we now explore the influence of the addition of sulfonic phenylbenzimidazole acid sodium salt (PBS), focusing on the effect of accelerated UV-aging of LDPE. Although PBS is a widely used sunscreen protector [22,23], this is the first time that its usage as an additive in polymeric matrix has been explored, to the best of our knowledge. This is due to its low dispersibility in non-polar materials and thermal degradation during the fabrication of films. Via ion-exchange reaction, this anion replaced the counter carbonate anions of an Mg-Al-based layered double hydroxide. The objective of the encapsulation is better compatibility with LDPE and thermal stabilization of PBS. Films of the new composites were manufactured by extrusion. LDPE with the addition of neat PBS and PBS-modified LDH were examined, as was the usage of a non-ionic surfactant.



The aim of the study is to obtain a sunscreen additive composed of PBS encapsulated in LDH with enhanced thermal and optical properties, which is able to improve the UV-light resistance of LDPE. With this strategy, we also improve the distribution in the polymeric matrix and immobilize the additive to avoid migration and exudation. Then, the sunscreen protection can be reached at low values of concentration with the potential to extend the lifetime of LDPE and reduce plastic waste.




2. Materials and Methods


The thermoplastic matrix for the preparation of the new composites was low-density polyethylene (LDPE). The neat plastic, labelled “LPDE Alcudia PE003” and produced by high-pressure autoclave technology, was purchased by Repsol Technology Centre. Kysuma Chemicals provided the layered double hydroxide with reference HT4AU. According to the supplier, this nanoclay has the formula Mg4Al2(OH)12(CO3)∙nH2O, with a particle size of 0.4 μm and a monovalent anionic exchange capacity of 4.2 mmol/g.



Sulfonic phenylbenzimidazole acid sodium salt (PBS) was employed as a UV absorber, with the molecular structure depicted in Scheme 1a. This additive was supplied by Chemspec Chemicals, with CAS number 5997-53-5. This chemical is used in sunscreen applications, and it has UV-B radiation absorption with a maximum of 302 nm. It presents a solubility of 24 g/L in water at 25 °C [24]. To improve the dispersion of the additives in the thermoplastic matrix, sorbitan monostearate (SPAN60), with CAS number 1338-41-6, was added. The formula of this hydrophobic surfactant is shown in Scheme 1b.



In order to determine the elemental composition of the modified LDH, a Leco CHN628 analyzer was employed (Leco Corporation, Benton Harbor, MI, USA). Bruker S4 Pioneer equipment was utilized for the X-ray fluorescence (XRF) characterization. The thermogravimetric analyses (TGA) were carried out by means of Mettler Toledo TGA/SDTA 851e/LF1100 equipment. The X-ray diffraction patterns were recorded in a Bruker D-8 Advance diffractometer using a wavelength of 1.542 Å from Cu Kα, with an angular speed of 120 °/s, at room temperature.



The preparation of neat LDPE films and the analogous films with additives involved a premixture and predispersion in a Leistritz ZSE 18HP 40D compounding extruder with intermeshed co-rotating screws, and a cast film extrusion line was used to obtain the films with a Dr. Collin E20P single-screw extruder. Technical data of the extruder and the processing conditions can be found in Table 1.



The viscoelastic performance of the new composites was determined with a DHR1 rotational rheometer (TA Instruments; New Castle, DE, USA) with a configuration of parallel plates at 190 °C. The strain was set to 1% after the determination of the linear viscoelastic region, and angular frequency sweeps were performed in a range between 0.1 and 200 s–1. The mechanical behavior of the samples was tested in a universal test machine ProLine Z010 from Zwick/Roell using a contact extensometer, in accordance with UNE-EN ISO 527-1: 2020 and UNE-EN ISO 527-3:2019 standards.



UV–visible spectra were evaluated with a Perkin Elmer Lambda 750S UV–Vis spectrophotometer. The absorbance of the films was recorded in the range from 200 to 800 nm. In order to evaluate the resistance of the films to the action of UV light, a xenon-accelerated weathering chamber was used. The samples were placed in an Atlas Suntest XSL+ chamber with irradiation (300–400 nm) = 60 ± 2 W/m2 and a Black Standard Temperature (BST) of 65 ± 3 °C, as per the UNE-EN ISO 4892-2:2006 standard.




3. Results


3.1. Encapsulation of the UV Absorber and Characterisation of the Modified LDH


3.1.1. Intercalation of PBS in LDH and Determination of the Composition of PBS-LDH


LDHs are known to have the highest affinity to carbonate anions and are thus commonly used as anion-exchangeable compounds. In this case, we have prepared a precursor to facilitate the introduction of the UV absorber. Firstly, a simple anion exchange reaction was used to replace the carboxylate anions by chloride anions, as described by Iyi et al. [25], and obtain the chloride-LDH (Cl-LDH) precursor with larger basal interspace. Then, by means of a second ionic exchange reaction, PBS replaced chloride anions and a modified LDH was obtained with PBS as intercalated anions (PBS-LDH). XRF and CHNS analyses were carried out to calculate the composition of the new PBS-LDH and compared to Cl-LDH and PBS-LDH. These data are presented in Table 2, showing an effective replacement of the anions.




3.1.2. FT-IR Spectroscopy Characterization of the New PBS-LDH


We have also carried out FT-IR tests to confirm the incorporation of PBS into LDH. Figure 1 shows the normalized intensity of the FT-IR spectra of PBS, chloride-LDH, and PBS-LDH. Neat PBS presents a peak at 1190 cm−1, ascribed to the asymmetric stretches of the sulfonate group [26]. The symmetric stretching vibrations of the group correspond to the wavenumbers from 1030 cm−1 to 1090 cm−1. When PBS is added to LDH, these peaks are clearly seen at 1026, 1086, and 1188 cm−1. This indicates that PBS was incorporated into LDH. The N-H hydrogen bonding of the imidazolium and the O-H stretching vibrations originate broader peaks, which were seen from 2950 cm−1 to 3550 cm−1 [27,28,29].




3.1.3. Thermogravimetric Analysis of PBS-LDH


Thermogravimetric analyses were performed in a two-step experiment, firstly in an inert atmosphere (Figure 2a), followed by an oxygen atmosphere heating (Figure 2b). The neat PBS, Cl-LDH, and PBS-LDH were tested. PBS-LDH presented a slighter decomposition temperature than Cl-HDL in the range of 130–400 °C, followed by a rapid mass loss between 500 and 800 °C, which is in agreement with the decomposition steps seen for neat PBS. We confirmed the presence of the UV absorber by comparing the curves for PBS and PBS-LDH under an oxygen atmosphere.





3.2. Characterization of the New Nanocomposites


Once the UV absorber and the dispersant agent had been incorporated into the LDH, this modified nanomaterial was added to LPDE to prepare films. Firstly, the samples were introduced in the compounding extruder and pelletized after the mixture. After that, the pellets were processed in the cast film extrusion line and films with a thickness of 200 microns were obtained. Four modified films were processed with a final concentration of PBS of 1 wt. %, either encapsulated in LDH or not. The addition of the dispersant agent SPAN and the neat LDPE was also studied. The concentrations of the additives are shown in Table 3.



3.2.1. Optical Properties and UV-Aging Effect of the New Composites


The UV–visible spectra of the films are depicted in Figure 3. Fresh samples and aged films after 500 h were studied. The film with the highest transmission of light in the UV–visible range is neat PE. However, after 500 h in the ageing chamber, PE presented absorption in the UVB range (below 310 nm). This is an indicator of photodegradation, with the resulting chromophore groups able to absorb the radiation in the range of 200–310 nm [30].




3.2.2. Mechanical and Rheological Properties and XRD Patterns of the New Films


We have performed tensile tests to evaluate the mechanical performance of these new composites compared to neat PE. The data relating to the elongation at break and the yield and tensile strengths when the stress was applied in the longitudinal and transversal directions of extrusion are presented in Figure 4. The longitudinal properties presented larger values due to the characteristic anisotropy of the material.



The rheological data of the films at 190 °C are shown in Figure 5a. All tests were conducted under 1% of deformation, as was determined by the LVR conditions. The values of elastic modulus (G′) and viscous modulus (G″) are depicted for neat PE. At low frequencies, the viscous behavior prevailed over the elastic behavior. However, a crossing point was seen at circa 6 Hz. Therefore, the relaxation time was 0.17 s, as was calculated as the inverse of this cross-over. This is a characteristic value at which it is stated that the thermoplastic matrix is able to relax to a steady state due to the mobility of the polymeric chains [31]. This value remained almost constant for all the samples, probably because of the low concentration of additives.



XRD analysis of Cl-LDH, PBS-LDH, and the film including this additive are shown in Figure 6. When we compared the Cl-LDH with PBS-LDH, there was an increase in the basal d-spacing, and a shift in d003 and d006 peaks to lower values of 2θ was observed. Thus, there was an increase of the distance of the interlayers due to the replacement of chloride anions by PBS, in agreement with the FTIR and TGA data shown above. The figure also shows the PE film with PBS-LDH and the surfactant SPAN.






4. Discussion


A critical aspect of this study is the determination of the effectiveness of the encapsulation of PBS in the nanoclay. According to the XRF and CHS data shown in Table 2, the chloride content decreased, whilst the carbon content increased, indicating the replacement of Cl− by PBS. Using these data, we calculated the value of x (molar ratio: MIII/(MII + MIII)) as 0.49, which means that a passive layer Al(OH)3 is present, since the value is greater than 0.33 [32]. Therefore, the theoretical formula of PBS-LDH can be expressed as Mg0.65Al0.35(OH)2(PBS)0.35·0.68H2O, and the PBS content in LDH was 46.5 wt. % and 53.5 wt. % with the LDH. In the thermal analysis, a loss of pyrolytic carbon in PBS and the modified LDH was not seen in Cl-LDH (seen in Figure 2b). From these data, PBS-LDH presented with 35% inorganic remains, 51% in the case of Cl-LDH, and 18% in PBS. Using the XRF and CHS results, these inorganic remains can be theoretically calculated as (46.5 × 0.185) + (53.5 × 0.51) = 35%, consistent with TGA measurements. Therefore, there is an effective encapsulation of PBS in LDH.



It is worth noting that in comparing PBS and PBS-LDH, there was a thermal stabilization of the UV absorber when it was encapsulated. In Figure 2a, there is a first-step decomposition of PBS with a mass loss of 13.5% at 200 °C. On the other hand, PBS-LDH presents a mass loss of only 4% at the same temperature. Even taking into account that PBS-LDH is composed by only 46.5 wt. % of the sunscreen, the encapsulation in LDH avoids the thermal degradation of PBS at that temperature. As was described in Table 1, the extrusion profile of LDPE reaches 200 °C. Therefore, according to these data, PBS-LDH is a more suitable additive to be included in LDPE compared to neat PBS.



UV–visible spectrophotometry was used to evaluate the age-resistance effect of the addition of PBS and PBS-LDH on LDPE. The UV spectra when neat PBS was added indicate that this additive functioned as a UVB absorber below 330 nm (Figure 3). The acid form of PBS (2-Phenylbenzimidazole-5-sulfonic acid or PBSA) presented a strong activity at UVB (290–320 nm) wavelengths, attenuating the high-energy photons in sunlight [22,33]. Therefore, it is confirmed that PBS functioned as a UV absorber. On the other hand, when PBS was encapsulated in LDH, it is seen in Figure 3b that the UVB absorption of PBS was enhanced (Figure 3b), as was the light transmission in the visible spectrum. PBS-LDH showed a much better thermal stability than PBS because the UV absorber in PE + PBS films could be partially degraded during the casting process and the sunscreen activity is enhanced in the encapsulated form. In this regard, the addition of PBS-LDH showed improved age-resistance and is a suitable option for outdoors applications such as fabrication of greenhouses [34], pipe coatings [35], or insulation [36].



Photodegradation of the film was also observed, and the presence of chromophore groups with UVB radiation activity could be an indicator of a pro-degrading effect of the additive [21,37]. This can be ascribed to the fact that PBS exhibits photosensitizing activity and generates reactive oxygen species [38]. Therefore, these films also showed photodegradation, and other UV stabilizers should probably be included in the formulation. In every case, the addition of the dispersant had no effect on the optical performance of the films.



Tensile tests were carried out to explore the effect of the additives on the composites’ mechanical properties. Regarding the mechanical properties of the new films, the additives decreased the break strength of the composites (Figure 4a), mainly when SPAN was added, as expected. This decrease was more obvious in the transversal direction due to the lower directionality of the polymeric chains after extrusion [21]. Remarkably, the modified film with PBS-LDH presented the higher mechanical properties, indicating better interaction with the plastic. On the other hand, the yield strength was slightly improved in both the longitudinal and transversal directions when the additives were included. Figure 4b shows the values of the elongation at break. The modified films presented lower deformation than neat PE. Encapsulated PBS showed higher values of elongation, and the addition of surfactant improved the malleability of the films.



Viscoelastic analysis was used to evaluate the processability and the interaction of the additives with the polymeric matrix. The rheological data showed that the viscoelastic behavior of the melt nanocomposites is similar, and all the films can be easily obtained with the same extrusion conditions. Figure 5b shows a comparison of G′ for neat PE, PE + PBS, and PE + PBS + SPAN, and the analogous encapsulated PBS sample is observed, at 190 °C. The addition of only PBS to PE did not affect the viscoelastic behavior of the film. On the other hand, the addition of PBS-LDH and/or SPAN enhanced the values of G′ at low frequencies. This finding indicates that there was a higher interaction with the polymeric matrix when PBS was encapsulated and/or the surfactant was included in the formulation. Thus, the concentration of percolation was reached [15,39].



The good interaction between PBS-LDH and LDPE was also confirmed with the aid of XRD test. In a previous work, we determined the d-basal space of the original LDH as 7.60 Å. In Figure 6, we can see that the value of the d003 peak is shifted slightly from 21.48 in the case of PBS-LDH to 22.05 Å when it is added to LDPE. Analogously, d006 is shifted from 10.72 to 10.91 Å. Thus, there is an increase in the d-basal space of PBS-LDH when it is added to the thermoplastic. Considering that SPAN 60 is not an anionic surfactant, interactions with the polymer were not expected. Furthermore, this additive did not show any influence on either the optical or rheological properties. Thus, the increase of the d-basal space could be ascribed to larger spacing between interlayers because of the intercalation of the polymer chains [40,41] rather than an exfoliating effect of the additives in the nanoclay.




5. Conclusions


In this work, we evaluated the incorporation of an anionic UV absorber additive to LDPE films. By means of ion-exchange reaction, PBS acted as a counter anion in LDH nanoclay. FT-IR, XRF, CHNS, XRD, and TG analyses demonstrated the effective encapsulation of PBS in the interlayer of the hydrotalcite-like material. It was also observed that PBS-LDH presented higher thermal stability than PBS. The modified LDH was incorporated into LDPE films by simple cast extrusion. The UV–visible spectroscopy showed that the film with PBS-LDH presented higher values of UV absorption and higher transmission of visible light than that with plain addition of PBS. This is due to the thermal degradation of PBS during the extrusion of the plastic, as observed in the TGA curves.



These films were artificially aged, and it seemed that PBS-LDH presented a pro-degrading effect on LDPE and the addition of UV stabilizers might be necessary. Minor effects of the additives on the mechanical properties of the films were found; however, it is worth noting that an increase in the yield strength was seen when the LDH was added to the formulation. This indicates a higher interaction with the polymeric matrix. The surfactant SPAN did not show significant effects on either the optical or the mechanical properties of the films, indicating that this additive might not be necessary for the new formulation. When the rheological properties were examined, very small changes were found in the viscoelasticity of the materials, denoting that the processing conditions of these composites were similar to neat LDPE. In comparing the XRD patterns of PBS-LDH and the film containing this additive, larger interlayer spaces were found. Therefore, this modified LDH showed a strong interaction with LDPE, and the polymeric chains were intercalated in the nanomaterial. However, complete exfoliation of the LDH was not observed.



In conclusion, the encapsulation of PBS in LDH is an excellent approach to use this additive as a sunscreen protector for polymeric matrices due to the enhancement of the thermal stability of the PBS and the better dispersibility on this non-polar material. The obtained composites showed favorable processability, good mechanical performance, and improved age resistance, with the potential to extend the resulting product’s lifetime and reduce waste.
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Scheme 1. (a) Chemical structure of PBS and (b) SPAN 60. 
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Figure 1. FT-IR spectra of neat PBS and the modified LDHs: Cl-LDH and PBS-LDH. 
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Figure 2. Thermogravimetric analysis of PBS, Cl-LDH, and PBS-LDH (a) under inert atmosphere and (b) subsequent oxidant atmosphere heating. 
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Figure 3. Effect of aging and addition of SPAN on the UV–vis spectra of (a) films with PBS and (b) PBS-LDH. Neat PE is also included in both graphs. 
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Figure 4. Mechanical properties of neat PE and modified films with PBS, PBS+SPAN, PBS-LDH, and PBS-LDH+SPAN. In (a), the strengths are represented; in (b), the nominal deformation when the load is applied in both the longitudinal and vertical directions of extrusion is represented. 






Figure 4. Mechanical properties of neat PE and modified films with PBS, PBS+SPAN, PBS-LDH, and PBS-LDH+SPAN. In (a), the strengths are represented; in (b), the nominal deformation when the load is applied in both the longitudinal and vertical directions of extrusion is represented.



[image: Jcs 07 00388 g004]







[image: Jcs 07 00388 g005] 





Figure 5. (a) Elastic (G′) and viscous (G″) moduli of neat PE and (b) influence of surfactant on the elastic modulus of films of PE, PE + PBS, and PE + PBS-LDH. Data at 190 °C. 
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Figure 6. XRD diffractograms of original Cl-LDH, LDH modified with PBS, and the film with PBS-LDH and surfactant. 
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Table 1. Technical characteristics of the extruder and extrusion conditions of the films.
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L/D Ratio

	
Diameter

	
Die Width

	
Calender Width

	
Speed

	
Die Pressure






	
25 mm

	
20 mm

	
100 mm

	
220 mm

	
60 rpm

	
45 bares




	
Temperature ramp




	
Feeding

	
Zone 1

	
Zone 2

	
Zone 3

	
Zone 4

	
Die




	
35 °C

	
200 °C

	
208 °C

	
209 °C

	
185 °C

	
190 °C











 





Table 2. Concentration of the elements of the modified LDH determined by XRF and CHNS analyses.
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Concentration (wt. %)




	
Elements

	
Cl-LDH

	
PBS-LDH






	
Na

	
2.03

	
0.775




	
Mg

	
13.55

	
6.89




	
Al

	
14.63

	
5.88




	
S

	
0.058

	
5.51




	
C

	
0.34

	
27.64




	
Cl

	
14.73

	
1.08




	
H

	
3.70

	
5.42




	
N

	
-

	
4.95











 





Table 3. Films with the concentration of PBS-LDH, PBS, and/or SPAN.
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Concentration (wt. %)




	
Sample

	
LDPE

	
PBS-LDH

	
PBS

	
SPAN






	
1

	
99

	
1

	
0

	
0




	
2

	
99

	
0

	
1

	
0




	
3

	
98

	
1

	
0

	
1




	
4

	
98

	
0

	
1

	
1




	
5

	
100

	
0

	
0

	
0
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