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Abstract

:

The use of transparent polymers as an alternative to glass has become widespread. However, the direct exposure of these materials to climatic conditions of sunlight and heat decrease the lifetime cost of these products. The aim of this study was to minimize the harm caused by ultraviolet (UV) radiation exposure to transparent poly(methylmethacrylate) (PMMA), which usually leads to changes in the physical and chemical properties of these materials and reduced performance. This was achieved using environmentally friendly cellulose acetate butyrate (CAB). The optical, morphological, and thermal properties of CAB blended with transparent PMMA was studied using UV-VIS spectrophotometry, scanning electron microscopy, X-ray diffraction, dynamic mechanical analysis, and thermal gravimetric analysis. The results show that CAB was able to reduce the effects of UV radiation by making PMMA more transparent to UV light, thereby preventing the negative effects of trapped radiation within the compositional structure, while maintaining the amorphous structure of the blend. The results also show that CAB blended with PMMA led to some properties commensurate with the requirements of research in terms of a slight increase in the value of the modulus and the glass transition temperature for the PMMA/CAB blend.
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1. Introduction


Polymer blends are able to provide materials with extensive functional properties beyond the range that can be gained from single polymer equivalents. Research has confirmed that di-block copolymers are more efficient in decreasing the phase size and tri-block copolymers are more effective in developing the mechanical properties [1]. They are also important from the environmental and economic points of view [2,3,4]. Currently, researchers tend to reduce the effect of ultraviolet rays on polymers by mixing them with substances that have good ultraviolet stability [5,6,7]. Cellulose acetate butyrate (CAB) is consider to be one of the most plentiful natural renewable resources with high ultraviolet stability, very high impact strength, low moisture absorption, and a relatively low glass transition temperature in comparison with other cellulose esters; therefore, it has attracted attention as a key to the problems experienced by some polymers [8]. CAB has been used as a plasticizer in some inorganic studies to decrease cracks, corrosion, the effects of ultraviolet radiation, and the effects of atmospheric oxygen. As well as being a wood filler emulsion [9,10], it is also used to prepare light-sensitive printing paper; this works by exposing the paper to an ultraviolet source to enhance dye adhesion, which acts as a binder between the lacquer and the metal surface [11,12]. CAB blends show exceptional transparency with a large number of transparent polymers. Furthermore, CAB’s partial miscibility and good interface-forming ability are responsible for significant increases in both mechanical and thermal properties. This has been attributed to H-bonding via the hydroxyl groups of CAB which have specific interactions with effective mixture groups [2].



Polymers are vulnerable to ultraviolet radiation degradation because many types of bonds in organic polymers are able to absorb ultraviolet light [13]. Polymethylmethacrylate (PMMA) is a transparent polymer possessing many excellent physical properties; in particular, it has low density and high light transmittance. PMMA is an artificial acrylic resin formed from the polymerization of methyl-methacrylate and has high optical clarity. In external applications, PMMA exposed to climatic conditions of solar ultraviolet radiation and hot weather undergoes changes in its external appearance and functionality, such as fogging and cracks due to chain scission in the polymer structure [14]. The scission depends on the amount of energy that absorbed by PMMA [15]. At a low irradiation dose, a crosslinking reaction occurs between the ester side groups in PMMA polymer molecules. With a moderate irradiation dose, side-chain degradation from the main polymer chain occurs, yielding mechanical densification of the polymeric material due to van der Waals forces, with a subsequent increase in some optical properties. At a high irradiation dose, polymer main chain scission occurs, followed by total defragmentation of the polymer structure [16,17]. During irradiation, the ultraviolet absorption of PMMA increases within a band around 285 nm, due to carbonyl groups [15]. The goal of this work is looking for the best blending ratio of PMMA/CAB in order to make the blend more transparent to UV radiation (less absorbance) by taking advantage of the unusual optical properties of CAB.




2. Materials and Methods


White powder cellulose acetate butyrate (CAB; average Mn ~ 12,000) and white powder poly (methylmethacrylate) (PMMA; average Mw ~ 120,000 by GPC) were supplied by Sigma-Aldrich (Saint Louis, MO, USA).



The CAB/PMMA blend was prepared using a twin screw Thermo-Haake Poly Drive (karlsruhe, Germany) (D =19.05 mm) and a hot press from Hsin-Chi Machinery Co. Ltd. (Dong Guan, Taiwan). The materials were dried in a vacuum oven at 50 °C for 4 h before mixing. To prepare PMMA/CAB samples, a fixed weight of PMMA was melt-kneaded in the extruder at a rotation rate of 50 rpm at 130 °C for 10 min. Then, variable percentage weights of CAB (5%, 7%, 9%, etc., to 25%) were added to the molten PMMA. Mixing continued until a constant torque was reached, which took about 10–15 min. The samples were transparent and homogeneous. After that, each blended sample was pressed in a hot press at 110 KPa and 130 °C to form a sheet 70 mm × 90 mm, 1 mm thick.



The nature of the transparency and absorbance of the samples was ascertained using ultraviolet-visible (UV-VIS) spectroscopy (Shimadzu UV-3600 spectrophotometer, Tokyo, Japan) according to ASTM D1003. Surface topography images were obtained by scanning electron microscopy (SEM) studies on a Hitachi S-3400N (Makuhari Messe, Japan) microscope. Sample morphology and crystallinity were determined by XRD analysis using a X-ray diffractometer (Philips/X’Pert Pro Panalytical-PW 3040/60 MPD, Almelo, Netherlands). The diffractometer data were obtained from 2Ɵ = 20° to 80° at a scanning speed of 5°/min. Thermogravimetric analysis (TGA) was undertaken on a TGA/DSC1 STAR System (Columbus, OH, USA) at a heating rate of 20 °C/min from room temperature to 1000 °C in a continuous highly-pure nitrogen atmosphere. Dynamic mechanical analysis (DMA) was performed on a PerkinElmer Pyris Diamond (Waltham, MA, USA) apparatus in tension mode at a frequency of 1 Hz and a heating rate of 5 °C/min in a liquid nitrogen atmosphere.



Full scans over the ultraviolet and visible spectra were made from 220 to 800 nm for highly-transparent pure PMMA samples using a Shimadzu UV-3600 spectrophotometer. The results show that the absorbance peak in the ultraviolet region for pure PMMA was at 226 nm, which represents the UV damage threshold for the polymer [18,19,20], whilst the transmittance peak in the visible region for pure PMMA was 798 nm. The transmittance peak indicates the actual performance for pure PMMA [19]. The absorbance and transmittance peak values were adopted for all subsequent measurements on the blended samples under study, in addition to the transparency.




3. Results and Discussion


3.1. UV-VIS Spectroscopy


The absorbance and transmittance curves, as well as the spectra and the visual appearance of the PMMA/CAB blends, are shown in Figure 1.



Initially, the CAB concentrations in PMMA were 5%, 10%, 15%, 20%, and 25%. The curve of absorbance vs. concentration for these five ascending concentrations showed that the lowest value of absorbency was at 10% CAB, i.e. about 2.184 (knowing that the absorption of pure PMMA is 3.321), with an increase in transparence up to 92%. The next step was to prepare new samples (7%, 8%, 9%, 11%, 13%, and 15%) to make a full survey of the low-absorbance area (10% CAB). Three samples were tested from each concentration and then measurements were taken to calculate the values of absorbance and transmittance. All absorbance and transmittance results were identical to those previously reported in Figure 1a,b. The absorbance curve at 226 nm showed a clear decrease with concentration, especially at 10% and 25% (Figure 1a). Conversely, fluctuations in the value of optical transmittance occurred in the visible region, as is evident in Figure 1b with two clear peaks at 7% CAB and 10% CAB. The sharp decline in transmittance curve happened at 25% CAB because the blend was heterogeneous at high concentrations [21]. The selection of PMMA/10%CAB as the best blend concentration meets the required purpose of the work, which is achieve the lowest absorbency of optical radiation within the UV region, especially at the damage threshold of PMMA (226 nm). Decreasing the absorbance value in the damage threshold area reduced the effect of trapped harmful rays inside the material and made the material more transparent to these rays, meeting the purpose of research [22,23]. Conversely, there was a slight increase in the value of transparency in the visible region, which should improve PMMA performance.



In the PMMA/CAB blends, it was noted that the samples were transparent up to 20% CAB; after that, the samples started to become hazy with increasing CAB concentrations in PMMA. Samples with concentrations greater than 20% were discarded because they did not meet the required purpose (Figure 1d).




3.2. Scanning Electron Microscopy


The SEM images taken for the internal morphological study of pure PMMA and PMMA/10%CAB blend are shown in (Figure 2). The SEM images for each sample are shown at three different scale bar (2, 5, 10 µm). As can be seen in the pure PMMA images, there were uniform morphological features, indicating a single material (Figure 2a–c) [24].



The single phase of the PMMA/10%CAB blend surface with inconsistent dispersal of CAB in PMMA domains appear as white areas, without clear phase separation, which indicated average miscibility of CAB with PMMA on a microscopic scale. Macro phase separation in the PMMA/CAB blends did not occur at the mixing and injection molding temperature (130 °C) [25]. Figure 2d–f show the inconsistent dispersal of CAB within PMMA domains with the presence of CAB conglomerates, but these conglomerates or clusters were no larger than 89.9 nm, as shown in Figure 2f; therefore, CAB dispersion in PMMA showed intermediate continuity, which could be attributed to the formation of hydrogen bonds between the carbonyl groups of PMMA and the free hydroxyl groups of CAB [26,27,28].




3.3. X-Ray Diffraction


The X-ray diffraction pattern of pure PMMA and PMMA/10%CAB blend are shown in (Figure 3). The pattern in (Figure 3a) shows that there are no sharp peaks. The broadened background scattering area of pure PMMA indicates its amorphous nature and non-crystalline structure [29,30]. So, the lack of change observed from the pure polymer to the blend indicates that CAB did not change the basic random compositional structure of the original polymer because of CAB amorphous structure (Figure 3b). This corresponds with previous data indicating that the spherical clusters were no larger than 89.9 nm in PMMA/10%CAB are not crystalline regions.




3.4. Dynamic Mechanical Analysis


The dynamic mechanical analysis involves studying the dynamic mechanical reaction of viscoelastic materials to sinusoidal changeable strain and is useful in improving materials [31]. The dynamic modulus indicates the intrinsic stiffness of the material under dynamic loading conditions. Some polymeric blends are well-suited to this test due to their monosyllabic identical phase. Conversely, most polymer blends form two phases because of incompatibility between the blend elements [32].



The curves of the storage modulus E' (the ability of the material to store potential energy), loss modulus E" (energy dissipation in the form of heat upon deformation), and phase angle tan δ (the mechanical damping or internal friction in a viscoelastic system) vs. temperature for pure PMMA, and PMMA/10%CAB blends are shown in (Figure 4).



The storage modulus curve for PMMA and PMMA/10%CAB (Figure 4a) shows three main regions (glassy, transition, and rubbery). In the glassy region, there was a sharp decline in the E' curve down to the transition region without any notable signs of the three deformation phases in this region. The E' curve at 80° centered a transition region (primary transition area/α-relaxation) with a steep slope. α-relaxation is attributed to main chain motion (the glass-rubber transition) [33,34]. At 115 °C deformation was highly viscoelastic (rubbery plateau region), indicating main chain mobility (large scale chain mobility). Flow (melt) was evident at 130 °C; in this area the bonds become a slipping case [32].



There was a slight increase in modulus after CAB addition to PMMA, which led to an increase in the material’s ability to store potential energy (stiffness). Moreover, it should be noted that in going from pure PMMA to PMMA/10%CAB, the hydroxyl groups’ mole fraction increases. Similarly, due to the hydrogen bonding between the hydroxyl groups, the steric limitation to polymer chain motion is probable, which may slow the relaxation frequency [34]. The two-step reduction in the loss modulus curve (as shown in Figure 4b) after adding 10% CAB is characteristic of an immiscible blended system [35]. The mechanical loss factor (tan δ) curve (Figure 4c) shows the same divergence at 89 °C near the Tg area. The peak at the lower temperature for PMMA/10%CAB was a signature of a secondary relaxation or β-relaxation process [33]. The tan δ curve peak at 105 °C for PMMA and PMMA/10%CAB represents the glass transition temperature (Tg) for pure and blended (atactic) PMMA [36].




3.5. Thermogravimetric Analysis


The thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) diagrams for pure PMMA and the PMMA/10%CAB blend are shown in (Figure 5a,b). All of the DTG peaks represent the degradation point for each stage. It was observed that, for pure PMMA, there were three degradation steps at 280, 384, and 525 °C, respectively, indicating that PMMA was radically polymerized [37]. The first stage with a total mass loss ≈ 27.45% was due to head-to-head linkage cleavage (H–H linkage), the second stage with a total mass loss ≈ 47.82% was due to the degradation of unsaturated vinylidene ends, thus cleavage from the chain-end and the third stage (the residual polymer) with a total mass loss ≈ 15.57% was equivalent to the decomposition of the main chain of PMMA [37,38,39,40]. PMMA/10%CAB blend showed a single degradation stage at 370 °C because of the organic constituents’ degradation [41].



Multi-stage processes, such as those observed in pure PMMA, may cause differences in apparent activation energy values over the transformation range; however, unequivocal interpretation of such changes is not easy. Thus, 10%CAB inhibits activation energy values of the blend [42]. The break in each thermogram indicates the onset of the decomposition process involving a rapid loss in weight [43].





4. Conclusions


Environmentally friendly transparent PMMA/CAB blends were successfully prepared by melt-blending in a twin screw extruder. The polymer blends were found to be immiscible (PMMA/CAB) with different levels of mixing. The properties of the blends were not only a function of the blend composition but also clearly depended on the degree of dispersion of CAB in PMMA, as well as the phase interaction between the components of the blend. The incorporation of CAB into PMMA reduced the absorption of ultraviolet rays at the damage threshold for both polymers, while the amorphous state for PMMA remained the same after adding CAB. The best blend sample contained 10% w/w CAB in the PMMA/CAB blend, demonstrating high transparency and low ultraviolet light absorption. The results also showed clear improvement in some properties, such as an increase in modulus, loss factor, stiffness, thermal stability, and glass transition temperature for PMMA/10%CAB blend.
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Figure 1. (a) Absorbance of PMMA and CAB in different concentrations at 226 nm; (b) transmittance of PMMA and CAB in different concentrations at 798 nm; (c) PMMA/CAB absorbance and transmittance spectrum with concentration; and (d) PMMA/CAB sheets in different concentrations. 
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Figure 2. SEM images for PMMA and PMMA/10%CAB blend with different scale bars: (a) PMMA/10 µm; (b) PMMA/5 µm; (c) PMMA/2 µm; (d) PMMA/10%CAB/10 µm; (e) PMMA/10%CAB/5 µm and (f) PMMA/10%CAB/2 µm. 
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Figure 3. XRD pattern for: (a) pure PMMA, and (b) PMMA/10%CAB. 
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Figure 4. Pure PMMA and PMMA/10%CAB trace for (a) storage modulus E'; (b) loss modulus E"; and (c) the loss factor (tan δ). 
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Figure 5. TGA- trace for (a) pure PMMA; and (b) PMMA/10%CAB. 
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