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Abstract

:

In this work, biodegradable composites from poly(lactic acid) (PLA) and oil palm empty fruit bunch (OPEFB) fiber were prepared by melt blending method. Prior to mixing, the fiber was modified through bleaching treatment using hydrogen peroxide. Bleached fiber composite showed an improvement in mechanical properties as compared to untreated fiber composite due to the enhanced fiber/matrix interfacial adhesion. Interestingly, fiber bleaching treatment also improved the physical appearance of the composite. The study was extended by blending the composites with commercially available masterbatch colorant.
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1. Introduction


The majority of commodity plastics used today are made of non-biodegradable petroleum-based polymer [1]. The persistence of these materials in the environment beyond their functional life has resulted in a broad range of pollution, litter and waste disposal problems. Concern about the growing environmental issues and preservation of natural resources has stimulated the interest in biodegradable polymers based on renewable resources. Bio-based polymers offer environmental-friendly benefits as they have the capability to degrade naturally into organic substances without releasing any toxic components [2]. There are numbers of bio-based polymers that have been introduced commercially and available in the market. Among all, poly(lactic acid) (PLA) attracts enormous attention because of its versatility, biocompatibility and biodegradability characteristics.



PLA is a type of linear aliphatic thermoplastic polyester derived from renewable agricultural raw materials and commonly synthesized by two methods; ring opening polymerization of lactide and direct polycondensation of lactic acid [3]. PLA has good stiffness, strength and transparency and shows comparable properties in comparison with other petroleum based polymers such as polyethylene (PE), polystyrene (PS) and polypropylene (PP). The unique characteristics of PLA which can be processed similarly to polyolefins [4] make it an attractive option as an alternative to conventional polymers. Despite the excellent properties of PLA, relatively high production costs somewhat restrict its potential widespread application. One way to tackle this problem is through the incorporation of low cost, renewable and fully degradable natural filler such as oil palm empty fruit bunch (OPEFB) fiber to produce a cost effective composite.



In recent years, oil palm empty fruit bunch (OPEFB) fiber has received significant attention in the field of composite materials. OPEFB fiber is a waste product generated from the oil palm industry, available abundantly in Malaysia and its surrounding South East Asia countries [5]. In particular, OPEFB fiber attracts interest because of its environmental friendly nature, abundance, low density and most importantly low cost [6]. The incorporation of OPEFB fiber into PLA will optimize the use of oil palm and turn it from waste to value added product. Consequently, exploiting this waste will help to solve waste management problems, preserve natural resources and maintain ecological balance.



Even if PLA/OPEFB fiber composites are fully degradable, lightweight and cheaper, this combination presents several limitations. For instance, the incompatible character between polar-hydrophilic OPEFB and non-polar hydrophobic PLA matrix results in a poor fiber/matrix interfacial adhesion [7]. In addition, a typical mixing of native natural fiber/polymer matrix produces a dark brown color product, which limits its applications because the range of colors that can be obtained is limited. Therefore, considerable efforts have been made to enhance the composites performance.



A number of different techniques can be used to optimize the interfacial properties of a composite, such as surface modification of fiber via physical or chemical route and the use of an appropriate additive [8]. This study will demonstrate the efficiency of hydrogen peroxide (H2O2) as a bleaching agent. H2O2 has the capability to decolorize the fiber by removing lignin, hemicellulose and surface impurities. To date, there are limited numbers of studies that have been reported about bleached fiber composites. Thus, it is interesting to investigate whether or not fiber bleaching treatment can improve the properties of the composites in terms of appearance and performance. The aim of this work is to study the influence of fiber bleaching treatment with hydrogen peroxide on the properties of PLA/OPEFB composite. In addition, the use of masterbatch colorant to enhance the physical appearance of the composites is investigated.




2. Results and Discussion


2.1. Effect of Fiber Bleaching


Bleaching treatment with hydrogen peroxide (H2O2) has a very pronounced effect on the brightness of the fiber as shown in Figure 1. The use of H2O2 as an oxidizing bleaching agent causes discoloration of fiber. Theoretically, perhydroxyl ions (HOO−) are generated by the dissociation of hydrogen peroxide in alkaline media and are responsible for the decolorization of the fiber (Equation (1)). These ions attack the light absorbing chromophoric groups of lignin and cellulose (carbonyl and conjugated carbonyl groups and quinones) [9]. The following equation shows the formation of perhydroxyl ions from the dissociation of hydrogen peroxide in alkaline medium [10].


H2O2 + OH− → H2O + HOO−



(1)
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Figure 1. Optical images of untreated fiber (UTF) and bleached fiber (BF). 
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2.2. Scanning Electron Microscopy (SEM) Analysis of Oil Palm Empty Fruit Bunch (OPEFB) Fiber


The scanning electron microscopy (SEM) micrographs for untreated and bleached oil palm empty fruit bunch (OPEFB) fiber can be seen in Figure 2. Some physical changes such as a rougher fiber surface can be observed (Figure 2b) after the fiber undergoes the bleaching treatment process. Changes in the fiber surface occur due to the removal of surface impurities, lignin and hemicellulose. Another observation revealed by the SEM micrographs of bleached fiber is the existence of pores on the fiber surface as presented in Figure 2c. The micrographs show that bleaching of fiber with hydrogen peroxide is capable of removing surface impurities and create rougher fiber surface, which is important to increase interfacial adhesion by mechanical interlocking [11].




2.3. Fourier Transform Infrared (FTIR) Analysis of OPEFB Fiber


Fourier transform infrared (FTIR) spectroscopy is employed to study the functional groups of both untreated and bleached fiber and to monitor the effect of fiber treatment on structure and chemical changes of the lignocellulosic fiber. Figure 3 shows the IR spectra for untreated and bleached fiber. A broad peak can be observed at region 3600–3200 cm−1 indicating the presence of hydroxyl (O–H) group in both fibers. The absorbance peaks around 2900–2800 cm−1 were attributed to stretching of the C–H group. A peak at 1729.01 cm−1 was present for untreated fiber but not for bleached fiber. The peak corresponds to the C=O stretching of the acetyl group in hemicellulose [12]. The peak also indicates the ester linkage of the carboxylic group in the ferulic and p-coumeric acid of lignin and/or hemicellulose [13]. The lack of this peak for bleached fiber confirmed the removal of lignin and hemicellulose during the bleaching process. The intensity of the peak at 1502.92 cm−1 for untreated fiber decreased after the bleaching process. A peak at 1264.87 cm−1 for untreated fiber was shifted to 1271.24 cm−1 after the bleaching process and its intensity decreased. According to Joonobi et al. [13], that peak is attributed to the aryl group in lignin, thus the changes observed are due to the removal of lignin after fiber treatment. Finally, the intense peaks around 1070–1010 cm−1 region were due to the stretching of C–O and O–H groups [14].
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Figure 2. Scanning electron microscopy (SEM) micrographs of (a) UTF; (b) BF1; (c) BF2 at (i) 200× and (ii) 1000× magnification. BF1 and BF2 are the same sample but observed at different locations. 
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Figure 3. Fourier transform infrared (FTIR) spectra for untreated fiber (UTF) and bleached fiber (BF). 
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2.4. X-ray Diffraction (XRD) Analysis of OPEFB Fiber


XRD analysis was carried out to examine the effect of bleaching treatment on the crystallinity of the fiber. The XRD diffractogram of untreated and bleached fibers are presented in Figure 4, where significant changes can be observed regarding the intensity of the peak for both types of fiber. A major diffraction peak at 2θ ranging between 22° and 23° can be seen, which corresponds to the crystallographic planes of cellulose I (I200). The peak near 2θ of 16° is the superposition of two peaks from the crystalline phase of the cellulose. The valley between the two peaks, (region around 2θ = 18°) represents the non-crystalline region of the fiber. From the diffractogram, the crystallinity index of fiber is determined using the empirical Segal equation as stated in the methodology section. The crystallinity index for the untreated fiber was found to be 37% and it increased to 61% for the bleached fiber. The increase in crystallinity is expected due to the removal of lignin and hemicellulose, the amorphous part in the fiber structure. A higher fiber crystallinity should lead to higher fiber tensile strength, which should improve the mechanical properties of the corresponding composite [15].
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Figure 4. XRD patterns corresponding to untreated fiber (UTF) and bleached fiber (BF). 
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2.5. Biocomposites Preparation


PLA/OPEFB biocomposites from untreated and bleached fiber were successfully prepared by melt blending technique followed by compression molding. All the produced composites showed smooth surfaces indicating a uniform distribution of the fiber. Figure 5a shows the typical transparency of neat PLA. Upon the addition of untreated fiber, a brown sheet of composite was produced (Figure 5b, PLA/UTF). On the other hand, the combination of PLA with bleached fiber successfully produced a brighter color for the composite as shown in Figure 5c (PLA/BF). The change in color is believed due to the removal of lignin and hemicellulose during bleaching process. From this point of view, the bleaching of the fiber becomes a crucial step in order to produce composites with a better appearance that can be further processed to obtain various colors with the addition of masterbatch (MB) colorant (Figure 5d, PLA/MB/BF).
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Figure 5. Image of (a) neat poly(lactic acid) (PLA); (b) PLA/UTF30; (c) PLA/BF30 and (d) PLA/masterbatch (MB)/BF30 composites. 
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2.6. Effect of Fiber Bleaching on the Tensile Properties of Poly(lactic acid) (PLA)/OPEFB Fiber Biocomposites


The tensile strength of neat PLA, PLA/UTF, PLA/BF and PLA/MB/BF composites is reported in Figure 6. A decrease in tensile strength resulting from an increase in fiber loading was noticed for the three composites compared to PLA. This phenomenon could be attributed to a weak interfacial interaction between PLA and OPEFB fiber, which resulted into an inefficient stress transfer when stress is applied on a tensile specimen. Besides, the OPEFB used in short fiber form might not be able to support stress transferred from PLA, thus leading to strength reduction as fiber loading increases [16]. However, it is evident from the results that PLA/bleached fiber composites show significant improvement in tensile strength compared to the PLA/untreated fiber composites. According to Senawi et al. [17] treatment of fiber improves biocomposites properties by increasing wettability and interfacial bond strength with the matrix, explaining the enhancement in strength. On the other hand, it was observed from the tensile strength result that the addition of 0.5 wt. % masterbatch colorant resulted in a reduction of the overall composite strength. A similar observation was found by Byrne et al. [18].





[image: Ijms 15 14728 g006 1024] 





Figure 6. Tensile strength of PLA/UTF, PLA/BF and PLA/MB/BF composites. 
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Figure 7 illustrates the tensile modulus for neat PLA and the three composites. The modulus increased gradually as fiber loading was increased as well, for all fiber/matrix systems and reached a maximum at 40 wt. % fiber loading; it was higher than the modulus of PLA. A sudden drop of the tensile modulus was recorded at 50 wt. % fiber loading. That might have come from an insufficient wetting of fiber by the matrix. The increased in tensile modulus might be due to the fact that the fibers have a higher stiffness than the matrix. Based on the result, PLA/BF and PLA/MB/BF composites have higher tensile modulus compared to the untreated fiber composites. Indeed, the fiber treatment process removes lignin and hemicellulose, therefore increases the effectiveness of cellulose fiber as reinforcement [19]. Rosa et al. [20] reported the same pattern on tensile modulus with fiber treated in alkaline medium.
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Figure 7. Tensile modulus of PLA/UTF, PLA/BF and PLA/MB/BF biocomposites. 
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Figure 8 illustrates the elongation at break of neat PLA, PLA/UTF, PLA/BF and PLA/MB/BF composites. Generally, neat PLA has a higher elongation value compare to the composites. With the increment in fiber content from 0 to 50 wt. %, a gradual decrease in the elongation at break was observed due to the increasing of brittleness and stiffness of the composites, thus restricting the polymer chain mobility. The increment in strength and stiffness is usually accompanied by decrement in strain value. This finding is also in agreement with Chee et al. [21] who suggested that the fiber-matrix interaction is expected to diminish at higher fiber loading and being replaced by fiber-fiber interaction. Nevertheless, a notable improvement in elongation at break can be observed for bleached fiber composites compare to untreated fiber composites.




2.7. Effect of Fiber Bleaching on the Impact Properties of Biocomposites


The impact strength of un-notched neat PLA, PLA/UTF, PLA/BF and PLA/MB/BF as a function of fiber loading can be found in Figure 9. Lower impact strength compared to neat PLA and a gradual decrease is spotted with an increase of fiber content. According to Bengtsson et al. [22] the stiffer fiber will act as stress concentrators in the polymer matrix and reduce the crack initiation energy. Consequently, it will reduce the impact strength of the composites. Besides, with an increasing fiber content, the probability of fibers to agglomerate also increases, thus creating regions of stress concentration that require less energy to extend the fracture propagation [23].The presence of fiber will also reduce the energy absorbed by the composites during fracture propagation. The results also demonstrate an improvement in impact strength for bleached fiber composites compared to the untreated fiber composite. The improvement is likely due to the enhancement of fiber-matrix interaction which provides higher resistance to crack propagation [17].
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Figure 8. Elongation at break of PLA/UTF, PLA/BF and PLA/MB/BF biocomposites. 
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Figure 9. Impact strength of PLA/UTF, PLA/BF and PLA/MB/BF biocomposites. 
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2.8. SEM Analysis of Biocomposites


The fracture surface of composites was studied to identify the nature of the failure mechanism and particularly to examine the level of fiber-matrix interaction [24]. Figure 10a shows the fracture surface micrograph of a tensile specimen of neat PLA. Meanwhile, SEM images of the tensile fracture surfaces of PLA/UTF, PLA/BF and PLA/MB/BF composites at 30 wt. % fiber loading are displayed in Figure 10b–d respectively. The micrographs corresponding to all three biocomposites show a visible fiber pull-out. The micrograph of untreated fiber composites (PLA/UTF) shows notable gaps between fiber and matrix. The gaps could be generated because of a debonding during mechanical test or because of a poor contact during composites preparation [25]. Either way, the gaps are an indication of poor fiber/matrix adhesion. In contradiction, the gaps are much less pronounced for bleached fiber composite (PLA/BF and PLA/MB/BF). This clearly shows the bleaching of fibers improves adhesion between the fibers and the matrix due to the removal of impurities and the generation of a rougher fiber surface after treatment process. Huda et al. [26] have made a similar conclusion and suggest that changes of surface topography could affect the fiber/matrix interfacial adhesion. A good fiber/matrix adhesion is required for effective stress transfer from the matrix to the fiber [19]. The enhancement in fiber/matrix adhesion explains the improvement in mechanical properties of bleached fiber composites compared to the untreated fiber composites.
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Figure 10. SEM micrographs of (a) PLA; (b) PLA/UTF; (c) PLA/BF; and (d) PLA/MB/BF. 
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2.9. Thermogravimetric Analysis (TGA) of Biocomposites


TGA was used in this study to investigate the thermal behavior of neat PLA and the composites. Figure 11 and Figure 12 show the thermogravimetric (TG) and derivative thermogravimetric (DTG) thermograms of neat PLA and the biocomposites at 30 wt. % fiber loading. The thermal degradation of neat PLA occurs in a single step degradation process around 270 °C and finishes at 390 °C. The decomposition of the composites happens at lower temperature. This is most likely attributed to the fact that the fiber has a lower decomposition temperature that possibly enhances the deformation of the crystalline structure of PLA, thus resulting in a reduction in thermal stability of the composites. This finding is in line with Kalam et al. [27] who observed a similar trend in TG for OPEFB fiber polypropylene composite. In addition, at similar fiber content bleached fiber composites display an early decomposition temperature compared to untreated fiber composites. Two remarks can be deduced from those results: the incorporation of OPEFB fiber reduced the decomposition temperature of the composites and bleaching treatment did not improve the overall thermal stability.
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Figure 11. Thermogravimetric analysis (TGA) thermograms of neat PLA and biocomposites (70:30). 
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Figure 12. Derivative thermogravimetric (DTG) thermograms of neat PLA and biocomposites (70:30). 
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3. Experimental Section


3.1. Materials


Poly(lactic acid) pellets with density 1.24 g/cm3 (Grade 4060D) was supplied by Nature Work LLC (Minnetonka, MN, USA). The OPEFB fiber was obtained from Sabutek (M) Sdn. Bhd. (Perak, Malaysia). Hydrogen Peroxide (30%) was purchased from J.T. Baker (Center Valley, PA, USA) and sodium hydroxide from R&M Chemicals (Essex, UK). Masterbatch colorant (28 wt. % pigment) was supplied by Dongguan Liangsu Masterbatch Technology (Guangdong, China). All the materials were used as received.




3.2. Fiber Bleaching


The OPEFB fiber was soaked in distilled water at 70 °C for 4 h to remove excessive wax and other impurities. The fiber was dried in an oven at 60 °C for 24 h before being ground to a 300 µm fiber size. These dried fibers were designated as untreated fibers (UTF). The untreated OPEFB fiber was subjected to alkaline bleaching at 5.0 vol. % hydrogen peroxide concentration at pH 11 and at 70 °C for 90 min. NaOH was used to obtain the alkaline condition. Next, the fiber was washed with distilled water until neutral pH was obtained. After washing, the fibers were dried in an oven at 60 °C for 24 h. These fibers are labeled as bleached fibers (BF).




3.3. Preparation of Composites


Prior to the mixing process, PLA pellets and OPEFB fiber were dried at 60 °C for 24 h in an oven to remove moisture. The PLA/untreated fiber composites were prepared by using an internal mixer (Thermo Haake, Karlsruhe, Germany) at 160 °C for 15 min with a rotor speed of 50 rpm. The weight ratios of PLA/untreated fiber were 100/0, 90/10, 80/20, 70/30, 60/40 and 50/50. The biocomposites were then compress molded using a hydraulic hot press (Hsin-Chi Machinery Company Ltd., Hsinchu Hsien, Taiwan) at 160 °C with a 110 kg/cm3 pressure. The same procedure was repeated for the preparation of PLA/bleached fiber and PLA/bleached fiber/colorant (0.5 wt. %) composites. Subsequently, the composites underwent characterization for mechanical, thermal and morphological properties.




3.4. Characterization of Fiber and Composites


3.4.1. SEM Analysis


Scanning electron microscopy (SEM JEOL model JSM-6300F, JEOL Ltd., Tokyo, Japan) with an acceleration voltage of 20 kV was used to assess the surface topography of fibers and tensile fracture surface of neat PLA and its composites. The specimens were coated with gold to make them electrically conductive.




3.4.2. FTIR Analysis


The untreated and bleached fibers were analyzed using an FTIR Spectrometer (Perkin-Elmer: Model 1000 Series, Perkin Elmer, Waltham, MA, USA) instrument equipped with a universal attenuated total reflectance (UATR) accessory. The spectra were recorded between a range of wavenumbers from 4000 to 280 cm−1 with a 4 cm−1 spectral resolution.




3.4.3. XRD Analysis


An X-ray diffractometer Shimadzu XRD 6000 (Tokyo, Japan) was employed to study the crystallinity for both treated and untreated fiber. The X-ray wavelength was 1.5405 Å and the diffraction patterns were recorded in step-scan mode (2θ range: 10°–40°) with a scanning speed of 2°/min. The calculation for crystalline index of cellulose (CrI) for treated and untreated fiber was determined based on Segal empirical method [13] stated as follows (Equation (2)):


CrI (%) = [(I200 − Inon-Cr)/I200] × 100%



(2)




where I200 is the peak intensity corresponding to cellulose and Inon-Cr represents the non-crystalline region.




3.4.4. TGA


A TG Analyzer, Perkin Elmer TGA7 (Perkin Elmer, Waltham, MA, USA) was used to study the thermal stability of the neat PLA and its composites. TGA measures changes in the weight of the sample as a function of temperature and/or time. The samples were heated from 25 to 500 °C at constant heating rate of 10 °C/min under nitrogen atmosphere (flow rate: 50 mL/min). The weight loss of the sample was plotted as a function of temperature.




3.4.5. Tensile Test


Neat PLA and PLA composite sheets were cut into dumbbell shaped specimens prior to use. The width and the thickness of the specimens were measured at three different points and an average value was calculated. The tensile properties: tensile strength, elongation at break and tensile modulus were determined using an Instron Universal Testing Machine (Model 4302 Series IX, Instron, Norwood, MA, USA) according to American Society for Testing and Materials (ASTM) D638 standard. Seven samples were tested for each reference.




3.4.6. Izod Impact Test


Neat PLA and PLA composites were tested. Specimens with dimensions 63.50 mm × 12.70 mm × 3.00 mm were prepared. Impact test was performed using an izod impact tester (International Equipment, Mumbai, India) with a pendulum weighing 453 g (1.0 lb) based on ASTM D256 standard. Seven specimens were tested for each reference.






4. Conclusions


The effects of fiber bleaching treatment on the mechanical, thermal and morphological properties of OPEFB fiber/PLA composites have been investigated. Mechanical properties of the composites made with bleached fibers showed an improvement compared to untreated fiber. Bleaching of fiber is effective at removing surface impurities, lignin and hemicellulose, thereby producing brighter color and rougher fiber surface which promotes fiber/matrix adhesion as depicted by SEM micrographs. On the other hand, bleaching treatment did not improve thermal stability of the composites. Nevertheless, incorporation of bleached fiber into PLA resulted in a better appearance of the composites, and made further modification with colorants possible.







Acknowledgments


The authors would like to thank the Grant Research Fellowship (GRF) and Research University Grant Scheme (RUGS), UPM for their financial assistance.




Author Contributions


The first author (Marwah Rayung) was responsible for designing the research project, conducting the experiment and writing the journal article. The co-authors contributed in analysis of data and interpretation of the research finding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chiellini, E.; Chiellini, F.; Cinelli, P. Polymers from renewable resources. In Degradable Polymers Principles and Applications; Scott, G., Ed.; Kluwer Academic Publisher: Dordrecht, The Netherlands, 2007; pp. 163–233. [Google Scholar]

	



Wahit, M.U.; Akos, N.I.; Laftah, W.A. Influence of natural fibers on the mechanical properties and biodegradation of poly(lactic acid) and poly(ε-caprolactone) composites: A review. Polym. Compos. 2012, 33, 1045–1053. [Google Scholar] [CrossRef]

	



Yu, T.; Li, Y.; Ren, J. Preparation and properties of short natural fiber reinforced poly(lactic acid) composites. Trans. Nonferrous Met. Soc. China 2009, 19, 651–655. [Google Scholar] [CrossRef]

	



Tawakkal, I.S.M.A.; Talib, R.A.; Abdan, K.; Ling, C.N. Mechanical and physical properties of kenaf-derived cellulose (KCD)-filled polylactic acid (PLA) composites. BioResources 2012, 7, 1643–1655. [Google Scholar]

	



Hassan, A.; Salema, A.A.; Ani, F.N.; Abu Bakar, A. A review on oil palm empty fruit bunch fiber-reinforced polymer composite materials. Polym. Compos. 2010, 31, 2079–2101. [Google Scholar] [CrossRef]

	



Abdul Khalil, H.P.S.; Azura, M.N.; Issam, A.M. Oil palm empty fruit bunches (OPEFB) reinforced in new unsaturated polyester composites. J. Reinf. Plast. Compos. 2008, 27, 1817–1826. [Google Scholar] [CrossRef]

	



Ibrahim, N.A.; Ahmad, S.N.A.; Yunus, W.M.Z.W.; Dahlan, K.Z.M. Effect of electron beam radiation and poly(vinyl pyrrolidone) addition on mechanical properties of polycaprolactone with empty fruit bunch fibre (OPEFB) composite. Express Polym. Lett. 2009, 3, 226–234. [Google Scholar] [CrossRef]

	



Avella, M.; Buzarovska, A.; Errico, M.E.; Gentile, G.; Grozdanov, A. Eco-challenges of bio-based polymer composites. Materials 2009, 2, 911–925. [Google Scholar] [CrossRef]

	



Sundara, R. Hot peroxide bleaching. Can. Chem. News 1998, 50, 15–17. [Google Scholar]

	



Maekawa, M.; Hashimato, A.; Tahara, M. Effects of pH in hydrogen peroxide bleaching on cotton fabrics pretreated with ferrous sulphate. Text. Res. J. 2007, 77, 222–226. [Google Scholar] [CrossRef]

	



John, M.J.; Francis, B.; Varughese, K.T.; Thomas, S. Effect of chemical modification on properties of hybrid fiber biocomposites. Composites 2008, 39, 353–363. [Google Scholar]

	



Tserki, V.; Zafeiropoulus, M.E.; Simon, F.; Panayiotou, C. A study of the effect of acetylation and propionylation surface treatments on natural fibers. Compososites 2005, 36, 1110–1118. [Google Scholar] [CrossRef]

	



Joonobi, M.; Harun, J.; Shakeri, A.; Misra, M.; Osman, K. Chemical composition, crystallinity and thermal degradation of bleached and unbleached Kenaf bast (Hibicus cannabinus) pulp and nanofibers. BioResource 2009, 4, 626–639. [Google Scholar]

	



Nacos, M.; Katapodis, P.; Pappas, C.; Daferera, D.; Tarantilis, P.A.; Christakopoulus, P.; Polissiou, M. Kenaf xylan—A source of biologically active oligosaccharides. Carbohydr. Polym. 2006, 66, 126–134. [Google Scholar] [CrossRef]

	



Alemdar, A.; Sain, M. Isolation and characterization of nanofibers from agricultural residues—Wheat straw and soy hulls. Bioresour. Technol. 2007, 99, 1664–1671. [Google Scholar] [CrossRef]

	



Ramli, R.; Yunus, R.M.; Beg, M.D.H.; Prasad, D.M.R. Oil palm fiber reinforced polypropylene composites: Effects of fiber loading and coupling agents on mechanical, thermal, and interfacial properties. J. Compos. Mater. 2011, 46, 1275–1284. [Google Scholar]

	



Senawi, R.; Mohd Alauddin, S.; Mohd Saleh, R.; Shueb, M.I. Polylactic acid/empty fruit bunch fiber biocomposite: Influence of alkaline and silane treatment on the mechanical properties. Int. J. Biosci. Biochem. Bioinform. 2013, 3, 59–61. [Google Scholar]

	



Byrne, F.; Ward, P.G.; Kennedy, J.; Imaz, N.; Huges, D.; Dowling, D.P. The effect of masterbatch addition on the mechanical, thermal, optical and surface properties of poly(lactic acid). J. Polym. Environ. 2009, 17, 28–33. [Google Scholar] [CrossRef]

	



Bachtiar, D.; Sapuan, S.M.; Hamdan, M.M. The effect of alkaline treatment on tensile properties of sugar palm fiber reinforced epoxy composites. Mater. Des. 2008, 29, 1285–1290. [Google Scholar] [CrossRef][Green Version]

	



Rosa, M.F.; Chiou, B.; Medeiros, E.S.; Wood, D.F.; Williams, T.G.; Mattoso, L.H.C.; Orts, W.J.; Imam, S.H. Effect of fiber treatments on tensile and thermal properties of starch/ethylene vinyl alcohol copolymers/coir biocomposites. Bioresour. Technol. 2009, 100, 5196–5202. [Google Scholar] [CrossRef]

	



Chee, P.E.; Talib, R.A.; Yusof, Y.A.; Chin, N.L.; Ratnam, C.T.; Khalid, M.; Chuah, T.G. Mechanical and physical properties of oil palm derived cellulose-LDPE biocomposites as packaging material. Int. J. Eng. Technol. 2010, 7, 26–32. [Google Scholar]

	



Bengtsson, M.; Baillif, M.L.; Oskman, K. Extrusion and mechanical properties of highly filled cellulose fiber–polypropylene composites. Composites 2007, 38, 1922–1931. [Google Scholar] [CrossRef]

	



Huda, M.S.; Drzal, L.T.; Mohanty, A.K.; Misra, M. Chopped glass and recycled newspaper as reinforcement fibers in injection molded poly(lactic acid) (PLA) composites: A comparative study. Compos. Sci. Technol. 2006, 66, 1813–1824. [Google Scholar] [CrossRef]

	



Mathew, A.P.; Oksman, K.; Sain, M. Mechanical properties of biodegradable composites from poly lactic acid (PLA) and microcrystalline cellulose (MCC). J. Appl. Polym. Sci. 2005, 97, 2014–2025. [Google Scholar] [CrossRef]

	



Bax, B.; Mussig, J. Impact and tensile properties of PLA/Cordenka and PLA/flax composites. Compos. Sci. Technol. 2008, 68, 1601–1607. [Google Scholar] [CrossRef]

	



Huda, M.S.; Lawrence, T.D.; Mohanty, A.K.; Misra, M. Effect of fiber surface treatments on the properties of laminated biocomposites from poly(lactic acid) (PLA) and kenaf fibers. Compos. Sci. Technol. 2008, 68, 424–432. [Google Scholar] [CrossRef]

	



Kalam, A.; Berhan, M.N.; Ismail, H. Physical and mechanical characterizations of oil palm fruit bunch fiber filled polypropylene composites. J. Reinf. Plast. Compos. 2010, 29, 3173–3184. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
Absorbance (%)

[
33342

3333.68

2887.84

6

2888.35

4000 3500 3000

1500

Wavenumber (cm!)

2500 2000

1000

500






media/file18.png
JEOL

15KU

1 ™
% 8 17mm

Missing Gaps

(d)

JEOL

4

s e
1SKU

Missing Gaps

it

Brm
258 /t6mm






media/file13.png
Tensile Modulus (MPa)

1600

1400

1200

1000

800

600

400

200

=&=PLA/UTF =#=PLA/BF =#=PLA/MB/BF

10

I |

20 30
Fiber Loading (wt.%)

40

50





media/file9.png
(c) (d)






media/file22.png
Derivative Weight % (%/min)

Temperature (°C)

100 200 300 400 500

600

(a) UTF
——(b) BF

——(f) PLA/MB/BF30






media/file23.png
Derivative Weight % (%/min)

-10

-15

- ——(b) BF
- ——(c) PLA

- ——(d) PLA/UTF30

- ——(e) PLA/BF30

- ——(f) PLA/MB/BF30

(a) UTF

Temperature (°C)

300

400






media/file10.png
Tensile strength (MPa)

=4=PLA/UTF =#=PLA/BF =#=PLA/MB/BF

10 20 30
Fiber loading (wt.%)





media/file5.png
BF

: 1887.84 1642.57

1503.54
1370.46

3334.26

UTF

-

1729.01

1630.92
1502.92

Absorbance (%)

2888.35

3333.68

1416.95

1023.27

T T T T T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™!)





media/file15.png
Elongation at break (%)

=&=PLA/UTF =@=PLA/BF ==#—=PLA/MB/BF

10 20 30
Fiber loading (wt.%)

40

50





media/file19.png
—

i earm ./ iy 16040
L HAEEY x2s5B S mm JEOL . 15KU B 17mm
’ / J/' / ¢ . / " N

” ﬂ/,-" "
a‘l;-". 2 l.
" " » 2
:.‘/'

JEOL 1SKV






media/file14.png
Elongation at break (%)

~=4=PLA/UTF =@=PLA/BF <=#=PLA/MB/BF

10 20 30
Fiber loading (wt.%)





media/file6.png
Intensity (a.u)

non-Cr

1 200






nav.xhtml


  ijms-15-14728


  
    		
      ijms-15-14728
    


  




  





media/file11.png
Tensile strength (MPa)

60

50

40

30

20

] ~—F
] - T
wslp==P[_A/UTF =i=PLA/BF ==PLA/MB/BF
0 10 20 30 40

Fiber loading (wt.%)

50





media/file1.png





media/file16.png
Impact Strength (J/m)

50

00

=4=PLA/UTF =@=PLA/BF ==&=PLA/MB/BF

10 20 30
Fiber Loading (wt.%)





media/file2.png
Fe I
Pm' . ; ’ ?—- 160m’
200 15mm "}f i, 1SKU, ¥1.8






media/file20.png
Weight (%)

120

100
80 +
60 +
——(a) UTF
40 T —(b)BF
——(0)PLA
20 | ——(d) PLA/UTF30
——(e) PLA/BF30
—— () PLA/MB/BF30
0 T T T T T T T
100 150 200 250 300 350 400 450

Temperature (°C)

500





media/file7.png
1 200

___________________________

(n°e) Qsudyuy

25 30 35 40
20 (°)

20

15





media/file12.png
Tensile Modulus (MPa)

1600

1400

1200

1000

800

600

400

200

=4=PLA/UTF =#=PLA/BF ==PLA/MB/BF
T T T

10 20 30
Fiber Loading (wt.%)





media/file3.png
g

A

—e
o
L
—
u\..a )
—
o
S

b(i)

c(i)

Hm
2888 15mm





media/file0.png





media/file17.png
Impact Strength (J/m)

250

200

150

100

50

=&=PLA/UTF =#=PLA/BF =#=PLA/MB/BF

I I 1

10 20 30
Fiber Loading (wt.%)

40

50





media/file8.png
(c)

(d)





media/file21.png
Weight (%)

120
100 +
80
60 -
I (a) UTF
40 T ——(b)BF
. ——(c)PLA
20 + —(d) PLA/UTF30
: (e) PLA/BF30
- ——(f) PLA/MB/BF30 T
0'"'I""l""l""l""l""l""l"":
100 150 200 250 300 350 400 450 500

Temperature (°C)





