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Abstract

:

Wood plastic composites (WPC) are characterized by the mixing of wood fibers with plastics, allowing the production of new products whose characteristics are in several aspects superior to those of the original products and represent an expanding class of durable and low-cost materials in which their uses can reduce the environmental footprint and the dependence on petroleum products. Nevertheless, WPC has some setbacks, including biodegradation, which shortens its life span. In this study, the wood composite was exposed to the white-rot fungus Pycnoporus sanguineus in order to evaluate its resistance to biodegradation. The WPC was prepared with a 1:1 ratio of Eucalyptus spp. bark as reinforcement agent and polypropylene as matrix. Mechanical and rheological properties and mass loss were evaluated from 15 to 120 days of fungus exposure. After 15 days, a mass loss was detected, which transmitted a negligible effect on the impact resistance of the composite. For the 120-day fungus-exposed composite, the fungus produced a biofilm under the WPC that create a special environment for lignocellulosic consuming led to deterioration of the mechanical properties and minor changes on the thermal–chemical stability of the WPC. Finally, the study gave a great indication of the susceptibility of a Eucalyptus-based composite to biodegradation.
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1. Introduction


An increase in environmental concerns has promoted the use of natural composites with the aim of replacing materials commonly made from fossils [1,2]. Composites have been used to replace many products made exclusively with petroleum derivatives, which represents a new approach in material development [3,4]. The possibility of using recycled materials to make composites is very attractive, especially with the large amount of wood fiber and plastic waste generated daily around the world [5].



Wood-plastic composites (WPCs) are made with plant fibers (lignocellulosics) and preferably thermoplastics (matrix) as the main constituents, and, to a lesser extent, additives. The use of cellulose fibers in the composites results in more easily colonized surfaces, which are attributed to water uptake by the cellulose fibers. Woody residues are used as the co-product, such as sawdust or planer shavings, which reduces the problem of a large amount of accumulated residue [6]. Since wood-plastic composites (WPC) are most used for exterior applications, durability and weathering is an important issue. Therefore, damages caused by fungi and bacteria are factors that should be analyzed and if necessary be improved, since WPC are susceptible to biodegradation, although these materials have limited water absorption because of the wood fiber encapsulation in polymer matrix [7]. Although in the past WPC was considered to be durable against biodegradation, because of the wood fiber encapsulation in the thermoplastic matrix, this fact, later Morris and Cooper (1998) showed that brown and white rot fungus as well as blue stain fungus were growing on WPC boardwalk in Florida [8,9].



Several types of agricultural residues may be used as the raw material for WPCs beyond wastes from wood processing mills. Different plant-derived fibers, including sisal, coir, jute, banana, bamboo, rice straw, cereal straw, corn stalks, rice husks, and sugarcane bagasse, have been shown to be good replacement materials [10,11].



WPC production requires a polymer that exhibits a melting point below 200 °C, since that the natural fibers are degraded at high temperatures [12,13,14]. Thermoplastic resins can be reused after melting by heating, while still maintaining their optical and mechanical properties [15]. Polypropylene is a flexible and opaque crystalline thermoplastic. It has been largely used due to its mechanical performance, thermal-chemical stability, low density, and high molding characteristics [15,16].



WPCs are made with a percentage of renewable resources that varies according to their purpose. The ratio of natural polymers to be incorporated into a WPC can show desirable properties even over 50% [17]. Various segments, such as building and construction, automotive components, industrial and consumer goods, furniture and several use WPCs, can compete with materials made with petroleum-based materials [18,19]. WPCs possess a number of advantages, including their improvement of mechanical performance regarding conventional plastics, which reduces the environmental impact. Other advantages include their low cost and density per unit volume, non-toxicity, low power consumption to produce, and acceptable specific strength [20,21]. However, compared to petroleum-based composites, WPCs lack the variability of mechanical properties as a result of the weak chemical interaction between the wood-polymer interfaces [22]. Another point that must be considered is the chemical instability of wood fibers at high temperatures and the high water absorption that may cause poor adhesion between the fiber and matrix [11,23].



Durability of the WPC is inseparable from the question of degradability. Durability determines the usefulness of composite materials in a particular environment. The degree of degradation can be evaluated by several ways, including estimating the change of color and appearance of the composites, weight losses, and loss of mechanical properties [7,24].



Water presence in the material is a vital factor for fungal degradation. WPC materials have restricted water and moisture absorption due to fiber encapsulation in the matrix [7]. WPCs can suffer degradation caused by photodegradation through ultraviolet light and heating by sunlight [25]. Regarding biotic factors, only a few species of fungi and bacteria can cause damage to WPCs, especially when abiotic factors are the primary cause of deterioration [26]. However, there is a large difference in abilities between species and even between microorganisms. This biodiversity is the result of different enzymatic systems associated with the biogeographical origin and food source, which strongly influence their ability to consume lignocellulosic materials [27]. Therefore, is essential to analyze the environment where the material will be applied, as well as the conditions under which it will be exposed, respecting the limits of its use [9,28,29].



Among the basidiomycetes, the genus Pycnoporus has been investigated due to its high ability to biodegrade and/or fragment composites, natural polymers, such as lignin, water pollutants and other recalcitrant compounds [30,31,32]. The aim of this work is to determine the contribution of a basidiomycete fungus to potential losses in the hardness, impact strength (toughness) and weight loss of a WPC, giving an indication of the susceptibility of a Eucalyptus-based composite to biodegradation. Pycnoporus sanguineus is a white-rot fungus commonly found in native and planted forests in Brazil. It has been studied due to its capacity to biodegrade Eucalyptus wood [33].




2. Materials and Methods


2.1. Wood-Plastic Composite Preparation


Polypropylene H-107 (density of 0.905 g·cm−3) was supplied by Braskem, São Paulo, Brazil. The compatibilizer used was Bondyram 100, Polyram Plastic Industries with a melting point of 150–170 °C, which is a maleic anhydride grafted polypropylene (MAPP) recommended as an effective compatibilizer for fiber-reinforced polypropylene composites. Maleic anhydride is the most common coupling agent used in natural fiber-PP biocomposites. This process results in the formation of covalent bonds across fiber-matrix interface. The main difference of maleic anhydride with other coupling agents is that it is mostly used to modify PP instead of natural fibers. Studies indicate an improvement in wood fiber-PP matrix bonding in the presence of compatibilizers or coupling agents such as MAPP [24].



Eucalyptus bark was milled in a Wiley-type mill to a particle size of 18 mesh and blended with polypropylene (PP) at a ratio of 1:1, 2% MAPP. Composites were prepared in a twin-screw extruder, L:D 36 (Coperion model ZSK-25, Stuttgart, Germany). In order to prevent PP degradation and provide the fusion between fiber and polymer, the processing conditions in the extruder were 180 rpm and the temperature profile of 190, 190, 180, and 180 °C at the four heating zones and 160 °C at the dye. After that, the material was chopped into granules (SAGEC brand, model GS mill 70). The next step was to inject the composite granules into an injection-molding machine (Sandretto Model 65/247) for sampling preparation for mechanical tests. Both fibers and granules were previously dried at 105 °C for the production of the composites. The parallel screws are modular, along the barrel length with screw shaft sections that can be changed depending on the objectives (conveying, dispersive mixing, distributive mixing, etc.). The design used is showed in Figure 1. The feeding process was the one in which both components are introduced at the same time to avoid overheating.




2.2. Fungus Cultivation


Pycnoporus sanguineus was macroscopically identified at the Botanic Institute of Sao Paulo by Dr. Adriana Melo Gugliota and also by sequencing the internal transcribed spacer (ITS 1 and ITS 4) region of the ribosomal DNA. The species was deposited in the Culture Collection of Algae, Cyanobacteria and Fungi of Botanic Institute (CCIBt), Sao Paulo-SP, Brazil, with number CCIBt 3817.



Two steps of fungi grown were used. First, the fungus was grown on potato dextrose agar (PDA) prepared on Petri dishes (5 day/28 °C). The second step was to prepare a eucalyptus-based substrate (ES-substrate) made with Eucalyptus spp. sawdust, wheat, corn bran and calcium carbonate (41:1:1:1, w/w, respectively) at 60% humidity. The blend was sterilized by autoclaving for 4 h [34]. After cooling, 150 g of the ES-substrate was placed in glass Petri dishes (140 × 20 mm), followed by autoclaving at 121 °C for 15 min. One PDA disk (ϕ 0.9 cm) was placed in the center of the ES-substrate. For complete mycelial colonization, the plates were incubated for a week at 28 °C.




2.3. Composite Preparation for Biodegradation Assay


The sterilization method for the WPC was as follows. The samples were previously cleaned with 70% ethanol and oven dried at 60 °C for 12 h. For minimizing microbial contamination, the WPC samples were exposed each side under ultraviolet light for 5 min. Under aseptic conditions, five WPCs were placed under the fungus-colonized ES-substrate and incubated at 30 °C at 60% humidity, mimetizing the local environment, for 120 days.



The experimental design was completely randomized with six periods of evaluation (15, 30, 45, 60, 90, and 120 days), with ten replicates. Melt flow, impact strength and hardness composed the rheological, physical and mechanical assays, and thermogravimetric analysis (TGA) and infrared spectroscopy (FTIR) composed the chemical analysis. Scanning electronic microscopy (SEM) observations were carried out at 60 and 120 assay periods and weight losses were evaluated for the overall period.




2.4. Melt Flow Index Test


This test was performed according to the standard ASTM D1238 [35] using a plastometer (JJH). The melt flow index was measured at a temperature of 230 °C, a weight of 2.16 kg and a cut time of 10 s.




2.5. Mechanical Testing


2.5.1. Impact Test


The measurements were performed using an Izod-type notched sample (Izod Impact Tester, Tinius Olsen) according to the standard ASTM D256 [36] at an impact speed of 4 m·s−1.




2.5.2. Hardness Test


The relative hardness of the composites was conducted according to ASTM D2240 [37] using a Zwick analogy hardness tester. The indenter was pressed over the sample for 10 s at five random points.





2.6. Weight Loss


The weight loss, because of the degradation, does not always reflect the actual damage that has occurred in the wood. In case of the WPC, the situation is different. For the WPC, in opposite of solid wood, the natural fibers are encapsulated and most protected by the plastics matrix, therefore its mechanical performance is less sensitive of fungal degradation compared to weight loss. Nevertheless, the absorption of moisture and afterward drying leads to wood particle debonding from the matrix and consequently causes more significant mechanical changes. Therefore, the main indicator of fungal degradation should be weight loss [7]. The fungal mycelium that recovered WPC samples was removed with tap water, oven dried for 12 h and weighed. Weight losses were calculated based on an average of 10 samples (two Petri dishes) considering the initial (before inoculation) and final weight (after fungus exposure), as a percentage, based on the standard ASTM D2017 [38].




2.7. Model Fitting


To perform the increase in melt flow (g·10−1 min) in time (d), a nonlinear regression monomolecular growth model was fitted with melt flow=α(1−e−βtime)+ui. In this model, α is the asymptote parameter (g·10−1 min), β is the parameter related to the velocity of growth, u is the normal random error with zero mean and constant variance, and the indexes i and j are, respectively, related to the observations and replications. The coefficient of determination obtained (Rc2) is defined as the square of the correlation coefficient between the observed and fitted values by the model [39].



With regard to the impact strength (J/m) and hardness (shore-D) analysis, a generalized linear model was performed, with a Gamma distribution error and log link function [40,41]. The goodness of the fit of the models was measured by an analysis of deviance [40].



Aiming to evaluate the curves of weight losses (%) versus time (d) and treatments, a generalized linear model was performed with a Gamma distribution error and log link function [40,41]. The goodness of fit of the models was measured by analysis of deviance [40].




2.8. Scanning Electron Microscopy


The samples were sputter coated with a thin layer of gold to avoid an electrostatic charge during examination. The surface morphology of the composites was examined by SEM using a Quanta 200 (FEI Company, Hillsboro, OR, USA).




2.9. Fourier Transform Infrared Analysis


FTIR analysis was carried out using a Bruker spectrophotometer (Vertex 70, Bruker Optics, Ettlingen, Germany) equipped with a diamond crystal, with the interface between the samples and Infrared energy. Samples were analyzed between 3997 and 400 cm−1 in attenuated total reflectance mode with a resolution of 4 cm−1.




2.10. Thermogravimetric Analysis


The influence of the decayed wood on the thermal properties of the WPCs was determined by TGA using simultaneous thermal analysis, STA 409 NETZSCH (Selb, Germany). The samples of control and degraded WPCs were heated from 30 °C up to 700 °C at a heating rate of 20 °C·min−1 under an atmosphere of synthetic air at a flow rate of 10 mL·min−1. Approximately 10 mg of materials was used for each TGA.





3. Results and Discussion


The biodegradation capacity of Pycnoporus sanguineus has been studied on various highly permanent lignocellulosic substrates, such as Eucalyptus spp. wood and stumps [42,43] and phenolic compounds, like phenols and bisphenols [44]. However, there are several species of fungi or strains (same species but collected from different geographic areas) that can potentially be applied to biodeterioration and biodegradation assays. In this context, the white-rot fungus P. sanguineus was used as a decaying agent of the WPC made with polypropylene and Eucalyptus spp. fiber in order to evaluate the susceptibility of the composite to fungal exposure.



3.1. Melt Flow Index


The viscosity decreases according to the exposure time of the composite to P. sanguineus (Figure 2). A positive effect of biological treatment with time was observed (p < 0.0005). R2 calculates the expected melt and the observed melt. When the melt reaches 13.6 g·10−1 min, the curve tends to stabilize, which means that independent of time, the index will be the same.



The melt flow index analysis showed that the biological attack caused changes in the rheological characteristics of the WPC. This parameter is an important property related to plastic recycling, molecular weight, and mechanical strength [45]. Some abiotic factors can accelerate fungal biodegradation, as observed by Butnaru et al. [46] who exposed γ-irradiated composite to the fungus Bjerkandera adusta. A longer fungi action diminishes the molecular weight, thus decreasing the complex viscosity. The formation of small chains of propylene can occur, causing damage to various mechanical properties [47].




3.2. Impact Strength


The impact strength of the biodegraded and non-biodegraded samples did not show a statistical difference at 5% probability (p = 0.1647). However, under the impact parameter for the biological treatment, an effect with time occurred (Figure 3) and an exponential regression equation could be adjusted: impact=e1.8992−0.0038time, with p < 0.0001 for the estimation of parameters.



The impact response of the natural fiber composite is highly influenced by the interfacial bond strength. Minor changes in the interface between the fiber and polymer matrix in the composite can be reflected in substantial changes in the energy dissipated during the impact test [48]. The exposure time of the WPC to the fungus is very important to allow changes in the structure of the lignocellulosic material, thereby increasing accessibility to the enzymes capable to biodegrade wood components [49].




3.3. Hardness


For the hardness values (shore-D), a statistical effect was observed at 5% probability (p < 0.0005), with a control media (epm) of 73.45 (0.3542) and P. sanguineus 71.40 (0.2062). The hardness decreases significantly with biological exposure (Figure 4).



Kord [50] observed that the hardness of WPCs increased with addition of wood flour. This phenomenon is probably due to the weakening of interfacial bonds between the PP and the natural fiber. The hardness of the composites determines the risk and perforation capacities of the materials. Therefore, natural fiber contributes to the resistance of friction and wears [51,52].



According to Hosseinihashemi et al. [53], the hardness of composites with natural fiber and PP decreased 15% after 12 weeks of fungal exposure, but remained constant for four weeks. According to the authors, there was no significant difference between treatments with brown- and white-rot fungi.




3.4. Weight Losses


Weight loss is the main indicator of fungal degradation for WPC materials. Weight losses with time and between treatments had no statistical significance at 5% probability. For the biodegraded samples and control, the weight losses were 0.497% and −0.028% (standard errors of 0.404 and 0.320), respectively.



Although the biodegradability of PP can be improved by adding at least 5% of wood sawdust to the composite [54], very low weight losses were observed in this study compared to those described in the literature [55]. Therefore, clear evidence of fungal attack on composites is dependent on the wood content, as well weight losses being governed by the fungal species [56]. In addition, weathering treatment improves fungal attack [57].



Weight losses tend to be lower for WPCs containing PP due to the hydrophobic nature of the plastic matrix [55], the high molecular weight and some types of functional groups [58]. Conversely, materials with the presence of functional groups, like C-O-C and C=O, favor the biodegradation process [59]. Due to the importance of the wood in the performance of WPCs, even small mass losses can negatively affect the mechanical properties of the composite, especially if the fungus attack occurs at the wood and plastic interface [58].



Biological resistance is often measured by the percentage of weight loss [60]. Therefore, it is a reliable parameter for assessing the biodegradability of a WPC. Lopez et al. [61] evaluated different species of fungi through the mechanical behavior of WPCs after biological exposure. The authors found that the composites could be partially degraded by white-rot fungi, which cause mass losses above 10%. Therefore, the authors indicated the use of white-rot fungi on composite biodegradation assays.



According to Zabihzadeh et al. [62], white- and brown-rot fungi caused weight losses of ~11% after 14 weeks, in materials made with PP, bagasse flour and graphite, added with MAPP. Similarly, Hosseinihashemi et al. [53] observed that white- and brown-rot fungi caused weight loss of ~6% after 16 weeks in a composite based on sugarcane bagasse and PP. According to H’ng et al. [63], P. sanguineus caused weight loss of ~3% in a composite made with wood and PP. Therefore, the fungus species used in this study has promising characteristics that can be highly improved by causing abiotic deterioration under the composite.




3.5. Scanning Electron Microscopy


The SEM images show the morphological changes of the surface after WPC biodegradation (Figure 5). Compared to non-biological exposed samples (Figure 5A,B), a relatively cleaner surface is observed for the 60 and 120 days fungus-exposed WPCs (Figure 5C–F). In these samples, voids on the surface can be seen, which probably helped the fungus to remove part of the non-included lignocellulosic compounds into the PP.



In general, plastics are resistant to fungal attack. For wood-based composites, the main concern is that they can be susceptible to biodegradation once the fungi consume lignocellulosic components very easily [64]. In this study, WPCs were superficially colonized by P. sanguineus (Figure 5D), as can be seen by the hyphae covering the surface of the 60 days samples. The WPC weight losses were low, thus we supposed that the fungus could not easily penetrate in the material, with it only producing a biofilm, as also observed by Catto et al. [57]. This biofilm, composed of vigorous mycelia, is produced to maintain the substrate water content, which is essential to the enzymatic activity and other metabolic functions. The ratio of wood to plastic, particle size, and the presence of additives closely influence the moisture uptake [65], which is the beginning of the biodegradation process.



In this study, we observed a slight increase in the weight of the WPCs (data not shown). Lignocellulosic fibers easily absorb moisture, which induces swelling, creating a few ruptures on the composite’s surface. Biodegradation of lignin exposed part of the cellulose content, which is highly hygroscopic, thus increasing mechanical modifications into the composite caused by water absorption. The rates of decay can also fluctuate according to the method of WPC exposure to fungus, as well as the type of lignocellulosic material [64]. The water absorption ability of WPCs comes from them being used both indoors and outdoors. This means that the ratio of wood to plastic and sunlight exposition (and other abiotic factors that can initially cause damage to the WPC surface) are factors that must be considered in cases to minimize the risk of microbial attack [65].




3.6. Fourier-Transform Infrared Analysis


In general, the fungus did not cause serious chemical changes in the WPCs. The most modifications occurred in the 30 and 45 d samples. Specifically, the spectra of the 30 d samples showed prominent changes at 1035 cm−1, related to C-O and C-C-O stretching of lignin and carbohydrates. Only in this treatment were shoulders observed at 1595 and 1730 cm−1, which are related to the aromatic ring vibration of lignin and ketone C=O stretching of hemicellulose, respectively (Figure 6).



The spectra from 45-day samples showed more visible peaks in the range of 842 to 1000 cm−1, which are related to the glycosidic linkage of hemicellulose and the C-O vibration of cellulose. The peak at 1167 cm−1 is related to the C-O-C linkages of cellulose and hemicellulose and the peak at 1380 cm−1 is related to the C-H bending of all three major components of the wood, while 1363 cm−1 is related to CH deformation (symmetric). The peak at 1465 cm−1 is related to C-H deformation in lignin and carbohydrates [66,67,68]. Compared to the PP samples with the same treatment, modifications of the peaks at 808, 842, and 980 cm−1 are observed, which are related to C-H out-of-plane deformation [69]. These peaks are absent in the control treatment, but they reappear in the spectra of the 120 day samples. This can be related to the exposure of PP after lignocellulosic biodegradation, which again exposed these C-H deformations in the range of 975 to 998 cm−1 (Figure 7).



Through the FTIR spectra, it is clear that the basidiomycete P. sanguineus was able to consume, even to a small extent, the three major components of the bark present in the WPCs after 30 d. In this case, a long period of exposure makes a slight difference if compared with the 120 d samples. The ability to modify natural or petroleum-based polymers is highly dependent on the species of fungus. Basidiomycetes fungi, such as Schyzophyllum commune, Phanerochate sordida and Pycnoporus sp., selectively removed lignin, hemicellulose, and pectin of a composite made with hemp [70]. Conversely, Kartal et al. [31] did not observe biodegradation of lignin in a composite made with 70% wood. Thus, the remaining lignin can offer an antioxidant effect to the PP [46]. Crabbe et al. [71] observed the ability of four species of fungi to use polyester as a sole carbon source. They noted that Curvularia senegalensis produced extracellular polyurethane (PUase) that displayed esterase activity. PP has numerous tertiary carbons it oxides much more quickly than polyethylene [72]. In addition to microbial exposure, abiotic factors strongly contribute to WPC degradation or deterioration processes. For example, ultraviolet-B and ultraviolet-A radiation are responsible for direct photodegradation, initiating photo oxidation. The visible part of sunlight accelerates polymeric degradation by heating, as well as infrared radiation accelerating thermal oxidation. Abiotic factors can be considered as a first important step to help microbial degradation, although biodegradation depends on different factors that include polymer characteristics, the species of organism, and the nature of the pretreatment [25]. FTIR spectroscopy analyses give a semi-quantitative overview that can estimate the polymer’s degradation degree of fungus-exposed WPCs [46].




3.7. Thermogravimetric Analysis


The TGA determined the thermal stability and degradation behavior of the WPCs, which are dependent on the change in chemical composition due to fungal biodegradation. TGA and derivative thermogravimetric (DTG) analysis exhibited the weight loss procedures (Figure 8) and its derivative (Figure 9), which provides the point at which the weight loss is most apparent. It was found that the initial weight loss (~5%) occurs at temperatures below 100 °C due to the loss of surface moisture of the lignocellulosic fiber. Above this temperature, the water absorbed mainly by hemicellulose and amorphous cellulose within the cell walls of biomass (inherent moisture) is removed [13]. On this basis, the fibers into the WPCs can be encapsulated by the plastic, minimizing the water absorption that favors the fungal attack.



The DTG measurements of the initial decomposition temperature (Ti) and maximum pyrolysis temperature (Tm) of the WPCs and neat PP are showed in Table 1. For all WPCs, Ti occurred between 230 and 250 °C, which is typical of wood. The degradation of PP begins at approximately 285 °C. The Tm value of the control samples was 374 °C, and for 30, 60, 90, and 120 d fungus-exposed WPCs, the maximum temperatures were 358, 364, 368, and 357 °C, respectively.



The weight loss step between 200 and 400 °C corresponds to the degradation of hemicellulose and cellulose from Eucalyptus bark [73]. In this temperature range, we can notice that the TGA curves of the fungus-exposed samples displace gradually to lower temperatures in relation to the control sample (Figure 8). These data indicate the loss of WPC stability due to the degradation of lignocellulosic biomass by P. sanguineus. At ~280 °C, most of the hemicelluloses depolymerize by releasing acetic acid. The major decomposition peak was attributed to the cellulose decomposition due to cleavage of the glycosidic linkage between the monomer units liberating side hydroxyl groups [73,74,75,76]. It is well known that cellulose is composed of a long unbranched polymer of glucose and its semi-crystalline structure is highly ordered, which gives greater thermal stability to the molecule. Alternatively, hemicellulose is composed of several saccharides (xylose, mannose, glucose, galactose, and so on). Therefore, it presents an amorphous and branched chain structure that is easily degraded at lower temperatures [77].



Lignin is a complex structure with decomposition occurring over a wide range of temperatures from 100 to 900 °C [77]. The stage of thermal degradation between 375 and 500 °C involves, mainly, the lignin macromolecule degradation and also the highest amount of char residues, which are composed from benzene rings [78,79]. The presence of these aromatics rings provides thermal stability to the lignin structure [78]. In addition, in this range of temperatures, we observed a loss of thermal stability of the fungus-exposed WPCs.



The main decomposition range of lignin for Eucalyptus bark overlaps with the processing temperatures of PP, which affects the TG parameters of the polymer. The decomposition of the major PP matrix chains occurred at 453 °C (Table 1), although it is completely decomposed at ~480 °C.



The thermal stability of the PP decreased with the use of wood as a reinforcement due to the formation of wood char during pyrolysis that promotes the formation of a low molecular weight product from PP, as also observed by Jakab et al. [80].





4. Conclusions


Wood-plastic composites (WPC) products face an important market limitation that is its biodegradation, although some considerable advances have been made to improve its physical and mechanical properties. Still how to predict its life-span is crucial since is related to the product warranty. Therefore, the present paper pave the way for further research using different fungi, matrices and reinforcement agents, since can estimate its mechanical and physical properties.



Knowledge of a WPC’s resistance to microbial exposition is important for its adequate use indoors and outdoors, as well as its disposal and biodegradability. Although weight losses were not significant in four months, the fungus produced a biofilm under the WPC that create a special environment for lignocellulosic consuming. Even at a small rate, the fungus could produce microcracks in the WPC surface, which might also be assisted by water absorption. These changes can be the primary cause that influence losses of the mechanical properties, namely, impact strength and hardness. The thermal properties of the WPCs have also been modified as result of the lignocellulosic biodegradation, thus leading to a loss of viscosity and thermal stability.



The biodegradation of PP-based biocomposites depends on a number of factors, including the natural fiber content, its biodegradability, and the interphase/interface between the fibers and the matrix. Higher levels of natural fibers generally increase the degradation rate of PP-based composites. Coupling and reinforcement or fillers agents can affect biodegradation. The rate of biodegradation generally depends on the substrate composition and the existing microorganisms. The durability of PP-based biocomposites can be tailored through the use of additives.
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Figure 1. Screw configuration used in the experiment. 
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Figure 2. Nonlinear monomolecular growth fitted model for P. sanguineous melt flow (g·10−1 min) in time (d) (a) meltflow=13.60(1−e−0.054Time); Rc2=62.80%. The coefficient of determination (Rc2) is defined as the square of the correlation coefficient between observed and fitted values by the model [38]. The residual analysis and quantile are in (b,c), respectively, with the test of normality by Kolmogorov–Smirnov (p > 0.15). 
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Figure 3. Nonlinear exponential model of impact (J/m) as a function of time (d) for P. sanguineous treatment: impact=e1.8992−0.0038time, with the parameters of the model significant (p < 0.0001). 
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Figure 4. Nonlinear exponential model of hardness (shore-D) as a function of time (d) for P. sanguineous treatment: hardness=e4.2820−0.0002time, with the parameters of the model significant (p < 0.0001). 
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Figure 5. Micrographs of wood-plastic composites (WPCs) after non-biological treatment (A,B) and colonized by P. sanguineus for 60 days (C,D) and 120 days (E,F). Micrographs A, C, and E are 500× zoom, while B, D, and F are 1000× zoom. 
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Figure 6. Fourier Transform Infrared partial spectra (1800 to 700 cm−1) of WPC samples exposed to P. sanguineus for different periods. 
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Figure 7. FTIR partial spectra (3500 to 2600 cm−1) spectra of WPC samples exposed to P. sanguineus for different periods. 
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Figure 8. Thermogravimetric analysis (TGA) curves of PP, control sample (WPC non-biological treatment) and WPCs colonized by P. sanguineus for 30, 60, 90, and 120 days. 
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Figure 9. Derivative thermogravimetric (DTG) curves of PP, control sample (WPC non-biological treatment) and WPCs colonized by P. sanguineus for 30, 60, 90, and 120 days. 
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Table 1. Degradation temperatures obtained from derivative thermogravimetric (DTG) analysis.
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	Samples
	Ti (°C)
	Tm (°C)





	PP
	285
	453



	Control
	233
	374



	30 d
	247
	358



	60 d
	245
	364



	90 d
	234
	368



	120 d
	250
	357
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