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Abstract

:

The production of environmentally friendly biocomposites can be based on attractive and low-cost vegetable pomace, a waste product from oil production. In the present study, biocomposites made from HDPE and pomace from black cumin, corn, and flax seeds were subjected to evaluation of structural, morphological, and thermal parameters and susceptibility to germination by filamentous fungi. Based on the characteristics of the produced biocomposites, it should be concluded that vegetable waste from oil production, applied at a 1:1 ratio as a filler for polyethylene-based biocomposites, significantly reduces the crystallinity of the produced material and decreases its thermal stability. It should also be noted that such biocomposites are more easily overgrown by fungi, which may facilitate their biodegradation. Very poor antioxidant properties, resulting from the encapsulation of the plant fraction in polyethylene, limit the functionality of this type of material as, for example, active biomaterials to prevent free radical processes. Although the structural and physical characteristics of the produced biocomposites have been shown to be inferior to polyethylene, efforts should be made to improve these characteristics. Plant waste can be a valuable raw material for the production of materials compatible with various industries.
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1. Introduction


Problems related to waste and by-products are often discussed these days. The constant development of agriculture and the food industry has its consequences in the form of large quantities of production residues [1]. Improper management of agri-food by-products can cause many serious problems, such as environmental pollution or economic losses [2]. The principles of the circular economy and the paradigm of sustainable development require and drive us not only to follow already-designed residue management solutions but also to seek new solutions [3,4]. The main strategy is to follow the principles of reduce, reuse, and recycle [5]. Reducing the number of by-products is not always possible. In this case, we should consider them not as residues but as valuable additive resources.



Routray and Orsat [6] indicate that by-products and wastes from the food industry can be divided into (1) by-products generated during agricultural harvesting; (2) post-harvest by-products; and (3) by-products and waste from food processing. In general, agricultural by-products include stems, leaves, husks, pomace, seeds, pulp, and skins of various fruits, bran, and other residues that are not of significant industrial importance for further food processing. There are many ways to reuse plant residues. They are widely regarded as a good raw material for the production of biofuels [7], organic fertilizers [8], and animal feed [9]. Another possibility for the use of plant by-products is their development as new types of raw materials for biocomposites. Plant remains can be formed into composites as a reinforcing material with many types of matrix, such as cement [10], epoxy resins [11], or thermoplastics [12,13]. It is also possible to use plant materials for the production of films [14] or to use them as a filler for polymer-based membranes [15]. In the production of composites, polymers are often combined with plant residues [16,17,18]. Depending on the intended use of the material, a suitable filler should be selected to enhance the properties that are required in this particular case. It is crucial to recognize the relationship between molecular structure and the quality parameters of the final material. The addition of plant fibers to polymers such as polylactide (PLA) or high-density polyethylene (HDPE) may affect the structural properties of the composite, which in turn determines its physical and mechanical properties.



There are numerous reports in the scientific literature on the use of plant particles in the preparation of hybrid composite materials based on polyethylene [19,20]. Fernandes et al. [21] developed biocomposites based on polyethylene reinforced with coconut and cork, while Aji et al. [22] produced a hybrid HDPE-kenaf/pineapple composite. In all cases, an increase in mechanical and physical properties was found; however, as the authors of the article suggest, these properties depend on the quality and quantity of the plant particles added. Banat et al. [23] also suggest that the thermal properties of olive pomace-reinforced polyethylene do not deteriorate, provided the correct filler ratio is chosen. It seems, therefore, that the incorporation of plant biomass into a polymer matrix opens up possibilities for new materials; however, such biomaterials need to be studied in detail to assess their suitability.



The most commonly used techniques for qualitative assessment of biocomposites are Fourier-Transform Infrared Spectroscopy (FTIR), X-ray diffraction, and microscopic visualization techniques such as SEM. These techniques make it possible to assess the chemical composition, crystallinity, and structure of biocomposites as the most important quality parameters that determine the mechanical and physical properties of materials. Gustafsson et al. [24], using electron microscopy techniques, proved that the method of preparation of the plant component affects the morphology of the biopolymer, as the chemical components of plant particles may favor the swelling process. In a study by Raschip et al. [25], it was shown that substances such as flavonoids contained in plant extracts were shown to affect the porosity and thus surface microstructure.



Morphological changes, but also changes in the degree of crystallinity of synthetic polymers caused by the addition of plant material, affect the physical, mechanical, and biological properties of biocomposites produced using them. Amorphous polymers are more susceptible to biodegradation than crystalline polymers [26]. In addition, the presence of plant particles in biocomposites, such as cellulose, hemicelluloses, or proteins, results in their faster biodegradation due to the availability of nutrients necessary for microbial growth. Biopolymers reinforced with natural fibers decompose faster than synthetic polymers, which may be due to the presence of intrachain functional groups in such biopolymers [27]. It should be noted that the most important quality parameter determining the technological properties of biopolymers is the degree of crystallinity. In polymers with a high content of plant products, the number of crystalline zones is reduced, as are the density, mechanical resistance, and hardness [28].



Another important quality parameter of biocomposites, determining their potential use, is thermal stability. The thermal stability of plant additives determines the thermal properties of the produced material. Scientific research shows that the introduction of plant components into polyethylene changes the thermal stability of this polymer [29]. Muthuraj et al. [30] showed that the addition of natural fibers changes the degradation temperature and increases the tensile and bending strengths of biopolymers. Kamaran et al. [31] performed thermogravimetry and FTIR analysis on PLA biocomposites with untreated and pretreated loofah fibers and compared the results with the ones performed for pure PLA matrix. This study’s authors found that the addition of fiber decreased thermal stability and crystallinity. In turn, Mirowski et al. [32] showed that the addition of raspberry pomace to the polyvinyl chloride composite increased its thermal stability.



Plant pomace, a waste oil production, can be an attractive and low-cost raw material for the production of environmentally friendly biocomposites. The use of plant material, on the one hand, minimizes the amount of petroleum-derived raw material used, and on the other hand, it favors the procedures for managing waste from plant production. However, the quality of the biocomposites produced is influenced by many factors, such as the chemical composition, the interactions of the individual components, and also the method of biocomposite production. In this study, we set out to create a biocomposite based on high-density polyethylene and plant particles derived from oil pressing waste. The use of plant particles, especially black cumin seeds, was interesting due to the fungicidal and antioxidant properties confirmed in the literature, which could cause the biomaterial produced to acquire biologically active properties. The biocomposite was produced by grinding, homogenizing the components, and then extruding in an extruder. The extruded biocomposite was subjected to further modifications by grinding it again to prepare the appropriate product for testing. This procedure made it possible to obtain a relatively homogeneous material. In the authors’ previous work [33], the produced biocomposites were tested to characterize their physical and mechanical properties. The susceptibility of the produced biocomposites to fungal growth was also determined. The ability of fungi to grow on the surface of composites containing plant particles may indicate that such biomaterials will be partially biodegradable. However, the demonstration of surface antioxidant properties may increase their applicability.




2. Materials and Methods


2.1. Preparation of Biocomposites


The material for the production of biocomposites was high-density polyethylene-HDPE (Hostalen GD 7255, Basell Orlen Polyolefins Sp. z o.o., Płock, Poland) and nigella, maize, and flax seeds, which were waste in the form of pomace after the oil pressing process. The biocomposite production method was carried out according to the procedure described by Betlej et al. [33]. Plant pomace ground to a dusty fraction using a knife mill (OB-RPPD Sp. z o.o., Czarna Woda, Poland) was combined with thermoplastic particles with the assumed mass fraction of 50% and then subjected to homogenization using a high-speed mixer (KMOD SGGW, Warsaw, Poland). From the obtained mixture, biocomposites were produced using an extruder (Leistritz Extrusionstechnik GmbH, Nürnberg, Germany), which was then comminuted using a knife mill (OB-RPPD sp. z o. o., Czarna Woda, Poland) to a fine fraction, which was subjected to further processing. From the ground fraction, particles < 1.5 mm in size were obtained, which were used to prepare biocomposites with a thickness of 0.31–0.42 mm. The graphic way of preparing biocomposites is shown in Figure 1 and Figure 2.



The obtained biocomposites were marked with the following codes: PE-N (HDPE + black cumin—nigella—seed pomace), PE-M (HDPE + maize seed pomace), PE-F (HDPE + flax seed pomace), PE—pure high-density polyethylene.




2.2. Characterization of Quality Parameters


2.2.1. X-ray Diffraction Analysis (XRD)


To evaluate the supermolecular structures, the polyethylene matrix and composite materials were subjected to X-ray diffraction analysis using a RIGAKU diffractometer (Japan). The operating parameters for the lamp with Cu Kα radiation (wavelength 1.5418 A°) were: 30 kV and 25 mA anode excitation. The analysis was performed in the angle range 2θ = 10–30° with a count step of 0.04. The deconvolution of peaks was carried out by the method proposed by Hindeleh and Johnson [34]. After the separation of X-ray diffraction lines, the degree of crystallinity (Xc) of polyethylene and composites was calculated by comparing the areas under crystalline peaks and amorphous curves.




2.2.2. Thermal Properties of Film


The thermal properties were evaluated on the basis of differential scanning calorimetry (DSC) measurements as well as thermogravimetry analysis (TGA).



For differential scanning calorimetry (DSC) measurements, a DSC 3+ differential calorimeter (Mettler Toledo, Greifensee, Switzerland) was used. Temperatures and enthalpies of the melting process of the components of the analyzed materials were measured. Prior to analysis, the material was dried at 30 °C for 48 g in a vacuum oven (103 Pa) and stored over P2O5 until analysis. Approximately 3–5 mg of the sample was weighed into 40 µL aluminum pans, and small holes were made in the lids. The samples were heated in the temperature range of 20–250 °C at a rate of 5 °C/min, and a nitrogen flow of 50 mL/min was used. The DSC was calibrated using pure indium (Tm = 156.6 °C, ΔHm = 28.6 J/g). Curves were analyzed using STAR software version 16.10.



For the Thermogravimetry Analysis (TGA) measurements, a TGA/DSC 3+ thermogravimeter (Mettler Toledo, Greifensee, Switzerland) was used. About 5 mg of the ground material was weighed into 70 µL of aluminum crucibles. Mass changes were recorded in the range of 30–600 °C at a rate of 10 °C/min in a nitrogen atmosphere (50 mL/min). The resulting TGA and DTG curves were analyzed using STAR software version 16.10.




2.2.3. Fourier-Transform Infrared Spectroscopy (FTIR)


Infrared spectra were obtained using a Cary 630 spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) with a diamond crystal ATR reflection attachment. The analysis was carried out in the wavelength range of 650–4000 cm−1, with a resolution of 4 cm−1. Each sample was scanned 32 times and the background spectrum was collected after each measurement. The obtained spectra were analyzed using MicroLab PC software (Agilent Technologies Inc., Santa Clara, CA, USA).




2.2.4. SEM Analysis


The surface observations of the non-modified polyethylene, polyethylene-maize, polyethylene-nigella, and polyethylene-flax materials were performed using a Zeiss EVO® (Oberkochen, Germany) MA10 scanning electron microscope. The observations were performed for magnifications of, e.g., 50, 100, 200, 500, 1000, and 2000×, using the secondary electron (marked as SE or SED) detector. The acceleration voltage of the electrons was 20 kV. The range of electrons in pure polyethylene (33 at.% of C and 67 at.% of H), with a density of about 0.92 g/cm3, determined by the Suspre code (https://uknibc.co.uk/SUSPRE, accessed on 31 August 2023), was about 11 µm. The samples were covered by a 5 nm gold layer before the observations using a Q150R ES rotary pumped coating system by Quorum Technologies Ltd. (Laughton, UK), due to their poor electrical conductivity.




2.2.5. Growth of Fungi


Discs 20 mm in diameter were cut from HDPE-pomace plant-based biocomposites, which were then sterilized under UV light (Bionovo, Legnica, Poland) for 30 min. Sterile discs were placed on maltose-agar medium containing 2.5% maltose extract (Linegal Chemicals sp. z o.o., Blizne Łaszczyńskiego, Poland) and 2.5% agar (Polaura, Morąg, Poland). Plastic sterile pads separated the biocomposites from direct contact with the moist medium. The mold inoculum was placed at four equal intervals around the disks. Each inoculum was placed approximately 10 mm from the edge of the samples. Four species of fungi were used: Aspergillus niger Tiegh, strain ATCC 1688; Chaetomium globosum Kunze, strain A-141 (ATCC 6205); Penicillium chrysogenum Thom, strain A-130 (832); and Trichoderma viride Pers., strain A-102, from the pure culture collection of the Department of Wood Science and Wood Preservation of the Warsaw University of Life Sciences. The cultures were grown for 14 days in a Thermolyne Type 42,000 model incubator (ThermoFisher Scientific, Waltham, MA, USA) under temperature and relative humidity conditions of 26 ± 2 °C and 63 ± 2%, respectively. Measurements were taken at 24 h intervals by taking high-resolution images on a laboratory photo-taking station. The evaluation of the degree of fungus coverage on the surface of the samples was determined based on the guidelines of the methodology described by Betlej et al. [35]. The percentage of fungus coverage of the biocomposite surface was calculated relative to the total biocomposite surface using ImageJ2 image analysis software (Fiji v1.52i). The percentage of film surface fouling was determined with an accuracy of 5%. The test was performed in triplicate for each variant.




2.2.6. Antioxidant Properties


The research material was cut into fragments with an area of 10 cm2, which were flooded with 20 cm3 of water with pH 4 for 12 h at 4 °C, after which the biocomposites were removed and the solution was tested for antioxidant activity using the DPPH method. The ability to reduce free radicals of the simulant obtained after 12 h of incubation at 4 °C was measured on the basis of a modified method [36] using a stable free radical DPPH at a maximum absorbance of 515 nm. The radical solution was prepared by dissolving 2.4 mg of DPPH in 100 mL of methanol. The test solution (5 μL) was added to 3.995 mL of methanolic DPPH. After shaking, the mixture was kept in the dark for 20 min. The absorbance of the solution was measured spectrophotometrically at a wavelength of 515 nm. The reference point (the blank test) was the absorption of pure water with a pH of 4. The tests were repeated three times. The reported concentrations are based on a previously generated curve of various concentrations of Trolox. The final results are expressed in µm Trolox per 100 cm3.





2.3. Test Standards


The statistical analysis of the results was carried out with the application Statistica version 13 (TIBCO Software Inc., CA, USA). An analysis of variance (ANOVA) was used to test (α = 0.05) for significant differences between factors. A comparison of the mean values was performed using Tukey’s test, with α = 0.05.





3. Results and Discussion


Figure 3a shows X-ray diffraction patterns of polyethylene matrix and composites with various lignocellulosic fillers. Characteristic diffraction peaks are identified at angles of 2Θ = 21.5 and 23.7, which are consistent with those found in the literature for originating polyethylene. These peaks came from the lattice planes (110) and (200), respectively, and indicate that the HDPE used in this investigation shows an orthorhombic structure [37,38]. Moreover, regardless of the vegetable raw material used, the position of the peaks in each sample remains unchanged.



From the diffraction curves obtained, some differences in the intensity of the maxima can be observed. The highest intensity was found for the unfilled polyethylene matrix. The addition of fillers results in a decrease in intensity, which is particularly noticeable in composites with nigella filler (PE-N). Note that the intensity of the diffraction peak is directly proportional to the crystallinity of the polymer. Therefore, in the next step, the degree of crystallinity was determined for all the tested systems, which are listed in Table 1.



The degree of crystallinity for pure polyethylene is 52%. The introduction of each type of filler into the polymer matrix causes a decrease in Xc. For composites containing corn (PE-M) and flax fillers (PE-F), the crystallinity was about 40%. It is noteworthy that the greatest decrease in the degree of crystallinity was observed for composites containing black seed pomace waste (about 33%). Such a significant reduction in crystallinity in the case of the PE-N composite means that the black seed particle filler has reduced nucleation activity. The reasons for this phenomenon can be attributed to the anatomical structure of plant particles and the differences in chemical composition between plant particles and the polymer [39,40]. As suggested by Bajsic et al. [41], plant particles as components of a polyethylene-based biocomposite affect the crystallinity of polyethylene and may act as modulating agents for crystallization nucleation. If the crystallinity of plant particles is high, they may favor processes that lead to an increase in the level of crystallinity of the biocomposites produced with them. Other researchers argue that the reason for this phenomenon should be sought in the quality of the polymer used and in the method of producing the biocomposite [42]. The crystallization of the polymer matrix in the presence of plant fibers may also be determined by interactions at the polymer-fiber interface, which may affect the formation of the supermolecular structure. The renewable fillers used have different anatomical structures and thermal expansion, which can affect the value of the shear stresses at the interface and, consequently, the structure of the composites, as extensively described by Garbarczyk et al. [43]. An additional factor influencing the crystallization process of the polymer matrix is the particle size distribution and average pore size of the fillers [44].



Infrared spectra of all analyzed samples, such as polyethylene and polyethylene with the addition of plant material (linen, corn, and black cumin), contain vibrations of functional groups characteristic of polyethylene (Figure 3b). The peak of 2919 cm−1 corresponds to asymmetric vibrations, and 2851 cm−1 to symmetric vibrations of the methylene group (CH2). At the wavelength of 1470 cm−1, deformation vibrations of the C-H bond in the CH2 methylene group appear, and at the wavelength of 719 cm−1, rocking vibrations of the CH2 group appear [45,46]. Only in the HDPE with the addition of flax seed pomace was the appearance of the C-H group in the 3009 cm−1 wavelength observed [47]. Furthermore, the material containing the addition of black cumin seeds and the flax was characterized by vibrations at the wavelengths of 1707 and 1748 cm−1, respectively. These correspond to the stretching vibrations of the C=O group coming from ketones [48]. The greatest differences were observed in the material with the addition of linen. This spectrum has peaks in the 3000–3630 cm−1 range, characteristic of natural cellulose fibers belonging to the OH group. In the range of 1250–100 cm−1 there are strong C–O–C and C–O stretching vibrations [49]. Peak 1606 cm−1 corresponds to the C-C aromatic stretching. The signals present in the samples of polyethylene with additives come from their main components: lignins, hemicelluloses, pectins, and waxes [50].



Figure 4 shows the DSC curves for biocomposites based on plant particles and PE. The total energy consumption for the melting process of pure polyethylene was 472.93 mJ, while the addition of plant particles reduces the amount of heat necessary to raise the temperature, which means that plant particles have a lower specific heat. At the same time, it can be seen that the melting point (Tm) of pure polyethylene and biocomposites is similar, although the addition of plant particles causes a slight decrease in the melting point of the crystalline phase (Table 2). The lowering of the melting point may be due to the lower crystallites in biocomposites confirmed in earlier studies. Similar observations were made by Suárez et al. [51], who found that the addition of plant particles did not modify polyethylene, and lower energy values may be associated with a lower crystallinity of the biocomposite. The research by Andrzejewski et al. [52] also confirms these suppositions. The decrease in enthalpy in biocomposites, as opposed to pure polyethylene, may be related to the increased presence of the amorphous phase [53].



In the study of the effect of plant particles on the thermal stability of biocomposites, it was found that plant additives reduce thermal stability. The initial value of the thermal degradation of biocomposites was lower than that of pure PE. In the conducted research, it is noteworthy that the degradation of the biocomposites with the addition of black cumin begins already at a temperature of about 200 °C, which indicates that the addition of this plant material causes a significant weakening of thermal stability compared to other analyzed plant particles (Figure 5). Biocomposites based on PE and black cumin seed pomace showed three phases of thermal decomposition, and the observed first phase is related to the decomposition processes of particles other than lignin and cellulose contained in plants. Biocomposites based on PE, flax, and maize seeds turn out to be more thermally stable. Table 3 presents the temperature values and mass losses of biocomposites depending on the thermal degradation phase. According to the degradation temperatures of polyethylene and lignocellulosic material, it can be concluded that the decomposition of the main polymers of the biocomposites took place in phase III of the process, although the thermal processes observed in phase II could be related to the decomposition of cellulose and hemicelluloses. As indicated in the literature, the first DTG peak for biocomposites based on natural fibers and synthetic polymers begins at a temperature of about 250 °C and is a complex process depending on the stability of the fibers against the matrix [54]. Similar conclusions from research are presented by da Costa Borges et al. [55]. Their studies indicate that the observed degradation processes of biofilms produced based on plant particles, starting in the temperature range of 120–165 °C, are attributed to the loss of water and volatile compounds. Whereas the second phase of decomposition observed at temperatures up to 250 °C concerns the decomposition mainly of hemicellulose, which is a less stable organic substance.



Figure 6 shows the results of the SEM observation of the surface of the typical regions of non-modified polyethylene, polyethylene-maize, polyethylene-nigella, and polyethylene-flax materials for the observation magnification of 500×. The scale bar of 100 µm refers to all photos. In the biocomposites with the addition of black cumin, dark streaks are visible, which are probably the remains of the oily fraction enclosed in the structure of the material, which could have gotten into the composite from seed particles during the pressing process. Despite the fractions of non-structural substances visible in the biocomposite with the addition of black cumin particles, the expected high antioxidant properties of biocomposites for this plant were not observed (Table 4). In the case of other biocomposites, slight surface antioxidant properties were also identified. It seems that the cause of this phenomenon is illustrated by the morphological structure of biocomposites shown in SEM images. Both plant particles and non-structural fractions of plant origin are surrounded by polyethylene; therefore, potential antioxidant substances cannot move to the outer surface of the biocomposites. It can be assumed that these low antioxidant values of biocomposites result from the extraction of compounds from the pomace from the surface that has been opened at the cutting site.



In the studies on the degree of fouling of the biopolymer surface by fungi, a variable ability of selected fungal species to infect the surface of biocomposites was observed. Pure polyethylene was not susceptible to fungal fouling. Chaetomium globosum and Trichoderma viride, typical representatives of cellulolytic fungi, completely overgrew the samples containing corn particles. It is clearly seen that the addition of black cumin inhibited the growth of these fungi. Penicillium notatum also showed variable growth activity towards polymers containing plant particles (Figure 7). While the fungus completely overgrew the surfaces of biocomposites containing corn particles, in the case of additives in the form of black cumin and flax, a clear growth-inhibiting effect was observed. The only species insensitive to the antifungal effect of plant particles was Aspergillus niger, which completely overgrown the surface of biocomposites in a very short time. It can therefore be assumed that the metabolic activity of the fungi could have led to microdamage to the biocomposites, from which plant components were released, which on the one hand could have been a growth-stimulating nutrient, and on the other hand, as in the case of the biocomposite with black cumin, the components contained in it could lead to inhibition of sensitive fungal species. In addition, as reported in their research by Abdel-Latif et al. [56], oil obtained from black cumin seeds (Nigella sativa) has good fungicidal properties.



Of the factors analyzed influencing fungal overgrowth in biocomposites (Table 5), the highest percentage influence (48.8%) was shown by the type of biocomposite. On the other hand, the fungus species had an impact of 23.7%. It is worth mentioning that the influence of factors not included in this study (error) was only 11.9%. Analyzing the degree of fungal growth on the biopolymer surface after 12 days, it can be seen that, irrespective of the fungal species, the sample made of pure PE (homogeneous group A) was the least grown. Regardless of the type of additive (PE-M, PE-N, or PE-F), the highest degree of overgrowth was observed for the fungus Aspergillus niger (homogeneous group C). With regard to biocomposites, the PE-F variant proved to be the most susceptible to the effects of fungi (Table 6).



The use of plant raw materials for the production of biocomposites and biopolymers has become a frequent subject of scientific research in recent years. In addition, oilseed crops appear to be important because of their potential for use in the production of polyethylene-like materials [57]. FTIR spectrum analysis confirmed that the analyzed biocomposites contain active substances in the polyethylene matrix. The migration of active substances from the plant particles into the polyethylene matrix is also visible in the SEM images. These results correspond with the conclusions of other research authors [58,59]. The inclusion of plant particles or their extracts imparts new properties to the manufactured materials, which are referred to as active properties. Ordon et al. [60] showed that the addition of rosemary, raspberry, and pomegranate extracts to polyethylene imparts antimicrobial and antiviral properties to the biopolymer. Similar results were obtained by Solano et al. [61] by saturating a polyethylene matrix with essential oils. The results obtained indicate that the presence of lignocellulosic material can stimulate fungi to grow on the surface of the biocomposite; however, the non-structural substances present in the plant particles, especially in the nigella seeds, show an inhibitory effect on fungal growth. Undoubtedly, a valuable functionality of plant-particle-based biocomposites is their antioxidant properties, which are attracting interest in the area of food products. Wang et al. [62] pointed out that the antioxidant properties of polymers, however, depend on a number of factors; however, the types of extracts and the way the biomaterial is formed are key in this respect. In the present study, no significant antioxidant properties were obtained, which may suggest that the substances responsible for these functions do not diffuse to the surface of the biocomposite. Souza et al. [63] have indicated that the chemical environment of antioxidant substances determines their ability to migrate to the surface of biopolymers. The authors of this study indicate that certain chemicals can entrap antioxidant compounds in the polymer matrix.




4. Conclusions


Polymer biocomposites have been an important point in the development of sustainable materials science for several years. Restrictions on the use of environmentally unfriendly conventional plastics have increased industry interest in composites based on plant-based raw materials. The management of plant raw materials, especially waste materials, will, on the one hand, promote sustainable agriculture and, on the other hand, lead to the development of an industry producing environmentally friendly, biodegradable, and easy-to-manufacture biocomposites. The properties of such biocomposites depend on many factors, such as the chemical composition of plant particles, their volume fraction, geometry and orientation in the matrix, and the interaction between plant particles and the polymer. On the basis of the characteristics of the biocomposites produced, it should be concluded that the plant waste generated in the production of oil, used in the amount of 50% as a filler for biocomposites based on polyethylene, significantly reduces the crystallinity of the produced material and reduces its thermal stability. Despite its reduced thermal stability, the biocomposite can be used wherever the ambient temperature does not exceed 100 °C.



At the same time, it has been noted that molds are more likely to overgrow the surface of biocomposts due to the presence of lignocellulosic particles as a source of assimilable carbon. On the other hand, the presence of non-structural substances of plant origin, especially from black cumin waste confirmed by FTIR and SEM results, may confer fungal growth-inhibiting properties to biocomposites. Very poor antioxidant properties, resulting from the closure of the plant fraction in polyethylene, limit the functionality of this type of material as, for example, active biomaterials that prevent free radical processes. Although the structural and physical characteristics of the produced biocomposites were found to be inferior to those of polyethylene, efforts should be made to improve these characteristics. It seems that it is particularly important to choose the right proportions of plant particles, but also to determine their physico-chemical properties, as these will determine the properties of the entire biocomposite, and this will translate into potential application properties. The research presented here appears to be of interest because it allows the suitability of low-cost waste plant biomass to be assessed for the production of more sustainable biocomposites. However, in order to fully indicate the performance characteristics of such biocomposites, the authors of this paper will focus on the physico-chemical analysis of the raw plant material and its appropriate selection during subsequent experiments in order to obtain a biocomposite with properties no worse than those of pure polyethylene.
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Figure 1. Biocomposites production methods. 
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Figure 2. Biocomposites: PE-N (HDPE + black cumin—nigella—seed pomace), PE-M (HDPE + maize seed pomace), PE-F (HDPE + flax seed pomace), PE—pure high-density polyethylene. 
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Figure 3. The XRD (a) and FTIR (b) curves of biocomposites, PE—pure polyethylene, PE—M (HDPE + maize seed pomace), PE-N (HDPE + black cumin-nigella-seed pomace), PE-F (HDPE + flax seed pomace). 
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Figure 4. DSC curves of tested iocomposites. 
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Figure 5. Thermogravimetric curves (a) and their derivatives (b) of the biocomposites. 
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Figure 6. The SEM results of the surface observation of non-modified polyethylene, polyethylene-maize, polyethylene-nigelle, and polyethylene-flax materials. 






Figure 6. The SEM results of the surface observation of non-modified polyethylene, polyethylene-maize, polyethylene-nigelle, and polyethylene-flax materials.



[image: Coatings 13 01722 g006]







[image: Coatings 13 01722 g007] 





Figure 7. Results of the growth of biocomposites on surfaces by mold fungi. 
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Table 1. Degree of crystallinity of the biocomposite materials produced.
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	Name *
	Degree of Crystallinity Xc (%)





	PE
	52



	PE-M
	40



	PE-N
	33



	PE-F
	42







* The names of materials are defined in the text.













 





Table 2. Thermodynamic parameters of the melting characteristics of the biocomposites produced.
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	Name
	Tm (°C)
	Total Energy Consumption (mJ)
	ΔH (J/g)





	PE
	109.94
	472.94
	122.21



	PE-M
	107.36
	332.75
	82.77



	PE-N
	106.24
	261.02
	65.58



	PE-F
	106.66
	234.77
	65.95







Tm—melting temperature, ΔH—melting enthalpy.













 





Table 3. Thermal degradation phases and related temperatures and mass losses.
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Name

	
Phase I

	
Phase II

	
Phase III




	
Temperature (°C)

	
Loss of Weight (%)

	
Temperature (°C)

	
Loss of Weight (%)

	
Temperature (°C)

	
Loss of Weight (%)






	
PE

	
-

	
-

	
-

	
-

	
465.39

	
98.24




	
PE-M

	
-

	
-

	
300.18

	
14.63

	
466.26

	
76.56




	
PE-N

	
207.97

	
14.80

	
301.28

	
39.17

	
467.37

	
20.43




	
PE-F

	
-

	
-

	
-

	
-

	
466.41

	
84.16











 





Table 4. Antioxidant activity of biocomposites.
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	Name
	DPPH• Radical Scavenging Activity

(µmol Trolox/cm3)





	PE
	0.02 A



	PE-M
	0.43 B



	PE-N
	0.64 C



	PE-F
	0.51 D







A,B,C,D—homogeneous groups in Tukey’s test with α = 0.05.













 





Table 5. ANOVA for selected factors influencing the fouling by fungi.
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Source of Variation

	
Sum of Squares

	
Mean Sum of Squares

	
Fisher’s F-Test

	
Significance Level

	
Percentage of Contribution




	
SS

	
MS

	
F

	
p

	
P [%]






	
type of biocomposite

	
52,149.4

	
17,383.1

	
47.6669

	
0.000000

	
48.8




	
species of fungi

	
25,298.2

	
12,649.1

	
34.6856

	
0.000000

	
23.7




	
type of biocomposite x specie of fungi

	
16,707.3

	
2784.6

	
7.6356

	
0.000027

	
15.6




	
error

	
12,763.8

	
364.7

	

	

	
11.9











 





Table 6. Comparison of fungal growth of biocomposite surfaces.
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	Type of Biocomposites
	Specie of Fungi
	Degree of Fouling of the Biocomposite Surface by Fungi after 12 Days (%)
	Homogeneous Groups in Tukey’s Test with α = 0.05





	PE
	Aspergillus niger
	0.14
	A



	PE
	Trichoderma viride
	0.00
	A



	PE
	Penicillium notatum
	0.00
	A



	PE
	Chaetomium globosum
	0.00
	A



	PE-M
	Aspergillus niger
	100.00
	D



	PE-M
	Trichoderma viride
	1.18
	A



	PE-M
	Penicillium notatum
	51.76
	B, C



	PE-M
	Chaetomium globosum
	100.00
	D



	PE-N
	Aspergillus niger
	100.00
	D



	PE-N
	Trichoderma viride
	0.00
	A



	PE-N
	Penicillium notatum
	83.98
	C, D



	PE-N
	Chaetomium globosum
	31.33
	A, B



	PE-F
	Aspergillus niger
	100.00
	D



	PE-F
	Trichoderma viride
	100.00
	D



	PE-F
	Penicillium notatum
	100.00
	D



	PE-F
	Chaetomium globosum
	100.00
	D
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