

  polymers-13-00893




polymers-13-00893







Polymers 2021, 13(6), 893; doi:10.3390/polym13060893




Article



By-Products from Food Industry as a Promising Alternative for the Conventional Fillers for Wood–Polymer Composites



Aleksander Hejna 1,*[image: Orcid], Jerzy Korol 2[image: Orcid], Paulina Kosmela 1, Anton Kuzmin 3, Adam Piasecki 4[image: Orcid], Arkadiusz Kulawik 2[image: Orcid] and Błażej Chmielnicki 5





1



Department of Polymer Technology, Gdańsk University of Technology, Narutowicza 11/12, 80-233 Gdańsk, Poland






2



Department of Material Engineering, Central Mining Institute, Pl. Gwarków 1, 40-166 Katowice, Poland






3



Mechanics and Power Engineering Institute, Ogarev Mordovia State University, 68 Bolshevistskaya Street, Saransk 430005, Russia






4



Institute of Materials Engineering, Poznan University of Technology, Piotrowo 3, 61-138 Poznan, Poland






5



Paint & Plastics Department in Gliwice, Institute for Engineering of Polymer Materials and Dyes, 50 A Chorzowska Street, 44-100 Gliwice, Poland









*



Correspondence: aleksander.hejna@pg.edu.pl







Academic Editor: Emmanuel Akpan



Received: 26 February 2021 / Accepted: 12 March 2021 / Published: 14 March 2021



Abstract

:

The present paper describes the application of two types of food-industry by-products, brewers’ spent grain (BSG), and coffee silverskin (ŁK) as promising alternatives for the conventional beech wood flour (WF) for wood–polymer composites. The main goal was to investigate the impact of partial and complete WF substitution by BSG and ŁK on the processing, structure, physicochemical, mechanical, and thermal properties of resulting composites. Such modifications enabled significant enhancement of the melt flowability, which could noticeably increase the processing throughput. Replacement of WF with BSG and ŁK improved the ductility of composites, which affected their strength however. Such an effect was attributed to the differences in chemical composition of fillers, particularly the presence of proteins and lipids, which acted as plasticizers. Composites containing food-industry by-products were also characterized by the lower thermal stability compared to conventional WF. Nevertheless, the onset of decomposition exceeding 215 °C guarantees a safe processing window for polyethylene-based materials.
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1. Introduction


One of the environmentally friendly trends in polymer technology is incorporating by-products from various branches of industry as raw materials or intermediates in different processes. The food industry should be considered a sector which can significantly contribute due to the enormous amounts of generated waste [1]. Currently, around 1.6 billion tons of “primary product equivalents” is wasted each year globally [2]. Currently, food waste is mainly subjected to fermentation and used to produce biogas. Such a solution enables the partial energy recovery but does not utilize the full potential of compounds present in these materials. Therefore, it is vital to look for the possibilities for, mostly, reduction of the number of generated by-products as well as their utilization.



Multiple by-products generated by the food industry could be efficiently applied in polymer technology. These applications may be divided into two main groups: indirect and direct. The first group is mostly related to the extraction of chemical compounds from food by-products or their transformation into intermediates further used in polymer technology [3]. Extraction can be associated with particular components of materials such as cellulose, lignin, or oils but also specified compounds showing, among others, antioxidant, antimicrobial, or antifungal activity [4,5,6]. The second indirect approach includes pyrolysis, microbial treatment, or liquefaction of different types of widely understood biomass, aimed at polyols, for example, for the production of polyurethanes and epoxy resins or monomers for polymer production [7,8,9].



Direct applications of food-industry by-products in polymer technology are mostly related to their use as fillers for polymer composites, eventually after their surface treatment and large size reduction [10,11]. Such an approach is associated with their relatively similar chemical composition compared to other types of lignocellulose materials introduced into polymer composites, mostly wood flour [12]. Moreover, except for cellulose, hemicellulose, and lignin, which are by far the most significant wood-flour components, by-products from the food industry may also contain noticeable amounts of lipids and proteins [13,14]. These compounds may provide additional features to the fillers and composite materials. They may act as plasticizers, but also due to the presence of multiple functional groups may enhance the compatibility of fillers with polar polymer matrices [15].



The introduction of food-industry by-products into polymer technology may also reduce the use of synthetic compounds, which is in line with the current environmentally-friendly trends present in the industry [16]. Moreover, incorporating raw materials from natural sources may enhance the biodegradability of polymer materials [17].



Considering the issues mentioned in the above-presented research work aimed to investigate the possibility of partial substitution (from 0 to 100%) of conventional wood flour applied as a filler for wood–polymer composites with two types of by-products generated by the food industry: coffee silverskin and brewers’ spent grain. The impact of applied modifications on the processing (melt flow index), physicomechanical (density, static, and dynamic mechanical properties), and thermal (melting and crystallization behavior, and oxidation induction time) performance of composites based on waste low-density polyethylene (LDPE) was analyzed.




2. Materials and Methods


2.1. Materials


Recycled low-density polyethylene (LDPE), obtained from the local recycling company (Katowice, Poland), was applied as a matrix to prepare investigated composites. It was characterized by the density of 0.9142 g/cm3 and melt flow rate of 1.35 g/10 min (190 °C, 2.16 kg). Beech wood flour (WF) was obtained as a by-product from local furniture company (Kuków, Poland). Coffee silverskin (ŁK) was obtained from the industrial roastery (Marki, Poland) in the form of a pellet. Before introducing it into polyethylene, it was dried at 70 °C until a constant weight and grounded using Mockmill 200 stone grain mill (Wolfgang Mock Gmbh, Germany). Brewers’ spent grain (BSG) was obtained from Energetyka Złoczew Sp. z o.o. (Lututów, Poland). It was the waste from the production of light lager and consisted solely of barley malts. The supplier had already dried the obtained BSG. Before use, BSG applied in the presented study was ground in EHP 2 × 20 Sline co-rotating twin-screw extruder from Zamak Mercator (Skawina, Poland) as described in our patent application [18] and previous work [19].



In Figure 1, there are shown photographs of applied fillers. Figure 2 presents the particle size distribution of applied fillers. For a more effective comparison of two food-industry by-products, the particle size distribution of coffee silverskin was engineered to match brewers’ spent grain.



Moreover, for a more detailed analysis of the impact of food-industry by-products on prepared composites’ properties, chemical compositions of applied fillers based on the literature reports [20,21,22,23] are presented in Table 1.




2.2. Preparation of Polymer Composites


The composites were prepared by mixing in a molten state using a two-roll mill from Shaw Robinson (London, UK) at a temperature of 95 °C. Time of processing equaled 15 min, including the 3 min phase of polyethylene plasticization and 12 min of melt blending of polymer matrix with selected filler. The resulting composites were then compression molded at 150 °C and 4.9 MPa for 2 min and then kept under pressure at room temperature for another 5 min to enable solidifying the material. The detailed composition of samples is presented in Table 2.




2.3. Measurements


Melt flow index (MFI) of the composites was investigated using Zwick mFlow plastometer from Zwick (Ulm, Germany) according to ASTM D1238 standard (190 °C, 10 kg). A load of 10 kg was applied due to the low flowability of composites.



The specific weight of applied fillers and resulting composites was determined using Ultrapyc 5000 Foam gas pycnometer from Anton Paar (Graz, Austria). The following measurement settings were applied: gas—helium; target pressure—10.0 psi (for filler) and 18.0 psi (for composites); flow direction—sample first; temperature control—on; target temperature—20.0 °C; flow mode—fine powder (for filler) and monolith (for composites); cell size—small, 10 cm3; preparation mode—pulse, 5 pulses (for filler) and flow, 0.5 min (for composites); the number of runs—5.



The results obtained from pycnometry measurements were used to determine the porosity of composites as the difference between theoretical and experimental values of density. Theoretical values were calculated according to Formula (1):


ρtheo = ρm · (1 − φ) + ρf · φ



(1)




where ρtheo—theoretical density of the composite, g/cm3; ρm—density of the matrix—0.9142 g/cm3; ρf—density of the filler—1.4603, 1.4209, and 1.4041 g/cm3, respectively, for WF, ŁK, and BSG; and φ—a volume fraction of the filler.



To quantitatively determine the composite’s porosity, Equation (2) was applied as follows:


p = ((ρtheo − ρexp)/ρtheo) · 100%



(2)




where p—porosity of the material, %; and ρexp—an experimental value of density of composite, g/cm3.



The scanning electron microscope (SEM)—model MIRA3—produced by the Tescan (Brno, Czech Republic), was used in order to assess the structure of the external and internal surface of rotationally molded products. The thin carbon coating with a thickness of approximately 20 nm was deposited on samples using Jeol JEE 4B vacuum evaporator from Jeol USA (Peabody, MA, USA). The structures of the surfaces of the rotationally-molded samples were assessed with an accelerating voltage of 5 kV. The working distance was 10 mm. The secondary electron detector was used.



The tensile strength and elongation at break were estimated following ISO 527 for dumbbell samples type 1BA. Tensile tests were performed on a Zwick/Roell Z020 (Ulm, Germany) apparatus with a cell load capacity of 20 kN at a constant speed of 20 mm/min. At least five specimens were analyzed for each sample.



To determine the crystallization and melting temperatures, as well as the crystalline structure of analyzed composites, DSC analysis was applied. The 5 mg samples were placed in aluminum crucibles with pierced lids. They were heated from 20 to 250 °C with a heating rate of 10 °C/min and then cooled back to the initial temperature with a cooling rate of 10 °C/min. The heating/cooling cycle was performed twice to erase the polymers’ thermal history during the first heating. The measurements were conducted using a Netzsch 204F1 Phoenix apparatus from Netzsch (Selb, Germany) in an inert atmosphere of nitrogen. At least two specimens were analyzed for each sample.



DSC analysis results were also used to calculate the value of the supercooling parameter presented by Qiu et al. [24] according to the following Equation (3):


∆T = Tm − Tc



(3)




where Tm—melting temperature, °C; and Tc—crystallization temperature, °C.



Oxidation induction time (OIT) of analyzed composites was determined by the differential scanning calorimetry (DSC) analysis. The 5 mg samples were placed in aluminum crucibles with pierced lids. They were heated from 20 to 190 °C with a heating rate of 20 °C/min in nitrogen, then kept at 190 °C for 5 minutes in nitrogen, and then gas was switched to oxygen, and the time required for sample oxidation was measured. The measurements were conducted using a Netzsch 204F1 Phoenix apparatus from Netzsch (Selb, Germany). At least two specimens were analyzed for each sample.



The thermogravimetric (TGA) analysis of GTR and composites was performed using the TG 209 F3 apparatus from Netzsch (Selb, Germany). Samples of composites weighing approximately 10 mg were placed in a ceramic dish. The study was conducted in an inert gas atmosphere with nitrogen in the range from 30 to 800 °C with a temperature increase rate of 10 °C/min. At least two specimens were analyzed for each sample.





3. Results and Discussion


3.1. Melt Flow Index of Prepared Composites


The melt flowability is a very important property of polymer materials, since it determines the processing conditions and potential throughput of production processes [25]. In Table 3, there are presented results of the melt flow analysis of prepared composites. As mentioned above, the load of 10 kg was applied due to the low flowability of the WF100 sample and type of HDPE matrix. Kazemi-Najafi and Englund [26] also noted the reduction of flowability for partially degraded HDPE, which may simulate recycling process. The use of wood flour often causes the reduction of high-density polyethylene flowability, which was also observed by de Carvalho et al. [27] and Santi et al. [28]. The incorporation of by-products from the food industry resulted in a significant increase in mass and volumetric melt flow index. Such an effect was associated with applied fillers’ chemical composition, particularly with the content of proteins and lipids in coffee silverskin and brewers’ spent grain (see Table 1). These compounds may act as plasticizers for polymer matrix, which noticeably enhances composites’ flowability by reducing melt viscosity [29]. In our previous work, it was shown that MFI values of polycaprolactone/BSG composites were 68 and 138% higher than for polycaprolactone/wheat bran composites, respectively, for 20 and 33 wt% filler loading [30]. Lately, we reported that up to 5 wt% loading of ŁK in high-density polyethylene, and the melt flowability of composites was hardly affected, which is not a typical effect for polymer composites [31]. Similar effects were noted by other researchers [32].




3.2. Structure and Physicomechanical Performance of Prepared Composites


In Figure 3, there are presented values of the experimental and theoretical values of composites density based on the density of neat matrix and applied fillers.



It can be seen that the substitution of wood flour with coffee silverskin and brewers’ spent grain resulted in the slight decrease in composites’ density. It was associated with the lower density of applied waste materials compared to the wood flour. Both ŁK and BSG contain noticeable amounts of proteins (see Table 1), which are characterized by an average density of 1.35 g/cm3 (independently of their nature and molecular weight) [33].



Moreover, the theoretical values of composites’ density were higher than measured ones, which indicated the presence of voids in structure. All prepared materials showed relatively low values of porosity below 0.4%, which indicates the good packing of structure during the compression molding. Interestingly, the substitution of the wood flour with coffee silverskin and brewers’ spent grain resulted in the decrease of porosity. Such an effect may result from the higher content of proteins, which may act as plasticizers of polymer matrix [29]. It may enable better encapsulation of filler particles with polyethylene macromolecules reducing void content. However, it does not implicate the better quality and higher strength of the interfacial interactions between matrix and filler particles.



For more detailed analysis of composites’ structure, Figure 4 shows the SEM images of brittle fracture areas obtained by breaking samples frozen in liquid nitrogen. All of the prepared composites were characterized by the relatively low values of porosity (see Figure 3), so there were not many voids visible in presented images. The ones detected, either at the matrix-filler interface or between the filler particles, were marked with the red circles. Therefore, the SEM images are in line with the calculated value of porosity, indicating to the efficient realization of melt compounding and compression molding processes.



It can be clearly seen that the both food-industry by-products showed the noticeably bigger particle size compared to wood flour. Significant differences can be also seen in the appearance of particular fillers. Wood-flour particles are characterized with the layered tube wood-like structures, which was also reported by other researchers [34,35]. Both BSG and ŁK showed more flaked and fibrous structure, which is associated with their origin. These by-products contain husk of barley and inner skin coffee cherry, respectively [36,37]. Figure 5 presents in details the differences in appearance and surface roughness between the particular fillers. Fibrous structure of BSG and ŁK results in the smoother surface of particles and low porosity of the particles [38]. Similar structures were reported in works of Ktenioudaki et al. [39] and Dominici et al. [40]. Such an effect can also significantly affect the mechanical performance of polymer composites, which was repeatedly proven by other researchers [41,42]. Differences in the microstructures between wood and food-industry by-products (pea, bran, and potato fibers) were also noted by Cinelli et al. [10]. They reported fibrous structure of wood flour and flaked, platelet-like particles of other materials.



Moreover, images of brittle fracture areas of samples containing solely WF, BSG, or ŁK presented in Figure 6 point to the significant differences in composites’ roughness. Composites filled with wood flour showed the roughest surface, which was associated to the differences in particle shape and significantly lower particle size and its better distribution in PE matrix. Due to the bigger particle size of BSG and ŁK, in their composites interparticle distance was significantly higher, and the fracture area of polymer phase was smoother. Such an effect may affect the mechanical performance of composites, due to the differences in stress concentration [43].



In Figure 7, there are presented results of tensile test of prepared composites. Sample WF100 was used as a reference material. It can be seen that the substitution of the conventional filler with the waste materials from food sector caused the deterioration of the mechanical performance, despite the reduction in porosity. The reduction in tensile strength can be attributed to the differences in particle size and filler distribution in polymer matrix (see Figure 6). Similar observations related to the impact of filler particle size on tensile strength were noted by other researchers [44,45]. They attributed the enhancement of tensile performance with decreasing particle size to the increasing interfacial area between filler and matrix, which enables more efficient stress transfer. Moreover, as presented above (Figure 5), BSG and ŁK fillers are characterized by the significantly smoother surface compared to the WF, which also affects the quality of interface. This effect can be also strengthened by the presence of proteins and lipids, which may act as plasticizers of polymer matrix [46]. Except for the tensile strength, replacement of wood flour with BSG and ŁK affected the composites’ stiffness. The Young’s modulus was decreased from 759 MPa to 633 and 610 MPa, respectively, for 50 wt% loading of coffee silverskin and brewers’ spent grain. The complete replacement of wood flour with waste materials caused 36% and 42% drop of modulus to 487 and 438 MPa, respectively, for ŁK and BSG. Cinelli et al. [10] also noted the deterioration in the tensile performance of composites when potato, pea, or bran fibers were incorporated into composites instead of wood particles. They attributed this effect to the insufficient interfacial adhesion and improper stress transfer when external force is applied.



Contrary to the composites’ stiffness and strength, elongation at break was significantly improved by the substitution of wood flour with food-industry by-products. Such an effect can be attributed to the bigger interparticle distance affecting the stress concentration but also to the chemical composition of applied fillers. Moreover, there is a noticeable difference between composites containing ŁK and BSG particles. As mentioned above, the particle size distribution of coffee silverskin was adjusted to match the one of brewers’ spent grain. Therefore, differences can be attributed to the particles’ surface quality and chemical composition. To visualize them, Figure 8 shows the dependence between tensile strength and elongation at break of prepared composites. Significantly higher slope of the line fitted to the experimental data points for BSG indicates the more gradual changes in the composites’ ductility with increasing filler content compared to ŁK. This effect can be attributed to the higher content of proteins and lipids (see Table 1) and the resulting plasticization of polymer matrix. Similar observations were made in our previous paper when BSG was compared to the wheat bran [30]. Zarrinbakhsh et al. [32] compared the performance of composites filled with 25 wt% of coffee silverskin or spent coffee grounds, which differed mostly by the lipids content—5.8 vs. 10.3 wt%. As a result, composites containing coffee silverskin showed 17% higher tensile strength and almost 44% higher modulus. Nevertheless, at the same time, elongation at break was decreased by 35%.




3.3. Thermal Properties of Prepared Composites


Figure 9 and Table 4 presents the results of differential scanning calorimetry results obtained for presented composites. All samples are characterized by the two peaks on melting and crystallization curves. Such an effect indicates inhomogeneity of the polymer phase, which can be attributed to the recycling process or presence of high-density polyethylene fractions in analyzed LDPE stream [47]. Nevertheless, the shape of obtained thermograms points to the relatively low content of high-density polyethylene [48,49].



Substitution of wood flour with food-industry by-products caused the slight decrease in melting and crystallization temperatures of polyethylene phase. Decrease of Tc point to the slower crystallization when share of BSG and ŁK were increasing, which can be attributed to the presence of proteins and lipids [40]. Moreover, the supercooling parameter, calculated according to the above-mentioned Formula (1), was increasing with the share of BSG and ŁK. Simultaneous decrease in Tm and Tc, together with the increase in ΔT points to the reduction in nucleating activity of fillers [50]. Such an effect is in line with the differences in particle size, as well as surface area and roughness, between wood flour and food-industry by-products. Small and rough particles of WF may act as nucleating agents more efficiently than smoother and bigger BSG and ŁK [40].



Figure 10 and Table 5 present the results of thermogravimetric analysis of prepared composites. It can be seen that the onset of thermal decomposition is shifted toward lower temperatures when beech wood flour is replaced by the food-industry by-products. Such an effect can be attributed to the differences in fillers’ chemical composition and lower thermal stability of proteins compared to cellulose [51]. Moreover, due to the ash content, resulting from the presence of multiple minerals in BSG and ŁK, the char residue was noticeably increased when the WF was substituted [36,38].



For all samples, the small peak (Tmax1) on DTG curves was noted around 140–155 °C, which could be attributed to the evaporation of residual moisture. Generally, its presence in composites was associated with the hygroscopic character of natural fillers, which was confirmed by other researchers [52,53]. The next peaks, Tmax2, Tmax3, and Tmax4 were related to the decomposition of lignocellulose fillers. Generally, these materials are mainly composed of hemicellulose, cellulose, and lignin. Literature data indicate that the decomposition of hemicellulose and cellulose occurs in the range of 200–370 °C, which is in line with the temperature position of the abovementioned peaks [54,55]. The peaks Tmax3 and Tmax4, present for all composites, and their positions are typical for lignocellulose materials. For WF, the decomposition occurs in three-step manner, attributed to hemicellulose, cellulose, and lignin degradation [21]. Literature works dealing with the thermal stability of beech wood flour report the maximum degradation rates at temperatures which are corresponding with DTG peaks for prepared composites [56,57].



When WF was replaced with brewers’ spent grain, the position of Tmax3 and Tmax4 peaks was shifted toward lower temperatures. Such an effect is attributed to the course of BSG thermal decomposition. In our previous paper [19], we reported thermal stability of the applied filler. It presented two main peaks on DTG curves ~281 and ~341 °C. Therefore, shifts from 312.7 to 285.9 °C and from 360.2 to 352.0 °C were observed. Such results are in line with the literature reports on thermal decomposition of BSG and its composites [58,59,60].



On the other hand, substitution of WF with ŁK filler increased the temperature value of Tmax3 peak. At the same time, the appearance of the peak Tmax2 was noted, as a shoulder peak of Tmax3, when the content of coffee silverskin was increasing. Such an effect can be associated with the course of ŁK thermal decomposition. Sarasini et al. [61] and Totaro et al. [62] also reported the presence of such “shoulder peak” for coffee silverskin around 250–260 °C.



For both food-industry by-products, the shift of Tmax4 peak toward lower temperatures could be attributed to the higher shares of hemicellulose compared to the wood flour (see Table 1) and possibly different crystalline structure of cellulose, which affects thermal stability [63].



The thermal decomposition of lignin occurs at higher temperatures according to the literature data [64]. Therefore, the peak attributed to its degradation was probably overlapped by the peak Tmax5 characteristic for polyolefin decomposition. Its position is typical for polyethylene [65]. According to the literature reports, the decomposition of PE occurs between 300 and 500 °C, with the fastest rate around 460–475 °C [66,67]. Generally, the polyolefins are completely degrading, with the residue usually lower than 1.0 wt% [68].





4. Conclusions


In the present paper, we aimed to investigate the impact of conventional beech wood-flour replacement with the two types of food-industry by-products on polyethylene-based composites’ processing and performance. The comprehensive analysis of brewers’ spent grain and coffee silverskin incorporation indicated that they could be efficiently applied in manufacturing of wood–polymer composites. Nevertheless, their application results in the different properties of final material compared to conventional fillers. Composites containing solely BSG and ŁK were characterized by the significantly improved melt flowability. Values of MFR were respectively 227 and 172% higher than for composite filled with beech wood flour. Such an effect should be considered very beneficial for the potential industrial application, because it may enable the increase of production yield. Considering the mechanical performance, replacement of WF with BSG and ŁK improved the ductility of composites, resulting in the gradual increase of elongation at break, especially for brewers’ spent grain. Nevertheless, simultaneous drop of modulus and strength was noted. Such an effect was attributed to the differences in chemical composition of fillers, particularly presence of proteins and lipids, which acted as plasticizers. Composites containing food-industry by-products were also characterized by the lower thermal stability compared to conventional WF. Complete replacement of beech wood flour with brewers’ spent grain and coffee silverskin shifted the onset of decomposition by 31 and 35 °C toward lower temperatures. Nevertheless, its value exceeding 215 °C guarantees safe processing window for polyethylene-based materials.



Concluding, both of the investigated food-industry by-products seem to be very auspicious fillers for polymer composites. They could be introduced as partial replacement of conventional wood flour to engineer materials with desired properties. Further studies associated with these materials should be focused on evaluating changes in processing, structure, mechanical, and thermal properties of composites subjected to accelerated aging tests.
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Figure 1. The appearance of the (a) beech wood flour, (b) modified brewers’ spent grain, as well as coffee silverskin (c) before and (d) after grinding. 






Figure 1. The appearance of the (a) beech wood flour, (b) modified brewers’ spent grain, as well as coffee silverskin (c) before and (d) after grinding.



[image: Polymers 13 00893 g001]







[image: Polymers 13 00893 g002 550] 





Figure 2. Plots of (a) particle size distribution and (b) cumulative particle size distribution of applied fillers. 
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Figure 3. Values of theoretical and experimental density of composites and resulting porosity. 
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Figure 4. SEM images of brittle fracture areas of samples (a) WF100, (b) WF75BSG25, (c) WF50BSG50, (d) WF25BSG75, (e) WF0BSG100, (f) WF75ŁK25, (g) WF50ŁK50, (h) WF25ŁK25, and (i) WF0ŁK100 under magnification of ×1000. 
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Figure 5. SEM images showing the surface of (a) WF, (b) BSG, and (c) ŁK particles. 
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Figure 6. SEM images of brittle fracture areas of samples (a) WF100, (b) WF0BSG100, and (c) WF0ŁK100 under magnification of ×100. 
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Figure 7. The effect of WF substitution with ŁK and BSG on the (a) Young’s modulus, (b) tensile strength, (c) elongation at break, and (d) elongation at yield of prepared composites. 
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Figure 8. The dependence between tensile strength and elongation at break of prepared composites. 
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Figure 9. Thermograms obtained for (a,c) heating and (b,d) cooling of prepared composites. 
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Figure 10. The plots of (a,b) mass change and (c,d) differential thermogravimetric curves of prepared composites. 
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Table 1. Literature reports on the composition of applied fillers.
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Component

	
Filler




	
WF

	
ŁK

	
BSG




	
Content, % Dry Mass






	
Cellulose

	
42.9–47.7

	
17.9–23.8

	
16.8–26.0




	
Hemicellulose

	
21.4–24.4

	
7.5–16.7

	
19.2–29.6




	
Holocellulose

	
67.3–69.0

	
28.6–40.5

	
40.9–51.5




	
Lignin

	
25.5–29.2

	
28.6–31.0

	
11.9–27.8




	
Ash

	
0.3–0.4

	
4.5–7.6

	
1.2–4.6




	
Protein

	
-

	
11.8–18.7

	
15.3–24.7




	
Lipids

	
-

	
2.1–5.8

	
3.0–13.0




	
Ref.

	
[20,21]

	
[22]

	
[23]
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Table 2. Composition of prepared composites.
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Component

	
Sample




	
WF100

	
WF75ŁK25

WF75BSG25

	
WF50ŁK50

WF50BSG50

	
WF25ŁK75

WF25BSG75

	
WF0ŁK100

WF0BSG100




	
Content, wt%






	
LDPE

	
60

	
60

	
60

	
60

	
60




	
WF

	
40

	
30

	
20

	
10

	
0




	
ŁK/BSG

	
0

	
10

	
20

	
30

	
40











[image: Table] 





Table 3. Results of the melt flow analysis of prepared composites.
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	Sample
	MFR, g/10 min
	MVR, cm3/10 min
	Viscosity, Pa·s
	Melt density, g/cm3





	WF100
	3.230 ± 0.089
	3.508 ± 0.076
	1.0181
	0.927 ± 0.003



	WF75BSG25
	4.240 ± 0.071
	4.605 ± 0.064
	0.7889
	0.923 ± 0.003



	WF50BSG50
	5.765 ± 0.132
	6.273 ± 0.130
	0.5751
	0.918 ± 0.002



	WF25BSG75
	7.565 ± 0.134
	8.260 ± 0.156
	0.4511
	0.914 ± 0.001



	WF0BSG100
	10.555 ± 0.316
	11.625 ± 0.319
	0.3031
	0.908 ± 0.002



	WF75ŁK25
	4.155 ± 0.070
	4.510 ± 0.087
	0.7302
	0.922 ± 0.002



	WF50ŁK50
	5.500 ± 0.349
	5.988 ± 0.360
	0.5840
	0.920 ± 0.007



	WF25ŁK75
	6.838 ± 0.300
	7.473 ± 0.308
	0.4683
	0.917 ± 0.005



	WF0ŁK100
	8.780 ± 0.426
	9.634 ± 0.456
	0.3706
	0.912 ± 0.002
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Table 4. The results of differential scanning calorimetry (DSC) analysis of prepared composites.
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	Sample
	Tm1, °C
	Tm2, °C
	Tc1, °C
	Tc2, °C
	ΔT1, °C
	ΔT2, °C





	WF100
	113.0
	124.0
	96.7
	108.0
	16.3
	16.0



	WF75BSG25
	112.9
	124.0
	95.0
	107.9
	17.9
	16.1



	WF50BSG50
	112.9
	123.9
	95.0
	107.8
	17.9
	16.1



	WF25BSG75
	112.8
	123.9
	94.7
	107.6
	18.1
	16.3



	WF0BSG100
	112.4
	123.4
	94.1
	107.0
	18.3
	16.4



	WF75ŁK25
	112.9
	124.0
	96.2
	107.5
	16.7
	16.5



	WF50ŁK50
	112.8
	124.0
	96.0
	107.2
	16.8
	16.8



	WF25ŁK75
	112.7
	123.9
	96.0
	107.1
	16.7
	16.8



	WF0ŁK100
	112.6
	123.8
	95.8
	107.0
	16.8
	16.8
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Table 5. The results of thermogravimetric analysis of prepared composites.
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	Sample
	WF100
	WF75BSG25
	WF50BSG50
	WF25BSG75
	WF0BSG100
	WF75ŁK25
	WF50ŁK50
	WF25ŁK75
	WF0ŁK100





	T-2%, °C
	250.7
	241.7
	237.9
	222.3
	219.2
	242.8
	233.8
	226.3
	215.8



	T-5%, °C
	285.1
	281.0
	277.2
	270.4
	266.7
	280.0
	270.9
	261.2
	252.7



	T-10%, °C
	311.3
	307.3
	302.2
	295.4
	290.7
	309.9
	304.5
	297.5
	288.8



	T-50%, °C
	462.4
	465.3
	466.5
	467.9
	469.5
	464.5
	465.1
	466.2
	466.3



	Residue, wt%
	7.49
	7.78
	8.42
	9.60
	9.52
	8.74
	9.97
	10.61
	11.08



	Tmax1, °C
	139.7
	139.7
	139.8
	143.8
	146.0
	155.4
	152.7
	152.0
	152.1



	Tmax2, °C
	-
	-
	-
	-
	-
	-
	259.9
	258.8
	256.9



	Tmax3, °C
	312.7
	298.1
	292.2
	289.8
	285.9
	322.2
	319.8
	314.6
	311.0



	Tmax4, °C
	360.2
	357.2
	356.3
	354.3
	352.0
	356.9
	355.8
	351.1
	347.8



	Tmax5, °C
	472.0
	474.8
	475.0
	476.4
	476.6
	472.6
	473.2
	473.1
	472.5
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